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Zusammenfassung

Wir untersuchen massive, nicht-lineare Eichtheorien mit von Hand eingefiigtem Massen-
term. Zunachst betrachten wir die massive Yang-Mills-Theorie, die Theorie eines nicht-
abelschen Vektorfeldes. Die konventionelle Herangehensweise suggeriert, dass der Grenzfall
verschwindender Massen fiir diese Theorie nicht kontinuierlich ist. Um weitere Einblicke
in diese Theorie zu erhalten, betrachten wir dariiber hinaus das einfachere Modell einer
Proca-Theorie mit kubischer Selbstwechselwirkung und zeigen, dass diese Theorie unter
einer perturbativen Unstetigkeit im Grenzfall verschwindender Massen leidet. Wir bestéti-
gen, dass dies in beiden Theorien auf die longitudinale Moden zuriickgefiihrt werden kann,
d.h. auf Freiheitsgrade, die in den masselosen Theorien abwesend sind. Wir zeigen, dass
diese Moden allerdings durch nicht-lineare Terme jenseits der Vainshtein-Skala stark kop-
peln und damit von den iibrigen Freiheitsgraden, bis auf kleine Korrekturen, entkoppeln.
Daher finden wir, dass der Grenzfall verschwindender Massen der massiven Yang-Mills-
Theorie kontinuierlich ist, wir von A. I. Vainshtein und I. B. Khriplovich vermutet.

Wir erweitern dann unsere Untersuchung auf die Kalb-Ramond-Theorie, d.h. die Theorie
einer massiven, antisymmetrischen Zweiform, sowie die Theorie einer massiven Dreiform.
Wir vergleichen die beiden Theorien mit der Proca-Theorie sowie der Theorie eines mas-
siven Skalarfelds, wobei wir alle vier durch eine Selbstwechselwirkung modifizieren. Wir
finden, dass alle Theorien, abgesehen von der des massiven Skalarfelds, die selbe Vainshtein-
Skala haben. Die Freiheitsgrade der beiden Paare von Theorien verhalten sich jedoch
unterschiedlich. In der Proca-Theorie geht die longitudinale Mode in ein stark gekop-
peltes Regime iiber und entkoppelt von den transversalen Moden, welche weiterhin schwach
gekoppelt sind und im Grenzfall verschwindender Masse iiberleben. In der Kalb-Ramond-
Theorie koppeln die transversalen Moden stark und entkoppeln von der transversalen
Mode, welche weiterhin schwach koppelt und daher im Grenzfall verschwindender Masse
iiberlebt. Auf dhnliche Weise zeigen wir, dass das Pseudoskalar, der Freiheitsgrad der
massiven Dreiform, stark koppelt. Hieraus folgt, dass diese Theorie im Granzfall ver-
schwindender Massen keine dynamischen Freiheitsgrade enthélt. Diese Ergebnisse deuten
auf einen Widerspruch mit zahlreichen Behauptungen in der Literatur, dass die Theorien
eines massiven Kalb-Ramond-Feldes und des Proca-Feldes sowie einer massiven Dreiform
und eines reellen Skalarfelds jeweils dual zueinander sind.
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Abstract

We study massive non-linear gauge theories with mass added by hand. First, we consider
the massive Yang-Mills theory, the theory of a non-Abelian vector field. The conventional
approaches suggest that this theory does not have a smooth massless limit. To gain further
insight into this theory, we also consider a toy model of Proca theory with a cubic self-
interaction and show that this theory also suffers from perturbative discontinuity. We
confirm that in both theories this is due to the longitudinal modes, degrees of freedom
that are absent in the massless theories. Nevertheless, we show that due to the non-linear
terms, these modes become strongly coupled at the Vainshtein scale which coincides with
that of unitarity violation. Beyond it, they remain strongly coupled and decouple from
the remaining degrees of freedom up to small corrections. Thus, we find that the massless
limit of the massive Yang-Mills theory is smooth, as conjectured by A. I. Vainshtein and
I. B. Khriplovich.

We then extend our study to the theory of a massive antisymmetric two-form — the Kalb-
Ramond theory — and a theory of a massive three-form. We compare the two theories with
Proca theory and a theory of a massive scalar field respectively, modifying them by a quartic
self-interaction. We find that all theories apart from the massive scalar theory have the
same Vainshtein scale. However, the degrees of freedom of the two pairs of theories do not
behave the same. In Proca theory, the longitudinal mode enters a strong coupling regime
and decouples from the transverse modes which remain weakly coupled and survive in the
massless limit. In contrast, in Kalb-Ramond theory, the transverse modes become strongly
coupled and decouple from the longitudinal mode that is in the weak coupling regime and
survives in the massless limit. Similarly, we show that the pseudoscalar — the degree of
freedom of a massive three-form — becomes strongly coupled. Thus in the massless limit,
this theory has no propagating degrees of freedom. These results indicate a contradiction
with numerous claims in the literature, that the theories of massive Kalb-Ramond and
Proca field, and theories of massive three form and a scalar field are dual.
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Introduction

The principle of continuity — introduced by L. Bass and E. Schrédinger in 1955. — states
that if one alters a physical theory, then regardless of the size of this modification, all
observables should smoothly approach original ones once one takes the limit to the initial
theory [I]. Yet, massive gauge theories with mass added "by hand”, seem to defy this
principle.

Massive Yang-Mills theory — a theory of non-Abelian vector fields to which mass is added by
hand — was one of the cornerstones in the construction of the Standard Model [2]. Despite
the fact that the mass term in this theory is realised in the simplest possible way, one
immediately encounters a difficulty. The standard methods suggest that the perturbative
series are singular in mass which indicates a violation of unitarity[3].

Linearised massive gravity — theory of a massive spin-2 particle with the mass term of the
Fiersz-Pauli form — shares a similar feature [4]. Its predictions deviate from those of General
Relativity to such an extent that the theory could be ruled out as a possible theory of nature
[5HT7]. This discrepancy, known as the van Dam-Veltman-Zakharov (vDVZ) discontinuity,
is independent of the mass of the graviton — the predictions of the two theories disagree
even in the massless limit. The reason for its emergence is the longitudinal mode, a degree
of freedom of massive gravity, absent in the massless theory, that fails to decouple from
the remaining degrees of freedom once mass is taken to zero. However, such a result may
appear strange since it suggests that the graviton’s mass must be precisely equal to zero.
As a result, we're left with the question — Is there an underlying mechanism at hand that
might cure this pathology?

Both General Relativity, and massive gravity are non-linear theories — the equations of
motion contain non-linear terms beside the linear ones. The standard strategy is to solve
them by the means of perturbation theory. However, this holds only if the non-linear terms
are smaller than the linear ones. If this is true for all length-scales, one could safely take
the above conclusion as granted. Yet, as pointed out by Vainshtein, there exists a scale —
the Vainshtein radius — at which the non-linear terms become of the same order as linear
ones. At this scale, the perturbation theory for the longitudinal modes breaks down. As
a result, the longitudinal mode enters a strong coupling regime, and decouples from the
remaining degrees of freedom, restoring the predictions of the General Relativity up to
small corrections that disappear in the massless limit [§].
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Despite the success of the Vainshtein mechanism in massive gravity, until recently, the
puzzle of massive Yang-Mills theory has still remained. A. Vainshtein and I. B. Khriplovich
have suggested that the discontinuity might be absent beyond the perturbation theory[9].
Yet, until recently, the proof of this was still unknown [I0]. One of the main aims of this
thesis is to show that the massless limit of this theory is smooth, in spite of the conclusions
drawn from the conventional approaches.

By utilising the methods of cosmological perturbation theory, we will study the underlying
structure of massive Yang-Mills theory following the work done in [I1]. We will confirm
that the the source of the discontinuity are the longitudinal modes, the degrees of freedom
that are not present in the massless theory. Nevertheless, we will find that similarly
to massive gravity, once the non-linear terms become of the same order as the linear
ones, at the Vainshtein scale, they will enter a strong coupling regime. Beyond this scale,
the longitudinal modes will remain strongly coupled, while the transverse modes, on the
other hand, will be in a weakly coupled regime. This will allow us to find the corrections
to the transverse modes that appear due to the longitudinal ones, and show that these
corrections will become smaller as we approach higher energies. Thus, we will find that the
discontinuity in the massless limit was nothing more than an artefact of the perturbation
theory, as initially proposed in [9].

The Vainshtein mechanism offers a solution to the puzzle of the massless limit in both
massive gravity and massive Yang-Mills theory. Nevertheless, the application of this kind
of mechanism is not limited to those theories. By understanding how it manifests within
various other massive gauge theories, we will gain a new perspective on the concept that
connects some of these theories - the dualities.

On the first sight, massive Kalb-Ramond and Proca theory seem to be two entirely different
field theories — the first one is a theory of an anti-symmetric two-form, while the second
describes a massive vector field [12, [I3]. Yet, both of them have the same number of
degrees of freedom — a longitudinal mode and two transverse ones. Furthermore, there is
a dualisation process between the two theories - a process that relates their actions. On
this basis, numerous claims have been made in the literature that regard the two theories
as dual (see eg. [14H30, 32 [54]), meaning that they have the same physics [33]. Similar
claims also exist for theories of a massive scalar field and a massive 3-form that both have
one degree of freedom ([14-H24], 34 35]).

Yet, the duality of the corresponding massless theories does not hold. Massless Kalb-
Ramond field is dual to a scalar field and has only one degree of freedom. Maxwell theory,
on the other hand, is self-dual — in the absence of sources, the electric and magnetic fields
exchange places in the dual theory.

In this study, based on the work done in [36], we will modify these theories by adding
a quartic self-interaction and comparing their structure. First, we will analyze Kalb-
Ramond and Proca theories. Due to the form of the interaction, we will find that the
two have the same Vainshtein scale. Nevertheless, the degrees of freedom will behave in
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an entirely different way. In Proca theory, the longitudinal modes will become strongly
coupled. Beyond the Vainshtein scale, they will decouple from the transverse modes, which
will, in turn, remain in the weakly coupled regime and survive in the massless limit. In
Kalb-Ramond theory, on the other hand, the longitudinal modes will be weakly coupled and
survive in the massless limit. In contrast, the transverse modes will enter a strong coupling
regime at the Vainshtein radius and so thereafter. This will indicate a contradiction with
the previous claims in the literature that the two theories are dual — not even the same
number of degrees of freedom will survive in the massless limit.

We will also investigate the duality of a 3-form and a scalar field using a similar approach,
and reaching the same conclusion. Assuming that the coupling is small, we will see that
the perturbation theory will always be valid for the scalar field. However, the same will
not hold for the 3-form. Its degree of freedom — the pseudoscalar — will become strongly
coupled at the Vainshtein scale that agrees with that of Kalb-Ramond and Proca fields.
However, beyond it, the same model will lose its propagator and remain strongly coupled.

This thesis is structured as follows. In the first chapter, we will focus on the perturbative
aspects of the massive Yang-Mills theory. To increase our intuition, in addition to the
massive Yang-Mills theory, we will also consider a toy model of self-interacting Proca
theory with a cubic self-interaction. Initially, we will study its properties with standard
perturbative methods such as unitarity tests. This will allow us to easily generalize the
procedures also to Yang-Mills theory, whose properties we will describe in detail at the
end of the chapter. In the second part, we will remind ourselves of massive gravity and
methods that allow us to infer the Vainshtein scale. Then, we will apply them first to a
toy model, returning to the massive Yang-Mills theory in the chapter that follows, where
we will resolve the puzzle of its massless limit. Finally, in the last part, we will consider
the implications of the massless limit on dual theories.

The massless limit of massive Yang-Mills theory and its implication on dual theories — the
cores of this thesis — are questions that require us to go beyond the standard methods of
diagrams and force us to unravel the underlying structure of massive gauge theories. Before
we start tackling these questions, let us begin with the basics of conventional methods in
quantum field theory and the troubles that arise when one considers a massive vector
theory with mass added by hand.
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Chapter 1

The perturbative aspects of massive
vector theories

Yang-Mills theory — theory of massless non-Abelian vector fields — has become a central
focus of research only a few years after its discovery[37]. This theory is an SU(N) gen-
eralisation of electrodynamics that unlike photons included self-interacting vector fields.
However, the first attempts to apply it to physical processes such as the beta decay have
soon reached a wall [3§].

The 4-Fermi theory of weak interactions only applied to low energies, up to 300 GeV [39].
Beyond the leading order, the theory was plagued by infinities that were impossible to
eliminate [38]. In other words, the theory was non-renormalizable. Therefore, in order to
explain the beta decay process, a theory had to be found that ultraviolet completed it.
Yang-Mills theory was considered as a possible candidate. However, the vector fields had
to be massive.

It is fascinating how a small modification to the theory could alter its properties in such
a drastic way. Massless Yang-Mills theory was renormalizable and unitary [40]. Massive
Yang-Mills theory, with mass, added by hand — initially included in the basis of electroweak
interactions in [2] — did not seem to have any of these properties. The standard perturba-
tive methods suggested that the theory is neither renormalizable nor unitary [3), 41} [42].
Furthermore, in the massless limit, there was no agreement with the Yang-Mills theory —
the two theories provided different results even at the level where the perturbative was not
yet diverging in mass [5].

Given that such a theory was not a promising step alongside the 4-Fermi theory, the theory
of weak interactions was completed only later, after the introduction of the Higgs mecha-
nism [43H45], that gave masses to the vector bosons while at the same time perturbatively
preserving both the unitarity and renormalizability of the theory [46]. Yet, while this
theory became the main part of the Standard Model of particle physics a puzzle of mas-
sive Yang-Mills theory nevertheless remained — Why adding a mass by hand changes the



6 1. The perturbative aspects of massive vector theories

properties of the theory so drastically?

In this chapter, we begin to explore these questions. We will investigate the perturbative
properties of the massive Yang-Mills theory through diagrammatic techniques. As a first
step towards this goal, we will consider a simpler toy model - the Proca theory modified
by a cubic self-interaction. This theory will help us to develop our intuition and illumi-
nate the key properties of massive vector fields, while at the same time allowing for an
easy generalization to non-Abelian theory. Using diagramming techniques, we will learn
about the subtleties that emerge in these theories and provide alternatives for approaching
them, with the goal of answering the following questions: Are these theories unitary and
renormalizable? If not — why?

1.1 The theories of massive vector fields

Let us now introduce the theories we will examine in the following chapters. Here, we will
mainly focus on the free part of these theories and their quantization.

1.1.1 Free Proca theory

First, we will consider the free Proca theory [12]. It is apriori not known if the photon
should be massless or have a small non-vanishing mass. Experimentally, we only know its
upper bound [47]. Proca theory — the theory of a massive photon — gives us the opportunity
to analyze the second possibility. This theory is known very well in the standard literature
(see eg. [48]). Here, we will review its structure, quantize it and use it to highlight the
main properties that will also appear in another theory of massive vector fields — massive
Yang-Mills theory.

The action describing a massive photon is given by
1 2
S = fd“x(—ZF,wFW+ %AMA“), (1.1)

where m is the mass of the Abelian vector field A, and

Fuu = Au,l/ - Au,u (12>

is the field strength tensor. Throughout this work, we will denote the derivatives aiu by

a comma ,. Unlike Maxwell theory, whose action is given only by the first term of (1.1
this theory has no gauge redundancy

A, - Au + A, (1.3)

where A = A(x) is a space-time dependent parameter associated with the U(1) gauge group.
This is due to the presence of the mass term. Nevertheless, it does not imply that all four
components of the vector field will propagate — Proca theory is a constrained theory. In
order to gain an insight into these constraints and find the number of degrees of freedom
let us turn to the Hamiltonian formulation of the theory.
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The Hamiltonian and the constraints

We will find the Hamiltonian of the theory by using the procedure described in [49]. From
the action (1.1]), we can read off the conjugated momenta. They are given by:

M°=0 and II'= Fy,. (1.4)

We can notice that the temporal component of the conjugated momenta is equal to zero —
it is a primary constraint. Let us define Poisson brackets of two functions f and g as

3 of 0g dg of
()= [ d x(éAu(x) STIH(z)  5A, (2) mu(x))' (1.5)

From here, the following relation then follows
{Aﬂ(jvt%r[l/(g?t)} = 555(57_@) (16)

In this formalism, the Poisson brackets of II° and A° are non-vanishing despite .
However, following [49], this constraint should be carefully treated, set to zero only after
one computes the Poisson brackets. Otherwise, we will find a wrong result. In other words,
it is a "weak equation":

I1° ~ 0. (1.7)

The total Hamiltonian is given by
1 L A
H= 5 / dSZE (HZHZ + 2H1A07i - m2A0A0 - Ai,iAj,j + Ai,in,j + mQAZAl + ’UH()) , (18)

where v is the Lagrange multiplier. Then, for a function f, the equations of motion are
given by .
f={fH}. (1.9)
Clearly, the primary constraint has to satisfy
I° = 0. (1.10)
Then, using ([1.9)), from the above condition we obtain another constraint
=11, + m* Ay = 0 (1.11)
refereed to as the secondary constraint. Using the consistency condition

d =0, (1.12)

we can easily see that (1.7) and (1.11) are the only constraints in this theory — (1.12))
determines the Lagrange multiplier v. As the Poisson brackets of these two constraints are
non-vanishing:

{®(z,t),11°(g, )} = m*6(Z - §) (1.13)
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they are second class. This means that we can set them to zero and express the Hamiltonian
just in terms of the canonical variables, A; and IT¢, dropping the I1° and Ay completely
from consideration [49][] The solution of (L.11)) is given by

Ag = —— T (1.14)

m2 72

Substituting it in ((1.8]), we obtain

1 o 1 ..
H = 5 [ d3x (HZH'L + _QH’,LZH;]] - Ai,iAj,j + Ai,in,j + m2A1A2) ) (115)

m

The Hamiltonian equations of motion are then given by
' ={1", 7}  and A;={A;, H}. (1.16)

The number of degrees of freedom per point in space is defined as number of initial con-
ditions divided by two [50]. Therefore, we can find the first crucial difference between
massive and massless photon — Proca theory has three degrees of freedom, while Maxwell
theory has only two of them. Let us analyse now these degrees of freedom in detail.

The physical degrees of freedom

Although the above procedure was insightful on the type of constraints that appear in
the theory and has allowed us to express the Hamiltonian just in terms of the canonical
variables, it can become rather lengthy, especially once one considers self-interacting fields.
Therefore, here we will present an alternative but equivalent method that expresses the
Lagrangian in terms of the physical degrees of freedom — the transverse and longitudinal
modes. Such an approach was also considered in [51H53].

First, we will return to the initial action (|1.1)), separate the temporal and spatial parts of
the vector field, and decompose the spatial part as

A;= AT + x4, where Al =o0. (1.17)

We will refer to the AT component as the transverse modes, while the field yx is the
longitudinal mode. The action (1.1)) then becomes

S = %fd‘lx [Ao (—A+m2)A0 +2A0Ax - ()'(AX—mzxAx) (118)
L 1.18
+(ATAT - AT AT, - m?AT AT))].

As there are no time derivatives acting on the Ay component, we can rewrite the theory
in such a way that it contains only the longitudinal and transverse modes. Varying the
action with respect to Ag, we find that it satisfies the following constraint:

(A +m?) Ay = -AX, (1.19)

LOf course, one has to reintroduce A if interested in the manifestly covariant formulation of the theory.
However, in this case, one can simply define it through (1.14).
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whose solution is given by
-A

“A+m2 X
The operator acting on the longitudinal modes is to be understood in terms of Fourier
modes. If we were to express the longitudinal modes in the following way

Ap = (1.20)

X = f Pry(k)e*, (1.21)
the operator becomes
|k|2 A AW
A+m2X / e +m2x(k)e . (1.22)

Substituting (1.20) back into the action, we obtain

5:-%[&« [AiT(D+m2)A;fF+X(D+m )%X] (1.23)

Thus, the action is now expressed only in terms of the propagating degrees of freedom — the
longitudinal and transverse modes. However, we can notice that the longitudinal modes
are not canonically normalised. Defining the normalised ones as

[ -A
-m\ [ ——— 1.24
Xn =M\ [ 5 X (1.24)

1 .
S = 5 / d4$ I:AZTAZT - AZ:]AZ] - mZAlTAlT + Xan ~ Xn,iXng ~ m2Xan] . (125>

we obtain

We can see that in comparison to the manifestly covariant form of the theory, given by
(1.1), this manifestly non-covariant form greatly simplifies the form of the equations of
motion.

One the one hand, in the manifestly covariant formulation, the vector field A* satisfies the

following equations
Fi +m?A” = 0. (1.26)

From here, it follows that

AY =0, (1.27)
which substituting back into ((1.26)) reduces it to

(0+m?*)A” =0. (1.28)

If not careful enough, this form of the equation of motion could be misleading — one could
conclude that even the Ay component of the vector field is propagating. However, we know
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that this is not the case — to count the degrees of freedom, one should then also take into

account ((1.27)).

In the manifestly non-covariant formulation, on the other hand, the only equations that
we have to concern ourselves with are the equations of motion for the transverse and
longitudinal modes:

(0+m?) AT =0 and (O +m?)x, =0, (1.29)

whose solutions are plane waves. Therefore, this formulation allows us to examine the
degrees of freedom directly.
Canonical quantization of the theory

Let us now quantize the theory. The conjugated momenta associated with the longitudinal
and transverse modes are given by

= AT and 7w, = Xn. (1.30)
Then we can easily find that the Hamiltonian density is given by

7—[ = HAT + %X,” Where
1
Har = 5 (nlnl + A AL +m?ATAT) - and (131)

Hy, = % (7r721 + Xn,iXni + mQXT%) )

We may wonder how does this expression connect with ([1.15). For that we just need the
decomposition of the canonical momenta. It is given by

. ) 1
=7+ —my (1.32)

where 7, ; is the canonical momenta associated with the original longitudinal mode x, and
is connected with the normalised longitudinal momenta by

[—A +m?
Ty = TWLQWX. (133)

We can see that the quantisation of this theory is straight-forward generalisation of that
of a scalar field. In order to do it, we promote the transverse and longitudinal modes, and
their respective conjugated momenta into operators and postulate equal-time canonical
commutation relations:

[(Xn(Z,8), (4, 1)] = i6(Z - 7)

[0n(Z,0), Xn(5,)1 =0 [#n(Z,1), 7 (3,1)] = 0 (1.34)
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and

0;07

(A7 @0, 779(5.0)] = (8 + 2= ) o(a =)
[AT(2,1), AT(§.6)] =0 [xTi(,t), T3 (g, 1)] =

In the first relation, both partial derivatives can be either either with respect to @ or .
We can expand the operators in terms of the time-independent creation and annihilation
operators:

(1.35)

3 1
Xn(Z,t) = / d k (e’zk‘”ak+ezmaf{) and

(2m)2 /2wi
1 ) ) (1.36)
ATz, t) = f s ——er, (e ay, + e ay, ).
0:21:,2 (27)2 /2w o 8 )

where, in the exponent, the product of the 4-vectors is given by kx = k2", w? = k2 +m? is
the frequency and €]  are the two transverse polarisation vectors, that satisfy

- 2. o kikd
Crotio’ = 0pors k- Eo=0 and Y el el =6 - 7 (1.37)
o=1

Using the commutation relations ([1.34)) and ([1.35]), one can show that the annihilation and
creation operators for the longitudinal modes satisfy following relations:

[y, 4] = 0(k =) [a ] =0 [a,a5] =0 (1.38)
while the ones for the transverse modes satisfy:
[&1207 a’lta’] = 500'5(12 - ]5’) [dl_{(ﬂ dl_(a’] =0 [dlta’ &;U,] =0 (139)

Inserting them into the Hamiltonian operator we obtain for the longitudinal modes:

A, = [ ki + 550) (1.40)
The vacuum energy
Ey, = (0 Hy, 10) = [ k555, (1.41)

where [0) is the vacuum — state with minimal energy that is annihilated by the annihilation
operator a|0) = 0 — is clearly divergent. This is first, due to the integration over the whole
space-time that reflects in the presence of a delta function, and second because the field
is a collection of infinitely many harmonic oscillators. Nevertheless, as we are in a flat
space we can neglect both divergences — only the difference between two energies can be
measured by an experiment — and hence redefine the Hamiltonian as

i, - f Brudion (1.42)
for the longitudinal modes, while for the transverse ones we obtain:
Hyr = f PSS wil, iy, (1.43)

o=1,2
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The propagators

One of the necessary elements in the analysis that will follow will be the propagators of
the theory. Let us first calculate them for the longitudinal and transverse modes. In
the position space, the propagator for the longitudinal modes is defined by the following
relation:

Ay, (z=y) = (0] Txn(z)xn(y) |0)

:Q(xo_yO)D(x_y)Xn +0(y0_170)D(y—ZE)Xn, (1.44)
where
D, (x—y) = (0] xn(x)xn(y)|0) = %ie—ik@_y). (1.45)

Here we have used (1.36]) to obtain the last equality. Then, using the definition (1.44]), we

obtain
d*k 7 ik (-y)

Axn(fv—y)=f(27T)4k,2_m2+2.€e (1.46)

In the case of the transverse modes, we must use in addition the completeness relation
(1.37). Then, we obtain that the propagator for the transverse modes is given by:

4 , e
8- = [ i (5@—%)6-““*”. (1.47)

2m)4 k2 —m? + ie |k|?

So far, we have studied the physical degrees of freedom. The form of this theory is man-
ifestly non-covariant. Thus, let us see how to connect these results with the manifestly
covariant theory.

Returning to the manifestly covariant form

In order to collect the results that we have previously found into the manifestly covariant
form, we will first consider the polarisation vectors

e, c=1,2,3 (1.48)
We can choose the transverse polarisation vectors to be of the following form
el =(0,6k1) and &b =(0,éx2), (1.49)

where €1 and €xe are the 3-transverse polarisation vectors given in (1.37). The third
polarisation vector that accounts for the longitudinal modes can them be chosen as [4§]

k| kk

sgz(u,?o). (1.50)
m-[klm

All three polarisation vectors are normalised

Egg,uA = _50)\; (151)
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have the following property

ket =0, (1.52)
and satisfy the completeness relation:
3 k. k
_ uhy
;%% = T + 5 (1.53)

Then, we can collect the oscillator expansion of the modes to the following expression:

3
d’k 1 —ikx A— ikx

fl#(z):;:lf(zﬂ)g \/meﬁo (e ™y, +e™*ay,) . (1.54)

Here, Ao operator is defined through 1} and creation and annihilation operators of the
normalised longitudinal modes are related with the ones previously given as

Al Al At Ay
(g = —10y, and arg = 105 (1.55)

Furthermore, the propagator of the theory in the momentum space can be written in the
manifestly covariant form as

?

(1.56)

~ k,k,
A (k) = (_UW + ) k2

m?2 —m2+ie

Let us now see how these results are generalised for the case of a non-Abelian vector field.

1.1.2 Massive Yang-Mills theory

In this work, we will be interested in the simplest case of massive non-Abelian vector fields
— the SU(2) theory. Its action is given by

S - [ dz [—% Te(F, F*™) + m? Tr(AMA“)] . (1.57)
In contrast to the Abelian case, the field strength tensor is now given by
F,.,=D,A,-D,A,, (1.58)
where D, is the covariant derivative,
D, =0,+1igA,, (1.59)
and ¢ is the coupling constant. Throughout this work, we will assume that

g< 1. (1.60)
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The vector fields A, are 2 x 2 hermitian matrices. They can be expanded in terms of the
generators of SU(2) as

a

A, = AeTe T“:% . a=1,2,3, (1.61)
where 0® are the Pauli matrices. The generators satisfy the following relations:
5ab
Tr (T°T") = — d T, 1] = ie®T* 1.62
r( ) 5 an [ : ] ie : (1.62)

where ¢ is the Levi-Civita symbol. Expanding the vector field in terms of the generators,
we can show that the field strength becomes

P, =Ay, - AL, - gsabCAZA,C,. (1.63)
Therefore, in comparison to the Proca theory, massive Yang-Mills theory has cubic and
quartic self-interactions:

S = [ d4 (_ZF;LZVFaHV AaAap, + ggabcAaV }LAb Ac _ 4
In addition, we can see that by setting the coupling constant to zero we will obtain just
three Proca theories, one for each a = 1,2,3. Therefore, in the free case, we can easily
generalize the results that we have previously found for the Proca field. All we have to do
is include an additional color index. In particular, the propagator in the momentum space
is given by

abc adeAb AcAd,uAel/) ] (164)

~ k. k, 6
A (k) = (—n,w+ ;2 )k?—m2+z’e' (1.65)
We can notice that the propagator in both Proca and massive Yang-Mills theory is singular
in mass. This suggests that the theories might have a discontinuity in the massless limit.
Let us investigate what is the source of this behavior. First, we can find the propagator for
the original longitudinal modes. Using and , we can find that in the momentum
space, it is given by

(1.66)

Now, let us consider the purely spatial part of (1.56)). It is easy to show that it can be
rewritten as

- ~ kik; |/;|2 +m2 i
Aij (k) = (055 = R + kik m2|k[? )k2 -m?+1ie

(1.67)

= AT(k) + kik; A\ (k),

where AT(k) is the propagator of the transverse modes in momentum space. Therefore,
we can see that the singular-in-mass behaviour of the propagator (1.56) is purely due to
the longitudinal modes — degrees of freedom that are not present in the massless theory.
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1.1.3 Interacting Proca theory

In Proca theory, the propagator is not problematic if the theory is coupled through a
conserved source. The exchange of photons between two sources is given by

f Ay / d'yJ ()" (2) A (2 - ) T (y). (1.68)

Therefore, the divergent term in the propagator drops out because the current is conserved
— due to it, the longitudinal mode decouples from the remaining degrees of freedom.

In the massive Yang-Mills theory, the situation is much more complicated — in addition
to the source, this theory also has self-interactions. As a result, we will find that these
divergences remain.

In this chapter, our goal is to understand these divergences and follow the methods that
have led to the conclusion that the massless limit of the massive Yang-Mills theory is not
smooth. At first, we will simplify this analysis, going through the basics with the toy model
of interacting Proca theory.

As we have seen, the divergences are not problematic in the presence of the conserved
source. However, following the line of the massive Yang-Mills theory, we can expect that
the same will not be the case if we consider the self-interacting theory. Therefore, the
simplest modification to Proca theory that will give a discontinuity in the massless limit
is given by

2 2
S = [ dix (—}lFWF“” ¥ %AHA” - %AHAZ,A’*“) . (1.69)

This theory arises in the vector Galileon theories [54]. Here, we will use it as a toy model
that will help us analyze the key properties of massive vector theories and allow us to
construct the insightful methods that we will later use in the massive Yang-Mills theory.

1.2 Unitarity and the cutting rules

Let us consider a physical process, such as a scattering of two particles. Then we can define
the in-state |a),, — state of the system at time ¢ = —co — that we can characterise with the
moments and spins of these particles. Naturally, we are then curious about the state of the
system at a later time. An out-state |a),,, is the state of the system at time ¢ = +co. Both
in and out states correspond to non-interacting particles. However, if in the intermediate
time these particles interact, the resulting state can differ from the initial one, and we can
find the transition probability for such a process to occur.

S-matrix — a unitary operator that transforms an in-state into an out-state — provides a con-
nection between the formal theory and observations. Following the standard conventions
[55], it is defined as A

@) gt = St |a);, - (1.70)
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If there is no scattering, this operator is just an identity operator. Therefore, to single out
the physical process, we can define a T-matrix by
S=1+iT, (1.71)
where [ is the identity operator. The T matrix satisfies the following identity
i(T-T)=-1T, (1.72)
that follows from the unitarity of the S-matrix, given by
StS=58t=1. (1.73)

Yet, the unitarity is given by the formal construction of the S-matrix. As pointed out in
[55], when considering an interacting theory, nothing guarantees that the relation ((1.73)
truly holds. Rather, we should confirm that it is satisfied by each particular theory that
we are considering.

The Cutkosky rules developed in [56] provide us with this opportunity [57]. They relate the
Feynman diagrams with the unitarity of the S-matrix. In this chapter, we will outline this
method, by closely following the approach of [55]. Applying it to the toy model introduced
in (1.69), and studying the corrections to the propagator, we will find that this method

suggests that (1.69)) violates unitarity.

1.2.1 The Feynman rules for the toy model

The simplest example on which we can analyse the unitarity of the model ((1.69) are the
corrections to the propagator of the vector modes. For that, we first need to find the
Feynman rules. It can be easily shown that in the momentum space, they are given by:

kuk, .

m2 )kz_mz ITRVAVAVAVAN %

22V (k,p, q) N\é%
n v

VW”Y(k)IL q) = Z’(kﬂnV’Y +pV7]M"/ + q’YnMV)

with all moments outgoing in the vertex. Then, the diagrams contributing to the propa-
gator of the massive photon up to two-loop corrections are given by:

Ap (k) = (=1 +

£

™

\/ VAV 5 5

G Ml ¢ > N “’2.1 . lf“’/‘“’ly
Fi & . - J 2 i
AT Znnn, v \/’5 8« A AVAT S DN

Z. S S o S i T
gt b 2 2P\

A “asd U

Figure 1.1: Two-loop corrections to the propagator in the toy model.
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1.2.2 The circles and cuts

Let us now find what can we learn about the unitarity of the toy model from the diagrams
given above. First, we can notice that the propagator (|1.56|) can be written in the position
space as

A (m-y)=0(2" =) As, (e -y) +0(y° - 2) AL, (z-v), (1.74)

where 6 is the Heaviside step function, and

Afw(m—y):/%(—nwﬁt%)@(iko)é(kz—mﬂ. (1.75)

Largest time equations — expressions that generalise ((1.74]) to any diagram — then follow
from a few simple rules [55]. In addition to the Feynman rules above, following [55], let us
add an additional set rules that concern the existence of a circle at a vertex:

1. If the vertex has a circle on it, we will multiply the expression by (-1).
2. If the line has no circles, we keep A, (z - y).

3. If the line starts with a circle and ends with none, we replace A, (z -y) with
A/_j,l/ (iL’ - y)
4. Ifaline ends with a circle and begins with none, we replace A, (z - y) with A} (2 - y).

5. If both ends of a line are circled, we replace A, (z —y) with its complex conjugate
A (z—1y).
nv

Then, the largest time equation for the 1-loop correction to the propagator is given by

PNAYAP N ALY
L, o Y S
S Z,

= 5 5 A i
AVAVAVAV A" | A AAN D SN AN AN
Pt & 3 = 2 b

d‘l/‘,/. ;\J‘A A d‘lm,/‘ N d'ln_},. ;\J‘A

Figure 1.2: The largest time equation

We can easily see that this relation holds — both first and the last diagrams cancel with
each other, as well as the middle ones if 29 > 2. Otherwise, the first will cancel the third
one, while the second cancels the last one. In particular, we can notice that the sum over
all possible circles (excluding the external lines) vanishes — this will be the case for each
diagram.

Let us now think in terms of the momentum space, apply the conservation of energy and
momentum at each vertex and assume that the incoming external lines indicate incoming
positive energy flow. Due to the dependence of the theta-function on energy in (|1.75)),
positive energy flows only towards a circle. If we now have several circles in one region,
like in the following diagram:
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Figure 1.3: An example of a diagram with circles.

then we can replace these regions with a cut:

Figure 1.4: Replacement of circles with a cut.

with ending lines indicating the flow of positive energy. In other words, the sum over
all possible circles becomes the sum over all possible cuts. In particular, the figure [I.2]
becomes

Figure 1.5: Replacement of the 1-loop corrections with cuts.

We can notice that we have left out one diagram — the third diagram of is zero if
the first of the external lines represents an incoming line. Otherwise, we would need an
additional circle at the second vertex for the energy to flow.

We can write this result in a formal way [55]. If F(z1,...,x,) represents a diagram with n
vertices, we have the following identity, known as the cutting equation:

F(a1,.,my) + F*(21,.,20) == Y F(21, ..., 2) (1.76)

cuts

Then, if |a), |b) ,|c) denote the states of the system, we can see that the unitarity condition
(1.72), rewritten in the following way

z(b|T -7t la) = - Z (0| Tt |c) (C|T|a) , (1.77)
where we have inserted a complete set of states for |c), is just the cutting equation — the
terms on the left hand side are just the imaginary part of the diagram, while the right
hand side corresponds to the cuts of this diagram.
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Thus, the procedure above introduces another set of rules — the Cutkotsky rules — that are
momentum space analogous to the ones involving circles:

1. If a line does not have a cut through it, we write the standard propagator (1.56)).

2. If a line cutted through with positive energy flow, one replaces the propagator in the
momentum space ([1.56|) with
kK,

A;V(/{?)ZZTF(—T]#,,+ - )e(ko)é(k2—m2) (1.78)

3. For a cut with the negative energy flow, one replaces the propagator with

Ay, (k) =2 (—n,w + k;ﬁ)e (-k°) 6 (k* - m?) (1.79)

Let us now apply them to calculate the propagator corrections [I.5] From now on, all of
the external momenta will be denoted by p.

The one-loop corrections

In this case only one diagram provides a contribution

e

Figure 1.6: The one-loop corrections to the propagator in the toy model.

Since the incoming and outgoing particles are on-shell, we have p,e5(p) = 0, where &5 are
the polarisation vectors that satisfy the completeness relation (|1.53]). The imaginary part
is given by the sum of all possible cuts:

fm (T,) = % S (iT) (1.80)

cuts

The above diagram has only one cut

L

Figure 1.7: The cut of the one-loop corrections to the propagator in the toy model.

Using the following trick [58]

Ak dk g e
@y~ ) Gy e ol pk), (1.81)
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we can show that it’s imaginary part is given by

d*k d*q A
Im (Fl) = €M(p){5u(—p) [ (27T)3 (27T)3 (27T) 6((] + k _p)e(kO)e(QO)X
(1.82)
x §(k* = m?*)d(q* - m?) LM,
where ., -
v_9 el o qp9s v
L= eV P(=p.k, @) (“Nay + 3 ) (gs + W)V”‘s (-k,-q,p). (1.83)

Because of the delta functions, the internal momenta are on-shell, i.e. k% = ¢?> =m?. Then,
noting that

kok
K7 (=N + m;) =0 for k* =m?, (1.84)

it follows that L,, = 0. Thus, at one loop there is no discontinuity. Nonetheless, the same
situation does not hold for two-loop corrections.

The two-loop corrections

For simplicity, here we will consider only 3-particle cuts of the 2-loop diagrams. In this
case, the following diagrams have a non-vanishing imaginary part

L Lo

Figure 1.8: The two-loop corrections to the propagator in the toy model.

The 3-particle cuts of these diagrams are given by

Figure 1.9: The cuts of the two-loop corrections to the propagator in the toy model.

Let us first consider the middle diagram. Using the generalisation of the trick for the 1-loop
contributions
d*k d4l d*k d*l dq

i) @i ) e ) @) gl kiza (1)
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and the Cutckostky rules, we find that the 3-particle cut contribution to the imaginary
part is given by
d*k d*l d*q

Im (Tyy) = Z i - -(2m)*6(p -k -1-q)x
(2m)*J (2m)*J (2m) (1.86)
x 0(ko)d(k* = m?)0(lo)d(1* = m*)0(q0)d(q* = m*)e(p)en (-p) T,
where
=<4 QD LU BTy (1.87)

The first and the last diagrams are symmetric, and hence provide the same contribution.
The imaginary part of these diagrams is given by
d*k d*l dq
Im (Tap) = [ om)to(p—k—1 -
Hl( 2B) (27T)4 (27T)4 (27T)4( ﬂ—) (p q)><

(1.88)
x 0(ko)d(k* = m*)0(1o)d(1* - m*)0(q0)5(q* = m*)e,u(p)nu (—p) I,
where
L 1(ig2\' (p-9)? (p-k)? e, ., Kk Ll
=2 () B e T+ T e+ . (189)

Collecting the contributions of all diagrams, and using the fact that the momentas k,[,q
and p are on-shell, we find that the terms containing the inverse powers of mass do not
cancel. Rather, the imaginary part of the 2-loop diagrams with 3-particle cut contributions
is given by:

Im (T3) = I (Ty4) + I (D) (1.90)
where
ki dg
Im(rg)'f(zny (21 (271')4(27T) op-k-l-q) (1.91)
x 0(ko)d(k* =m*)0(lo)d(1* = m*)0(q0)d(q” = m*)en(p)e, (=p) P,
and
P TP gyt a1k + (1)), (192)

is the most dominant contribution. We see that this contribution is singular in mass,
indicating that the unitarity is violated at two loops. On the first sight, from (1.92), we
could conclude that this corresponds to the energy scale kg ~ g‘%m. This is almost true —
the scale k; signalises the violation of unitarity, but concerns only the corrections to the
propagator of the transverse modes. We have seen that the polarisation vectors for the
longitudinal modes are also singular in mass. Therefore, for the longitudinal modes on the
external lines, we find that the unitarity is violated on the lower scales — k,, ~ g‘gm. This
is also in agreement with [54].



22 1. The perturbative aspects of massive vector theories

1.3 A change of the description

So far, we have analyzed the corrections to the propagator of a massive photon using the
manifestly covariant description[I.1.1] We have shown that this theory violates unitarity for
energy scales k, ~ g‘gm. However, we can notice that the manifestly covariant description
that we have used so far is not practical for several reasons. The main inconvenience
in the form of the propagators and — for high energies they tend to be a
constant and indicate a power counting non-renormalizable theory. Moreover, one of the
main questions we wish to answer is if the massless limit of these theories is smooth. While
in the case of the toy model this perturbatively does not seem to be the case, as we will
see, it is worthwhile to ask the same question in massive Yang-Mills theory. Therefore, the
propagators in this form are inconvenient to answer such a question — they are singular in
mass.

The Stueckelberg trick — a trick with which one can rewrite the theory with the help of an
additional field, the Stueckelberg field in such a way that the gauge redundancy is restored
— and its non-Abelian generalization [59, 60], were approached to aid the shortcomings of
the original manifestly covariant formulation. By using it, the resulting theory remains
manifestly covariant, but the propagator becomes power-counting renormalizable.

In this thesis, we will adopt another approach. We have seen that only the longitudinal
and transverse modes are the physical degrees of freedom of the theory. Therefore, in order
to analyze the massless limit and the high-energy properties of the theory, we will extend
the approach we had initially started with in to an interacting theory.

In the chapters to come, we will find that this procedure is non-trivial in the case of the
massive Yang-Mills theory. Nevertheless, it will be possible to find it, by generalizing the
results of the toy model, that we will now study.

1.3.1 The toy model and the degrees of freedom

Let us begin with the action of the toy model ([1.69)), and decompose the spatial part of the
vector field according to the Helmholz decomposition ([1.17) as in the free theory. Then,
the action becomes:

2 2
5= [ ate{as(-aem? - Lax) a0~ 240 [-ai - Loy (ATAT + xx 247,
+ (ATAT - AT AT, - m? AT AT) - (YAX - m*xAy)

2
+% (AiTAri‘r + 2A1TX,1' + X,iX,i) AX} .
(1.93)

Here, we have omitted the total derivatives. Asin the free case, there are no time derivatives
acting on the Ay component. This means that the temporal part of the vector field is not
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propagating — it satisfies a constraint that we will now find. By varying the action with
respect to Ay we obtain:

2 2
(A +m? - %AX)AO - Ay - gzao(AiTAiT v+ 2ATX). (1.94)

Under the assumption
2

g -A

that we will check a posteriori, we can evaluate this constraint as:

1 g?
0 —A+m2—§Ax[ X 4 0( i 4 T XX, zX,) ( )
By substituting this solution back to the action, we obtain the following Lagrangian density
for the energy scales k? > m?:

L= Lo+ Loar + Loy + Lyyar + L2ine, where (1.97)
m? o —A
Fov=—gxlEem)

Loar = —%AZT(D +m?) AL

2

g
Ly ~L
gax 2

-2

(X" - %X,ix,i) (-Ax)

9?42
EgAZTX ~ _Z(A,ZT + QA;TX,Z) ax

gty . 1 1o -
Egzint ~ —g [—XAX + AZAZ] E [—XAX + AJA]] .
In order to get the clear insight into the structure of interactions, here we shown only the
approximate form of the Lagrangian, valid only for energies k2 > m?2. In order to find the
Feynman rules, on the other hand, the full Lagrangian is necessary. It is presented in the
appendix along with the Feynman rules, up to and including O(g*).

Similarly to the free theory, the longitudinal modes are not canonically normalised. Nor-
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malising them according to (|1.33]), we obtain:

1, .
EOX = 5 (Xan ~ Xn,iXng ~ mQXan)
Lo ir i _ 47 4T 2 AT AT
EOAf =5 (Ai A — AL A - mP AT A; )
g ., 1
Loy ~ 5= (X = 5XniXna) (=AXn) (1.98)

92 AT2 2AT
‘CgAZTX ~ —m( i T T Xn.i) O Xn

/o RSN B I
£g2int ~ —g [_ﬁXn Xn T A4 z] I [—ﬁXn Xn t Aj j] .

We can right away see several benefits such formulation would bring us. In contrast to
theory a la Stueckelberg, this approach has no gauge redundancy — everything is presented
directly through the degrees of freedom of the theory. Furthermore, the propagators
and are now power counting renormalizable. However, similarly to the Stueckelberg
trick, the singularities in mass are now appearing in the interactions. Nonetheless, we can
see that this approach will be more suitable to study the massless limit, as opposed to the
original manifestly covariant formulation — the propagator of the transverse modes in the
massless limit matches with the propagator of the transverse modes in massless theory in
the Coulomb gauge. The price we had to pay, on the other hand, is the loss of the manifest
Lorentz covariance.

One of the biggest advantages of this formulation is that it keeps the degrees of freedom
explicit. This will also hold in the case of diagrams. However, the Feynman rules in
this formulation take a particularly aesthetically unpleasing form if one works with the
canonically normalized modes. With a bit of care, one can always work with the original
modes and rescale the external lines such that the formulation in terms of the normalized
modes is obtained at the end of the calculation.

1.3.2 From manifestly covariant to manifestly non-covariant dia-
grams

Let us now see how to connect the diagrams of the manifestly covariant formulation with
the one that includes only the transverse and longitudinal modes. For simplicity, in the
following, we will use the original longitudinal modes instead of the canonically normalized
ones. The results will be equivalent for both choices, and one can easily go from one to

another one with the use of (1.33]).
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In order to find the rules that govern the translation of a manifestly covariant diagram into
a manifestly non-covariant one we first have to think to which propagator of manifeslty
non-covariant theory does the manifestly covariant propagator correspond to — either to
the propagator of transverse or of the longitudinal mode. In the momentum space, we have
seen that these are given by

AL (k) = (65— =2 ! for transverse modes
k2 k2 —m?2
1 ; (1.99)
A (k) = IAGE) B =2 for the (original) longitudinal modes,
where
A B
k) == . 1.100
()= — (1.100)
If the propagator line is an external one and corresponds to _
a longitudinal mode, then there are two possibilities that b Q
should multiply it, as depicted in the picture. There, the

grey part denotes the remaining part of the diagram. With a
cross, it comes with a factor —ip;, while for a circle it comes
with —ipgA(p). The reason for this can be traced back to i >'\?C>
the manifestly-covariant propagator. There, the longitudinal
modes appear both in the purely spatial part of the propaga-

tor, which corresponds to the first factor, and the temporal
. *—
part of the propagator — in place of the Ag component. The

rules to transform a diagram in a manifestly covariant theory
to the ones that contain only the physical degrees of freedom
are given by the following [11]:

1. Find all external propagator combinations.
2. Connect them with every possible vertex.

3. Write the expression for the diagram by using Feynman rules for the manifestly
covariant theoryf]

4. Multiply the diagram with factors from three propagator types.

As an example, let’s consider the 1-loop correction to the propagator. Then all possible
diagrams one could form are given by the following picture:

Here, the dotted line corresponds to the transverse modes, while the full one corresponds
to the longitudinal modes.

2In the case of the toy model, they are given in the appendix.
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Figure 1.10: The one-loop corrections from a manifestly covariant to a manifestly non-covariant theory.

In comparison to the manifestly covariant formulation, it is now very apparent where the
divergences come from, and how the longitudinal and transverse modes appear in the di-
agrams. Moreover, let us demonstrate the unitarity violation of the transverse modes at

two loops, given by the following diagrams:
O eo0g
f’O\\

Figure 1.11: Diagrams responsible for unitarity violation of the transverse modes at two-loops.

In order to estimate the contribution of each particular diagram, all we have to do is
count in a factor of =5 for each longitudinal propagator — these are the ones that are
cause a discontinuity. Therefore, on the one hand, we can see that a diagram that has no
divergences in the massless limit contains purely transverse modes:

Figure 1.12: The least divergent diagram at two-loops in the toy model.

The contribution of this diagram to the corrections to the propagator of the transverse
modes can be estimated as ~ g8k2. On the other hand, the most divergent diagrams are
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Figure 1.13: The most divergent diagram at two-loops in the toy model.

ones that contain only the longitudinal modes in the inner lines:
87.12
These can be estimated as ~ gme, thus indicating that the unitarity for the transverse

modes is violated for the scales kg ~ g‘gm, in agreement with the result that we have
previously found in the manifestly covariant analysis.

1.4 The puzzle of massive Yang-Mills theory

1.4.1 Renormalizability and unitarity

In the previous sections, we have seen that the standard diagrammatic approach suggests
that the toy model does not have a smooth massless limit — the two-loop corrections to
the propagator are singular with mass, leading to the apparent violation of unitarity. If we
would replace this self-interaction with a conserved source, the resulting theory would be
renormalizable and unitary [51], [61] — the singular part of the propagator would drop out
of the equations. Yet, the research over the past sixty years has shown that this does not
seem to be the case for the massive Yang-Mills theory, even if the source is conserved.

Similarly to the Proca theory, the propagator of the massive Yang-Mills theory is singular
in mass. As a result, it tends to a constant at high energies, which suggests that the theory
is not power-counting renormalizable. Yet, due to the results of Proca theory coupled with
a conserved source such an argument could be misleading. The first attempts that studied
the renormalizability of massive Yang-Mills theory have thus rewritten the theory a la
Stueckelberg [41], [42], 62-65]. Even though the propagators in this formulation are power-
counting renormalizable, the authors have nevertheless found that the singularities in mass
cannot be avoided and thus concluded that the theory is not renormalizable.

Let us look at this result from another perspective [62]. By setting the external source to
zero, the equations of motion of massive Yang-Mills theory are given by

D, F" + m? A" = 0. (1.101)
We can rewrite these equations in the following way:

f,/ﬁ/a + m2Alla — ]'1/(17 (1102)

where

f;wa — A“’Va _ AV,#CL’ (1103)
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and
jua _ ggabc [aﬂ (A,ubAuc) + AZF/Wc] . (1104)

These equations remind us of equations for three Proca fields, where the source for each
one of a=1,2,3 is conserved:
= 0. (1.105)

Therefore, the above result is very surprising — a single Proca theory with a conserved source
is renormalizable, while three of them with conserved sources for each, albeit nonetheless
with coupled equations of motion are not.

In comparison with the toy model, the divergences in the massive Yang-Mills theory are
smaller despite the presence of a cubic self-interaction in both theories. As pointed out in
[62], only one Stueckelberg field decouples from the remaining degrees of freedom, reducing
the overall singular behavior of the scattering matrix. The decoupling of the remaining
ones was not apparent.

The first attempts [62H65] were criticized by [9, [10] for missing some of the interactions
after applying the Stueckelberg decomposition and using the wrong form of the propagators.
However, this did not present a major issue at high energies. Their conclusion has agreed
with later studies of [4I], where functional integral techniques were applied, and [42], whose
aim was to construct generalized Ward identities in order to analyze the divergences. These
methods have led to the same conclusion — at one loop the theory is finite, but once we
reach two loops and more, the theory does not seem to be renormalizable.

Renormalisability in the sense of an effective field theory — a perspective in which the
divergences are removed from physical quantities with a redefinition of an infinite number
of parameters in the effective Lagrangian — was recently argued as a possibility for massive
Yang-Mills theory [66]. Even so, this was not the only issue that the theory had — the
perturbative methods suggested that it also violated unitarity.

The development of cutting rules has initiated the tests of unitarity in massive Yang-Mills
theory [3, 9], [67H70]. There were two interesting cases — one with only the transverse modes
on the external lines that were motivated by the absence of the longitudinal modes in the
massless theory, and one where the longitudinal modes were also taken into account.

The first case has revealed that the theory was unitary at one loop [67]. However, similar
to the case of renormalizability, this was no longer the case for higher-order corrections,
starting with two loops [3]. The second case, on the other hand, has shown a violation of
unitarity even at the tree level [9, [68-70]. The amplitude was proportional to the squared
ratio of the coupling constant and the mass of the vector field, indicating that the unitarity

is violated at length-scales

Ly~ (1.106)

m

At higher loops, it became apparent in [42] that the divergences appear in the form of the
272
perturbative series, based on powers of gm/; , where A is the energy-cutoff of the theory. The
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same series was also found in [67], by analyzing the n-point functions that involved only
the longitudinal modes. This brought an opportunity — Could the divergences be resumed
and thereafter allow for a smooth massless limit?

Although this possibility seemed promising, it was soon excluded by a surprising result.
The finite corrections to the propagator of the transverse modes at one loop are finite.
However, they do not match with those of massless theory once the mass is taken to zero
[5, 71} [72]. Let us demonstrate this result in more detail by rewriting the theory in terms
of the longitudinal and transverse modes — the physical degrees of freedom.

1.4.2 The discontinuity and the physical degrees of freedom

Following the approach described in the toy model, we will start by rewriting the action
in terms of a temporal and spatial part of the vector field. Then, the Lagrangian density
corresponding to the action (1.57) becomes

L :% [A8 (—A+m?) A + 2A5AA;; + ATAL + A7 AS — AL AZ - m2ALAY]

4,045,

(1.107)
ggade

+ gete lAgAgAg - A3 ALAG + Az AAs + S (A acadag - %ASA;A?A;)] |

We can right away notice a similarity with the Proca theory — the temporal part of the
vector field is not propagating. However, instead of having one constraint we will now have
three of them, one for each a = 1,2,3. By varying the action (1.107) with respect to Ag,
we obtain

(-2 m2) Ag = AL - gete AL AT - get AL AT — ge0, (AL A5)
(1.108)
- gzefbcefadAgAfAf.

Up to O (g?) , its solution can be evaluated as

ggabc

b= K[AL] -

[APAS + (AL, +2A00,) K [AS]]

92€fab5fcd

1 . .
YA 3 [A5 A7+ (45, +2A;@)K[Ag,k]]} (1.109)

A+ 2A%0,) ———
{earr2a0)———
2 fabfecd
LI e
-A+m?

(atari [44,]},

where
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We will now insert this constraint back into the action, to express it solely in terms of the
physical degrees of freedom. In addition, motivated by the similarity with Proca theory
(1.102)) let’s decompose the spatial part of the vector field as follows:

Af = AT+ x4, where  A;; =0. (1.111)

For scales k? ~ % ~m?, the Lagrangian density with the most relevant terms is then given
by

L=2Ly+ Lint, where (1.112)
m*(-4A)

1
m e — §A;ra(|:] + mZ)A?a and

1
EO = —§Xa(|:] + m2)

1 m2
Lint ~ ge™* [éxbxi 0A7 = XX5 N (X ) +x?ATe o ATa]

g2 a C ayc a 1 °C ° C 1 a ., Cc
+ efetel d[x XN + (o + Xt Ax®) — X (x5 + xAx?) - §X1XZXZX,J]
The L corresponds to the kinetic part for the longitudinal and transverse modes. We
can see that it has the same form as in Proca theory, differing just in the number of the
longitudinal and transverse modes. Moreover, we can notice that the longitudinal modes

are again not canonically normalised. Substituting

a _A a
X =m\ | X", (1.113)

where Y, are the normalised modes, we obtain

L=2Ly+ Lins, where (1.114)

1 1
Eo:—éxfl(D+m2)Xfl—EAiTa(D+m2)AZ-Ta and
1 1 1 1
ﬁin"’ abc[ b C‘DATa__-a c — (b + bATcDATa]
t~ ge 2Im2 Xan,z ) anX’rmA (Xn,z) an ) %

2

+ ﬁef abeled [XZXZXZ X + (X X0 + X AXG) i (XX + XnAX) = %xi,ixﬁ,ixi,jxi,j] :
Let us notice the similarity with the Stueckelberg trick. It was performed in order to
replace the singular propagator with those that indicate a power counting renormalizable
theory. This procedure also allows us to do that, without any need of introducing additional
degrees of freedom. The propagators of the normalised longitudinal and transverse modes
in the momentum space are now given respectively by

ab
Aab (k’) 5 T2 o and Az}ab(k’) = ((5” -

it (1.115)

k:kj) 5P
k2
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These are now power-counting renormalizable. However, the singularities in mass have not
disappeared — they are now present in the interactions, given by L;,;. We can also notice
that the divergences will be smaller than in the toy model. At O(g), the most divergent
term is an interaction of longitudinal and transverse modes. The term that contains only
the longitudinal modes is only inversely proportional to the mass, instead of its cubic power
as was the case for the toy model. This is due to the additional symmetry of the theory.

Let us now study the imaginary part of the 1-loop corrections to the propagator of the
transverse modes. Our goal is to compare these to the ones of the massless theory and show
that in the limit m — 0, the results of the two theories do not match. As a first step, we
will therefore need Feynman’s rules. These, together with the details of the massless theory
are given in the appendix. At 1-loop, the corrections to the propagator of the transverse
modes in the massive case are given by

Figure 1.14: The one-loop corrections to the propagator of transverse modes in massive Yang-Mills theory.

while in the massless case only the first and fourth diagrams are present. Here, the dotted
line represents the propagator for the transverse modes, while the full line corresponds to
the longitudinal modes. As we have seen in the previous parts of this thesis, the imaginary
part of the diagrams corresponds to the sum of all possible cuts. Therefore, the last two
diagrams can be set to zero — they will not contribute to the imaginary part. The first
three diagrams, on the other hand, contribute, with cuts given by:

R

Figure 1.15: The cuts of the one-loop corrections to the propagator of transverse modes in massive Yang-
Mills theory.

Due to the similarity with the toy model, the Cutkosky rules are easily generalised — a cut
of the propagator corresponds to replacing it with the following expression

< o o E[2+m2 -
AL (k) =2m0(ko)d(k* —m )W, for the longitudinal modes, and

- kik;
AiTjab(k) =270(ko )6 (k? — m?)§® ((Zj - W) for the transverse modes.
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The massless theory is evaluated in the radiation gauge. Cutting the propagator means to
set it’s momenta on-shell by making the following replacement:

< kik;
AT (k) = 2m0(ko)o (k)6 ((x-j - W) :
In each of these diagrams we have to take into account polarisation vectors €2 (p) due to

the transverse modes, that are on-shell, p;e%(p) = 0, and satisfy the following completeness
relation:

a Pibj \ ca
S 2t (p)ely(v) - (@j : )6 :
0=1,2 |p|

Let us now evaluate the diagrams. The first one contains only the transverse modes. Its
imaginary part is given by:

ImI7 = f (;i:;g (;i:;g (2m) '8 (p - k = )0 (ko)d (K = m*)0(q0)8(¢* - m*)ef (p)el(-p) T3y,

W T _ v/ v kik
here i?b = i%gd(_pa k7 Q) ]l;fj(pa _ka _q) (5kn B |l;{}|2n) (5lz B (|ZZ;|I;) 7
(1.116)

for the massive case, and

A4k diq
(2m)3 J (2m)3

I - (2m)'6) (p~k—q)6 (ko) (K)0(00)3 ()5 (P (-p) T (1.117)

for the massless fields. Tfjb coincides in both cases, along with the vertex. As these diagrams
contain only the transverse modes, there are no divergences and they exactly cancel in the
massless limit.

Let us now evaluate the last diagram. Both internal moments are put on shell due to the
cut. Therefore, both of the vertices take the following form:

1
————(2¢,kn + m?|G]?) . 1.118
e (2 ) (1118)
The first one cancels with the singular part of the propagator for the longitudinal modes,
and therefore, the imaginary part of this diagram is overall multiplied by m?2. As a result,
its contribution vanishes in the massless limit.

‘/ilcad — _Z'gm25cad5il

The final diagram that is left to evaluate is the middle one. It’s imaginary part is given by

44k diq
(2m)3 J (2m)?

Iml, = (2m)*6™ (p— k- )0(ko)S(K* = m*)8(q0)0(q* — m*)el (p)el(—p) I,

(1.119)
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where -
2+ m g+ m?

|2 |ql?

1 e
Iiajb = _cheédf ‘/;?zc;l(_p,k,Q)Vfgi(p,_k,_Q) (]‘120)

For k? = ¢ = m? we have

2m?koqo

Ved(—p k, q) = —gm2e®k; [ 1+ — ,
pkg)=g (R + m2) (|gf2 + m?)

2,2X

(1.121)

and similar expression for the other vertex. Keeping only the terms that survive in the
massless limit, we therefore obtain

1
I = §g25“bkikj. (1.122)

This contribution is the cause of the discontinuity with the massless theory, with a factor
that agrees with the result of [5]. It is purely due to the longitudinal modes, that fail to
decouple from the transverse modes.

This behavior is puzzling from the point of view of the physical continuity [I]. It implies
that an experiment should not be able to distinguish between a massless particle and a
particle with an infinitesimally small mass [73]. So far, it seems that massive Yang-Mills
theory does not satisfy this principle. But, is this argument sufficient to conclude that the
massless limit of the massive Yang-Mills theory is not smooth?

1.4.3 The choice of a decomposition

So far, we have considered perturbative aspects of the massive Yang-Mills theory. The stan-
dard perturbative methods suggest that the massless limit of this theory is not smooth.
Nevertheless, soon after the discovery of the perturbative discontinuity of this theory A.
I. Vainshtein and I. B. Khriplovich have suggested that this discontinuity could resolved
beyond the perturbation theory in [9] — "...it appears highly probable that outside perturba-
tion theory, a continuous zero-mass limit exists and the theory is renormalizable.”. Similar
to the previous approaches, they have used a Stueckelberg decomposition. However, it
was a non-linear one, initially suggested in [60]. As a result, the Lagrangian became non-
polynomial in fields. The authors of [9] have conjectured that if these terms were not
expanded, the resulting theory would renormalizable and have a smooth massless limit.
However, [I0] pointed out that the proof to this conjecture is still absent — one had to
show that the massless limit is smooth not only at the level of Lagrangian, but that the
same also holds for the matrix elements. This has led to subsequent studies that focused
on finding a way to analyze Lagrangian that contained non-polynomial terms.

In a promising attempt, [74-76] have derived conditions for unitarity in the Landau gauge
theory and proposed a strategy to subtract the divergences. These criteria, however, cannot
be applied to the unitary gauge. Moreover, in [77] it was shown that the non-polynomial
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theory can be algebraically reduced to a polynomial form by applying several field redefi-
nitions that do not alter the S-matrix. The final polynomial form has resembled the one
of [65], implying that the theory is not renormalizable and unitary [78|. Yet, in order to
understand if this conclusion, which is in agreement with most of the previous studies is
indeed sufficient to conclude that the massless limit of massive Yang-Mills theory is not
smooth, we must look at what changes if one performs a field redefinition.

By construction, a field redefinition of [77] does not change the S-matrix. However, it
changes the definition of the degrees of freedom. On the one hand, the Lagrangian poly-
nomial in fields can be obtained through a linear decomposition of a vector field. This
decomposition was used in [62H65], and corresponds to the linear relation between field U
of the original theory and the one in the theory a la Stueckelberg:

a a 1 a
U, :AM+EBM’ (1.123)
where B are the Stueckelberg fields, and A% new vector fields. The non-linear decomposi-
tion, on the other hand, introduces non-polynomial terms in the Lagrangian. The relation
between a vector field of the original field and the new vector and Stueckelberg field, in
this case would be non-linear [60]:

U,=S14,5 + 55-15,#, (1.124)

where S is is a unitary matrix with longitudinal modes as its parameters. Thus the following
is unclear — Which decomposition to use?

The purpose of this work is to show that discontinuity that appears in the massive Yang-
Mills theory is just an artifact of the standard perturbation theory. This is due to the
existence of an underlying mechanism — the Vainshtein mechanism — that was originally
discovered in the context of massive gravity [8]. In the following chapters, we will study
this mechanism in detail and apply it to the theories of vector fields that we have thus
far considered. With methods that originate from the cosmological perturbation theory,
we will show that not only is the non-linear decomposition the only correct one, but
that due to the self-interacting terms, the longitudinal modes become strongly coupled at
the Vainshtein scale, beyond which they decouple from the transverse modes up to small
corrections. This will show that the massless limit is smooth, as initially proposed in [9].



Chapter 2

The Vainshtein mechanism

The standard methods of quantum field theory have so far served us to explore the per-
turbative properties of massive vector field theories. These methods indicate that the
predictions of the massive Yang-Mills theory differ from those of the massless theory. As
we have seen, the imaginary part of the one-loop corrections to the propagator of the trans-
verse modes differs from that of the massless theory by a factor of % even in the massless
limit. Moreover, when evaluated at higher loops, the perturbative series are singular in
mass, thus indicating that the theory violates unitarity.

From the perspective of the physical continuity, the presence of the perturbative discon-
tinuity is curious — we would expect that a small modification, such as the addition of a
small mass term would not affect our predictions to such an extent. Yet, this puzzle is not
only present in massive vector theories.

Linearised massive gravity — a theory of a massive spin-2 field with a mass term of the
Fierz-Pauli form [4] — has been shown to suffer from an even more surprising discontinuity.
Its predictions differ from those of General Relativity not only in one-loop corrections,
as was the case for massive Yang-Mills theory, but even for three-level diagrams [5H7].
The reason for this discrepancy is the longitudinal mode — a degree of freedom of massive
gravity that is absent in Einstein’s gravity. Similar to massive vector theories that we have
studied so far, it fails to decouple from the remaining degrees of freedom. Yet, if one would
exclude massive gravity as a possible theory of nature, based on the vDVZ discontinuity,
one would soon come to regret it. Soon after the discovery of this discontinuity came a
resolution to the puzzle — the Vainshtein mechanism [8, [79].

The core of this mechanism lies in the fact that massive gravity is a non-linear theory. The
perturbative approach is thus only valid as long as the non-linear terms are smaller than
the linear ones in the equations of motion. However, as pointed out by A. Vainshtein, at
a certain scale — the Vainshtein radius — this will no longer be satisfied. As a result, the
longitudinal mode enters a strong coupling regime due to the non-linear terms, where it
remains for all scales smaller than the Vainshtein radius. Thus for length scales smaller
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than the Vainshtein radius, the agreement between the predictions of massive gravity and
general relativity is restored up to small corrections [80].

One of the central questions that we wish to answer in this thesis is the following: Could the
Vainshtein mechanism also be the underlying mechanism of massive Yang-Mills theory and
allow for a smooth massless limit? In order to explore such a possibility, in this chapter,
we will first study the key features of this mechanism in massive gravity. Then, we will
apply its ideas to the toy model and return to the massive Yang-Mills theory in the next
chapter.

2.1 The steps to a smooth massless limit

The action of linearised massive gravity — known as the Fierz-Pauli action — given by the
following expression:

1
S = é f d4$ [hlw’ahp,u,a _ 2hiah1;’y + 2h,#htﬁt _ hﬂuh,ﬂ + m2 (h2 _ h#l/h’w/)] (21)

where h,,, is the tensor field that describes the massive graviton, h = n#h,, is its trace and
m is the mass of the graviton. Throughout this part, we will raise and lower the indices
with the Minkowski metric 7,,. In addition, we have set 87G =1 in the above action.
In order to understand its content, let us first study the physical degrees of freedom of
this theory. This will be done following [81]. There, the graviton was made massive via
the Higgs mechanism. Nevertheless, the resulting linearised part of the obtained action
coincides with in the unitary gauge.

2.1.1 The degrees of freedom of massive gravity

Following the approach of |81} [82], we will decompose h,, similarly to decomposition in
the cosmological perturbation theory [83, [84], according to the irreducible representations
of the SO(3) group:

hoo = 2¢
hOi = Sl + B,i (22)
hij = 2¢51] + 2E,ij + -Fi,j + -Fj,i + h;l;

where

Sii=0 Fi;=0 hE =0 hL =0 (2.3)

5,5~

Then, we can separate action into three cases according to the type of modes — the scalar,
vector and tensor perturbations.
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The scalar modes

The action for the scalar perturbations is given by

S = f di [=300) — A + 3m2? + 204 (E - B)
(2.4)
+¢ (249 = 3m*¢ - m*AE) +m? (21/1AE - iBAB)]

Among the types of perturbations, this action is the most complicated one. Even though
we have four scalar potentials, only one of them is describing a scalar degree of freedom.
Let us find it, by searching for the constraints satisfied by the remaining ones, resolving
them and substitute back to the . First, we can notice that ¢ is a Lagrange multiplier.
By varying with respect to it, we obtain the following constraint:

2A¢ —m? (3¢Y + AE) =0, (2.5)
that we will solve for F: o 3
E=|—-—]v. 2.6
(-0 (26)
Substituting this back into (2.4]), we obtain
4 . . 2 .
Sg = / d*x (——QwAw + 3Y) + 3P AY — 3m2p? - mIBAB + ZBAw) ) (2.7)
m
Varying this expression with respect to B, we find another constraint
2 .
—%AB +2A¢) =0, (2.8)
whose solution is given by
4

Substituting this into (2.7]), we obtain

Sg = f d*z (3¢9 + 3P AY - 3m*y?) (2.10)

This action describes the scalar mode of the massive graviton. As we will see, this mode is
the reason for the appearance of the vDVZ pathology, once we consider the perturbations
in the presence of external matter.

The vector modes

The action for the vector modes is given by the following expression:

Sy = i f d'z[S; (A +m?) S; + 2S,AF; - F,AF; + m*F,AF, (2.11)
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we can notice that there are two types of vector modes — F; and S;. However, S; is not
propagating. Similarly to the Ay component in Proca theory, no time derivatives act on
it. By varying the action with respect to 5;, we obtain the following constraint:

(-A+m?)S; = -AF, (2.12)

that we can resolve as A
S;=—— _F, 2.13
A +m2 ( )

Substituting this back into (2.11f), we obtain

—~Am?

Aemalr (2.14)

Sy = —i[d4xFi(D+m2)

Thus, the above action describes two vector degrees of freedom. In general relativity, these
degrees of freedom are not present. By defining a canonically normalized variable

_AmQ
F =1 /2(_A—+m2) (2.15)

we can bring this action to the form that coincides with the transverse modes of Proca
theory:

1 .
SV = 5 [ d4SC (Fn’LFn’L - Fnz,]Fan - sznanz) . (216)
However, these vector modes are physically more similar to the longitudinal modes of Proca
theory. This resemblance can be already noticed in the action for the original fields — the
form of the non-trivial kinetic term is the same as in the case of the Proca’s longitudinal
modes up to a factor of % If we would think of considering in addition interactions of A,

the canonical normalization would introduce singular behavior in mass, similar to the toy
model.

The tensor modes

The action for the tensor modes is given by the following expression:

Sy = éfd%(hrhr BT BT~ m2HERT) (2.17)

15" g i5,k" g,k 15"

Among all of the cases, we can see that this is the simplest one. It describes two tensor
degrees of massive graviton.

2.1.2 The vDVZ discontinuity

Previously, we have seen that the massive gravity has five degrees of freedom — a scalar
one, two vector modes, and two tensor modes. The vDVZ discontinuity — the discrepancy
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between the predictions of massive linearised gravity and General Relativity is due to the
longitudinal mode. We will now demonstrate this, following the analysis done in [81].

We will consider a static massive external source, such as Earth, with mass M, that is
characterized by the 00 component of the energy-momentum tensor 7),,. In the static case,
the equations for the scalar potentials in the presence of the source are given by:

(2A -3m?) ¢ = m*AE + 2Ty, (2.18)
m?*AB =0 (2.19)
m?E =19 —¢ (2.20)
A(¢ - ) = m*(¢ - 2 - AE) (2.21)
From ([2.19)), it follows that
B =0. (2.22)
Substituting (2.20)) into (2.21)), we obtain
¢ = 2. (2.23)
Then, (2.18) becomes
3(A-m?)y = 2Ty, (2.24)
Let us compare these relations to the equations of linearised gravity:
At = Thg (2.25)
W—¢=0 (2.26)
A(p-¢)=0. (2.27)

We can fix B and E by choosing a gauge B = E = 0. Thus, we can right away see that
massive and massless theories will give disagreeing predictions — the equations and
differently relate to the two scalar potentials. On the one hand, in the case of
linearised gravity, the scalar potential is given by

My
)
r

oN = (2.28)

where r is the radial distance from the center of the source. In massive gravity, on the
other hand, for r «< %, the potential is given by

Pmer ~ §¢N- (2.29)
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Therefore, the perihelion precession of Mercury will not agree in the case of a very small
mass and the m = 0 case — the gravitational potential is increased in massive gravity by
a factor of %. The bending of light, on the other hand, agrees between the two theories,
as it is determined by the combination ¢ + ¢. However, if we would modify the gravita-
tional constant such that the two gravitational potentials would agree, the theories would
nevertheless again differ, now in the results for bending of starlight.

This discontinuity can also be inferred from the propagators. Then, it can be easily seen
that the reason why the scalar mode does not decouple lies in the fact that it is coupled
to the trace of the energy-momentum tensor [87].

2.1.3 The non-linear terms

Based on the previous results, the massive gravity was initially excluded [5H7] — the only
viable theory seemed to be the one with m = 0. Yet, only two years after, this pathology
was resolved by A. Vainshtein [8]. He showed that the theory of massive gravity contains
a special scale — the Vainshtein radius — given by

Ry = (%) (2.30)

The reason for its appearance are the non-linear terms. The theory that we have considered
in was linearised. However, massive gravity is a non-linear theory. The Vainshtein
radius is the scale at which the non-linear terms become of the same order as linear ones.
A. Vainshtein has conjectured that once this scale is reached, the longitudinal mode enters
a strong coupling regime and decouples from the remaining degrees of freedom for all
scales r < R,. Thus, the longitudinal mode would only be effective for » > Ry,. Moreover,
Ry is inversely proportional to the mass of the graviton — assuming that his suggestion
is correct, in the massless limit, this scale would rise to infinity, and the predictions of
General Relativity would be recovered.

The Dvali-Gabadadze-Porrati (DGP) model — theory in which the matter fields are confined
to the four-dimensional brane that is embedded in five-dimensional Minkowski space — was
the first model where the Vainshtein conjecture was proved |79, [85]. This theory shares
many features with massive gravity — at the lowest order in perturbation theory, the theory
has a vDVZ discontinuity. However, in [79] it was shown that the discontinuity is absent
in the exact solution of this model, with corrections obtained in [80, [86].

2.1.4 A connection with quantum fluctuations

In order to show that the longitudinal mode enters a strong coupling regime, most of the
theories of massive gravity have used an external source (see [87, 88| for a review). Yet,
in [89] where a theory of mimetic massive gravity was explored, it was demonstrated that
the essence of the Vainshtein scale lies in the minimal level of quantum fluctuations.
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The state of minimal energy of a classical scalar field corresponds to its zero value. However,
when quantized, this is no longer the case — in its ground state, it still fluctuates [90]. The
minimal level of quantum fluctuations of a scalar field are a direct consequence of the
Heisenberg uncertainty relation. Let us show this by using an estimate as in [84]. We can
write the action of a scalar field in a box of volume L3 as

S~%/th2, (2.31)

where X = LgégpL. The conjugated momenta P is given by

X
P=X~—. 2.32
. (232)

Since P and X satisfy Heisenberg uncertainty relation APAX ~ 1, it follows that dp, ~ %

Using the minimal amplitude of quantum fluctuations, the authors of [89] were able to
deduce which among the self-interacting terms are the most important ones and showed
that not only the longitudinal modes become strongly coupled, but that also the vector
modes enter a strong coupling regime at a lower scale that followed the strong coupling of
the longitudinal modes.

In the following chapters, we will apply this method to the vector theories that we have
previously considered. First, we will show that the longitudinal modes of interacting Proca
theory, enter a strong coupling regime and demonstrate that beyond the Vainshtein scale
one recovers massless theory up to small corrections. Then, in the subsequent chapter, we
will analyze the massive Yang-Mills theory and resolve its puzzle of massless limit.

2.2 The massless limit of the interacting Proca theory

Let us now apply the method of [89] to the interacting Proca theory. By varying the action
(1.69|) with respect to the vector field, we find the following equations of motion:

2
EIU/M +m2AH = % (AVAV“U — A#A;j’/) (233)

The case p = 0 corresponds to the constraint for Ay (1.94]), with the solution given by
(1.96). For u =i, we obtain the equations of motion for the spatial component:

. 2 .
(D + m2) Az + Aj,ij = AO,i + gz [81 (A% - AjAj) - 2Az (AO - Aj,j)] (234)

Let us now separate the spatial part into the transverse and longitudinal modes according
to (1.17). Acting, in addition, with 0; on (2.34), we obtain the equation of motion for the

'More rigorously, the minimal amplitude of quantum fluctuations can be computed through an equal
time two-point correlation function, as we will see in the next chapter.
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longitudinal modes:

[XAX = 2X,iXi + XX, + (Ax) O x =X, O A'LT - QA?XJ + 2AZjX,ij] )
(2.35)

(D+m2)XN om2

where we have taken the leading order terms for energy scale k2 ~ # > m?. The next
leading order terms to this equation are of the form

g*(A])? 9\
O ((m—L)Q) and (’)( T2 ) : (2.36)

1

where + stands for the derivative. However, these terms are irrelevant on high energies

compared to the leading order ones we will quickly see.

In order to find the equation of motion for the transverse modes, we act with the transverse
projector

0;0;
PL = (8- 22) (2.37)

on (2.34)), and find that for energy scales k2 > m? the equation for the transverse modes
with leading order terms is given by

(0w m?) AT =L PE[(AT 5 x.) (@ +m?) ]

(2.38)
g4

- ZPZ;JF‘ [X,iz (X,kX,k + XXk~ XAX - XAX)]

2.2.1 The strong coupling scale
The perturbation theory

Let us now develop the perturbation theory for the equations (2.35) and (2.38). For that,
we will expand the fields in the powers of ¢2:

x =X+ xM 4+ and
(2.39)
AT = ATO) 4 ATO L AT
where, x( and AZ(O) satisfy the linear equations of motion
(@+m?)x©@ =0 and  (o+m?)AT? =0, (2.40)

whose solutions are plane waves. Then, the first order corrections for the longitudinal
modes satisfy the following equation:

2 .
(@+m2)x® ~ 2?7@ . [_QX&Q)X’(?) FADXD + AYOAN® —24TORO) 4 AZ}O)X,(S)]'
(2.41)
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The first order corrections for the transverse modes satisfy again the free equation:
(o+m2) ATV =0, (2.42)

and the first non-trivial corrections appear at the second order. Taking into account only
the most dominant contribution, we find that they satisfy:

(|:|+m2)AJT(2) 49 ng[ 7(20)<2X(0) (O A O A O X(O)X(O))] (2.43)

The strong coupling scale — the scale that emerges once the non-linear terms become of the
order of linear ones — signalizes the breakdown of the perturbation theory. Let us look to
which scale it corresponds in the case of the longitudinal modes. As a first step, we have
to determine what are the most dominant terms in . The minimal level of quantum
fluctuations allows us to do precisely that.

The minimal level of quantum fluctuations

In the case of the normalised longitudinal and transverse modes, the size of the quantum
fluctuations can be evaluated using the equal-time two point correlation functions [90]:

G (12 = 411) = (0] X (2, 1) X (41, £) |0) (2.44)

Car (12 = 3j]) = (0] AT (2,£) ATi(3,¢) |0) (2.45)

Inserting the operator expansion ([1.36]) we obtain the following expression

Co (1) = f (Qdk k3 sin(kr) (2.46)

) 2kwk kr

for the longitudinal modes, and

dk K’ sin(kr)
2m)kwk  kr

Car (1) = (2.47)

for the transverse modes. Here, r = |# — 4j|. For the scales L ~ + sm(rkr) O(1). Thus,

k>

the minimal level of quantum fluctuations in the scales % > m for the transverse and
normalised longitudinal modes respectively are given by:
1 1

SAT ~ = Sxpp ~ — 2.48

L™ XnL I ( )

Taking into account that the normalised longitudinal mode is given in terms of the original
mode by (|1.33)), we obtain the following result for the longitudinal mode:
1

oxr ~ —. 2.4
XL m ( 9)
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The breakdown of the perturbation theory

Let us now use the minimal level of quantum fluctuations to find the strong coupling scale.
Estimating the derivatives as d,, ~ L, we can see that the following non-linear terms in the
equation ([2.41)) are of the same order

2
9 0.0 9 0 9 A Ao . I X?)
2m2X Xi om2 X Xid ¥ o Sz X AT m2 LA and

(2.50)

g2 AT(O)'(O)N g2 AT(O) ©) g2 AT(O)X(O)
2m2 Tt om2T T i m2 L

Taking into account the minimal amplitude of quantum fluctuations for the transverse and
the original longitudinal modes, we can further evaluate these terms as

2 (1,(0))2 2 2 AT(0)4,(0) 2
SO Gy EAONO 251
m? L*  (mL)* L2 m? L3 (mL)® L2

Since we are considering length-scales # > m?2, clearly, the first term is the leading one.
Therefore, we can evaluate the leading corrections to the longitudinal modes as

g2
(mL)"
The perturbation theory for the longitudinal modes breaks down When this term becomes

of the same order as the linear term, x(*). Evaluating it as x(®) ~ -, we find that the
strong coupling scale for the longitudinal modes is given by

X ~ (2.52)

g2/3
Lur ~ " (2.53)

Therefore, for the length scales L < L., the perturbation theory for the longitudinal modes
is no longer trustable.

Nonetheless, we should still check what happens with the transverse modes. The leading
corrections can be evaluated as

AT(2) . 94

The scale at which these corrections become of the same order as the linear term, A;O) ~
is given by

1
L

4/5
9 (2.55)
m

At the first sight, this suggests that the transverse modes enter the strong coupling regime
— a surprising, nonphysical result, as it would mean that if the photon has a small mass and
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can self-interact, our phones could no longer work. However, we can notice that this scale
is smaller than the one for the longitudinal modes — the breakdown of the perturbation
theory for them appears before we can reach the scale LT. Therefore, this result is not
trustworthy. In order to find out what is actually happening to the transverse modes, we
must go beyond the strong coupling scale.

However, before we do it, we should check that the assumption holds within the
perturbation theory — if not, we would need to find another way to express the theory in
terms of only the longitudinal and transverse modes in the first place. We can evaluate
the assumption as

@y <«<1 (2.56)

Then, estimating x ~ ﬁ, it becomes
LS T
g4/3Tt < 1. (2.57)

The perturbation theory for the longitudinal modes is valid for scales L > L. Therefore,
since the coupling constant is smaller than unity, the assumption is satisfied.

2.2.2 Beyond the strong coupling scale

We have seen that at scales L ~ Lg, the longitudinal mode becomes strongly coupled. For
L < Lg,, the kinetic terms are suppressed by the following non-linear terms

g9° o 1
Liy ~ (X = 5xx.) (-A%) (2.58)

2 2
From these, we can evaluate the new minimal level of quantum fluctuations for the lon-
gitudinal modes which will allow us to go beyond the strong coupling scale. First, we
can notice that the canonical normalisation which was determined by the kinetic term for
scales k < kg, now changes. Substituting,

dXn = g\/ ~Axdx (2.59)
the previous Lagrangian density reduces to

L. 1_ _
Lix~ 3 (Xi - §Xn,z'Xn,z') (2.60)
This means that the minimal level of quantum fluctuations for the normalised longitudinal
mode on the scales k% ~ 75 > m? is given by 0¥, ~ 7. Furthermore, this implies that the
minimal level of quantum fluctuations of the original mode is

1

gE
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which agrees with the quantum fluctuations of the longitudinal mode on the strong coupling
scale, i.e. dxr., ~ 1

-
g3

It is now easy to see that the non-linear terms for the longitudinal modes will dominate for
all k> kg,.. For example, the most dominating terms and the interacting terms considered

before can be evaluated as

—_— ~
mLstr

9% . 1 9% 47 g3 9% s 93
=X (-Ayx) ~ — - Al x;0x~ = -=A Ox~=— (2.62)
5 X (FAX) ~ 75 5 A XaBX~ T T4 X~
Since g << 1 the first term is clearly dominating. The next non-linear term would come as
4
g'xt g3
TR (2.63)

However, we see that this one is also always smaller than the leading one. Similar can be
shown for all higher-order terms. Furthermore, the initial assumption still holds

g*x ~ g% < 1. (2.64)

Let us now find out what happens to the transverse modes. The perturbative approach
had suggested that they also enter a strong coupling regime, albeit on smaller scales than
the longitudinal modes. Therefore, at the strong coupling scale and length scales below, it
will still be possible to use the perturbation theory for the transverse modes. However, in
contrast to the previous case, the leading order corrections to the transverse modes that
arise due to the longitudinal ones are now given by

J

(v m?) ATO L P [y (am?) ], (2.65)

and can be evaluated as ) o
AT L 2 X g
j 13 I3
Therefore, the transverse modes do not enter the strong coupling regime. Even though the
perturbation theory for the longitudinal modes breaks down at Lg,., it is still valid for the
transverse modes.

(2.66)

Moreover, when the mass goes to zero, the strong coupling scale rises to infinity and we
fully recover the corresponding massless theory — the massless limit of this toy model is
smooth.

We can notice that the corrections due to the strongly coupled mode remain outside the
perturbation theory. Even though this might come as a surprise, it is due to the nature
of the self-interaction we have considered. The self-interaction is not gauge invariant and
thus, the corrections would remain even in the massless theory. Nevertheless, once the lon-
gitudinal mode enters the strong coupling regime, it loses its linear propagator and ceases
to evolve, similarly to the Vainshtein mechanism in massive gravity where the longitudinal
mode does not propagate beyond the Vainshtein radius.
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2.2.3 The higher-order terms

For completeness, let us show that the higher order terms are always subdominant when
compared to the leading order terms for the transverse and longitudinal modes. We can
represent them as

Lo S gt (M STAr S XD () e (a7))
n=0

For the scales L > Lg,, the most dominant term for the transverse modes corresponds to

1eo X3+n T
Therefore, let us show that this term is the most dominant one among all possible higher
order terms. For L > L., we can evaluate
1 1
~— d AT~—. 2.69
XL ™ L (2.69)
For each n =0,1,2, ... it is clear that the terms with most longitudinal modes are dominat-

mng:
4+n

g4+2"XL—4 (2.70)
for the contribution to the longitudinal modes, and
3+n
g4+2”XL—3AT (2.71)

for the contribution to the transverse modes. This is also the case for L < L., where we
can evaluate the longitudinal and transverse modes as

1 T
X~ % and A ~ E (272)
Now all we have to make sure of is that with increasing n, the remaining terms give a
smaller contribution. This is the case if the following holds:

4+2nX3+nAT S g4+2(n+1)X4+(n+1)

5 - (2.73)

9

or equivalently,
1> g*x? (2.74)

For L > Lg,, this condition is equivalent to

Lstr 2
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which is clearly satisfied. This is the case also for L < Lg,, where it is equivalent to
1> g%3. (2.76)

Therefore, among the infinite number of terms in (2.67)), only (2.70|) and (2.71]) are relevant.
However, using the same arguments, we can show then that (2.70]) is subdominant in

comparison to L, in equation (1.97), while for L < Lg,, term (2.71) given a smaller

contribution than L, ATy



Chapter 3

The massless limit of massive
Yang-Mills theory

The standard approaches suggest that the massless limit of massive Yang-Mills theory,
with mass added by hand is not smooth — the perturbative series are singular in mass.
This implies that the unitarity is violated once the energy scales k, ~ 7 is reached. In the
first chapter, we have confirmed that the source of this discontinuity are the longitudinal
modes.

In [9], it was conjectured that beyond the perturbation theory, the massless limit is smooth.
Yet, to date, a proof of this conjecture was nevertheless missing — the corrections beyond
the perturbative approach were unknown. Moreover, subsequent studies have shown that a
non-polynomial Lagrangian obtained in [9] can be algebraically reduced to the polynomial
form through algebraic re-definitions of fields that leave the S-matrix unchanged. The
conclusion opposed to that of [9] — the resulting theory seemed to be discontinuous in the
massless limit. Yet, the two approaches have differed in the definition of the degrees of
freedom — the first one defined them non-linearly, while the second was equivalent to a
linear decomposition. The two possibilities, however, do not change the S-matrix, thus
complicating the puzzle further as it was unclear which decomposition to choose. Hence,
we are led to the question — Is there an underlying mechanism that might resolve these
puzzles?

In the previous chapter, we have seen that the Vainshtein mechanism resolves the discon-
tinuous predictions of massive linearised gravity. The non-linear terms have caused the
longitudinal mode to enter a strong coupling regime at the Vainshtein radius. Beyond it,
it decouples from the remaining degrees of freedom, restoring the agreement of massive
gravity and General Relativity. Moreover, we have applied this mechanism also to the
toy model, and have seen that a similar situation arises. The purpose of this chapter is
to show that the Vainshtein mechanism answers the puzzles of the massive Yang-Mills
theory. We will not only see that the only correct definition of the degrees of freedom is
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a non-linear one — a conclusion that is not possible to reach with the standard methods
— but we will also find that the longitudinal modes enter a strong coupling regime at the
scale that matches with that of the unitarity violation. Beyond it, they will decouple from
the remaining degrees of freedom — the transverse modes — restoring the massless theory
up to very small corrections that will become even smaller as we approach higher energies.

3.1 The linear decomposition and the strong coupling
scales

We will start the analysis of the massive Yang-Mills theory by rewriting it in terms of the
propagating degrees of freedom — the transverse and longitudinal modes. Initially, we will
linearly decompose the spatial part of the vector field:

A = AT+ X, (3.1)
as in In this case, we have previously found at the following Lagrangian density
L= EO + ['inty where (32)

m(-A)

1 a 2 1 Ta 2 Ta
Lo=-=x (D+m)—A+m2X —§Ai (O+m?)A, and

2

2

1 ca e . c a
Lint ~ ge* [§XbX,ci o AT =X Xix (X%) + P AT o AT ]

g2 a C *a.,C *a *a 1 *C *C 1 a C
+ ng befed [x XN+ (0 + X AxP) X (X5 + xeAx?) - §X,1X,¢X?ijij] :

after resolving the constraint satisfied by the temporal component of the vector field.

Following the previous chapter, we will now explore the behaviour of the transverse and

longitudinal modes and look for the scale at which perturbative approach breaks down. We

have learned that the minimal amplitudes of quantum fluctuations play an important role

there — they will be neccessary to compare different terms and determine the Vainshtein

scale. From the kinetic terms, we can infer that for the original fields, they are given by:
1

1
SAT 7 and  dx% ~ — a=1,2,3. (3.3)

Let us remember that with the canonically normalized longitudinal modes, we could already
infer from , that due to them, inverse powers of mass appear in the interactions
indicating a discontinuity of the massless limit. Hence, we might suspect by taking the
analogy with massive gravity that the longitudinal modes will enter the strong coupling
regime. Nevertheless, in the case of a linear decomposition , this question is much
more subtle.
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The equations of motion for the longitudinal modes are given by

a g aoc (& C C 1 Ny m2 Ny C Ny C v ° C
(O+m?)x" ~ =& [Xf’z- 0 AT+ AT B AT+ mAx GG + 1 (WG + AX + XPAX )]
g2 al C 61’80 ° C ° C °C.° C C C
+ ﬁsf beledyt, [T (X% + X AX?) = XX% = Vox % + XGAXC + X,jxfij] :
(3.4)
while for the transverse modes, we obtain
a abc 1 c C
(O+m?)AT* ~ ge®PY [5 O (Xbxfj) + AT o)’ + 2)&’#14? ’“] . (3.5)

Both of these equations contain only the most important terms that we will now study.
Let us develop perturbation theory, by expanding the longitudinal and transverse modes
in powers of the coupling constant:

AT = A;TF(O) + A?(l) + . and x=xO +x® 4+ (3.6)
where AiT(O) and y(9 satisfy linear equations
(o+ mQ)AZ.Ta(O) =0 and (m+m?)x*® =0, (3.7)

whose solutions are plane waves. In the case of the longitudinal modes, we will be interested
in corrections arising at both O(g) and O(g?). Therefore, we will first analyze the leading
order corrections to the transverse modes, as these will play the main role in the higher-
order corrections.

3.1.1 The strong coupling of the transverse modes

The leading order corrections to the transverse modes are determined by the following
relation:
(l:] + m2)AZTa(1) ~ gEabcpiij" (X?ISO)X’CJ(O):# + 2Xb(0),HAZ:;(O)) ) (38)

Estimating 9, ~ %, we can evaluate the non-linear terms as

2 T
abe b c 5 gX abc Tc gXA
ge Pzigp (X,S])XJ(O) M) R and ge® Pg (Xb(omAi,u(O)) YT (3.9)

Moreover, using (3.3]), we can further evaluate them as

2

gx g N gx AT g

~ d ~ . 3.10
ey B ER TTAVE (310
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From here, it follows that the first term is most dominant one — we are evaluating the theory
for length scales % > m? as for these scales the theory is problematic in the massless limit.
Thus, the leading order corrections can be evaluated as

AT 9 (3.11)
(mL)" L
The strong coupling scale is the scale at which these non-linear terms, become of the same
order as the linear ones, i.e.
ATeD)  gTa(0), (3.12)

. Ta(0) 1
Evaluating A, ~F,

regime at lenght-scales

we therefore find that the transverse modes enter a strong coupling

str

J g. (3.13)

T
str

Yet, this result is surprising — the length scale L
the breakdown of the unitarity, that is given by

is larger than the one corresponding to

g
Ly~ 3.14
(3.14)

This means that the perturbation theory in transverse modes breaks down before unitarity
is violated. However, the fact that the transverse modes enter a strong coupling regime is
an unphysical result. Loosely speaking, it would mean that if we would add even a small
mass to the gluons, we could forget about the weak interactions. The only possibility that
could aid this scenario is if the longitudinal modes enter a strong coupling regime on lower
or equal lenght-scales. Therefore, before we draw any other conclusions, let us study the
corrections to the longitudinal modes.

3.1.2 The longitudinal modes

Using the equation of motion for the longitudinal modes (3.4), we can find that the first-
order corrections to the longitudinal modes are given by

(0+m?)Ax* D~ gettex G Ay (3.15)
We can estimate these corrections as
a g

Once they become of the same order as the linear term, i.e.
X~ x©, (3.17)

the perturbation theory in the longitudinal modes breaks down — they become strongly
coupled. This corresponds to the following scale

9
Ly ~ —. 3.18
- (318)
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However, this scale agrees with that of unitarity violation. It is smaller than the previously

found scale LT, at which the transverse modes have entered a strong coupling regime.

At the first sight, (3.4)) suggests that the only term that might still give rise to the same
strong coupling scale is present at the higher-order. As a next step, we will study these
corrections in two cases — with and without the presence of the transverse modes.

Case 1: AT =0

Let us first set the transverse modes to zero. Then, the second-order corrections are given

by

2
a g ab _ fe d(0),n c(0
(O +m?)x*® ~ —ﬁﬁf bell Py (XJ( G ))7 (3.19)
and we can estimate them as
2
(2) 9
@ ~ ) 3.20
(mL)5 ( )

The scale at which these non-linear terms become of the same order as the linear term is
given by

1 V9 (3.21)

str E?
corresponding to the same scale that we have found when analysing the transverse modes.

For scales L < LT, | the most relevant terms in the Lagrangian density are given by

2
g a C *a.,C *a *a 1 *C *C 1 a C
Lint 2 ng befed [X XX+ (o + X Axb) X (x5x% +xeAx?) - §X,iX,z‘X?ijij:| . (3.22)

For simplicity, let us evaluate them as We can estimate these terms as

g*x*

iR (3.23)

Eint >

Following the approach of the toy model, with their help, we can determine the new minimal
amplitude of quantum fluctuations for the original longitudinal modes. Defining the new
canonically normalised variable x, ~ £x?, we find that within the strong coupling regime,
they are given by

1
oY% ~ —. 3.24
XL \/§ ( )

Therefore, in the absence of the transverse modes, the longitudinal mode enters the strong

coupling regime at length-scales L%, . Let us now investigate what changes when the

transverse modes are included back in the theory.
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Case 2: AT #0

In this case, the equations satisfied by the second-order corrections contain another term,
given by:

2
(o+ mQ)Xa(Q) ni achbZ(O) O A?C(l) _ %gfabngdPg (Xflj(o)’“xiﬁo)) (3.25)

By substituting (3.8)) into (3.25)), the second term cancels.

3.1.3 From linear to a nonlinear decomposition

At a first glance, the previous results indicate that the only degrees of freedom that are
entering the strong coupling regime are transverse modes. The perturbation theory sug-
gests that the longitudinal modes, on the other hand, become strongly coupled at a lower
scale, which agrees with that of the unitarity violation.

However, this conclusion is partially incorrect. As we have found, the transverse modes
indeed become strongly coupled. However, this means that the perturbation theory for
them breaks down. In other words, the second-order corrections for the longitudinal modes
were not correctly evaluated as, at that point, the relation ({3.8) is no longer valid. Thus,
the second term in cannot be cancelled for scales L > LT, .

At the strong coupling scale L, | we can therefore evaluate the second order contributions

to the longitudinal modes as

str?

@._ 9

(mLstr)
As a result, at the scale LI, the longitudinal modes also enter a strong coupling regime —

not only is the above term more dominant than the first-order correction but is it also of
the same order as the linear term.

X (3.26)

Below this scale, the most dominant terms in the interacting part of the Lagrangian density
are given by

2,4
g abc b, Ta , 97X
Lot ~ - ATe, LX 3.27

Let us use these terms to determine the behavior of the transverse and the longitudinal
modes. We can see that the last term coincides with [3.1.2 With it, we can determine
that the minimal level of the quantum fluctuations of the longitudinal modes are given by
(13.24]).

The behaviour of the transverse modes is determined by the first term. Using (3.24)), we
can evaluate it as

g aoc (6 a 1
5¢ e x"xG o Al NEAT. (3.28)
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Thus, in contrast to the longitudinal modes, the minimal level of quantum fluctuations for
the transverse modes beyond the strong coupling is left unchanged, and given by

sar oL (3.29)

L<Lh, T,

Thus, the quantum fluctuations of the transverse modes are left unchanged, while those for
longitudinal modes become constant after the strong coupling scale is crossed. However,
we can also notice that the first term of remains of the same order as the kinetic
term in the transverse modes. There is only one possibility that can therefore resolve the
ambiguity of the strongly coupled transverse modes — for scales L < LI, | they are no longer

properly defined. This is also apparent from the equations of motion for the transverse
modes (3.30]). By taking into account only the most important terms, we can rewrite it as:

a 9 _abe c abc c Te,
O [AZT -5 epl (XbX,j)] ~ ge®PL[ATeoxb + 2xf’#Aj “. (3.30)
The two terms on the left-hand side are of the same order. As a result, we should redefine
the transverse modes as

a a g aobc c a
Al = Bl + 5e™ P (XxG),  Bi =0, (3.31)

and repeat the previous procedure for the new transverse modes B®.

Once this replacement has been made, the non-linear terms that have introduced the strong
coupling scale L%, drop out of the Lagrangian. Nonetheless, another strong coupling scale
will appear

~ 2/3

i~ I (3.32)

str
m

this time lower than L7, , but still larger than the scale at which the unitarity breaks down.

It will then require another redefinition and the repetition of the whole process.

Therefore, even if we start with a linear definition of the transverse and longitudinal modes,
we will nevertheless end up with a non-linear one. It will turn out that one will encounter
an infinite ladder of strong coupling scales, all approaching the unitarity violation scale,
and that will require an infinite number of field redefinitions. Unfortunately, we do not
have an infinite amount of time, however, luckily, in the following we will deduce the correct
non-linear decomposition, resulting in a non-polynomial Lagrangian.

This clarifies the conclusions of [77] that have arisen by analyzing a Lagrangian with
polynomial terms. Such a Lagrangian corresponds to the linearly defined transverse and
longitudinal modes. However, the strong coupling analysis shows that even if we would
start with such a decomposition, it would soon fail, and we would end up with a non-linear
one.
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3.1.4 Diagrammatic techniques and L,

The previous results might still leave us puzzled. In the literature, the unitarity breaks
down at length scales L, ~ £ — this can be inferred from the two-loop corrections to the
propagator of the transverse modes [3]. However, in the case of a linear decomposition,
we have found that the transverse and longitudinal modes enter a strong coupling regime
much before, at scales Ly ~ %. This was found on the level of equations of motion for the
transverse modes at the lowest order in the coupling constant, that afterward implied the
strong coupling of the longitudinal modes also, at the higher-order, as the perturbation
theory in transverse modes ceased to be valid. Hence, it is natural to suspect that the
same scale could be inferred also by using diagrammatic techniques. In particular, the
question that we will focus on is if the unitarity violation scale could be lower than stated
in the literature. However, by studying the two-loop corrections to the propagator of the
transverse modes, we will show that this does not seem to be the case.

At two loops, the two diagrams that could give us a scale that matches with L, are the

following ones:

Figure 3.1: Two-loop corrections to the propagator of the transverse modes in massive Yang-Mills theory.

By counting the number of longitudinal propagators, it is easy to see that the maximal
singularity in mass that these diagrams could have is

—, (3.33)

m3

indicating a possibility for the existence of a unitarity violation scale that matches with

L% . However, this will turn out not to be the case. To show it, we need to confirm that

at least one of the vertices is proportional to the square of the mass in the leading order.
Let us now analyze the imaginary part of these diagrams.

The cuts of the first diagram are given by

T 7
N , \ ’

Figure 3.2: The cuts of the first two-loop diagram.

while for the second diagram we have
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A /A (D g)

Figure 3.3: The cuts of the second two-loop diagram.

Now, let us examine the first diagram. We will denote by p the external moments and by
k and [ the internal moments over which we are integrating, with £ corresponding to the
lowest line and [ to the line above. As a first step, we will insert the following relation

[d4l<:fd4l=fd4kfd4lfd4q5(4) (p—k—1-q) (3.34)

into the expression for the imaginary part of the diagram. As cutting a line means that
the corresponding momenta are set on-shell, we will have k? = m? in all three cuts. Next,
let us look at one of the vertices appearing in the last two diagrams. Using the fact that
the external momentum is on-shell, i.e. €%(p)p; = 0 and p? = m?, the first vertex of the
middle diagram is given by the following

V;-?QZ’;(—p(i), k,p-k) ~ ge (—puk:“pi —kai) = —ge®°m?k;, (3.35)

in the leading order. In the case of the last diagram, the equivalent relation holds for the

last vertex, instead of the first one. Thus clearly, by analysing the cuts of the first diagram

we can see that it is not possible to infer from them a scale that matches L7, .

Let us now look at the second diagram. To analyze the cuts, we will first perform the same
trick as before. Due to the first, or equivalently last vertex over which the cut is
made, the last two cuts cannot provide the scale LI, — the cuts set all three lines around
the vertex on-shell, and as a result, only the terms proportional to m? will appear in the
vertex.

For the second diagram, the first two cuts are equivalent again. The cut through the line
that passes through the loop leaves us with the transverse projector in the momentum
space. However, this expression is zero:

L\
l; (@j - W) =0, (3.36)

where [ corresponds to this line. Therefore, now all that we have to consider is the vertex
at the bottom of this line. This vertex is given by

ViU, by =1 = k) ~ ge1, (ki = k"1;) (3.37)
where k is the loop momentum that exits the vertex. Due to the contraction with the
transverse projector, the last term vanishes. Moreover, as the cut is made through the
middle line, it sets the momentum [ on-shell. From here, it follows that this vertex also
has a term proportional to the mass. Thus, we can see that the analysis of the two-loop
corrections for the transverse modes suggests that L% = does not appear in the diagrams —
its origin seems to lie only in the strong coupling.
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3.2 A key to the non-linear decomposition

So far we have seen that if we start with linearly defined transverse and longitudinal
modes, we will necessarily end up with a non-linear definition. This is due to the behavior
of the transverse modes beyond the first strong coupling scale. There, the non-linear
and linear terms of the transverse modes remain of the same order, indicating a new
definition of these degrees of freedom. After such redefinition, we would nevertheless end
up with a similar situation — a new strong coupling scale would appear, requiring another
redefinition. Ultimately, an infinite number of re-definitions would be necessary, until the
strong coupling scale would match with the scale at which unitarity is violated. However,
the previous procedure is not ideal to find the final decomposition. Thus, we must search
for a different approach that would allow us to find it. A key that will help us to achieve
this goal lies in the gauge-invariant formulation of the massless Yang-Mills theory.

A trouble with the linear decomposition

Yang-Mills theory is a theory of a massless non-Abelian vector field that has only two
degrees of freedom per color — the transverse modes [37]. Following the approach that we
have done in this thesis, we could ask if it is possible to express this theory in such a way
that only these modes would remain in the theory. Yet, the linear decomposition (i3.1))
does not allow us to do so.

The action of Yang-Mills theory is given by

S:fd%; [—%Tr(F,wFW)]. (3.38)

Similarly to massive theory, the Ay component is not propagating. It satisfies the following
constraint:

—AAG = —A2, - gee ADAS — gete AVAS ;- ge 0, (AL AG)
(3.39)
— g?efbeefad Ab AcAd
Decomposing the spatial part of the vector field according to , the solution of this
constraint to the leading order in the coupling constant is given by

ggabc

Aj=x"+ [AAS + (AXP +2A20,)x°]. (3.40)

By substituting this solution back to the action, we arrive at the following Lagrangian
density
L=2Ly+ Lins, where (3.41)
1

Ly= —§A;TF“(D +m?)Ale and

aoc 1 C a *a C m2 g C a a C
Ling = ge™ | X"XG O AT = X6 (X5) + X" AT m AT + AT ATV AT,
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up to O (g¢?). This Lagrangian suggest that the longitudinal mode remains on the non-
linear level. However, we know that such result is incorrect — only the transverse modes
should be pressent in the theory. This suggests that the decomposition that we have used
is not good enough for us to derive conclusions on the behaviour of the degrees of freedom.

The gauge-invariant variables

In contrast to massive Yang-Mills theory, the massless one has gauge redundancy. The
action (3.38) is left unchanged by the following field transformation:

A, > A, =UAU + éU,MUT, (3.42)

where U is a unitary, space-time dependent matrix.

In the U(1) case, the above transformation becomes simply
A, > A=A+ ), (3.43)

where )\ is now a space-time dependent function. Then, it is easy to see that the transverse
modes, defined by the definition
A= AT + (3.44)

are gauge-invariant. In other words, under gauge transformation (3.43)), they remain the
same:

AT 5 AT = AT (3.45)

In the non-Abelian case, on the other hand, the same does not hold for the transverse
modes defined in (3.38)). This gives us a hint — Could a good decomposition be the one in
which the transverse modes are gauge-invariant variables?

The reason to suspect this is provided by both linearised gravity and Maxwell theory. By
solving the constraint for Ay, and substituting it in the action of electrodynamics, it is
possible to show that only the transverse modes remain in the action [53|. Similarly, the
action of linearised gravity can be formulated in terms of the traceless transverse degrees
of freedom, AT [84].

The goal of this part is to show that this is indeed the case. The proper definition of the
transverse modes is given by the following decomposition:

A= CATCH +=¢ic (3.46)

g

where A7 are hermitian 2 x 2 matrices that satisfy
Al =0 (3.47)

and
¢ =e X, (3.48)
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is an SU(2) matrix. Under the gauge transformations, we can find that the components
of the above decomposition transform as

AT 5 AT = AT and (- (=UC (3.49)
Moreover, we can notice that

Di(CAI ) = 0:(CATCT) + [Ai, CAT (1] = CAT;¢T = 0. (3.50)

In order to confirm that properly defines the transverse modes, we will show that
now the action can be entirely rewritten in terms of the new transverse modes. Thus,
as a first step, we will resolve the constraint for the temporal components of the vector
field. In matrix formulation, the constraint that they satisfy is given by

—AAO = _Ai,i + Zg {2[14“ AO,i] + [Ai,i; Ao] + [Az, Al]} + g2 [A,L, [A(b Az]] (351)

For AT =0, the solution of this constraint is given by
Ag = 2é¢ (3.52)
g

However, once we bring back the transverse modes this is no longer the case due to the
term [A;, A;]. Based on the gauge transformation of the temporal component we can pick
the following Ansatz:

Ay =CF(AT)CH géct (3.53)

where function f (A7) is a function of the transverse modes. Substituting this into (3.51)),
and taking into account that in general ¢ # 0, we obtain

~Af(AT) =ig {2[A], f(AT)]+ [AT, AT} + g°[AT [£(AT), AT]) (3.54)

Assuming that g < 1, we can resolve this equation perturbatively, and write the full
solution as:

1 i -
Ao = (= (ig[AT, AT]) ¢!+ =(¢! (3.55)
D g
where .
D=-A-2ig[AT o]+ ¢*[A] [A],«]]. (3.56)
Here, o denotes a place in which the expression on which % acts upon should be placed
when D is perturbatively evaluated.
Now, we should show that by substituting (3.55) the resulting action will not contain ¢,

but only the transverse modes. To show it, it is convenient to express Ay in the following
way. Let us denote

Al = % [AT, AT]. (3.57)
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Then we can write the vector field as:
A= CALC 2, (3.58)
Note that this is exactly the decomposition that was used in [9, [60]. Noticing then that
F(A) = CFu (A7), (3.59)

where F},, (AT) is the field strenght tensor that depends only on the transverse modes, the
action becomes a function of only transverse modes

1
§=-3 f dia Te [F2(AT)] (3.60)
with the same form as (3.38)), but with Ay and A; replaced by AL and AT respectively.

The difference of the definition of the degrees of freedom

For completeness, let us demonstrate the difference in the definition of the longitudinal
and transverse modes in the two formulations. Expanding ( in the coupling , the spatial
component of the vector field becomes

1 2 1
A7 = AT+ G = e (AT + SXGx) - %Ef METAOCATN + XXX ) (3.61)
This form is particularly encouraging — at O (g) the transverse part of this decomposition
matches with the first redefinition of the transverse modes (3.31]). By denoting the fields
of the linear decomposition as x and A7, the old and new degrees of freedom are related
with the following expressions:

Ot e ot A7 = pT e aToty Lo oot
X_A[gA,c+ggzg] and AT =PI [gAjc+ggjg]. (3.62)

3.3 The resolution of the massless limit

Previously, we have analyzed both linear and non-linear decompositions in massless Yang-
Mills theory. We have seen that in the linear decomposition , the longitudinal mode
remains in the interacting terms. However, we have also shown that these modes shouldn’t
be present, as massless Yang-Mills theory has only two degrees per color — the transverse
modes. With the following decomposition, on the other hand, it is possible to write the
theory only in terms of the transverse modes:

A= CATCH+ ggicf. (3.63)

Here, the transverse modes satisfy

Al =0. (3.64)
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The longitudinal modes are contained in (, a unitary matrix that is given by
¢ =e X, (3.65)

In this chapter, we will apply this decomposition to the massive Yang-Mills theory. For
simplicity, we will now work with matrix formulation of the theory. In this case, the action
is given by . Let us now express it just in terms of the physical degrees of freedom.
In order to achieve that, we will first have to express the temporal component in terms
of the remaining degrees of freedom. By varying the action ([1.57)) with respect to the Agy
component, we find the following constraint:

(—A + m2) AO = _Ai,i + Zg[AZ, Az] + Zg (2 [Az, AO,Z’] + [Am’, Ao]) + g2 [Al, [AQ, Al]] , (366)

where [ , ] is the commutator, and we have kept A; intact for simplicity. This constraint
is just the matrix version of (3.39). It’s solution is given by

A= (5 (~EmiciEwig[AT AT]) ¢!+ 2 (3.67)

where 1 1
D~ TA+mZ - 2ig[AT, 0 |+ PIAT[AT, e ]| (3.68)

The e in this operator denotes the position in which expression that % acts upon should
be placed, once % is perturbatively evaluated.

We can notice that the only modification of massive theory in comparison to the solution
of the constraint (3.67) in the massless theory is the first term. If one sets mass to zero,
both solutions match, as should be the case.

Substituting (3.67) into (1.57)), we arrive at the following Lagrangian density
L=LY+LX+L0, + L% (3.69)
L5 =Tr (AT AT - AT AT, -m* ATAT)

-A
£y=-2 T [c*c — (¢10) - c*gicfgi]

2im?

S B e el e e) |

- Te{ G [AT AT+ LT, AT () i AT [ ar, ——— (0|}

£ = Tr {_2¢gA;Ag’ (AT~ A7)+ 2 [AT, AT] L

5 (AT AT]+ g (ATATATAT - ATATATAT)
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In comparison to the previous case with linear decomposition, we can notice that now
all terms that contain the longitudinal modes disappear if we set m = 0. Moreover, this
Lagrangian density now has a non-polynomial form, in comparison to the previous poly-
nomial case. It is an analog of the Lagrangian density obtained in [9] in the Stueckelberg
form. Nevertheless, the crucial difference with that approach is that here we are evaluating
the theory in terms of the degrees of freedom directly.

In the subsequent steps, we will first analyze this theory perturbatively. We can see that
in contrast to the previous case with linear decomposition, we can now expand in two
parameters — % and (. After we have determined the scale at which the perturbation
theory breaks down, and the modes that enter the strong coupling regime, we will analyze
the theory beyond this scale and show that the massless limit of massive Yang-Mills theory

is smooth.

3.3.1 The final strong coupling scale

Let us now develop the perturbation theory. Thus, we will expand both % and (. We
can notice that the operator % contains only the transverse modes. From the kinetic term
of the transverse modes, given in LI, we can infer that the quantum fluctuations for the
transverse modes are given as before, by

1
§AT ~ T (3.70)
for length scales % ~ k2> m?2. Thus, % can be expanded as long as the coupling constant
is smaller than unity, which is assumed. The matrix zeta, on the other hand, can only be

expanded for the following values of the longitudinal mode

1
X<~ 3.71
P (3.71)
Let us assume that this holds. Then, after expanding % and (, we obtain the following
Lagrangian density,
L=Ly+ Lin, where (3.72)
-Am?

Ly=Tr [_X (D + m2) mx - AZT (D + m2) A;]

. N ‘ 'y m2 . .
Lins ~ Tr {ng4[x, X5 (0 - 2igm* A xx; - 2ig[ AT, AT —~ (0- 2igAT AT(AT, - AT))

2,2

6

evaluated for length-scales % > m?. Now, we can notice that the kinetic terms agree with
those of linear decomposition case. However, the interactions are different. In particular,

m
+

2012
g m
(X000 X = XX X?) - = AT X [ x]]} ,
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by setting m = 0, all of the longitudinal modes vanish. This also includes the ATx? com-
bination that has previously caused the strong coupling of the transverse and longitudinal
modes. However, again the O(g?) terms will be important when considering the longitudi-
nal modes. This is apparent if we canonically normalise the longitudinal modes, according

to
-A
Xn = M\[ ZX X (8.73)

Then, we can notice that there is a possibility of a discontinuity in the massless limit within
the perturbative approach — some of the interacting terms are singular in mass:

: N , T m, . .

2

g o 9% .1 }
+t— n n H n-_ Xn M __A' ns n,gy An }
= (X Xn X" X = X XEX2) 2= AT Déns D xn] ]

(3.74)

Let us now find the most dominant interaction terms among these. Estimating the deriva-
tives as 0, ~ T, we can evaluate them at O(g) as

. R .
ng[Xm Xn]Z(Xn) ~ ng?m QZgAzTXan,i ~ %A’L,TX’%N
(3.75)
T AT AT1T )2 . AT AT( AT T 9 (4T\3

Taking into account that the minimal level of quantum fluctuations for the normalised

longitudinal modes is given by
1
5XnL ~ E, (376)
we can easily see that the last terms of both rows are of the same order, and more dominant
than the first terms of both rows. As long as the coupling constant is smaller than unity,
these terms will always be subdominant in comparison to the kinetic terms and hence

cannot cause strong coupling.

At O (g?), the interaction terms can be evaluated as

2 2
g 4

g
6m2 (Xn,,anX#Xn - Xn,,uX#Xi) ~ (mL)2 Xn and
(3.77)
Ly [ X X 11 ~ LN
3m 7 ny n,ts n mL n

Clearly, among these terms, the first one is the most dominant. It becomes of the same

order as the kinetic term for scales
Loy~ L. (3.78)
m
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This scale agrees with that of the unitarity violation. It is a scale at which the longitudinal
modes become strongly coupled. Let us now look at what happens with the transverse
modes. For them, the second term in (3.77) is the relevant one. It becomes of the same
order as the kinetic term at the scale
g2
~ . 3.79
’ (3.79)

However, since this scale is smaller than the one at which the longitudinal modes become
strongly coupled, it is not trustable.

With our first indicator — the Lagrangian density — we have shown that the longitudinal
modes enter the strong coupling regime at the scale that matches with L,, the scale at
which the unitarity seems to be violated. However, given that this scale was inferred from
the terms at O (¢?), we will now confirm it on the level of equations of motion, to make
sure that no surprises such as a cancellation of the most important terms arise.

The confirmation of the strong coupling scale

The equations of motion for the longitudinal modes are given by

2

(04 m) x~ 2ig [T x] - ig S (Do ¥ +igm? {2[ 1.1 (0] + [ £ 0]}
(3.80)
<219 ([A7,47]) + £ @[ DT+ D D axdD)
while for the transverse modes we obtain:
(04 m2) AT = P {2ig (-mxs +m? [ AT, £ (0] +2m2 | AT 5 (0]
(3.81)

92m2

AT AT+ (AL, AT)) - £

]7i’

[, Dxis x]]} :

Let us now develop perturbation theory, by expanding the longitudinal and transverse
modes in the powers of the coupling constant:

x=x@+xWr . and AT =ATO L ATO (3.82)
where x(® and A;TF(D) satisfy free equations, given by:
(0+m®)x@=0 and  (o+m?)A]? =0 (3.83)

Following the previous approach, let us now study the corrections, staring with the trans-
verse modes. The first order corrections for them satisfy the following equation:

(D + m2) Ag(l) ~ 2igPL {—mQX(O)Xin) +2 [AJT(O),AZJ(.O)] + [Afi(o), A]T(O)]} : (3.84)
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Using (3.76) and (3.73), we can find that the minimal amplitude of quantum fluctuations
for the original longitudinal modes matches the ones of the linear decomposition, and is
given by

1
oxr ~—. 3.85
XL L ( )
Taking into account also (3.70]), we can easily see that all of the non-linear terms in (3.84))

are of the same order, and can be evaluated as

2igPL {-m* X+ 2[ 4], ATO| 4 [A] 0, 47O}~ %. (3.86)

Therefore, the first order corrections to the transverse modes can be estimated as

() 9
ATD o 7 (3.87)
We can see that they are always smaller than the kinetic term, in contrast to the case of
the linear decomposition, where they have entered a strong coupling regime.

Let’s now evaluate the corrections to the longitudinal modes. The first order corrections
satisfy the following equation:

9

e e

(3.88)

and thus we can evaluate them as

.9 3.89
X (3.89)

Since we assume that the coupling is smaller than unity, these terms will also never reach
the linear ones. Therefore, to verify the strong coupling scale, we must evaluate the next
leading order terms.

The second-order corrections to the longitudinal modes satisfy the following equations:

2

(54 m?)x® » L[, [ 1 ©4]] » 2 (5.90)

3 (mL)* L2

As before, we can evaluate them as

ORI o (3.91)
(mL)

By comparing them with the linear term, x(®) ~ —L- we can see that the two become of
the same order at the Vainshtein scale:

g
Lsr"'_7 3.92
- (392)
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in agreement with the scale found from the Lagrangian density. The second-order correc-
tions to the transverse modes satisfy

2 4T@ 9 o (1o [V o\ .9
(|:|+m )Ak 3 P@-k{[X >[X,i » X ]]} (L) L% (3.93)
and thus we can evaluate them as
2
AT 9 3.94

They indicate that the transverse modes enter the strong coupling regime at the length-

scale
2

L~Z, (3.95)

m
again with agreement with the result inferred from the Lagrangian density. Nevertheless,
as this scale is smaller than the Vainshtein scale ([3.92)), this result is no longer trustable —
the perturbation theory in the longitudinal modes that was used to obtain this result is no
longer valid at this scale. Our goal is to find the true corrections to the transverse modes.
For that, we have to go beyond the perturbation theory, which we do in the next part of
this chapter.

3.3.2 Beyond the Vainshtein scale

So far, we have found that the longitudinal modes become strongly coupled at the scale
L, that matches with the unitarity violation scale. This scale was induced due to the
non-linear terms at O (g?) that were purely longitudinal. However, what happens with
the remaining higher-order terms. As the more longitudinal modes we have, the greater
dominance term has among the remaining ones at each order in the coupling constant,
let us consider the interacting terms that contain only the longitudinal modes. Then, the
remaining non-linear terms in the Lagrangian can be represented as

o0 gan .
Lyor ~ ), 72 X 2, (3.96)
n=3
where HOT stands for higher-order terms. Once we reach the strong coupling scale, these
terms become:

o0

Luor ~ Z 7t

n=3 ~str

(3.97)

In other words, they become of the same order as the linear and most dominant non-linear
term. The reason why this phenomenon occurs can be traced to the longitudinal modes.
At the strong coupling scale, the minimal level of quantum fluctuations for the longitudinal
modes is given by

1
5XLstr ~ ; (398)
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However, to expand (, we have assumed that this does not hold. Once the Vainshtein scale
is reached, the expansion in the longitudinal modes is no longer valid. Thus, to go beyond
the perturbation theory of the longitudinal modes, we should keep ( intact and evaluate
the theory through it. For this, we will return to the initial Lagrangian density (3.69),
keeping in mind that the operator % can nevertheless still be expanded, and first analyze
the new form of the kinetic term of the longitudinal modes.

The non-linear sigma model

The kinetic term of the longitudinal modes evaluated at length scales % > m?, with
L < Lg, is given by

X m? t
L~ 7 Tr (¢1,¢™). (3.99)
This theory is known as the non-linear sigma model. In this part, we will analyze this

model to determine the minimal amplitude of quantum fluctuations beyond the strong
coupling scale. Previously, we have worked with the following parametrization

¢ =e X, (3.100)

However, now it will be more convenient to work with the matrix elements of (. They are
given by:
G G
(= . (3.101)
-G G

As ( is an SU(2) matrix, the two complex fields, ¢; and (; satisfy the following constraint:

Gl +1G* = 1. (3.102)

Let us bring this to an even simpler form. By substituting the following decomposition

(1 = pre™ and (o= ppe™™, (3.103)
into (3.102]), we obtain
o1 +[po|* = 1. (3.104)
Parametrizing these components as
p1 = pcos(go) and p2 = psin(go), (3.105)
(3.102)) implies
lp|? = 1. (3.106)

Let us set p=1. Then, we obtain the final parametrization of the matrix elements of (:

(1 = cos(go)ed and G = sin(go)e9?2. (3.107)
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The Lagrangian density corresponding in terms of these fields becomes

ng%Hm%%d%a+ﬂ@ﬂ@ﬂﬁ%h+ﬁ&ﬂ@%&%ﬂ. (3.108)
Here,

(o) = 4m?cos® (go) and  p*(0) = 4m?*sin®(go) . (3.109)

Expanding these functions, we would again arrive at the same situation — the strong cou-
pling of the longitudinal modes, now represented with functions o,6; and ;. However,
our goal is to evaluate the theory beyond the Vainshtein scale. Thus, we will have to di-
rectly study the Lagrangian density . In order to find the minimal level of quantum
fluctuations, we will canonically normalize the fields according to

Op = ZTTLO', @LQM = f(a)@,ﬂl, and @ﬂgn = p(a)@lﬂg. (3110)
Then, the Lagrangian density becomes
1
,Cg = 5 [auan(‘?"an + 6u91n8“01n + 8u92n8“02n] . (3111)
As before, the minimal level of quantum fluctuations of the normalised fields for scales
k? ~ £z > m? is given by

1 1 1
(SO'nL ~ Z, 59n1L ~ Z, and 50n2L ~ Z (3112)

Estimating sin(go) ~ cos(go) ~ O(1), we can evaluate the minimal level of quantum
fluctuations of the original fields as:
1 k 1 k 1 k

01 ~ — d 00y ~ ———.
H 29 kstr’ o e 29 kstr

(3.113)

Let us now use this result and investigate the massless limit of the massive Yang-Mills
theory.

The corrections to the transverse modes

Our goal is to find the corrections to the transverse modes due to the longitudinal ones.
Within the perturbation theory, these corrections were unreliable — the longitudinal modes
entered a strong coupling regime. However, using ([3.113)), we will now be able to go beyond
it.

Our strategy will be the following. First, we will evaluate the most dominant term that
might cause a discontinuity using the matrix elements explicitly. Then, we will turn to a
quicker analysis, evaluating the theory using (. The key that will allow us to perform this
analysis is the fact that at the strong coupling scale L., the perturbation theory in the
transverse modes still holds. It only breaks down for the longitudinal ones.
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Let us start with the explicit approach. As we are directly considering elements of (, we
will also evaluate the matrix elements of the transverse modes. These can be written as
follows:

o wir
Y

AT = : (3.114)
wil- GT
NG 2

where GT is the real and W7 complex vector fields. As the transverse modes satisfy

Al =0, (3.115)
the same will hold for its components:
Gi;=0 and Wl =o0. (3.116)
Substituting (3.114)) into LI, we obtain
1
Ll = 3 [0,GTorGT - m*GTGT ]+ 0,W; 0" W, - m*W; Wy (3.117)

The transverse modes are normalized. Thus, the minimal amplitude of quantum fluctua-
tions for the elements of AT is given by:

1 !
5GL ~ E and (SWL ~ z (3118)

Let us now study the interacting terms. The interaction that could be the most prob-
lematic one — the source of the apparent discontinuity of the transverse modes within the
perturbation theory — is given by:

2im?
L£Ix 5 _
nt

Substituting (3.114]) and (3.107)), it becomes:

2im?

Tr (AT CT¢,). (3.119)

Tr (AiTCTC,i) = - 2im? {% [W[eigwl*@?) _ mT+e—ig(01+92):|

+101 ; GiT COSQ(gO') - cos(go) sin(go) (mT—eig(91+9z) + WiT+e—ig(91+02))]

V2

+ifq; | GT sin?(go) + sin(g) cos(go) (WiT—eig(01+92) 4 M/iT+€—ig(91+92)) .
i V2
(3.120)
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Canonically normalising the longitudinal modes according to (3.110]), this term becomes

2im? On,i

V2

Ty (AZTCTC,Z) ~ i { [I/ViT_h _ MT+h*] + ZG;F I:an’i COSs (g;ﬂ) + 027”‘ sin (g;ﬂ)]
m

m

= [92,” COS (gi) — 01,810 (g;ﬂ)] [WIh+ Wiﬂh*]} ,

/2 m m
(3.121)
where
h ~ t9(01762) (3.122)
Estimating
sin(go) ~ O(1), cos(go) ~O(1) and h~O(1). (3.123)
and using (3.112)), this term can be evaluated as
2im? L 1
- Tr (A7 ¢Y¢,) ~ —. 124
r( () C C,Z) gLSt,r. L4 (3 )

Thus, the divergences that we encountered in the perturbative framework have disap-
peared. Moreover, as we approach smaller length scales, or equivalently, higher energies,
the contribution of the term becomes smaller. As mass vanishes, the strong coupling scale
rises to infinity and this term disappears.

To conclude that no problems will arise in the massless limit, we now have to show that the
remaining interactions give rise to contributions that are smaller than this interaction. We
will analyze this with more efficient methods, but equivalent to the previous consideration.
First, we can notice that all of the remaining interactions have the operator %. However,
this operator contains only transverse modes and can always be perturbatively expanded.
Thus, we will consider only the leading contribution that is given by

1 1

—~—. 3.125

D~ A (3.125)
The higher ones will not change the result — they become smaller as the order in the
coupling constant increases. Let us further define the following quantity

Qo = ¢f¢, (3.126)

as this combination of matrices often appears. Then, the remaining interactions can be
expressed as

2im

17.,- 1 1. 1 1
Ez;ﬁ D TI‘{ g QOK I:AIT, K (QO,Z)] + 2m2QOZ [AZ, A?] - m4QOZ [A?, [A?, Z (Qo):”} .
(3.127)
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In order to evaluate €y, it will be useful to first find the scaling of its matrix elements. Let

Yo Do
Qo = , (3.128)
-®5 —tho
with 1 =0,1,2,3. The components of )y are then given by
Yo = —ig(6; cos?(go) + B, sin?(go)) = _%(9171 cos(go) + by, sin(go)) ~ %, (3.129)
and
9

®, =g[~0 +i(61 - ) cos(go) sin(go)Je?1+02 ~ (3.130)

mL?
In the second line of the first expression, we have first canonically normalized the fields
according to (3.110), and then used the minimal level of quantum fluctuations (3.112)).
Then, we evaluated the second expression in the same way. As both of the elements of
(o) are of the same order, we can evaluate it as

g
Qo ~ . 3.131
0" mI? ( )
Nevertheless, this approach requires a dose of care. Due to the presence of sin(go) and
cos(go), the derivatives of ) will give rise to the additional factors that are inverse in
mass. In the simplest case, with only one derivate we have

2

9u820 g (3.132)

T (mL)Y L2

Moreover, as we are concerned with the corrections to the transverse modes, the terms ﬁ
that appear in (3.127) will always act on €}). Taking this into account, the remaining
interactions can be evaluated as

2im* 1[0 1 Ly 1. L \?
TI'{ g QO_ |:A;T7 Z (QO,’L)]} ~ g3 (L ) 5 Tr {QmZQOK I:A;T,A;T:I} ~ g2 ( )

str str

il oo S ()

str

(3.133)

As we can see, these corrections are smaller than (3.124]). Thus, the leading order correc-
tions to the transverse modes due to the longitudinal modes are given by . This
procedure is equivalent to the analysis on the level of equations of motion. There, the
leading order corrections to the transverse modes are therefore given by

g L
L3 Lstr ‘

(3.134)

)

2
ATO Tt~
g
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This shows that beyond the strong coupling scale, the massless Yang-Mills theory is re-
covered up to small corrections that disappear in the massless limit. These corrections are
always smaller than the kinetic term. In comparison to the case of the linear decompo-
sition, this result is expected. The transverse modes should not be strongly coupled as
indicated by the asymptotic freedom — at high energies, the degrees of freedom of massless
Yang-Mills theory are weakly coupled [91]. This leads us to conclude that the massless
limit of massive Yang-Mills theory is smooth, as it was proposed in [9]

So far we have studied two massive gauge theories — massive Yang-Mills theory and a toy
model of self-interacting Proca theory. We have seen that in both theories, the massless
limit is smooth. However, we may wonder — Are there consequences of the smooth massless
limit on the relations between massive gauge theories? In the next chapter, we will extend
our investigation of the Vainshtein mechanism and massless limits to another class of gauge
theories, and find one of the theoretical consequences — the implication of massless limit
on the dualities of massive gauge theories.
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Chapter 4

The massless limit and dual theories

Dual theories — theories that describe different fundamental objects yet share the same
physics — hold considerable promise to improve our understanding of physical models.
Their application extends to numerous areas and phenomena in string theory, quantum
field theory, and condensed matter physics, such as exchanges between weak and strong
coupling, magnetic monopoles, effects of bosonization, transformations between two weakly
coupled string theories, and even those that connect both string and quantum field theories
[92-100].

However, a question of the massless limit adds another perspective to some of the theories
that were regarded as dual. In this thesis, we will investigate two of them — a duality of
the Proca field and massive anti-symmetric 2-form and the duality between a scalar and
massive 3-form. In the following, we will explore these theories by studying their structure
and become acquainted with the notion of dualities, beginning with one of the first dual
theories discovered: the electromagnetic duality.

4.1 The electromagnetic duality

Let us consider free Maxwell theory and ask whether the theory would have the same
physics if the electric and magnetic fields exchange places. In this part, following the
approach of [33], we will see that this is indeed the case — this theory is self-dual. In other
words, its dual theory is again a theory of a massless vector field.

To show this, let us introduce parent action — action that can relate two theories of different
fields. For the case of Maxwell field, this action is given by

1
SBF, (4.1)

1 4
Sp:fd4x [—ZFWF“ =

with an assumption that the field strength is independent of the vector potential. B, is
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the Lagrange multiplier. By varying with respect to it, we obtain
Y =0 (4.2)

This is the Bianchi identity, that can be found in standard electrodynamics. It allows the
field strength to be expressed through the vector potential

F,

w =Au = Au. (4.3)
By substituting this back to the parent action, we would simply recover standard electro-
dynamics. However, as we have initially assumed that the field strength tensor does not
depend on the vector potential, by varying (4.1]) with respect to it, we find that it satisfies

the following relation:

1
Fre = EspUWGW, (4.4)
where
Guw=DB,,-B,,. (4.5)

Substituting this equation back into (4.1)), we again obtain electromagnetic theory:

Sp = —i f Remels (4.6)

This procedure is known as the duality transformation — it relates the two dual theories.
From (4.4]), we can notice that this transformation has exchanged the roles of the electric
and magnetic fields.

In this part, we have introduced the concept of dual theory and duality transformation.
Let us now proceed to the two theories that will be the focus of the following sections - a
theory of a Kalb-Ramond field and a 3-form, and examine the dualities of these theories.

4.2 The Kalb-Ramond theory

The Kalb-Ramond theory is a theory of an anti-symmetric two-form. In the massive case,
its action is given by

1
Y PR—— “
where
H,p=Bypu+ B+ B, (4.8)

is the field strength tensor for the Kalb-Ramond field B
indices.

., Which is anti-symmetric in its



4.2 The Kalb-Ramond theory 77

4.2.1 The degrees of freedom of the Kalb-Ramond field

Let us analyse the degrees of freedom of this theory, following the approach of [I0T]. First,
we will decompose the field into components:

BOZ':OZ-T-FMJ‘? C’;I:Z:O
(4.9)
B;; = € By, Bi= Bl +¢,, Bli=0
where 4, j, k = 1,2,3. Substituting this into (4.7)), we obtain
1 .
S = —/d% CT(=A +m?)CT - 26, CT BT — m?uA
2 [ % ( ) % JkYi Pk j HAn (410)

+BI' Bl - m?BI Bl - ¢A¢ - ApA¢ + m*pAg).

In contrast to the Proca theory, this theory has two constraints — time derivatives are
absent in C7 and p. They satisty the following constraints:

(-A+m?)Cf =B, and  Ap=0, (4.11)
whose solutions are given by:

Eijk :
OZT = _A—j_rnng:] and o= 0. (412)

Substituting them back into the action, we arrive at the following expression:

2
§=-5 [ dt| B @) BT+ o(mm?) (-86) | (113)

Here, we will reffer to B! as the transverse modes, and ¢ as the longitudinal ones. In
terms of the canonically normalized variables

2
B =1/ ﬁf}f and ¢, = V-Ad (4.14)

SZ—%/d‘lx [Bgi([]+m2)Bg’i+¢n(D+m2)¢n]‘ (4.15)

the action becomes

Thus, we can see that massive Kalb-Ramond theory has three degrees of freedom — the
same number as Proca theory. Let us now study the dualization procedure between the
two theories.
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4.2.2 The duality of massive Kalb-Ramond and Proca fields

The original dualization procedure [I4H17] was done on the level of path integral. Without
the loss of generality, we will here perform it just by using the action of the theory. Let us
start with the action of the Proca theory,

4 1 v m? H
S:/daf ~ PP+ 24, (4.16)

where F),, is the field strength tensor for the vector field A, given by (4.3). In order to
dualize the theory, we can construct the parent action

2
sp= [ x( Fo ™ — %FW (A%~ AV 4 %A#A“), (4.17)

where the relation (4.3)) is not assumed to hold. Nevertheless, we obtain this relation by
varying with respect to the field strength tensor, and substituting it into (4.17]), the theory
becomes Proca theory. By varying with respect to the vector potential we obtain

0, F™ +m2A” = 0 (4.18)

Solving this equation in terms of the vector potential, and substituting it into (4.17)), we

obtain X
Sp = fd“ (——FMFW+4F F“”) (4.19)

27 p

Expressing the field strength tensor in terms of its dual,
F = memap B, (4.20)

we obtain the action for the Kalb-Ramond field B,,,
- — f d'x (H,p H™ - 3m*B,, B™) (4.21)

where H,,, is its field strength tensor. If we would again dualize this action proceeding
with the same method, we would obtain Proca theory. Yet, the same duality does not hold
if the theories are massless.

4.2.3 The massless case

In the case m =0, we can notice that Kalb-Ramond theory does not describe two degrees
of freedom as Maxwell theory, the massless counterpart of Proca theory. In this case, only
the longitudinal mode remains in the action:

S - —% [ deo(@)(-26) (4.22)
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Thus, we do not even have to try to dualize this theory to a Maxwell theory — the degrees
of freedom do not match. Rather, massless Kalb-Ramond theory is dual to a scalar field
— this is known as the scalar-tensor duality. Let us show this by following the approach of
[33].

In particular, we will show that the action of a massless scalar field

1
- [ d'av,00%0 (4.23)

is dual to the massless Kalb-Ramond field:

1
SKB = E / d4$HMVpH“Vp (424)
To show this, we start with a parent action:

Sp=13 f d*x (H,upH"" +2¢ "H;l") (4.25)

where
"HF =P H,) o (4.26)

In this action, we do not assume that the relation (4.8)) holds — the field strenght and
the Kalb-Ramond field are independent fields. ¢ is the Lagrange multiplyer. Varying the
parent action with respect to it, we obtain

“Hi* =0 (4.27)

This is the Bianchi identity, present in the Kalb-Ramond theory. It allows us to express
the field strenght tensor in terms of the Kalb-Ramond field via (4.8). Substituting this
into (4.25)) recovers the Kalb-Ramond action. Varying the action with respect to the field
strength, we obtain

Hm/p 504;wp¢a (428)

Substituting this relation in (4.25)), we recover (4.23). This is the dualization procedure
that relates an theory of a massless scalar field with the theory of a massless Kalb-Ramond
field.

4.3 The theory of a three-form

Another theory that will interest us is the theory of a 3-form. Its action is given by

s= [ dt ( WagW””aﬁ+—CWaC“”a) (4.29)
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where W0 = Cragpy = Cuapr + Cauva — Copnp 1s the field strength tensor and C),,, is
totally anti-symmetric. Starting from the parent action of the three-forms, and following
the approach similar to that in Proca theory it is possible to show that performing the
dualization procedure one will arrive to the action of a massive scalar field (see eg. [34],35]):

S - % f diz (6" —m?¢?) (4.30)

For the upcoming analysis, it will be usefull to study the degrees of freedom of this theory.
Therefore, let us separate it into the spatial and temporal part, and decompose the spatial
further as

COij = Eijk: (Cg + [L7k) R CIZ:k =0 and

(4.31)
Cijk = EijkX-
This leads us to the following Lagrangian density:
1

L=3 [m?CTCT — (A +m?) Ap—2XAp+ xx - m*x*] . (4.32)

Integrating out the non-propagating degrees of freedom, p and CT, (4.32)) becomes

1 5 m?
== _ . 4.

L 2X(D+m)—A+m2X (4.33)

Substituting the canonically normalised variable

m?
n= ———, 4.34
X “A+m2X (4.34)

2

we obtain
m

AreX (4:35)

L= —%X(D+m2)

4.4 Re-thinking the duality

At a first glance, the theories of the massive Kalb-Ramond field and Proca theory seem to
be entirely different. One is a theory of an antisymmetric 2-form, while the other describes
a massive vector field. Yet, we have seen in the previous parts of this chapter that these
theories have the same number of degrees of freedom. Moreover, we have seen that there
exists a dualization procedure that can relate the actions of the two theories. Based on
these results, there were numerous claims in the literature that the two theories are dual
(see eg.[14H30], B2, 54]). In other words, it is said that the two theories have the same
physics.
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These claims were also extended to Stueckelberg theory, massive p-forms [102-104] and
curved spacetime [20]. In the special case of Stueckelberg theory for a p = 3 form, the
theory was considered with an arbitrary potential [105].

However, if these theories are massless, the duality no longer holds. For example, we have
seen that the massless Kalb-Ramond and scalar fields are dual, while the Maxwell field is
self-dual [13, 14, 106]. The duality among massless Kalb-Ramond and Maxwell fields, on

the other hand, does not exist.

This contrast among the massless theories raises the question about the behavior of the
massive ones in the massless limit. So far we have seen that in the presence of self-
interactions, a degree of freedom that was absent in massless theory entered a strong
coupling regime. This was known in massive gravity and Proca theory, and in this thesis,
we have confirmed it also in the case of massive Yang-Mills theory. Yet, the massless
Kalb-Ramond theory does not have transverse modes, but a longitudinal one. Thus, if we
modify Proca and massive Kalb-Ramond theories by adding to them a self-interaction, it
is questionable if their degrees of freedom would behave in the same way. If the theories
do indeed have the same physics, this should be the case.

The purpose of the following chapters is to study the behavior of degrees of freedom in the
presence of a quartic self-interaction. In particular, we will compare massive Kalb-Ramond
and Proca theories, and the theories of a massive scalar field and a 3-form. There, a number
of statements of duality between the two have also appeared (see eg. [14-24] [34] 35]). We
will find that in all theories but the scalar one, some of the degrees of freedom will become
strongly coupled and decouple from the remaining ones. However, this will not be the case
for the same types of fields.

4.5 Apvs. B,

Let us now introduce the self-interacting theories. Although we have already studied the
specific self-interaction for Proca field, in this part we will study another one, given by

— 4 1 v m? 92 2
S = d*z _ZFNVFN + TAHAN + Z (AMAM) . (436)

After we analyze the underlying physics of this theory, we will compare it to a self-
interacting, massive, Kalb-Ramond field, whose action is given by the following action:

2

S = fd%[iﬂ Lo HMP + m—23 L B* ¢ g (B ,,B“”)2]. (4.37)
121 4 M 16~ *

In both cases, we will assume that the coupling constant is very small, g?> < 1. As we
have learned in the first chapter, the standard methods suggest that the discontinuity in
massive vector theories arises on high energies k? > m?, as that is when the propagator
becomes constant. Therefore we will focus our analysis on this case.
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In the following, we will study these theories in a manner similar to the previous approaches
to the massive Yang-Mills theory and the toy model. First, we will evaluate the theories
perturbatively, and show that the same Vainshtein scale is present in both theories. Nev-
ertheless, we will find that the degrees of freedom behave differently. In Proca theory, the
longitudinal modes will enter the strong coupling regime, and remain strongly coupled for
scales beyond the Vainshtein radius. The transverse modes, on the other hand, are only
weakly coupled and survive the massless limit. By contrast, for the massive Kalb-Ramond
field, the opposite is true. There, beyond the Vainshtein scale, the two transverse modes are
strongly coupled, while the pseudo-scalar mode is in the weakly coupled regime, surviving
the massless limit.

4.5.1 Self-interacting Proca theory

Thus far, we have analyzed a self-interacting Proca theory, with a cubic interaction. There,
we have found that the perturbative approach indicates a discontinuity within the massless
limit due to the longitudinal modes. However, we have also found that such theory has
a Vainshtein scale — scale at which the longitudinal modes become strongly coupled, and
thereafter decouple from the remaining degrees of freedom.

In this part, we will again analyze the interacting Proca theory, albeit now with quartic
self-interaction. The method will nevertheless be similar to the previous approach. As a
first step, we will express the action (4.36) only in terms of the propagating degrees of
freedom — the transverse and longitudinal modes. Decomposing the vector field according
to (L.17), we arrive at the following action:

S = % f d4z {Ag (A +m?) Ag + 2A0A% - (YAX ~ myAy)
+(ATAT - AT AT, - m?ATAT) (4.38)
P A28 (A ) (A ) (4 4]
where
(A +x.0) = (A + xa) (A +x4) - (4.39)

The Ay component satisfies the following constraint:
[—A +m?+g? (AT + Xﬂ-)z] Ag— 2 A3 = —Ay. (4.40)

Estimating —A ~ k2 ~ %, and assuming that that the linear term in this constraint is more

dominant than the interacting terms,

1 2 1
T2 > (AT +x,) and 2 g> A3, (4.41)
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which we will later verify, we can resolve this constraint as

-A . 92

Ap = +
O TATm2 YT TA T m2

[(X* - xixi - 2x,AT - ATAT) X]
(4.42)

3 5
X 4X
+ 0| g*(mL)*2-, —),
(g (mL)"=-.9"
where % denotes a derivative acting on y. Here, have kept the most important terms.
Substituting (4.42)) back into the action, we arrive at the following Lagrangian density

L=Ly+ Lins, where (4.43)
m*(-A)

1
mx— §A;‘F(D+m2)A;F and

,C() = —%X(D + m2)

g2 2 g2 2
Lint = T O0ux™)” = 90X AT = Tx AT AT + g (04T

4
X X 3
+0 2m2_’ 2/ AT )’
(9 2977 (A7)
for scales % > m?. In comparison with the initial formulation given in (4.36]), this approach
allows us to have a direct view of the behaviour of the transverse and longitudinal modes.

The strong coupling scale

Let us now perturbatively evaluate this theory, assuming that the kinetic part of the
Lagrangian dominates over the interacting terms. As a first step, we will canonically
normalise the longitudinal modes, according to (|1.33]), thus arriving at

L=Ly+ Lint, where now (4.44)

1 1
Loy = —§Xn(m+m2)xn—§AiT(D+m2)AiT and

2

9° 2 9 T g° T AT g° 7\2
Lint ~ s (XnpXt')™ = %Xn,uX#Xn,iAi - Q—mQXn,uX#Ai Al + 2 (xniAT)".

We can see that due to the canonical normalization, the inverse factors in mass multiply the
interacting terms. Moreover, the more longitudinal modes are present in the interaction,
the interaction is more singular in mass. This indicates that this theory has a discontinuity
in the massless limit due to the longitudinal modes, similar to the toy model.

At the moment, we are treating this theory perturbatively — assuming that the most
dominant terms are the kinetic ones, given in £y. Nevertheless, there will exist a scale —



84 4. The massless limit and dual theories

the Vainshtein scale — at which the perturbation theory will break down due to the non-
linear terms. In order to find it, we will now consider the interacting terms specified by
Lint, and find which among them are the most dominant ones. Evaluating the derivatives
as 0, ~ %, and using the minimal amplitude of quantum fluctuations for the longitudinal
and transverse modes, given in (2.48)), we can evaluate these terms as

9_2(X X,u2~g—2 9_2X iy .ATNQ—Q and
4 VAR (mL)*L* mB3 AT A (i L)3 LA
(4.45)
L AT AL = L (il
The condition that the first term is the most dominant one,
mL << 1, (4.46)

is satisfied automatically — we are evaluating the theory on high energies. This term
becomes of the same order as the kinetic at length-scale

Lo~ Y9 (4.47)
m

in agreement with the result of [I07]|, where it was obtained through the introduction of a
Stueckelberg field. Therefore, once Ly, is reached, the perturbation theory breaks down
in the longitudinal modes.

The perturbation theory in both longitudinal and transverse modes also suggests that the
corrections to the transverse modes due to the longitudinal ones are singular in massless
limit. The most important term among these corrections is the following one:

2

g T 2
~ M .
m3 Xn,an XﬂﬂAz’

.9
(mL)*LA

Moreover, it would suggest that the transverse modes also become strongly coupled, on
length-scales

(4.48)

2/3
LT ~ Q (4.49)
m
Nevertheless, this result is not trustable — the scale LT is smaller than Lg,. Thus, the
longitudinal modes are strongly coupled before LT is even reached. We will only be able
to obtain the corrections to the transverse modes once we analyze the theory for scales
L < Lg,. Before we do that, however, let us confirm that Lg, is implied by the equations
of motion following the approach of the toy model. The equations of motion for the
longitudinal and transverse modes on scales # > m? are given by

2
g v
(O+m?)x ~- —5 (0" B+ 2 X ™)

2g2 T T T
+ pooc) (X,,-AZ- Ox +2xX,iu X" A; + X’“X,z’Az‘,u) ,

(4.50)
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and 9.9
kAl) (XXt + AT e = 2x,ix AT . (4.51)

Here we have again taken into account only the most relevant terms. We can now develop
the perturbation theory, expanding the modes in powers of ¢?:

(o+ mQ)Ag ~—g? (5ki -

x =X+ W4 and
AT = ATO L ATO (452)
x(© and A;TF(O) satisfy the linear equations of motion
(@+m?)x©@ =0 and  (o+m?)AT? =, (4.53)

whose solutions are plane waves. The leading correction to the longitudinal mode satisfies

2qg2 2qg2
(@+m?)x® ~ - %X(O),HX(O)WX(O)’W + % (2)((1.(23)((0)’“14?(0) + X(O)’“X(ZQ)A?}EO)) . (4.54)
m m ’ T

We can evaluate these corrections as

(4.55)

Once they become of the same order as x(9, the perturbation theory breaks down. This
happens at the Vainshtein radius L, ~ \g, in agreement with the analysis at the level of
Lagrangian density. Using the same procedure, the corrections to the transverse modes
due to the longitudinal ones can be estimated as:

PRI S s

K L  (mL)%

(4.56)
However, these are not trustworthy due to the strongly coupled longitudinal modes.

Beyond the strong coupling

For length-scales L < Ly, the most dominant term for the longitudinal modes is given by

2
innt = gz (X,Mxnu)z . (457)

With it, we are able to determine the behaviour of the longitudinal modes within the strong
coupling regime. It implies a new canonically normalised variable:

[\

X

g
n~ =, 4.58
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with which we can rewrite it as

1
Lyint ~ =Xnu XL (4.59)

2
The minimal level of quantum fluctuations for the normalised mode is dy,, ~ % similarly to
the linear theory. Thus, for the original mode we have

Spx ~ (4.60)

V9

We have seen that the perturbation theory in the longitudinal modes has before implied
a strong coupling also of the transverse modes. Even though it is no longer valid for the
longitudinal modes beyond the Vainshtein scale, it nevertheless holds in the transverse
modes. Therefore, let us now find the corrections to the transverse modes due to the
longitudinal ones. The Lagrangian density including the most dominant terms relevant for
the transverse modes is given by

1 2 2
Lor ~ =5 A7 (@+mM) AL - Py uxx AT + O (92% (A7) ) : (4.61)

1
ﬁ:
that we have found for L > L, has disappeared. Rather, the term that contained it will
always be smaller than the kinetic term:

Estimating the longitudinal mode as y ~ we can now see that the singularity in mass

X XN AT ~ (4.62)

Therefore, for scales, L < L., the corrections to the transverse modes due to the longitu-
dinal ones are given by
T(1 \/§
AT = (4.63)
and thus, beyond the Vainshtein radius, the massless theory is recovered up to small
corrections. In the massless limit, the strong coupling scale becomes infinite, thus fully
recovering the massless theory.

The prerequisite that these results hold is that for all Lm <« 1, the assumptions (4.41]) are
satisfied. Evaluating the temporal component as Ay ~ x, and transverse modes and the
derivatives as before, both of these assumptions reduce to

g*x? < 1. (4.64)

On the one hand, for L > L, the longitudinal modes can be estimated as y ~ ﬁ Hence,
in this case, the above assumption

L 2
¢ (—t) <1 (4.65)
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is satisfied since g < 1. On the other hand, for L < L, the longitudinal modes can be
evaluated as x ~ ﬁ. Therefore, the above assumption

g<1, (4.66)

is again satisfied. Following similar arguments, it is possible to show that the higher-order
terms appearing in the interaction Lagrangian, are always subdominant in comparison with
the terms given in L;,;.

The Vainshtein mechanism has also been considered in the case of generalized Proca theory.
In this theory, with derivative self-interactions, the longitudinal mode was suppressed due
to the Vainshtein mechanism [108§].

4.5.2 Self-interacting Kalb-Ramond theory

Following the same approach as in the Proca theory, we will now analyze the behavior of
the physical degrees of freedom — the transverse and longitudinal modes — of the massive
Kalb-Ramond theory in the presence of a self-interaction. As a reminder, its action is given
by:

S = fd%[iH Lo HMP + m—QB L B" + g (B ,,B“”)2]. (4.67)
12 HF 4 M 16 "

In search of the strong coupling scale

Our first goal is to perturbatively evaluate the theory and find the scale at which it breaks
down. Thus, we will first decompose the Kalb-Ramond field as in the free case (4.9)), which
will lead us to the following Lagrangain density:

1 .
L= 5 I:ClT(_A + m2)ClT - 251]]{?03—‘8%—:3 — m2/jJAﬂ,:|

+ % (BIBI - m?BI BT - 9A¢ — ApAd +m*$Ad)
(4.68)

+

=],

2
(CF + 1) (CF + ) = 5 (CT 1) (B +6,)°

2

+ L (BT +9,) (BT +¢;)

IS

Similarly to the free case, this theory has two constraints — one for C7" and one for u. By
varying the action with respect to them, we obtain respectively:

(-A+m?)Cf = BE, - g* PL[CTCTCOT + 20T CTpj+ CTCT s+ 2CT i
(4.69)
+CT gy = (OF + ;) (BEBI +2BF ¢+ ¢36,) + gt ]
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and
~mPAp = g0, [pam g+ 2uip CF + pp O + i CTCT + 2p,;CT CT
(4.70)
~(pu; +CF)(BI BT +2BT¢ 5+ ¢ 0 ;) + CICTCT].
We can notice that these constraints are now coupled, due to the form of the self-interaction.

Let us evaluate them perturbatively. Then, up to O(g*), the solution to the first constraint
is given by

OZT = EijkD (B,Z:J)

(4.71)
g’c P : 2 . .
S D (BE) [(B +0.)" - cumeaaD (BL) D (BE)]}.
where ,
D(B) = <= [Bi] (4.72)

while the solution of the second constraint up to O(g*) is given by

i,;zka {D(B},)[BIBI +2Bl ¢+ 305~ esmeseaD (By,) D(Bi.)]} . (4.73)

Substituting them back into the action yields the following Lagrangian density:

L= Eo + Eint; where (474)

m2

mBT— %¢(D+m2)(—Aq§) and

Eo = —%BZT(D + ?77,2)
2 . . . .
Line = gz {[5ijk5ilsD (Bi;) D (B?,z)]Q = 2eiuusD (By;) D (B,) By By + (BiTBiT)Q}

-g° [5ijk5ilsD (BkT]) D (BsTl) Blo,- Bz‘TBz'TBjT¢,j]

ngT¢3)

2 . .
- % [eineusD (BL,) D(BL) 640, - BT B 6,6, - 2(Bl6,)'] + O ( T

where we have kept only the most important terms. Let us now determine which among
these terms are the most dominant ones, and find the Vainshtein scale of the theory. In
order to do this, we first need the find the minimal level of quantum fluctuations of the
fields. However, as in the free theory, the £y part of the Lagrangian density shows that the
fields are not canonically normalised. Canonically normalising them according to ,
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we can easily find that the mininimal level of quantum fluctuations for the normalised
fields for scales k? ~ 75 >> m? is given by:

1 1
5BZ;L ~ z and (Sgan ~ Z (475)

Therefore, for the original fields we have:

1
ml?

§BT ~ and 0oL ~O(1). (4.76)

This will allow us to compare the interacting terms in (4.74)). Estimating the theory for
scales % > m?, and evaluating the derivatives as 0, ~ %, each row of the interacting
Lagrangian can be respectively evaluated as:

1 9> (BT)’ ¢ g (BT)" ¢*
g2 (BT) s T, and T (477)
Taking into account (4.76)), we can further evaluate these terms as
2 (BT ~ g9 PB4 P (B¢ ¢
(mL)* L4 L (mL)® LA L2 (mL)* L4

(4.78)

Clearly, among these, the first term is the most dominant one. However, it does not contain
any longitudinal modes, as it were the case in the Proca theory — in Kalb-Ramond theory,
the discontinuity in the massless limit is due to the transverse modes. It should be stressed
that this is not due to the particular self-interaction that we are considering. Rather, we
can trace it to the minimal level of quantum fluctuations for the original transverse modes,
that like the longitudinal modes of Proca theory, are singular in mass.

The term that is quartic in the transverse modes becomes of the same order as the linear
term at the following Vainshtein radius:

Loy~ Y9 (4.79)
m

This is the same scale that we have encountered in Proca theory — a result that is dependent
on self-interaction. The longitudinal modes, on the other hand, enter a strong coupling

regime at a length-scale
g3
Ly~=— (4.80)
m

due to the second term in . However, this scale is lower than the strong coupling scale
of the transverse modes. Hence, such a result is no longer trustworthy — the perturbation
theory breaks down before Ly is reached. In order to find out what is happening to the
pseudoscalar, we must go beyond the perturbation theory. Before we do it, however, we
will first evaluate the theory at the strong coupling scale, and consider higher-order terms.
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The trouble with the higher-order terms

Let us now analyze the higher-order terms. We have seen that the more transverse modes
we have in our interaction, the more dominant will be the term. Hence, for every order
in the coupling constant, we can only take into account the purely transverse terms, and
compare them with the most dominant non-linear term. In this case, the higher-order
interactions will take the following form for scales L > L,

oo 2n+2 Lstr )4n+4 1 (4 81)

g 2n+d
tuor> 20 (B ()

From here, it is clear that once the strong coupling scale is reached, all of these terms
become equally important as the most dominant terms. However, this was not the case
in Proca theory. There, the most dominant term for the longitudinal modes has remained
the most important one at the strong coupling scale and beyond.

In order to see why such a situation occurs in the Kalb-Ramond theory, we must go back
to the constraints. Let us start with the constraint of C. Previously, we have resolved it
as in . Let us now rewrite this expression considering only the contributions of the
transverse modes:

CT ~ BT+ ¢*(B")’ 12 (4.82)
Using , we can evaluate the non-linear term as:

2

2(BTY 2 —L 4.83
g*(B") LT (4.83)

It becomes of the same order as the linear one at the scale
OIS (4.84)

m

that is lower than the strong coupling scale. Moreover, including the most dominant
higher-order contributions, we can evaluate the solution of the constraint as
00 2n

T T, 2(nT\3 72 g
CT"~B"+g (B)L+_2m%2

(BT)" 12, (4.85)

However, repeating the comparison with the linear term, it is easy to show that all of the
non-linear terms will be subdominant compared to it for scales L > L, indicating that
we can still use perturbation theory for the CI' constraint, and evaluate

¢ ~ BT (4.86)

The second constraint (4.70)), on the other hand, faces an issue. Considering only the most
dominant terms, its solution can be evaluated as

oo 2n oo 4dn+1
N 2) BT 2n+1 L N L (Lstr) 487
pe (L) BT LY (4.87)
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Once the strong coupling scale is reached, all the terms become equally important and the
perturbation theory breaks down. This is the source of the behavior of the higher-order
terms in the Lagrangian. Thus, the constraint can no longer be evaluated as before
once we reach the strong coupling scale and go beyond it.

Beyond the strong coupling scale

The previous insight of the breakdown of the perturbative description involving a constraint
(4.70) constraint can be evaluated in a more insightful way, by directly inspecting the most
important non-linear terms. Along this way, we can evaluate the constraint as follows

mip o[ T)2 T [ L B T)2 T
g [ﬁ((B) +B ¢)+ﬁB + |~ B ((B") +B7¢), (4.88)
where we have replaced CT ~ BT. Among the terms on the left side, the first one is the
most dominant one for the scales L > Lg,. Once the scales L ~ L, are reached, the
following nonlinear terms are of the same order of magnitude as the linear one

2 2 ™2 oM oy o
m’u~ g*u(BT) ~ g BT ~ g (4.89)

and the constraint can no longer be perturbatively approximated. For L < Lg, these
nonlinear terms dominate. Hence, we can evaluate the solution of the constraint as

pw~O)LBT + O(1)¢p + O (%ft ) (4.90)

Substituting this to the action, we obtain

L=Ly+ Lint, where (4.91)
Ly = —EBT(D+m2)LBT—1¢(D+m2)(—A¢) and
07 o “A+m?t 2

2

Lo~ g7 (BT) 2 (B) £+ 02 () 5.

Here we have replaced the temporal and spatial derivatives with % We can infer the

canonical normalization for the transverse modes from the first term. The new canonically
normalized variable is given by

BT ~ gLBT. (4.92)

Thus, for scales L < Lg,., the minimal level of quantum fluctuations for the original field is
given by
1

VoL

51.BT ~ (4.93)
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Let us now evaluate the corrections for the longitudinal modes due to the transverse ones.
As before, the most relevant term for the longitudinal modes is the second term of L;,;.
Using (4.93), we can evaluate it as

g’ (BT)B% ~ g. (4.94)

Thus, beyond the Vainshtein scale, the correction to the original longitudinal mode is now

simply O (\/ﬁ)

4.5.3 Comparison of the theories

In both of the theories, we have found the same Vainshtein scale. For L > L;,, we have seen
that the divergences in mass were caused by the transverse modes in the Kalb-Ramond
theory, whereas in Proca theory, they were caused by the longitudinal modes. At the Vain-
shtein scale, the longitudinal modes in Proca theory became strongly coupled, and decou-
pled from the remaining degrees of freedom for the length scales smaller than the Vainshtein
scale. In contrast, in Kalb-Ramond theory, the transverse modes became strongly coupled
and also decoupled from the longitudinal modes beyond the Vainshtein scale. Thus, for
L < Lg, in the case of Kalb-Ramond the massless theory of longitudinal mode was re-
covered, while in the case of Proca theory, the massless theory of transverse modes was
recovered.

The origin of this discrepancy between the two theories can be traced to the minimal level
of quantum fluctuations of the original fields. In the case of Proca theory we have the
following situation:
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Figure 4.1: The minimal level of quantum fluctuations of the degrees of freedom in Proca theory with a
quartic self-interaction.

On the other hand, for the Kalb-Ramond theory we have:
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Figure 4.2: The minimal level of quantum fluctuations of the degrees of freedom in massive Kalb-Ramond
theory with a quartic self-interaction.

Clearly, the transverse modes of one theory act like the longitudinal modes of the other.
This indicates that the two theories do not have the same physics.

Similar to the case that we have considered so far, one could wonder if an analogous
situation occurs also for the more general case of massive p-forms. In D dimensions, it is
claimed that they are dual to D —p — 1-forms. Yet, if massless, they are dual to D — p — 2-
forms [14], 33, 109]. In the following, we will consider this with an example of duality
between a massive 3-form and a scalar field.

4.6 Cp) vs. ¢

Intuitively, the origin of the difference between Proca and massive Kalb-Ramond fields in
the presence of a self-interaction can be found in a different number of degrees of freedom
of their massless counterparts. The massless Kalb-Ramond field has only one degree of
freedom, while Maxwell theory has two of them. Thus, knowing the Vainshtein mechanism,
it was natural to expect that different degrees of freedom would enter the strong coupling
regime. As we will see, a similar argument will not only follow for these theories, but also
for a theory of a massive self-interacting three form and a scalar field. Let us therefore
compare the following two theories:

=2 [ e(os0 - mig- L) (4.95)

and

- / dia [ HVQ5W“”O‘B+mQCu,,aC“”O‘+—(CWC,C'“”“)] (4.96)
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Let us now analyse the physical degree of freedom of the self-interacting 3-form. Decom-
posing it as in the free case (4.31]), we arrive at the following Lagrangian density:

L= 5 [m2CTCE (-4 m?) A= 2580+ ik - mx’]
(4.97)
92

+Z|:(OZ~T+,LL7Z‘)2 (C]T+[1,’j)2—2(OZ~T+/,L7i)2X2+X4:|.

Similarly to the case of the Kalb-Ramond field, there are two constraints — one for C7 and
one for pu — that are given by

(A +m?) (=Ap) =A% + g0 [t + 250, CF + Cl i

(4.98)
+2CTCTp;+ (ps + CF) (CTCT - x?)],
and
mZCkT =— gng; [C’iTC'jTC’jT + QC’iTC’jTu,j + C]-TC]T,u,Z- + QCJT/L’]'[LJ'
(4.99)
+(CF + ) (g - x)] -
Up to O(g*), we can evaluate them respectively as
. 92 82 . . . 2
p=-D (X)+mz{D (X)) [D () D () - X2} (4.100)
and
r_ 9% or . . . 2
Cf = S PiA{D () [D () D () - ¥} (4.101)

where the operator D is given by (4.72). Substituting these solutions back to the La-
grangian density, we obtain:

L= Eo + Eint; where (4102)

m2

AsopX  and

Lo = —%X (o+m?)

2 2 2 4,6
g . T . . 2,9 4 gX
EinZ—D zD i -=D zD i + — +0 s
=5 DG D T - LD () DG+ Sxt+ 0 (21
The situation now is much easier than the theories we have considered before — there is
only one field, x, that we have to compare to the scalar field characterized by the action

(4.6]). Let us first compare their minimal level of quantum fluctuations. On the one hand,
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the scalar field is normalized. Hence, its minimal level of quantum fluctuations is given by

1
oL~ 7 (4.103)

for scales k? ~ 7z > m?. The field y, on the other hand, is not. The minimal level

of quantum fluctuations of the normalized mode, defined by (4.34]), matches that of the
scalar field. From it, we can find that the minimal amplitude of the quantum fluctuations

for the original mode is given by
1

mL?
Thus, we can right away see the first difference between the two theories. For the case of
a scalar field given in (), there is only one interaction, that can be evaluated as

Sx1 ~ (4.104)

9> 4 9
Lt L 4.1
9 ¢ LA (4.105)

As long as the coupling constant is smaller than unity, it will never become of the same
order as the kinetic term. For the pseudoscalar, on the other hand, the non-linear term is
singular in mass. The terms at O(g?) can be evaluated as

2
2.4 g

gx -~ (mL)4L47 (4106)

and they become of the same order as the kinetic one at the Vainshtein scale

Lstr ~ ﬁa (4107)
m

that matches with that of Proca and Kalb-Ramond theory. At the strong coupling scale,
the situation is very similar to the case of massive Kalb-Ramond field — the higher order
terms that are given by

o0

£ Z 92n ( L)2n+2 io: (LstT’ )4Tl i (4 108)
HOT ™ 2 L)y 2 i Z\7 ) v :

all become of the same order as the most dominant term at the strong coupling scale.
However, this is now due to the constraint, and not the one for pu, as it was
previously the case. The solution of this constraint includin the higher order terms can be
evaluated as N o

o L+ g (L)’ + 3, —I
n=2 (mL)

The first non-linear term will become of the same order as the linear one only at the scale

(Ly)*™! (4.109)

L,~<, (4.110)

m
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that is lower than the strong coupling scale. Similarly, the linear term will always be
more dominant than the remaining non-linear terms for length scales smaller than the
strong coupling scales. The same, however, is not the case for the other constraint. The
perturbation theory for it breaks down exactly at Lg,.. Evaluating

p~xL (4.111)
in the leading order, we can qualitatively represent this constraint as
3 2
m2CT + ¢* [(CT) + (C’T) X + C’TXQ] ~ g2y (4.112)

At L ~ Lg,, all of the non-linear terms become of the same order as the linear one, as the
linear could be evaluated as )
cr. 91
> L
(mL)
within the perturbation theory. Thus, perturbation theory for it no longer holds once
the strong coupling scale is reached. Beyond it, we can evaluate the leading term to this
constraint as

(4.113)

CT ~x, (4.114)

leading us to following term:
Lint ~ ¢>x*. (4.115)

as the most dominant one in the Lagrangian density. Here, we have omitted the temporal
and spatial derivatives, that are nevertheless present in contrast to the scalar field.

Below the Vainshtein radius, the longitudinal mode will be in the strongly coupled, with
the minimal level of quantum fluctuations given by

1
VaL

We can notice that this is similar to the expressions for the longitudinal modes in Proca
theory, and the transverse modes in Kalb-Ramond theory. In contrast, as long as g < 1,
the scalar field ¢ will not become strongly coupled. The origin of the difference between the
two theories lies in the minimal quantum fluctuations of the original fields. Thus, following
the arguments so far, it is not possible to conclude that these theories are dual.

Sx1 (4.116)



Chapter 5

Conclusion

In this thesis we have investigated the massless limit of massive self-interacting gauge
theories with mass added by hand and its consequences for dual theories. In contrast to
the principle of continuity, we have seen that the standard perturbative methods suggest
that these theories suffer from a discontinuity in the massless limit.

In the first part of the thesis, we have explored the massive Yang-Mills theory. It is well
established that the massless Yang-Mills theory is unitary and renormalizable [40]. The
same is true if the mass of the vector field is generated via the Higgs mechanism [43-
46]. Yet, without the Higgs, with mass is just added by hand, the resulting theory does
not seem to have any of these properties according to the conventional approaches — the
perturbative series diverges in the massless limit. In one of the initial studies of this theory,
it was suggested that these series might nevertheless be resumed [42]. Yet, the same author
has discarded this possibility soon after in [5] — the one-loop corrections were finite but
disagreed in a factor of % with massless theory.

One of the central aims of this thesis was to show that this discontinuity is just an artifact of
the conventional perturbative methods. We have studied this theory through the physical
degrees of freedom — the longitudinal and transverse modes — and confirmed that the
reason for this discontinuity were the longitudinal modes. Using the methods derived from
cosmological perturbation theory, we have shown that these modes, if properly defined,
enter a strong coupling regime at the Vainshtein scale, that matches with the scale at
which the unitarity violation. This occurs to the non-linear terms that cause a breakdown
of the perturbation theory once they become of the same order as the linear terms.

Interestingly, if we would rewrite the massive Yang-Mills theory with the Higgs field in
terms of the gauge-invariant variables, as it was done in [84], we would find that the two
theories would precisely match if the Higgs would be set to a constant. Otherwise, the
theories differ in the presence of a constraint due to which we obtain a non-linear
sigma model in the theory with mass added by hand. Beyond the Vainshtein scale, it
is not possible to expand the functions that appear in this model, and the longitudinal
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modes remain strongly coupled. However, the transverse modes on these scales are in the
weak coupling regime. This has enabled us to find their corrections due to the longitudinal
modes. We have found that the massless theory is restored up to very small corrections that
become smaller as we approach higher energies. This leads to conclude that the massless
limit of this theory is smooth, as initially suggested in [9].

In addition to the massive Yang-Mills theory, we have also studied Proca theory, with two
separate interactions — a cubic and a quartic one. In both of them, we have found that
the longitudinal mode, a degree of freedom that is not present in Maxwell theory, enters
a strong coupling regime due to the non-linear terms. Similar to the massive Yang-Mills
theory, beyond the strong coupling scale, this mode remains strongly coupled and decouples
from the transverse modes, which in turn remain in the weak coupling regime. Thus the
massless theory is restored up small corrections, that disappear in the massless limit.

To date, numerous claims have been made in the literature that Proca theory is dual
to the massive Kalb-Ramond theory. These theories have the same number of degrees
of freedom. One is longitudinal, and two are transverse. If they indeed have the same
physics, we should expect that in the presence of self-interactions, the longitudinal mode
of the Kalb-Ramond field becomes strongly coupled. Yet, we have shown that this is not
the case.

By studying the Kalb-Ramond theory with quartic self-interaction, we have found that
within the perturbation theory, the transverse modes cause a singularity of the perturbative
series in the mass. Once the non-linear terms become of the same order as linear ones,
at the Vainshtein scale, they become strongly coupled and remain in this regime beyond
the Vainshtein scale, decoupling from the longitudinal modes up to small corrections. The
longitudinal modes, on the other hand, remain weakly coupled and survive in the massless
limit. Even though the Vainshtein scale matches that of the Proca theory with quartic
self-interaction, we can notice that the degrees of freedom behave in an entirely different
way. Within the perturbation theory, the longitudinal modes of Proca theory cause a
discontinuity in the massless limit, while in Kalb-Ramond theory this happens because of
the transverse modes. Beyond the Vainshtein scale, the massless theory, which has only
two degrees of freedom is recovered in Proca theory. In contrast, in Kalb-Ramond theory,
the massless theory that is recovered has only one degree of freedom. This can be traced
to the minimal level of quantum fluctuations of the original fields and the absence of the
different numbers of them in the corresponding massless theories. Moreover, by comparing
a theory of a three-form with quartic self-interaction to the theory of a massive scalar field,
we have found a similar discrepancy. We have found that the pseudoscalar, the degree of
freedom of the three form becomes strongly coupled, while the massive scalar field does
not enter the strong coupling regime at all.

The results of this study thus indicate that the duality of Proca and Kalb-Ramond theories
and the duality of a three-form and a massive scalar field is not present, contrary to the
numerous claims in the literature, and should be further explored.



Appendix A

The full Lagrangian and the Feynman
rules for a toy model

Lagrangian density

Here we will present the full form of the Lagrangian density up to and including O(g*). In
order to simplify the expressions it will be convenient to define the following

-A

Ao (x) (A1)

D[x] =

where — AimQ should be understood once the field is expanded through Fourier transform

as m for modes corresponding to a wave number k. The Lagrangian density is given

by
L=Ly+Ly+ Ly (A.2)

,C() = EOX + ,COAT
m? 2 L r 2\ AT
Loy = —7X(D +m?”)D[x] Logr = —5141‘ (O +m?)A;

;Cg = ,ng + ‘ngAT

L=~ L (DI Ax + i@+ m?) D]

2 1
Lpear = =547 (xo+ 547 ) (@4 %) DIN]
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£g2 = Egz4x + 5924AT + ,nggXAT + £922X2AT + ,ngngT

Lo =~ {A0DPIT + 30} 5 {-AVDIT + Sa(xx))

gt 1
Ly2qpr = —3—230(AiTAiT)_A—m230(AjTA?)

+

94 T 1
Lyogy AT = _Za()(x,iAi )T

m2

{CanpBa+ Ja00n}

1
WGO(X,]'A?)

4 1 ] 1 4
L2941 = —%ao(AiTAiT)m {(—AX)D[X] + §3O(X,jX,j)} - %GO(X,ZAZ-T) N

g9 1
Lyzyzar = —gao(x,z‘A?)_A—Waﬂ(AyTAyr)
The Feynman rules

When calculating the corrections we will use the original longitudinal modes. The choice of
using these or the canonically normalised longitudinal modes will not affect the result, but
is a matter of convenience. As a short-hand notation we will use the following expression

Apy = —PE_ (A.3)

[pf? +m?

The propagators for the longitudinal and transverse modes are given by

2 +m2 i

A, (k)= =
X( ) m2‘k‘2 kg_mQ
kik; 7 . .
AG(k) = (5z‘j - |l~€—|;) o ' )

The following vertex rules will be given with all momenta outgoing. It is easy to show that
at O(g?) the following vertices appear At O(g?) we have the following vertices
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Vi (k,p.q) = —% [1Epoqo A(p) A(q) + (k* = m*) A(k)gip; + (k <= p) + ((k < q))]
Vi (kgiy.pq) = —g; [p'(=¢* + m*) Aq) + ¢'(-p* + m*) A(p)]

i ti i
ij(kap(i)v Q(])) = T(_kQ + mQ)A(k)n !
(A4)

where we numerated them by a number of lines corresponding to longitudinal mode. At

the O(g*) we will need the following vertices

RS By .
jmn { 4 k +p 2 7. mn m, Jin n,.jm
Vi (k,p,q,l):—ilwnjn +(p <= Q)™ + (p < Dy ]

m,“ -\-n n," -\.J'
4 ||k +pP2+m?

(ko "‘]00)2

ign 94
Vaa' (K, p(ys 463y b)) =7 Ko lIE TR

"+ (p <= Q" + (p «— l)n“n”m]

y ig* ko +p > _ ij
Voh (k. p,aay, L) oy [2|lg;(+z3|—2f7312 (|E[*A(p)po + | A(k)ko — (ko + po)knpn) 0™
+( (ko-‘rqO)Q kl . + (/{504-10)2

|+ G2 + m? ke + 12 + m?

Kp'+ (p < k))]

4 a1 +
vz(k,p,q,z@)):—%[k@ e (PP A(a)ao + [P A)po — (po + d0)pat) +

(p+1)2 +m? (
(k<= p)+ (k<= q)]
(A.5)

These vertices are numerated by a number of transverse lines. The last vertex in the row
above contains only the longitudinal modes and will not be needed for our purposes.
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Appendix B

Lagrangian density and Feynman rules
in massive Yang-Mills theory

In this part, we will present the full Lagrangian density up to O (g?) for the transverse and
longitudinal modes, that are defined in a linear way, and show the corresponding Feynman
rules. This will be done without the k% > m? approximation. We will use the following
shorthand notation:

-A A +m?

Dix]=—F—5 X))  and F[X]me,

-A+m? (B-1)

where Timz should be understood in terms of the momentum space. Then, the Lagrangian
density up to O(g?) is given by

L=Ly+Ly+ Ly, where (B.2)
Lo = Loy + Loar
m2 2 1 T 2 T
Lo ==X (B+m)DIC]  Loar =5 AT @+ m?) AT

Eg = ‘CQX + EgAT + EQQXAT + EgXQAT

1

Lgy = gm*e™*D[x"] A+ m2 (

- b c _ abc ATa ATb ATc
X,z‘)X,i LgAT_gg Aj,z‘ A; Aj
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- a m? cy A c a c
EgzxAT:g€“bc{D[X ][m( b) AT+ AinX,] A]Tlxbzx}

Loxoar = 9= (DX AT AT + ATiXGAT)

2 _
,Cg = £Q2X + £g2AT + £923XAT + £922X2AT + £92X3AT

1 -a - a 1 :C :C
Ly = =597 G IG] - AG) DI ——— () GFING] - A DI}

1 1
+592€f“b€f0d[17[ “ID[xIx -—§sz xzx]

1

1 2 _fab_fed ATa ATH

(AT AT + SATe ATo AT AT

- a 1 e e
L3 ar = —gPel el {AToxb + AT F[x4]} m {X4F[x5] - Ax)D[x“]}

+q 8fabgfcd {D ATbD[ c] X:szZTb zX]}

1
-A+m?

1 {\Tc -c
— o AT - AT )

1
_59 gfabgfcd{ D ATbATdD[ ]+AZTaATbX X] +ATaATCXij +ATaATdeX }

1 ab_fc {Ta {Tc -C
L2\ 041 = —§g2€f befed {2 [AZT A;b] [A]T Xfé + AdeF[X,j]]

[ATaXb +ATbF[ ]]

Lyoygar = —gel el {[AiTaAin] 4]

ABoxd + AT+ AT AT AT}

The Feynman rules involving the original longitudinal modes are given in the following.
The propagators for the longitudinal and transverse modes are each given in momentum
space by

|/%|2 +m?2 0%

Aab k) = _ a b
X( ) m2|k'|2 k2 —m2
aji - jb
kik; i
Tab =145 - 29
A’L] (k) - (52] |]€|2 ) k.2 _ m2

At O(g) we have the following vertices that are ordered according to the number of longi-
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tudinal lines, and with all moments are outgoing.

/R i a : o
b C b/\c bi"" “"jc bjf"' ) lc
Ve (k. p, q) =igm2ee® |[2kopigi Po Qo . [PPpokigs o ko N
R ez \FEeme ) vt e md i
aPaokips ko po
G2 +m? \ |k +m2?  |p]> +m?
‘ ‘ *pogo (IP1*q: — |d*p:)
Vabc kz D, - _ gabc k n P i ; +m2k Podqi _ qoPi " M~ Poqo i i
o= l PP R\ G ™ g ) B )+ )
abc - _abe |lg 21{:0
Vi (b, paiy, 4)) = = ige™ 0y [_|,;|2|+ (o~ a0) ~h(p - )i

Ve (k,p,q) =ge™ [6a(k —q); + 0ij(p = k)i + 0;(q = p)i]
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Appendix C

Massless Yang-Mills theory and the
radiation gauge

In this thesis, when analyzing the massive Yang-Mills theory, we only work with the prop-
agating degrees of freedom — the longitudinal and transverse modes. One of the aims is
to compute the corrections to the propagator of the transverse modes and compare them
with the massless theory. In the massive case, we can see that the propagator of the trans-
verse modes agrees with the propagator of the massless theory in the radiation gauge if the
massless limit is taken. Thus, we will evaluate the massless theory in the radiation gauge,
taking into account only the propagating degrees of freedom — the transverse modes. The
action of this theory is given by

S- —% [ e, B, (1)

First, let us decompose the vector field in terms of temporal and spatial part, Aj and A¢
with a =1,2,3. Then, the action becomes

S = [ d's { [A8(-A)AZ +2A842,] + (A“A“+A“ AC— A% A% )

]Z Zj ]’L 752

abc( AbAcAa AbAc .+ AbAcAa ) _

Jg%

abc aed( 2AbAcAeAd +AbAcAeAd)}
(C.2)

4

As a next step, we will impose the radiation gauge condition:

Due to the absence of derivatives with respect to time, the temporal component is not
propagating as in the massive theory. Therefore, the theory has only two degrees of free-
dom. Let us now find and solve the constraint of the non-propagating component, following
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the procedure as in the massive case. The Ay component satisfies the following system of
constraints (one for each a =1,2,3):

SAAG =~ AL - get ™ AVAS - get AVAG ; - ge O, (ATAG) - gl S AR ATAT (C.3)
Up to O (g), the solution of this system can be can be evaluated as

AG = —gee—_[ALAS] + 2% el — = [(Aba )— (AgA;?)] +0(g°), (C4)

—A
and therefore, we obtain the following Lagrangian density:

L=Ly+Lint, where

1 Ta Ta
Ly = _5141' (0)A; and (C.5)

1 1
Lint — ggabcATaATbATc 2 8fabgfcd {[ATaATb] [ATCATd] §A;FaA3“bA;FcA3“d} .

-A

We can see that the propagator matches to the one of transverse modes in the massive
case if mass set to zero:

kik.:\ 1690
s 5,22

k2
Moreover, the vertex at O(g) exactly coincides with the vertex V;‘;;’c(k‘, p,q) of the massive
theory.
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