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Zusammenfassung

Diese Dissertation prasentiert neue Ergebnisse fiir den ,Nicolai map”
Formalismus. Integriert man alle fermionischen Variablen einer beliebigen
supersymmetrischen Feldtheorie aus, erhdlt man eine nichtlokale Theorie
der verbleibenden bosonischen Felder. 1979 bewies Hermann Nicolai die Ex-
istenz einer nichtlokalen und nichtlinearen Transformation der bosonischen
Felder, die es ermoglicht, Quantenkorrelatoren nur mit einem freien, rein
bosonischen Funktionsmafs zu berechnen. Sie stimmen mit den bosonischen
Korrelatoren der urspriinglichen supersymmetrischen Feldtheorie iiberein
und somit ermoglicht der Formalismus ein vollig anderes Verstandnis der
Supersymmetrie. In dieser klassischen Konstruktion werden viele Informa-
tionen iiber Quantenkorrelatoren in die Konstruktion der Nicolai-Abbildung
verlagert.

Ein zentrales Ergebnis dieser Arbeit ist eine neue universelle Formel fiir
die Nicolai-Abbildung in Form eines pfadgeordneten Exponentials des
sogenannten ,coupling flow”-Differentialoperators. Daraus kann die Ab-
bildung stérungstheoretisch konstruiert werden, wenn die Supersymmetrie
,off-shell” realisiert ist. Auflerdem kann dies in Eichtheorien fiir beliebige
Eichungen erreicht werden.

Ein zweites wiederkehrendes Thema ist die weitgehende Mehrdeutigkeit
der Nicolai-Abbildung. = Neben der bekannten Eichabhingigkeit gibt
es mindestens zwei weitere Mehrdeutigkeiten: Eine Integrationspfad-
Abhéngigkeit fiir Theorien mit mehr als einer Kopplung und eine R-
Symmetrie-Ambiguitdt fiir Theorien mit erweiterter Supersymmetrie.
Trotz dieser Mehrdeutigkeiten sind die Korrelatoren, die mit der Nicolai-
Abbildung erhalten werden, immer eindeutig. Dies ermoglicht eine
Feinabstimmung der Abbildung, um moglichst einfach, physikalische
Observablen zu bestimmen. Eine besonders niitzliche Beobachtung ist,
dass die Einbeziehung topologischer Terme in die Wirkung als Hinzufiigen
einer speziellen Art von Kopplung interpretiert werden kann, die den
Formalismus erheblich vereinfacht.

In dieser Arbeit untersuchen wir, beginnend mit einem allgemeinen
Uberblick, als Nichstes die Nicolai-Abbildung in der supersymmetrischen
Quantenmechanik, da sie uns erlaubt, viele Eigenschaften in einem rela-
tiv einfachen , Spielzeug”-Modell zu verstehen. Anschliefsend befassen wir
uns mit N'=1 supersymmetrischen Yang-Mills-Theorien, vorwiegend in
vier Raumzeitdimensionen. Durch die Kombination der Landau-Eichung
mit der Feinabstimmung eines topologischen Terms entwickeln wir eine im
Vergleich zu fritheren Konstruktionen wesentlich einfachere Entwicklung
der Nicolai-Abbildung. Schlieflich wenden wir uns der N'=4 supersym-
metrischen Yang-Mills-Theorie zu und entwickeln ein Verstdandnis fiir ihren
R-kovarianten Kopplungsflussoperator.
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Abstract

This dissertation presents new results for the Nicolai map formalism.
Integrating out all the fermionic variables of any supersymmetric field
theory, one obtains a non-local theory of the remaining bosonic fields. In
1979, Hermann Nicolai proved the existence of a nonlocal and nonlinear
transformation of the bosonic fields, that enables the evaluation of quantum
correlators using only a free, purely bosonic functional measure. They agree
with the bosonic correlators of the original supersymmetric field theory
and thus the formalism provides an entirely distinct understanding of
supersymmetry. In this classical construction, a lot of information about
quantum correlators is shifted to the construction of the Nicolai map.

A central result of this work is a new universal formula for the Nicolai
map in terms of a path-ordered exponential of the so-called coupling flow
differential operator. From this, the map can be constructed perturbatively
whenever supersymmetry is realized off-shell. Moreover, in gauge theories,
this can be achieved in any gauge.

A second recurrent theme is the broad ambiguity of the Nicolai map. Next
to the known gauge dependence, there are at least two more ambiguities:
An integration-path dependence for theories with multiple couplings and
an R-symmetry ambiguity for theories with extended supersymmetry.
Despite any ambiguities, correlators obtained by the Nicolai map formalism
are always unique. This allows one to fine-tune the map for finding the
most simple avenues towards physical observables. A particularly useful
observation is that incorporating topological terms in the action can be
interpreted as adding a special kind of coupling that provides significant
simplifications in the formalism.

In this thesis, starting with a general overview, we next study the Nicolai map
in supersymmetric quantum mechanics, as it allows us to understand many
properties in a relatively simple ‘toy’ model. We then move on to N'=1 su-
persymmetric Yang-Mills theories, predominantly in four spacetime dimen-
sions. Combining the Landau gauge with the fine-tuning of a topological
term, we develop a much simpler Nicolai map expansion compared to pre-
vious constructions. Lastly, we turn to N'=4 supersymmetric Yang—-Mills
theory and develop a framework for its R-covariant coupling flow operator.
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Chapter 1

Introduction

Fundamental particle physics is best understood in the language of quantum
field theory. In fact, the standard model of particle physics is a particular
quantum field theory, namely a SU(3) x SU(2) x U(1) Yang-Mills theory.
While this model has achieved tremendous empirical success, it is known to
be incomplete. From a theoretical viewpoint, the most obvious shortcoming
is its failure to incorporate gravity. Moreover, it describes only around 5% of
the matter in our universe, ignoring dark energy and dark matter. Further,
it contains 19 free parameters that have to be fine-tuned carefully in order to
make the theory match with observations. Other issues include the hierarchy
problem (related to the already mentioned problem of fine-tuning) or the uni-
fication of the three gauge couplings at high energies. Lastly, quite recently
the muon g—2 collaboration [1] has revealed experimental deviations of the
standard model with a high precision measurement of the muon’s magnetic
moment.

One possible tool to fix a number of these outstanding problems is the
framework of supersymmetry (SUSY), which was first discovered in 1971
by Golfand and Likhtman [2]. It relates two fundamental types of particles,
bosons (integer spin) and fermions (half-integer spin). More concretely, it
states that there is a transformation of the bosonic fields into fermionic fields
and vice versa, such that the theory-defining action is invariant.! One of
the most promising candidates for a theory of everything are (super)string
theories, which require SUSY as an essential ingredient. The concrete ways
in which SUSY might be able to cure many problems of modern particle
physics will not be discussed in this thesis. For this, see for example the re-
view articles [3-5] or any standard textbook on supersymmetry instead. De-
spite its theoretical beauty and problem-solving potential, there have to date
been no experimental observations confirming SUSY. In fact, in 2012 most
simple supersymmetric extensions of the standard model were ruled out by
experiments at the LHC. Nevertheless, superparticles could have very high
or near-degenerate energies, that are not yet accessible to experiments. It is
hoped that future colliders (such as the Chinese CEPC or the proposed FCC
at CERN) can address this question. In any case, next to potential contribu-
tions to our understanding of fundamental physics, SUSY has many applica-
tions in other branches of physics and pure mathematics. Additionally, there
is a multitude of non-phenomenological motivations for studying supersym-
metry. For example, it can act as a theoretical toy model for strongly coupled

n case that there is even more than one such transformation, one speaks of extended SUSY.
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gauge dynamics. Due to powerful constraints from SUSY, the strong cou-
pling regimes of non-abelian SUSY gauge theories often become accessible
analytically. This allows for insights into the microscopic mechanisms be-
hind e.g., confinement, transport properties, or chiral symmetry breaking.2
These phenomena occur in the (non-supersymmetric) theory of the strong
force, quantum chromodynamics (QCD), and can so far not be understood in
that framework directly. Other important theoretical appeals of SUSY are re-
lated to SUSY localization, superconformal field theories, the AdS/CFT cor-
respondence, and more.

This work investigates the Nicolai map, an approach to SUSY that so far
has not received widespread attention. It is able to extract physical informa-
tion of supersymmetric field theories in a completely distinct fashion com-
pared to more traditional methods.

1.1 History

The Nicolai map is named after its discoverer Hermann Nicolai, who in 1979
proved the existence [6,7] of this special transformation of the bosonic fields
in a wide range of supersymmetric field theories. The transformation has
the remarkable properties that the full bosonic action is mapped to the free
one and that its Jacobi determinant equals the nonlocal part of the action.
Almost all of the scientific pursuit of the Nicolai map falls into one of two
time periods. The first one spans its discovery in 1979 to around 1985 when
the first superstring revolution took over. The second, modern time period
started in 2020 and is currently ongoing.

The main developments in the first period came from Nicolai, Dietz,
Flume, and Lechtenfeld [8-13] focusing on investigating the infinitesimal
version of the Nicolai map, the so-called coupling flow. For the rare cases
where stochastic variables exist, non-perturbative results were found in the
works [14-19]. A pedagogical introduction is given by Ezawa and Klauder
[20]. For a broader overview of this initial time period see Nicolai’s review
[21], where he demonstrates important results for supersymmetric quantum
mechanics, the N'=1 Wess-Zumino model and four-dimensional N'=1 su-
per Yang-Mills theory (SYM). Another key work is Lechtenfeld’s Ph.D. the-
sis (in German) [11], where he develops a systematic way to construct the
Nicolai map.

The second time period was induced by the three papers [22-24], collab-
orations of Nicolai himself and authors Ananth, Panday, Pant, Plefka, Lecht-
enfeld, and Malcha. They generalize the results for ’'=1 SYM to all dimen-
sions D=3, 4, 6,10 for which interacting SYM can exist [25]. This spawned a
renewed interest in the approach and has led to many further developments
[26-35]. Discoveries that are central to this thesis are the non-uniqueness of
the map [26,31,33,35], a universal formula in terms of a path-ordered ex-
ponential [27], a general construction scheme for the map in SYM theories
for arbitrary gauges [28,29] and a study of N'=4 SYM [31]. These will be
outlined in Section 1.3. Other notable results that will not be discussed in
detail in this work concern the map in supermembrane and matrix theory

2See for example Matteo Bertolini’s lecture notes on supersymmetry.
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by Lechtenfeld and Nicolai [30], a computation of the expectation value of
the infinite straight line Maldacena-Wilson loop in N'=4 SYM to sixth or-
der by Malcha [32] and a proof of a finite convergence radius of the map in
supersymmetric quantum mechanics by Lechtenfeld [34]. It is hoped that
the current trend of increasing interest continues so that the Nicolai map can
reach its full potential.

1.2 The Nicolai map in a nutshell

Note: This section is largely following the author’s published work [27,33].

To demonstrate the basic features of the Nicolai map, we consider supersym-
metric quantum mechanics (SQM) in one dimension [36—41] as a simple toy
model. In fact, this theory will be discussed extensively in the second chap-
ter, as one can extract a lot of valuable information about the Nicolai map
from this simple setting already. The action is given by

Sle, 48,6 = [ dt {32 = V' 2+Glig - V' (@]p+iogviv) ) @)

with (0+1)-dimensional fermionic “fields’ (t), ¢ (t), bosonic ‘field” x(t), and
one or more couplings ¢ are hiding in the superpotential V(x). Here, we
already added the topological 6-term, which will be studied in more detail in
Chapter 3. Supersymmetry is realized via two fermionic operators § and ¢

Sx=v, Sp=0, ISPp=ix-V', 12)
Sx=¢, Sp=ix+V', p=0. '

It is easy to confirm that indeed S and JS are integrals of total derivatives.
We now consider the path integral formulation of quantum field theory with
the partition function

Z= / DxDFDY exp(iS[x;g,6]) . (1.3)

Since the fermions appear quadratically (and this seems to be a necessity for
the Nicolai map formalism), they can be integrated out as a (Grassmann)
Gaussian path integral

| PIDY exp (i — V" ()]y) = det M(g;x) "
= det M(g=0;x) - Amss(g;x) ,
where
M(g;x) = 3 [ig — V" (x0)]o(t—t) (1.5)
and

Anss(g; x) = det[6(t—t") +id(t—t ) V" (x(t'))] (1.6)
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with step-function ¢(f—t') is the Matthews-Salam-Seiler (MSS) determinant.
Here we used the standard distributional identity

do(t—t)y=s(t—t). (1.7)

This allows one to define a purely bosonic but nonlocal theory

S¢lx, 0] = So[x, 0] + 1Sk [x] , (1.8)

with
SP[x, 6] = /dt {32 -V (xP +iogV(x)} (1.9)

and
Sk[x] = Shlx] —iln Auss(gi x) - (1.10)

In the bosonic theory S, expectation values of physical observables O[x] are
computed with the path integral

(O[x]), = /Dx exp(iSy[x,0]) , (L.11)

which at least perturbatively cannot depend on 8. When supersymmetry is
unbroken and non-anomalous, the vacuum energy vanishes exactly [42]. The
fermionic contributions come with a negative sign and cancel the bosonic
ones. This implies that the functional (1.3) must be constant and we can
normalize (1), = 1. With this setup we can now give a definition for the
Nicolai map T in terms of expectation values.

Definition of the Nicolai map (from [27]). For a given bosonic theory
S¢[x], that arises from integrating out the fermions of a supersymmetric
field theory as above, a Nicolai map is a nonlinear and nonlocal field
transformation
Ty : x(t) — x'(t;g,x) (1.12)
invertible at least as a formal power series in g, which admits the key
identity
(Olx))g = (O[T 'x)o, VO, (1.13)
relating the interacting theory (at coupling g) to the free one (at coupling

g =0).

With path integrals, we can equivalently write (1.13) as

Dx exp{+S,[x,0]} = D(Tyx) exp{iSo[(T,x), 0]}

, (1.14)
= Dx exp{+So[(Tex), 0] + lndetfsg—ix} :

Comparing powers of 7 in the exponential, this gives two conditions® for a
Nicolai map. The

3necessary and sufficient (when both are satisfied).
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free-action condition
SP[x,6] = Spl(Tex), 6] (1.15)

and the

determinant-matching condition

Awiss(g; x) = det S5 (1.16)

In fact, these were originally used to define the Nicolai map instead of (1.13).

Let us now return to our example of SQM and assume that the superpo-
tential only depends on one coupling ¢ with V|,—g = 0. Observe that the
maps Ty and Ty given by

i T x(t) = Tghix(t) = ik(t) T V' (x(t)) (1.17)

satisfy the property that they map the free (¢ = 0) bosonic action to the full
bosonic action

/dt LTEx()]2 = /dt (I -ve?+igv}. @)

Even though the maps (1.17) are complex, they lead to real expectation val-
ues, as we will see explicitly in Chapter 3. The sign of the last term of (1.18)
does not matter perturbatively as itis a total derivative. However, comparing
(1.1) and (1.18), we can associate the maps Tg:t with the theta values 8 = +1.
The determinant matching condition now requires that the Jacobian of the
Nicolai map exactly equals the MSS determinant (1.5). By writing (1.17) in
an integral form

TEx(t) = x(b) +i / dr' 8(t — )V (x (), (1.19)

we immediately see that this is the case for § = +1. For 6 = —1, there is
an involution symmetry of the action (1.1) that flips the sign of V" [33]. This
shows that both Tgi are in fact Nicolai maps for N = 1SQM. Later on, we
will see that there is actually an infinite family of Nicolai maps for SQM for
any value of 6.

At this point, we can remark that the maps TgjE (1.17) give a direct connec-

tion to instantons. The trajectories () given by
To%(t) = constant = ix(t) FV'(x(t)) =0 (1.20)

are instantons or antiinstantons (depending on the sign) moving between
neighboring zeros of V', after a Wick rotation to imaginary time [43]. It is
known that the instanton velocity X is a zero mode of the fermion kernel
(also known as the fluctuation operator)

i -v"(x)]x=0, (1.21)
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the Goldstone mode of broken time translation invariance. However, we
have shown that the fluctuation operator agrees with the Jacobian of the
Nicolai maps Tg:t and thus this Jacobian becomes non-invertible for x = *.
We conclude that the invertibility of the Nicolai map can only be assumed for
configurations near the vacuum x=0 and fails (for = =+ 1) at the latest when
x grows to an instanton X. This agrees with the identification of the winding
number of Tgit with the Witten index [21,44]. It further indicates nonpertur-
bative information in the full Nicolai map, although exact expressions for T
can only be found for very special cases, such as SOM with 6= £ 1. In more
complex theories, it is usually not possible to write down a Nicolai map in
closed form. Instead, one constructs the (inverse) map to a certain order in
the coupling(s). To that order, observables can be computed using the iden-
tity (1.13) with a free, purely bosonic measure.

1.3 Outline and summary of results

The main results presented in this dissertation, in roughly the order of ap-
pearance, are as follows:

* The discovery of a universal formula for the Nicolai map (in both super-
symmetric scalar and gauge theories) in terms of a path-ordered expo-
nential of the coupling flow operator. (Based on the author’s work [27])

* The refinement of a canonical construction scheme for the coupling flow
operator in theories with off-shell supersymmetry. (Based on Lechten-
feld’s PhD thesis [11], and the author’s modern works [29, 35])

* The generalization of the Nicolai map to multiple couplings, the discov-
ery of an associated functional ambiguity, and a sufficient condition for
the uniqueness and polynomiality of the map. (Based on the author’s
work [33])

* The computation of the one-, two-, and three-point function of an
interacting SQM theory using the Nicolai map formalism, matching
the results from Feynman perturbation theory and using a graphical
Feynman-like notation (‘Nicolai rules’). (Based on the author’s work
[33])

* The effects and simplifications resulting from adding a topological term
to the action of off-shell theories. (Based on the author’s works [33, 35])

* The analysis and explicit formulae for the Nicolai map and coupling
flow operator of N'=4 SYM. (Based on the author’s work [31])

These findings were all (co-)published by this author in peer-reviewed
journals. In more detail, the structure of the thesis is as follows. In the next
chapter (Chapter 2), we investigate the Nicolai map from an abstract, general
viewpoint. We start by defining the coupling flow operator, a functional
differential operator that captures how expectation values vary with respect
to the coupling. Naturally, since the Nicolai map connects expectation
values at finite coupling to those at zero coupling, the knowledge of the
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coupling flow operator allows for the construction of the Nicolai map. This
is achieved via the universal formula, a path-ordered exponential of the
coupling flow operator. This formula holds for any kind of supersymmetric
tield theory, even if there is more than one coupling. Next, we discuss
how, in a generic theory with off-shell supersymmetry, the coupling flow
operator can be constructed canonically from the superfield formalism that
any off-shell SUSY theory can be formulated in. We then focus on the case
of multiple couplings, which creates a functional ambiguity in the Nicolai
map, since it depends on the integration path in coupling space. However, a
weak flatness condition guarantees the uniqueness of quantum correlators
obtained through the Nicolai map formalism. At the end of the chapter,
we discuss the uniqueness of the Nicolai map, in particular with respect
to the functional ambiguity. We present a condition for uniqueness and
polynomiality, where the latter also applies to the one-coupling case.

In Chapter 3, we consider supersymmetric quantum mechanics (SQM) as
a toy model. As the ingredient for the canonical construction, we start by
presenting its superfield description, including a topological 0-term. From
that, it is easy to construct the coupling and 6 flow operators for an arbitrary
superpotential. Considering the easiest scenario, we can solve the free
massive case exactly. We find that 6 can be seen as another special kind of
coupling that gives access to the functional ambiguity of the Nicolai map,
which we investigate explicitly. We give the most general formula of the
(g,0) Nicolai map for free, massive SQM and compare special cases. As a
first explicit demonstration of the Nicolai map, we show how it generates
the massive boson propagator from the massless one. We continue with
the first non-trivial example, a simple massive interacting SQM theory.
Focusing on the g Nicolai map, with 6 only as a fixed parameter, we develop
Nicolai rules that allow a compact representation of the (inverse) Nicolai
map to an arbitrary order. Lastly, we compute explicitly the one-, two-
and three-point functions of the interacting SQM theory and find perfect
agreement with the traditional Feynman approach, but only after adding
1PI and 1PR contributions. Notably, the special values 8= £ 1 simplify the
whole formalism drastically.

Chapter 4 deals with N'=1 supersymmetric Yang-Mills (SYM) theory. Fo-
cusing on four spacetime dimensions, where we have an off-shell formalism
available, we first construct an intermediate coupling flow operator, that
cannot be used for perturbation theory. Only by suitably rescaling the fields
with appropriate powers of the coupling, one arrives at the rescaled coupling
flow operator, that can be inserted into the universal formula. A particular
decomposition of the gauge field into longitudinal and transverse modes
further simplifies the formulae. We show how to perturbatively construct
the (D=4) Nicolai map in any gauge. Most works on gauge theories to
date have used the Landau gauge. We construct the map to second order
in the axial gauge, demonstrating a significant increase in complexity. We
argue that the main reason for the simplicity of the Landau gauge is the
matching of the scalar and ghost propagator. We also briefly describe an
alternative ‘ad-hoc’ construction scheme [24] for the map in Landau gauge,
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that works in all critical dimensions D=3,4,6,10. The remaining part of
the chapter deals with the addition of a topological theta term to the D=4
action in Landau gauge, and drastic simplifications that follow from dialing
the special ‘chiral” theta values 6= =+ 1, similar to the situation in SQM. This
includes an explicit expansion of the chiral Nicolai map to fourth order.

Finally, in Chapter 5 we study the Nicolai map for the ubiquitous N =4
D=4 SYM theory. We investigate two approaches for the construction of
the coupling flow operator. On one hand, via the canonical construction,
building up on the knowledge from the A'=1 case, and on the other hand,
by dimensional reduction of the known D=10 coupling flow operator in
Landau gauge. This results in two similar but distinct expressions, which
can be explained through a unified R-symmetric framework. The SU(4)
R-symmetry freedom of the action translates to a 15-dimensional su(4)
Lie algebra freedom in the coupling flow operator. The two construction
methods are merely special points in su(4). Lastly, we present five distinct
Nicolai maps to second order, which can all be shown explicitly to satisfy
the necessary conditions.

Chapter 6 gives an overview of possible future research directions, including
renormalization, non-linear sigma models, gravity, and non-perturbative
properties of the Nicolai map.

There are five appendices. Appendix A elaborates on the notation and con-
ventions used in Chapters 5 and 6. Appendix B (adopted from the author’s
work [33]) supplements technical details of the computation of the SQM
three-point amplitude using the Nicolai map and contains the traditional
Feynman-graph computation of the one-, two- and three-point function for
comparison. Appendices C, D and E (adopted from the author’s work [31])
are quite technical and present the detailed construction of the N'=4 SYM
action with an A'=1 superfield formalism, the construction of the N'=4 cou-
pling flow operator and the cross-checks of its infinitesimal conditions re-
spectively.



Chapter 2

Theory of the Nicolai map

Before we specialize to a particular field theory, there is a lot of mathematical
structure of the Nicolai that can be studied abstractly. We begin by discussing
the coupling flow operator that allows one to write down a universal formula
for the Nicolai map (Section 2.1). Next, we elaborate on how to construct
the flow operator in theories where supersymmetry is realized off-shell (Sec-
tion 2.2). This can also be generalized to multiple couplings (Section 2.3). At
the end of this chapter, we discuss the ambiguity of the Nicolai map and give
a condition in terms of the flow operator for uniqueness and polynomiality
of the map (Section 2.4).

2.1 Coupling flow operator and universal formula

Note: This section is largely following the author’s published work [27,33].

In Section 1.2 the key identity (1.13) of the Nicolai map that serves as its def-
inition was given. It allows one to compute correlators using a free bosonic
measure. While the existence of such a map has been proved by Nicolai for
supersymmetric scalar and gauge theories [6,7], we have not yet discussed
how to construct it. Leaving aside theories with stochastic variables [14-19],
this can only be achieved perturbatively. Naturally, instead of trying to find
the Nicolai map directly, one usually first computes its infinitesimal version,
the so-called coupling flow operator, first investigated by Dietz, Flume and
Lechtenfeld [9-13]. For simplicity, we first consider the theory to only de-
pend on one coupling ¢ and generalize to multiple couplings later in Sec-
tion 2.3. Taking the g-derivative of (1.13) defines the

coupling flow operator R,

9 (Olx])g = ((9g + Rg[x]) Olx])g - (2.1)

It is a functional differential operator that satisfies a Leibniz rule
Rg(0102) = (Rg01) Oz 4+ 01 (RgO7) . (2.2)
From (1.13) it follows
dg(Olx])g = ag<0[Tg_1x]>0
~1 -1 ’ -1 (2.3)
— ((3,0)[T; 'x])o + </dt @ Tg x(8) 574 OIT; x]>0 ,

8
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where we can again use (1.13) ‘in reverse’ to formally express R, in terms
of T,:
8

Ry[x] = /dtaT )o Ty x( /dth](S 2.4)
with kernel K. In practice it is however more useful to invert this and express
T, in terms of R;. To do so, we set O[x] = Tex in (1.13) and take its g-

derivative. With the definition (2.1), we find
(0g + Rg[x])Tex = 0. (2.5)

One might recognize this equation, e.g. from the time evolution in quantum
mechanics. In fact, it is the differential equation for a path-ordered exponen-
tial. The solution is the

universal formula for the Nicolai map (one coupling, from [27])

Tox = 3exp{—/0gdh Rh[x]} x
:g(—1)s/0gdhs.../OhSth/thdhl Ry [x] ... Ry, [x] Ry, [x]

(2.6)

where B indicates standard ordering.

Note that since the Nicolai map is a (path-ordered) exponential of a deriva-
tive operator, it acts distributively

To(O[x]) = O[T,x] . 2.7)

The inversion of (2.6) is now formally trivial:

8
Tg_lx = <73exp{/0 dh Rh[x]} x

[e°] g hl h571 (2.8)
- 2/ dhl/ dhz.../ dhtg Ry, [x] ... Ry, [x] Ry [x] x
—=Jo 0 0
We can utilize the perturbative expansion of the flow operator
k=1p, 2
Zg x] = r1[x] + gra[x] + g°rs[x] + ... (2.9)

to compute the integrals in (2.6) and (2.8). To that end, we introduce a multi-
index

n=(ny,ny...,ns) with n; €N and ) nj=n, (2.10)
i

where 1 < s < n and the n=0 term is the identity. It allows one to write
down the
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perturbative expansion of the (inverse) Nicolai map (one coupling, from
[27])
Tex =Y g cntn,[x] .. . Tny[x] 1y [x] X, (2.11)
n
and
To'x =Y g"dntu[x] ... 10y [x] rny[x] x, (2.12)

to any order in g, with the numerical coefficients

1 p3 _ P2 _
Cn = (—1)5/0 dps p’;fl... ; dps p? 1/0 dpq p’fl !

(2.13)
-1
= (=1)°[m-(m+n2) - (m+ny+...+n5)] .
1 p1 Ps—1

dn = [Cdpr kT [Tpa e [T dp pi!

n ) SP1h , “P2P2 0 Ps Ps (2.14)
-1
:[”s'(ns+ns—1)"'(ns+”s—1+~~~+n1)] .
To fourth order, the expansion of the map reads
Tox =x—grx— %82(72 - r%)x - %g?’ (2r3 — 111y — 21011 + r‘;’)x

— ig4(6r4 —2r1r3 = 3rary + 1112 (2.15)

— 6r3r] + 2rirar + 3r2r% — r‘f)x + O(g5) ,
and its inverse is

Tg'x = x+grix+ 387 (r2 +17)x + §8° (2r3 + rary + 2rir2 + 1) x
+ 384 (674 + 2311 + Brary + 1217 (2.16)
+ 61173 + 2111911 + 311y +17)x + O(g°) -

These formulas are valid for both scalar and gauge theories, as the only input
was the defining relation of the Nicolai map (1.13). All the physical informa-
tion is contained in the flow operator R, that depends on the field content
and interactions of the given theory. In the next section, we proceed with a
method for constructing this operator.

However, first we conclude this section by investigating the infinitesimal
versions of the free-action (1.15) and determinant matching condition (1.16),
as first proposed by Lechtenfeld in [13]. To that end, we consider (1.11) and
compare

04(0)¢ = (050) ¢ + (09S¢ ) ¢ (2.17)

to

95(0)g = (%0)¢ + ( / dt K[x] 530 >g

IRICIES )

| (218)
~ (0,0 — 1{0 [atK[] %
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where we used integration by parts. This has to hold for any observable O|x],
so we can deduce that

(g + Ry)S, = il / dr oK 2.19)
From the free action condition (1.15), it also follows that
(9g + Rg)S[x] = (9g + Rg)So[Tex] =0 (2.20)
with (2.5). Combining these, we have arrived at the

infinitesimal free-action condition

(9g + Rg)S5[x] =0 (2.21)

and the

infinitesimal determinant-matching condition

(2.22)

where the factor of /i got absorbed in the definition of S, (1.8).

2.2 Canonical construction

We now investigate how to construct the flow operator R, in theories that
exhibit off-shell supersymmetry. This means that the action is invariant un-
der the supersymmetry transformation without the need of using the equa-
tions of motion. Usually that requires additional non-dynamical auxiliary
degrees of freedom. Such theories can be formulated using superfields, see
for example the standard textbook by Wess and Bagger [46]. As a very brief
introduction to the superfield formalism, we consider the one dimensional
superspace (t, 9, ®) for SQM that is labeled by the usual coordinate ¢ and two
Grassmann parameters ¢ and 8. In this case the Grassmann parameters are
scalar, while they are Weyl spinors later when we consider gauge theories.
The scalar superfield that is needed for SQM is

D(t,8,0) = x(t) + 0p(t) + 0p(t) + 9A(t) , (2.23)

with the bosonic field x(t), fermionic fields (), P(¢) and a bosonic auxiliary
field A(t). Any superfield transforms under supersymmetry as

5:®@(t,0,0) = ((Q+EQ)@, (2.24)

where ¢, ¢ are (anticommuting) supersymmetry parameters and Q, Q are
differential operators that take the form

Q = dp +i89;, Q =0g+i09;, (2.25)
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when ¢, 8 are scalar. They generate (part of) the supersymmetry algebra

{Q Q) = 2P = 2i3;, (2.26)
where P is the generator of translations. Comparing the powers of # and 8 in

5§®(t, 9, 19) = (ng(t) + il9(5§1p(t) — i5§lp(t)l§ + 19195§A(t)

_ - (2.27)
= (CQ+4Q)®(t,9,9)
allows one to read off the supersymmetry transformations
Szx = Y+ ¢, Sz = ifx + CA, Sz = ifx — CA,
=8P, Sp=ifi+d ep=ix—¢ 028)

oeA = —i0(CyYp — )

where one should remember that Grassmann numbers anti-commute, which
in particular means ¢4 = 0, and so on. We now note a key fact. Firstly, we
divide (2.23) into three contributions. One without a Grassmann coordinate
(x), one with one Grassmann coordinate (99 + 8¢), and one with two Grass-
mann coordinates (—99A(t)).! There cannot be any higher contributions as
they would vanish due to 9> = 0 = 9%. By construction, taking the super-
variation (2.28) of the first two contributions generates the next higher con-
tribution, while the last component transforms into a total derivative. This
holds for any superfield and combinations thereof! That is the reason why it
is straightforward to define a supersymmetric action using superfields. For
example, the off-shell action of SQM can be written in terms of superfields as

5= [ dt 3IDs® — W(®)]es (2.29)

where Dy = 9y — i09; is the superspace covariant derivative, W(®) is the
superpotential in superspace (which is just another superfield) and [. . .| 45 in-
dicates the extraction of the 99 contribution. The details of this theory are not
important at this point and will be discussed in Chapter 3. However, since
the square brackets make up a superfield, the action (2.29) is automatically
invariant under supersymmetry transformations (2.28). Most importantly,
this action can itself be written as a supervariation, as one can simply collect
the penultimate contribution to the superfield in the square bracket. In other
words, for theories with off-shell supersymmetry, there exists a fermionic
quantity A, such that

S =0A, (up to total derivatives) (2.30)

where § is the fermionic operator that generates the supervariations (2.28)
with the supersymmetry parameter ¢ stripped-off as 6z =: {6 + 4. One
could equally well use the operator 5. There are also two corresponding
quantities A and A. Mixing these two possibilities of generating S is exactly
where the free parameter 6 that controls the topological term comes into play.
This will be discussed in detail in Chapter 3. Eq. (2.30) still holds true for the
g-derivative of the action and leads us to the following central fact:

ILater when ¢ and @ are Weyl spinors, there will be more contributions.
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Generation of the g-derivative of an off-shell supersymmetric action: For
any off-shell supersymmetric action S|x, , A] that depends on some cou-
pling g, there exists a fermionic functional A¢[x, 1, A] such that

0¢S([x, P, A] = dA[x, 9, A] . (2.31)

This relation can now be used to construct the coupling flow operator. At
this point, we can integrate out the auxiliary field(s)> and rewrite the path
integral (with the fermions still present and setting i = 1)

9, / DxDFDy 5% O[] = i / DaDFDy S (3 + 6A[x, ]) O[]

—j / DxDJDy 559 (9, + Alx, 9]6)Olx],
(2.32)
where we used the unbroken supersymmetric Ward identity>

/ DxDFDY 5% 5Y[x, ] =0 since  §S=0.  (2.33)

We now also integrate out the fermions in (2.32) and compare with the defi-
nition of the flow operator (2.1). This results in

the g-flow operator for scalar theories (from [27])

Rlx] = iAglx] 6 = i/dx Bgl] dx(1 5x‘5(t) , (2.34)

where the contraction signifies a fermionic propagator. It is important to
realize here that A[x, )] and Jx(t) are both linear in the fermions, thus com-
bining to a fermionic bilinear that becomes a propagtor when integrating out
the fermions.

2.3 Multiple couplings

Note: This section is largely following the author’s published work [33].

In this section, we generalize the above formulae to theories that depend on
multiple couplings. We now consider

g§=1(81,--,8) (2.35)

to be local coordinates of a k-dimensional coupling space. In this setting,
the Nicolai map Ty is in general a multivariate power series in g. It should
be noted that for a theory with multiple couplings, it is in principle always
possible to study the Nicolai map only for a subset of these couplings while
keeping the rest fixed. This only changes the meaning of the ‘free’ theory

2This is not strictly necessary, but convenient. If one chooses to keep the auxiliary field(s), the
Nicolai map will also act on them.
3assuming that there are no path integral anomalies.
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in the key identity (1.13), i.e. free meaning the theory where this subset of
couplings goes to zero. Instead of a single flow operator, there are now k
such operators defined via

9(O[x]), = ((0:i + R )(g))(’)[x]>g for i=1,...,k, (2.36)

where 9; := 9/(dg;). For a simpler notation, we only indicate the dependence

of R on g, and leave the functional dependence on x implicit. The analogue
of Eq. (2.4) is

RO(g) = Ry(g) = [at (0T o Ty)x — [dxKilx )55
(2.37)
With the exact same argument as for one coupling, i.e. setting O[x] = T,x in
(1.13) and taking the g;-derivative, we arrive at k differential equations

(3; + RO () Tyx =0. (2.38)

The solution is again a path-ordered exponential, generalized to multiple
variables

universal formula for the Nicolai map (multiple couplings, from [33])
h)x = P exp / ds hi(s h(s))} (2.39)

with a functional path dependence h(s) = (hi(s),...hk(s)) in coupling
space with starting and endpoints

Just like in the one-coupling case, a formal inversion can be achieved by
reversing the path ordering and the sign in the exponential.

The characteristic properties of the Nicolai map, i.e., the (infinitesimal) free-
action and determinant matching conditions, can easily be generalized to
the multiple-coupling scenario. The (non-infinitesimal) conditions (1.15) and
(1.16) are unchanged, while we have the

infinitesimal characteristic properties for multiple couplings (c.f. (2.21),
(2.22), from [33])

(3 +RU(g)) SB[x] =0 and (3; + R¥\(g)) SE[x /dt OK; [x
o

withi=1,..., k.

One might now be worried about the path dependence of the Nicolai map.
Of course, expectation values (1.13) should be independent of the choice of
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integration path h in (2.39). To understand this better, we observe

9:0j(X)g = 92i(X)g = (3(RVX) —3;(RVX) + [R7, RV X) =0,

(2.42)
which for X = 1 yields a
weak flatness condition
(8;RV) — 3;RY + [R1), R<J’>]>g =0, (2.43)

which we call ‘weak’” because it only holds within expectation values. Defin-
ing a one-form field in coupling space

k .
R(g) ==Y dgi RV (g), (2.44)
i=1

a generalized Stokes theorem implies that the averaged holonomy of R(g)
is trivial. This means that expectation values (1.13) are indeed independent
of the integration path (2.40). However, as we will see in the next chapter
explicitly for SQM, the Nicolai maps themselves are strongly dependent on
the integration contour! As two special cases, we define the straight and
sequential contour, see Figs. 2.1a and 2.1b.

We remark that due to the functional ambiguity of the Nicolai map, one
can also flow between any two points § and ¢ in coupling space using a
‘partial Nicolai map’ [33]

Tog[h ! o h] x := TR T, [ x (2.45)

for h;(1) = §; and h;(1) = g;, see Figure 2.1c. This is not used in the rest of

h h
2 8 2 8
h hy
(A) Straight contour, from [33]  (B) Sequential contour, from [33] (¢) Partial Nicolai map

FIGURE 2.1: Various integration contours in coupling space.

this work, but it is an interesting observation that could be studied further in
the future.

Let us next give explicit formulae for the power series of Tox for the
straight and sequential integration contour, as done in [33]. First, we expand
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the universal formula (2.39) as
h)x = ?exp{—/olds ' (s) - ﬁ(ﬁ(s))} x
- io ([ [ sy [ sy [ (o) REGsn)) |-+ [ (50 ROBGs0) ]

(2.46)
with self-explanatory shorthand notations. In the following, for simplicity,
we only consider two couplings, g1 and . The generalizations to more cou-
plings are straightforward. As we did for just one coupling, it is useful to
expand the operators (c.f. (2.9))

[colENe o)

Z 28 gzrkl —T§3+81r§3+827§1)+818 rél)

=1=0 (2.47)

Zzglg ) =1+ gy + g r + qigorty +.

Investigating the straight flow
hi(s) =sg1 and hy(s) =sg (2.48)

tirst, the formula for the two couplings reads

0o 2 . .
T lx=Y ¥ Yegtri. Wy, (2.49)

n=0 i,...in=1 &

where « = (a1,...,a") is a multi-index of n pairs i = 1,...,n
p

o = ((a'), (a)2) (2.50)
that takes values
("), > 0 for p #q, (ab);, > 1, (2.51)

and

gr =g gt = g gk (252)

To second order, the power series is

To[ ] x = x — girl)x — garlx — 32 (rl) — 7

2)_.(2).(2) 1), ()

( 2) (1) (2.53)
—282 (70,2 ~To170,1 )x - 78182 (71,1 711 T10%1 ~ Toa r1,0)x te

In appendix A of [33], one can find the analogue for an arbitrary number
of couplings in the case of the straight flow. When we instead consider the
sequential flow (as in Figure 2.1b), we find
1 2
Tl Tlx=x —glrio)x —gzréll)x — %g%(ré

2)_.(2).(2)

s @00 254)
- 282(70,2 —To170,1 )x - g1g2(7111 =Ty, s
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Note that the expansions (2.53) and (2.54) start to differ at order g;g>. From
the weak flatness condition (2.42), however, we obtain

1) (2 2) (1 1 2
(D e = (A, e

implying that the expansions are equivalent inside expectation values.

2.4 Uniqueness

Note: This section is largely following the author’s published work [33].

In general, there are now three known types of ambiguities for the Nicolai
map:

1. Integration path dependency (in theories with multiple couplings):
This is a functional ambiguity, as discussed in the previous section. A
special case is the ambiguity arising by adding a topological term, since
the f-parameter can be interpreted as an additional (special) coupling
(see Chapter 3).

2. Gauge dependency (in gauge theories): The Nicolai map depends on
the chosen gauge, as we will see in Chapter 4.

3. R-symmetry (in theories with extended supersymmetry): There is an
R-symmetry freedom, as we will discuss in the context of N' = 4 SYM
in Chapter 5.

The various non-uniquenesses of the Nicolai map are a central theme of this
dissertation. In this section, we want to focus on the first kind of ambiguity,
the integration path dependency. In fact, we will give a condition that de-
stroys this ambiguity, collapsing the Nicolai map to a unique, linear function
in the couplings. To do so, we consider the first few terms of the expansion
of the universal formula (2.46) for two couplings g1, g2:

1
Telhlx = x — /0 ds [h’l(s)r% + h’z(s)rézl))]x

— [ s (5) (s (53 + o)) + (o) () + (o))

+ / ds / ds’ [Hy(s)Hy (") i)ty + () (s )r )]
1) (2 2) (1
(A ) )+ (S)I ()il ] +
(2.56)
First note, that the s’ integral can be carried out explicitly, for example
S
/ ds' 1 (') = ha(s) . (2.57)
0

Now it is easy to see that the
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uniqueness and polynomiality condition (from [33])

1) (1) _ (1) (1) (2
rl(c,l rg,g X=X and Tkl r(()l) X = IEZ)—H X, (2.58)

2) (1 2 2
rl(c,l) rig X = 71(<+)1,1 X and rl(c 1) r((n) X = rlg z)+1 X,

for all possible values of k and I (with a natural generalization to three or
more couplings),

leads to the cancellation of all the equally colored terms. It is straightforward
to verify this for higher orders. There will always be pairs of terms that end in
the same structure as the colored terms in (2.56). Further, they have opposite
signs due to the (—)" factor in (2.46), so they cancel each other. Hence, all
terms higher than linear in the coupling cancel and we are left with

Tox =x — glrgllg X — gzrélzl) X . (2.59)

In most theories R(!)(¢g=0) is polynomial in the bosonic fields x, so the map
becomes polynomial as well.

If we restrict ourselves to one coupling, there is no ambiguity of the Nico-
lai map from path dependency, but the condition

rerix =rex for k>1, (2.60)
still leads to a g-linear Nicolai map
Tex=x —gr x. (2.61)

The inverse map, however, never truncates, because all contributions come
with the same sign. In the next chapter, we will see explicit examples of these
scenarios.
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Chapter 3

Supersymmetric quantum
mechanics as a toy model

Note: This whole chapter is largely based on the author’s published work [33].

3.1 Off-shell action

Note: This section is largely following the author’s published work [33].

We have already outlined how to construct one-dimensional supersymmet-
ric quantum mechanics in Section 2.2. Here, we repeat the first few steps
given there, but we can generalize to D-dimensional SQM. Instead of only
one (c.f. (2.23)), we introduce D scalar superfields

D;(t,9, 19) =x;(t) + 191pi(t) + glpl(t) + 19I§Ai(t) , with i=1,...,D. (3.1)

From the superfield structure, as we did in Section 2.2, one can extract the
supersymmetry transformations Jzx; and so on (they are just (2.28) with an
index i on each field). The supersymmetry parameters can be removed by

defining two fermionic operators 4, § via
0r = &0+ &0 (3.2)

The supervariations become (c.f. (1.2))
le' = ll]i , Sll)l =0 , 51/31 = 1x1 — Ai , llpl , (3 3)
(SOxi = lpi , 50170, =ix;+ A;, Slp, =0, (SA = —llpl .

The circle above the operators indicates that these variations are off-shell,
i.e. that the auxiliary fields A; are still present. Next to the superfields ®;, we
also need a superfield W that contains the superpotential V (x):

W(t,8,8) = —V(x) — 0;i(t)Vi(x) — 8¢i(t) Vi(x)
= 09(Ai () Vi(x) + 3D (1) Vi (x) — 39 () ;() Vi (%)),

where we use the shorthand notations

(3.4)

Vi) = V(). Vi) = V) (3.5)



Chapter 3. Supersymmetric quantum mechanics as a toy model 21

As described in Section 2.2, the off-shell action S can be obtained as the last
component of a superfield

§= [ at 3IDe® — W(@)]gs (3.6)
with the superspace covariant derivative
Dy = 9y — 00 . (3.7)

It is a good exercise for the reader to compute the last and penultimate com-
ponents of the superfield in (3.6) to find the action in components

$ = /dt {%x? + LAZ — AVi(x) + i[85 — Vi (%)] wj} . (38)

up to total derivatives. Further, one can verify two ways of generating of the
action . s _.
S = 0N = OA up to boundary terms (3.9)

as a supervariation with the (integrated) off-shell components
A:/dt{%(+Ai—ixi)—Vi(x)}lpi and

- 3.10
A:/dt{%(—Al—lxl)—l-Vl(X)}l/_), ( )

3.2 Topological term

Note: This section is largely following the author’s published work [33].

Notice that there are two ways (3.9) to generate the off-shell action (3.8) up
to total derivatives. Although it is ‘only” a boundary term, we can introduce
the topological 0-term in the off-shell formalism via

S = L(8A+38A) + §(6A—bA) = H08A + LO5A, (3.11)
leading to
§ = far {12+ 147 - AVi(0) + Filighey — Vi) gy + 104V (x() }
(3.12)

The equation of motion of the auxiliary field is simply A;=V;, so we obtain
the

on-shell SQM action with a topological 6-term
5= /dt (132 — LVi(x)? + iided;; — Vi ()] + 108V (x(1))} . (3.13)

This action (3.13) can only be obtained by taking the off-shell supervariations

5, 6 of the off-shell integrals A, A, and afterwards setting A; = V;. Vice versa,
one finds an incorrect factor for the fermion term. However, if we isolate
the 6 term it can be generated with the on-shell variations J and ¢ (where
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A; = V;) even containing an ambiguity parameter g € R:
965 = L(8A — 5A) = L(5AP — 51P) /dt Vi(x) 1 =iV (x(1) [T, (314)

with
AP = /dt{ B—1)ix; — BVi(x)} ¢ and
Aﬁ—/dt{/s 11xl+,BV )} .

The parameter B is a technical curiosity that will propagate to some results
in the next sections. Note that

(3.15)

AP=1 = A

Ay and AP =0, (3.16)

3.3 General superpotential

Note: This section is largely following the author’s published work [33].

In this section, we construct the g- and 6-flow operators for an arbitrary su-
perpotential V that depends on one coupling g. This can easily be general-
ized to multiple couplings by applying the arguments to each coupling dis-
tinctly. After taking the g-derivative of (3.11), it is possible to go on-shell:

9¢S = (9,9)| AV = HO5A, + 5054, (3.17)
where
Agi=dgh =~ [at {yiavi}  and  Agi=dGh = [dt {4 agvi(}?).w)

To find the g-flow operator, we use the supersymmetric Ward identity as
described in Section 2.2, which yields

Re(g,0) = H0iA, 6 + EGiAgS
= [dtar J@gV (1) {(1+6) §ilt) 9i(¥) — (1-0) 9u(t) ()} 557

(3.19)
with the fermion propagators

‘{ 4]] _15 t,t') and it )’P]( ") = _isz’j(t//t)r

, ) (3.20)
with (léikm — ik) Sk]'(t,t ) =o(t—t )51']' .
Introducing the useful definition
0=:=1(1+0), (3.21)

we can compactly express
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the g-flow operator for SQOM with an arbitrary superpotential
Rg(g,0) = 67R{(g) + 67 Ry (g)
with Rf(g) = / dtdt BV (1) St D) 0 (3:22)

and Ry (g) = / dt dt' V) (1) Syt ') by -

To derive the 6-flow operator, we follow the same procedure. From the gen-
eration of the theta term (3.14) we find

the 6-flow operator for SQM with an arbitrary superpotential
Rﬁ(g) $APs — LAPG = g/dt dt’ Vi(t) [Sij(t', 1) — Sij(t, t')] %

%/dt dt’ iz () [;(t', 1) + Sij(t, )] 5257
(3.23)

with the technical ambiguity p € IR. Notably, it is completely independent
of 0. Tt is straightforward to verify that R, (3.22) and Rg (3.23) satisty their
respective free-action (2.21) and determinant-matching condition (2.22).!1

3.4 Free massive theory

Note: This section is largely following the author’s published work [33].

It is quite instructive to consider the one-dimensional free massive theory
with superpotential
V =1Imx?, (3.24)

since it leads to analytical expressions for the flow operators and the Nicolai
maps. In this case, the Lagrangian is given by

Lo =12 —Im?x* + ¢[is — m]yp +i0m xx (3.25)
and the fermion propagators follow from
[id —m]So(t,t') = 6(t—t)
) , oy (3.26)
= (1) P(t') =iSo(t,t') = Lsgn(t—t')e mE-t)

where we fixed an integration constant by requiring antisymmetry for m=0.
Inserting (3.24) into the formulae for the flow operators (3.22), (3.23) yields

Ry (m,0) = 0*R),(m) + 0" R,,(m),  with
R} (m /dtdt x(H)So(t, t)5%+ and R, /dtdt x(£)So(t, )52

ox(t) ox(t') ’

(3.27)

!t is shown explicitly in appendix B of [33].
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and

RE(n) = 2w [at at x(t) [5olt' 1) = Solt, 1))

m Ry, (m) — Ry, (m)] .

261
2
3.28
e (3.28)
=2

For Rg (m), we used integration by parts in the second line of (3.23), with the
definition of the fermion propagators (3.26). Interestingly, for =1 the 6-flow
entirely vanishes. The expressions become even simpler once we Fourier
transform to frequency space via

x(t) = / W F(w) = gy = / dwe ! 0 (3.29)
It follows that the fermion propagators take the frequency representation

so(t,t’)=/ 9 Sp(w) et = Sy(w) = — 2 (3.30)

T wFm

while the flow operators (3.27) and (3.28) can be read off from

Ry (m) = [ 42 %(w) So(Few) 557 - (3.31)

They act on X(w) by simple multiplications,

Ry (m,0) ¥(w) = 299 ¥(w) and Rg(m) X(w) = (1-2B) 75 x(w) .
(3.32)
With these expressions, it is now easy to compute the path-ordered exponen-

tial (2.39) of the full (g, #) Nicolai map. Since R;, and Rg (m) simply act mul-
tiplicatively, they always commute with each other. Thus, the path-ordered
exponential simplifies to a regular exponential

IE exp{glds [ ()R (m(s), 0(5)) +0/ ()R (m(s),0(5)) ] } #(w),

(3.33)
with a generic integration path

h(s) = (m(s),0(s)) with h(0)=(0,0) and h(1)=(m,0). (334)

For simplicity, we assume monotonous parametrizations m(s) and 6(s), al-
lowing us to introduce global coordinates y and ¢ such that we may write

Ru(1,0(p)) with pe[0,m] and RE(m(8),8) with &€ [0,6].
(3.35)

2Qtherwise, one can decompose the integration path into piecewise monotonous parts.
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Dealing with a regular exponential, we can evaluate

T30 %(w) = exp{ [ dp R, 00)) } exp{ [ o RE (m(9), )} %(c0)
0 0

= exp{gdywzyﬂz}exp{—wgdwa—“ﬂz} exp{(l—ZlB)w({dﬁcﬂ(—dﬁ)z}x(a)) .
(3.36)

It is easy to confirm that regardless of the exact form of integration path, the
result will always take the form of

the most general full (g, 0) inverse Nicolai map for free, massive SQM

T % (w) = 1/ 2 e /@) F(w), (3.37)

PP

with some function f that depends on the integration contour.

We now compute this expression for three contours. If we follow the line
‘first m then 6’, we obtain

Tn;’é[ Tx= exp{(l—Z,B) Zdﬁ ﬁ} exp{Zdy wZP—lyZ} X

(3.38)
1_2 Omw N
_ wz‘izmz (1-28) 357 %
Secondly, in the ‘first 6 then m” contour, the 0 flow is trivial, giving
m _ _ _ 140 _1=60 _
T ol ¥ =exp{[dults) ¥=(1+2)" 2 (1-2)77 %
/ 0 : (3.39)
2 _m\0/2 ~
=\ 2on (orm) "X
Lastly, the symmetric path m(¢) = Fd and 0(u) = % y yields
1 oA = 0 o 1 e\~
Tm,g[/‘] X = exp{ [(1-Lw)+ (1-2B8)Lw] [du wz—yz} X
0 (3.40)

0
2 2 —B-w ~
wzcimz (wzaimz) Pt X .

Clearly, the three results are not equivalent, demonstrating explicitly the
functional ambiguity of the Nicolai map for multiple couplings. This is ex-
pected, since the condition for contour independence (2.58) is not satisfied.
Moreover, Fourier transforming back to the time domain, one can explicitly
check that the flatness condition (2.43) of R;; and Ry is only weakly satisfied.
That is, only the expectation value of the curvature is zero, not the curvature
itself. This had to be the case, since we have shown explicit examples of the
path dependency of the full Nicolai map. However, this dependence only
affects terms that have a vanishing expectation value. Correlation functions
of course are equivalent for any choice of Nicolai map, as we will see shortly.
We further note that even for the special variables § = £1 the Nicolai map
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depends on the integration contour & when 0 is a variable coupling. The
contour (3.39) is quite special, because the 6-flow performed at m=0 is trivial.
Effectively, we have the equivalence

Tnpl 7] = Tm(0) , (3.41)

where the right-hand side is the partial Nicolai map where 6 is only a fixed
external parameter. Here, for the two special theta values § = +1, the Nicolai
map simplifies:

T, (£]) ¥(w) = 24 F(w) = Tu(El) ¥(w) = (1£2)¥(w). (342)

wtm

This agrees with our brief discussion in Chapter 1 around (1.17), once we
Fourier transform back to the time domain

T, (0==1) ix(t) = ix(t) F mx(t) . (3.43)

Generally, for any Nicolai map (3.37), we can see that it connects the massless
boson propagator

(X(w) X(w')), = 276 (w + ') [w? (3.44)
to the massive boson propagator

(T, olh(w) T, s [H]%(w"))

m,0 m,0

iy TN ) Ty (49

m2)(w'*—m?2)

— % = (X(w) X(@')) 0+

for any function f, since the delta-function enforces energy conservation
w'= — w. By Wick’s theorem?, this generalizes to arbitrary N-point func-
tions.

3.5 Interacting theory

Note: This section is largely following the author’s published work [33].

3.5.1 Setup

To investigate a less trivial theory, we can add a cubic term to the superpo-
tential,
V =1Imx* + Lex7, (3.46)

yielding the Lagrangian

L= % — g —mgx® — 3t + g —m — 2gx]|p +i6(mx + gx*) .
(3.47)

3 Also known as Isserlis’ theorem.
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The fermion propagators now interact with the bosonic field and follow from
[ —m —2gx(t)] S(t,t') = 6(t—t'), (3.48)
whereas the coupling flow operators become

Rg(g,m,0) = 6% Ry (g,m) + 6~ Ry (g,m),

o (3.49)
Rin(8,m,0) = 6" Ry, (g,m) + 67 Ry,(g,m),

with Rgi (g,m) and R (g, m) as in (3.22) but for D=1. We can trivialize the
f-flow in the following by setting B=1, moving to a finite 6 value (at g=m=0)
first and only then starting to move towards the other couplings along some
contour h in (g, m) space. We thus leave out the § subscript on Tg ;. Choos-
ing 6= £ 1 implies the collapse condition (2.58), so that the full Nicolai map
becomes linear in ¢ and m for any contour /,

Tomlh, 0==1]1%(t) = ix(t) F mx(t) F gx(t)*, (3.50)

while the inverse map is always an infinite power series. It is a good exercise
to verify the generation of the bosonic Lagrangian via 5 (T;u,¢X)? (free-action
condition) from (3.50).

It is more instructive though to start with the massive free theory and
work with the one-variable g-flow map, because that sidesteps any infrared
divergences of the massless propagators. In this case, we are dealing with
the (inverse) partial map Tg(m, ) at fixed m and 0, without any contour am-
biguities (since there is only one variable coupling). Again, the map becomes
linear for 6 = £1:

To(m,0==+1) ix(t) = ix(t) F gx(t)* — gm / dt’ Lsgn(t—t')e* M=) x (1)

& To(m, 0==+1) [i& £m| x(t) = [i& Fm]x(t) F gx(t)*.
(3.51)
As a double check, we see that the [”-composition of (3.51) with T,,(6==%1)
from (3.43) is equivalent to (3.50),

Tom| [7,0=%1] i(t) = Ty(m, 0==41) T,,(g=0,0==+1) i%(t)

= ix(t) F mx(t) F gx(t)*. (3.52)

Settling for the one-variable g-flow, we can now set up the perturbative ex-
pansion of the inverse Nicolai map, according to the universal formula (2.12).
This requires to expand the g-flow operator. In frequency space, the O(g"1)
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contribution is

e =02k [dn e 50 [F(—vy 4 12)So(+2)]

o X (= vk veg1) So(Fvear)] _5,7(1i+1)

g2k U e () [F(—vp 4 12)So(—1a)]

co [X(=ve + Vi) So(— Vi) m

(3.53)

which naturally contains k factors of x. For completeness, we recall the ex-
pansions of the (inverse) Nicolai map in terms of the coupling flow operator

contributions

7

TeX(w) = X(w) — gnx(w) — 18 (ra — 1) x(w) — 18° (2r3 — 2rar1 — 1112 +17) X (w)

- ig‘i (6ry — 61311 — 31212 + 3rort — 21113 + 21171 + 131 — r‘ll)f(w) +0(g°),
(3.54)
Tg_la?(w) = ¥(w) 4+ grx(w) + 3¢*(r2 + 1) ¥ (w) + Lg*(2r3 + 21172 + 1211 + 13) X (w)

+ 28 (614 + 67173 + 3rary + 3riry + 2r3ry + 2r1rary + 1215 4+ 11) X (w) + O(8) ,

(3.55)

to fourth order. Instead of working with (3.53) directly, we can introduce a

systematic graphical notation (‘Nicolai rules’) that gives a much clearer view
of the computations.

3.5.2 Nicolai rules and maps

In the following, we will always work in frequency space and drop the tildes
for a simpler notation. The ‘Nicolai rules’ for writing down the maps (3.54),
(3.55) are given in Figure 3.1.* With these rules, the g-flow operator to third
order takes the simple form (c.f. (3.53))

o) ={o e 0 e} ot 0 el
+g2 {9+>}>i>i>» + 9:}4—%4—;4%} 4 O(g4) )
(3.59)

with the obvious continuations at higher orders. The arrows at the end of
the fermion lines are the functional derivative with respect to x. In the map
(3.54), the individual graphs from (3.59) act on each other. This leads to a

4All the Feynman-like graphs in this thesis are generated with Joshua Ellis” “TikZ-Feynman’ pack-
age [45].
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FIGURE 3.1: Nicolai rules for interacting massive SQM (with super-
potential (3.46), taken from [33])

 External boson lines with a frequency w give a factor x(w).
¢ Free fermion propagators are
-1

So(w) == = ma So(—w) = <4 = — . (356)

* Free boson propagators are

Go(w) = ~rrn = (3.57)

¢ Vertices (implicit of order g) give factors
>7 = 1, i = 2, 4L = 2. (358

¢ At every vertex, energy conservation is enforced. We take all frequencies
to be oriented towards the root of the tree, which carries the frequency w
of the transformed field T, x(w). Each remaining frequency v comes with

an integral [ %‘;

mixing of the two kinds of fermion propagators. The map to third order is

- %9+9—{(1+9—)}>§ﬁ» - 9+>i

+(9+9)>l }i (607, 565) b +0(s*)

3. 60)

where (07 < 07, §<—>§) contains the same terms of the third order that are
already written out explicitly, but with the arrows on the fermion propaga-
tor and 0F reversed. We note that all possible tree topologies and all possi-
ble combinations of fermion arrows appear in the expansion. Including the
bosonic lines, the kind of trees that appear in (3.60) are known as ‘strictly bi-
nary’ or ‘Otter trees’, because seen from the root, each node has either zero
or two children. Ignoring the bosonic lines, they are called “‘weakly binary’
The number of such trees with n vertices (excluding the root) is the (n+1)th
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‘Wedderburn-Etherington number” WE(n + 1), as observed by Lechtenfeld
n [34]. He also worked out a general rule for the weight of each tree. It
is always a factor of 1/(2n)!! times a polynomial of order n in 6 with inte-
gral coefficients. Moreover, every tree of second or higher order is multiplied
with a factor 670~ = 07 (1—0") = 6~ (1—607). This shows that for the special
values 6 = £1, the map truncates after the first order. We are left with a map
that is linear in ¢ and quadratic in x:

Te(m,£1)x = x — grix = x — gi}—, (3.61)

where one needs to add an arrow on the fermion propagator to the right (or
left) for 8 = +1 (or —1). We could have also deduced this immediately by
verifying the polynomiality and uniqueness condition (2.60) from Section 2.4:

rerix =rgpx for k>1 and 6 =41. (3.62)

If we stick with @ = +1 for a moment, by inverting (3.61) iteratively”

Ty Lm, 1) ¥ = x + g Ty (m, +1){ } b, (3.63)

one finds for the inverse Nicolai map the expansion

Tg—l(m,il) x(w) = x(w) + g} n g2>_L
+ ¢ >_LL + 1>i
+ g w >ﬁi >1L L0l

3. 64)
From the iterative construction (recalling the factors of the vertices from the
Nicolai rules Figure 3.1), one can prove that every topology comes with a
weight of unity times a symmetry factor. For example, the diagrams with the

coefficients % in (3.64) are symmetric under the exchange of two subtrees. If

5 Using the fact that the (inverse) Nicolai map acts distributively on each bosonic line.
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we allow any value for 6, the inverse map becomes significantly more com-
plicated:

Tg_l(m,Q) x(w) = x(w) + g {9+}» + 9_>+}
+ %{eﬁ(ueﬂ}»ﬁ» + 9(1+9)>«i¢ +676” (}’i* * >*£’> j

+ %{9+(1+9+)(z+9+)}>i>i» + 9+9+(2+9+)>i
+ oot [(2+9+)><£>i» + (1+9‘)><§<i» + 9*}»&&»

+ 2(1+9+)>i n 9>i} + (6" <07, 505)} + 0(5Y).

(3.65)
This expansion will allow us to compute various correlators in the follow-
ing subsection, via the defining relation (1.13), which implies for the n-point
function

(x(wy) ... x(wn)>g = <Tg_1x(w1) Tg_lx(wn)>0. (3.66)

Before that, we give one more remark about the expansion of the (inverse)
Nicolai map trees (3.60), (3.65). By estimating the number of tree graphs in
a given order n with the Wedderburn-Etherington numbers (times 2" taking
into account all the possibilities of the orientation of fermion propagators)
and finding bounds for a functional norm of a generic tree graph, Lechtenfeld
showed in [34] that

I Tg(m, 0)xll2 £ (147 L n P (alxlla/ Vi) "g") xll, for 6 =0(1),
n=1

(3.67)
where || ... |, is the usual L? norm and «, 3,7 are numerical constants of
roughly order one. Importantly, this demonstrates that for sufficiently small
couplings g, the radius of convergence of the Nicolai map is finite (for m>0
and ||x||2<o0). This must also hold for the inverse map, which is obtained
through a formal power series inversion. It is interesting that the large order
growth of tree diagrams

2"WE(n+1) ~n32.4967"  for n— o0 (3.68)

is not faster than exponential. This is in contrast to the Feynman diagram
expansion for correlators, which is known to grow factorially with the order
of the coupling. In the Nicolai map approach, the factorial growth is only
reproduced when computing correlators via (3.66), after contracting inverse
Nicolai maps with each other using Wick’s theorem.
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3.5.3 Amplitudes

We now proceed with the computation of the bosonic one-, two-, and three-
point function in the interacting theory. Naturally, loop integrals will appear,
that are most conveniently evaluated by Wick rotating to Euclidean space
(w — iw). We will only consider one loop at maximum. The free Euclidean
propagators are

So(w) = —»— = 9, So(~w) = —=— = FH, (3.69)
and
Go(w) = = ;. (3.70)

One-point function. In this simplest case, we just need to contract the open
boson lines of (3.65). This results in two one-loop diagrams,

(x(w g@*?—kg@?

=271 (w 9++9 2n12+m2 + O(g ) = g% + O(g3)/

(3.71)
with the loop integral

/CO /mmﬁpz—%. (3.72)

It is instructive to see that the 6 dependence drops out of the final result as
must be the case for all correlators. Further, (3.71) matches exactly the result
on finds via traditional Feynman diagram techniques, see Appendix B.

Two-point function. To find the two-point function, we need to consider the

square of the inverse Nicolai map and afterwards contract the open boson
lines. Considering only connected and at most one-loop diagrams, we find

(x(w) x(w’)>g =276 (w+w') Go(w)

+ 2g2{9+2«—g}» + 9+9_% + (67 + 9‘,?%?)}

%{9+ 1+9+ W»C}» ﬁk
+670( % MEF (6% < 6~ S<—>S)}

+ %{w w
(3.73)
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Here, two kinds of loop integrals appear:

/IGO(Z)GO((U —-1) = /% m;—&l2 m2+(£—1)2 - 4m3—|1—mw2 ’ (3.74)
_ i I)—
JGo0se(w+1) = [ £ orlpibesin,

Note that the second kind of loop (3.75) could never appear in an ordi-
nary Feynman diagram expansion, since it is a mixed loop consisting of one
fermion and one boson propagator. The evaluation of (3.73) is still relatively
short, so we present it here explicitly. We obtain

Zn_iw (3.75)

1
2 4mB+mw?

(x(w) x(w’)>g = 27m6(w+w') Go(w)

+ 2¢

2278 (w+w') [ 042 (i’ —m) (iw—m) + 010~ (—iw'—m)(iw—m)
(w?24m?)? 4m3+mw?

+ (0T 07,0« w')}

N %QZWS((UJF(U/) {9+(1+9+)(_4 %(iwfm)(meiw) B 2iw—m)

(w?+m?)? 4m3+mw? 2m?2

+ 9+9*(_4 %(—iw—m)(zm—iw) _ 2%) + (9+<_> 0=, w <> w)}

AmS+mw?
2 /
+ gierl{o - —w} + 0g*),
(3.76)
which can be simplified to
(x(w) x(@)), = 276(w + @) Golw)
2276 (wtw') (02467 %) (mP+w?) + 2076~ (m>—w?)
+2 (w2+m?)? 4m3+mw? (3.77)
2275 ! 2 _2 2_ 2 .
+ ST e N B - )
_ 2 2
+ 20707 (4 2R 4 )L+ O(gh) .

Finally, with 67 + 6~ = 1 and 67 — 6~ = 6, the theta dependence cancels
and we arrive at

218 ' 2
(x(@) x(w)), =278 (w+a)Go(w) + 8 AR ¥z + 0", (378)
again surviving the cross-check from the traditional Feynman diagram
approach, see Appendix B.

Three-point function. As we have seen above, for arbitrary 6, the calcula-
tions become quite involved. Having verified generally and explicitly that
correlators do not depend on 6, for the three-point function we allow our-
selves to work with the special values § = £1 (still retaining the sign ambi-
guity). Thus, we can use the simpler expansion (3.64) for the inverse map,
where all the fermion propagators are given by So(fw) (3.69) for 6 = =+1.
We evaluate the three-point function with the usual argument

(x(wr) x(w2) x(ws)), = (Tg 'x(wr) Ty 'x(w2) Tg 'x(ws))y - (3.79)

From (3.65), we see that at O( g3), we obtain correlators of six bosonic fields.
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(a) Ny (B) N2

o

(C) N3 (D) Ny

FIGURE 3.2: Irreducible 1-loop diagrams for the SQM 3-point function.

By Wick’s theorem, such a correlator gives 15 diagrams®. We ignore any

disconnected diagrams and can combine many equivalent diagrams. Since
(3.79) is totally symmetric in (w1, wy, w3), our final result must be as well.
Modulo permutations of the frequencies, there remain 11 distinct diagrams.
Of these, four fall within the usual notion of 1-particle-irreducible7 (1PT). We
collect them in Figure 3.2. Moreover, five diagrams can be combined to gen-
erate the 2-point function on one leg, see (3.73) for 6= + 1.8 Naturally, they
are one-particle reducible (1PR). Schematically, we represent them as

2-point

Ns = @ . (3.80)

While we have drawn two boson lines for the bosonic two-point function
in (3.80), in the actual Nicolai graphs, the external lines can also be fermion
lines, as we have seen in (3.73). There are in fact two more ‘reducible’ dia-
grams to consider, shown in Figure 3.3. The reason why these should strictly
not be called reducible is that the Nicolai rules do not allow fermion lines
to run all the way through a single diagram. That means one could argue
that Ny and Ny should be 1PI as well. The explicit evaluation of all these dia-
grams is straightforward but quite technical. It can be found in Appendix B.
The general idea is to express each contribution in terms of the elementary
symmetric poynomials of the external frequencies

h=w+wr+w3 =0, bh=ww+wws+wws, I3=wiwrws,
(3.81)

6In general, a free n-point correlator (with 1 even, otherwise it will vanish) reduces to (n — 1)!! =
(n—1)-(n—3) -...-1terms n/2 two-point correlators.

’That is, no internal line can be cut such that one is left with two distinct diagrams.

8These five diagrams for e.g. 8= + 1 are the first, third and fourth diagram of (3.73), plus the third
and fourth diagram, but with the external lines exchanged.
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N
A

FIGURE 3.3: Two more ‘reducible’ 1-loop diagrams for the SQM 3-point function.

(A) Ng (B) N7

where t; vanishes due to energy (frequency) conservation. It emerges from
the calculation that the irreducible contributions

Nipt = Ny + Ny + N3 + Ny, (3.82)
and the reducible contributions
Nipr = N5 + Ng + N7 (3.83)

are f-independent’ separately. This was not expected a priori and is quite a
curious fact. Furthermore, the 8-dependent terms are all imaginary and pro-
portional to an odd power of t3. Comparing the Nicolai diagram approach
with the Feynman diagram approach (see Appendix B), we find that the no-
tion of 1PI differs, since the results only match after adding all (1PI and 1PR)
contributions in the two methods (even if we count Ng and N7 as 1PI).

9Recall that we still allow the two different signs 6= + 1.
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Chapter 4

N = 1 super Yang-Mills theories

Note: This whole chapter is largely based on the author’s published work [29,35].

We begin this chapter by discussing the action of pure N' = 1 super Yang-
Mills theories. The field content (A, A, D) consists of the gauge (Yang—Mills)
fields A}, their supersymmetric partners the gaugini A?, as well as potentially
auxiliaries D, when considering off-shell theories. The redundant degrees of
freedom of this gauge theory can be fixed by the Faddeev-Popov procedure,
which incorporates a gauge fixing function G?(A) and ghost fields C, C. For
simplicity, we consider as gauge group SU(N) with real antisymmetric struc-
ture constants f**° such that

fabCf{Zbd — N5Cd , a,b,. R— 1,2,. . .,N2_1 . (41)

All fields are in the adjoint representation of the gauge group. As first discov-
ered by Brink, Schwarz and Scherk in 1977 [25], pure N'= 1 super Yang-Mills
theories can only exist! in D=3,4, 6,10 spacetime dimensions. To quickly re-
count their argument, recall that in D dimensions the (on-shell) gauge field
has D—2 degrees of freedom, while the Dirac spinor has 272, To match
these two numbers, in even dimensions, the Weyl condition can be imposed,
whilein D = 1,2,3,4 mod 8, the Majorana condition can be imposed. Both
conditions reduce the number of degrees of freedom by a factor of one-half.
Additionally, in D = 2 mod 8, the Majorana and Weyl conditions can be im-
posed simultaneously, i.e. reducing the degrees of freedom by a factor of 1/4.
An overview of the four remaining cases where the dimensions exactly match
can be found in Table 4.1. In this entire chapter, we work in D-dimensional

TABLE 4.1: Matching of the bosonic and fermionic degrees of freedom
(dofs) in on-shell N'=1 super Yang-Mills theories.

D bosonic dofs spinor fermionic dofs
3 1 Majorana 21/2=1
4 2 Majorana or Weyl 22/2=2
6 4 Weyl 23/2 =4
10 8 Majorana-Weyl 2°/4=28

Minkowski spacetime, although this can equally well be done in Euclidean

1i.e. be invariant under SUSY transformations.
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spacetime. The action can be written in simplified form as

Sws|A,A,D,C,C| = / dPx {—LEL, F11V — L Go(A)?

(4.2)
+ fermions + ghosts + auxiliaries } ,
with gauge fixing function G?(A) and Yang—Mills field strength
i, = 0, A — 9, Al + g f AL A (4.3)

We introduce extra notation to distinguish the expectation values obtained
with the original action Ssysy from those obtained from the action So, where
the fermions and auxiliaries have been integrated out:

(x[al), = / DADADDDCDE elSsusvAADed x 4],
. (4.4)
(X[Al)g == [ DA Ayss[A] Srp[A] X[4]

Here, App[A] the Faddeev-Popov determinant, produced by integrating out
the ghosts, and Ayss[A] is the Matthews—Salam—Seiler determinant, obtained
from integrating out the gaugini.? In N =1 SYM, integrating out the aux-
iliaries D is trivial since they have an equation of motion D=0. The dis-
tinction (4.4) is only for convenience in equations later on, since of course
(X[A])g=(X[A])4 by construction. Further, it should be noted that (just like
for scalar theories) the expectation values can be normalized to (1 )¢=(1)=1
by the vanishing of the vacuum energy. We can define the Nicolai map for
gauge theories in the exact same way we defined it for scalar theories (1.13).
It is a nonlinear and nonlocal mapping

Ty: AL(x) = AJ(x g A) (4.5)

of the Yang-Mills fields A} (u = 0,1,...,D—1). Its inverse exists at least as
a formal power series in ¢ near the identity, so that the Nicolai map can be
defined by the key identity

(x[al), = (x[A]), = (X[T,'A]), VX. (4.6)

As for scalar theories, this gives access to quantum correlators in the inter-
acting theory via a free, purely bosonic functional measure.

There are two known ways for constructing the Nicolai map in N'=1 su-
per Yang-Mills theories:

1. Canonical construction via the off-shell formalism in D=4 for general
gauges: This construction makes use of the off-shell formulation of
N=1 SYM in D=4. It will be described in detail in Section 4.1. This
approach was suggested by Dietz and Lechtenfeld in the 1980s [10-13]
and was further developed by Lechtenfeld and this author in 2021 [29]
and at the same time by Malcha and Nicolai in [28]. As a particular

2Technically it is a Pfaffian and not a determinant for Majorana fermions.
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- Off-shell su-
yes () persymmetry?
Write g-derivative Write g-derivative of action:
of scaled (") actoiocn: Supervariation (6,Az)
Supervariation (6aAy) + Slavnov variation (sAgp)
+ Slavnov variation (§Agh) + Rest (Z)
Broken SUSY Ward Broken SUSY Ward
+ BRST Ward + BRST Ward
v v
Write do (X))o ~ Write 0o (X))o ~
<<Aoc50cxo>>gc+ <<Agh§X>>g <<Aa5aX>>g + <<Aghsx>>g
+ <<Aa51xAgh§X>>g + <<Azx5aAgh5X>>g + <<ZX>>6,’

Integrate out
fermions (incl. ghosts)
v

Integrate out
fermions (incl. ghosts)
v

Rescaling scheme from
‘tilded” to “untilded” fields

Show that <ZX>q: 0 for all X
LI d

(Restricts gauge)

—

Coupling flow operator R

]H

FIGURE 4.1: Diagram for the construction of the coupling flow operator. Everything written
in blue applies only to gauge theories. The left side is the canonical construction scheme
(Section 4.1) for theories with off-shell supersymmetry. The right side is the ad-hoc con-
struction (Section 4.3) that does not require off-shell supersymmetry, but it is not guaranteed
that the final step works. The relations in the second step are schematic and only hold up to

prefactors.

example, the map in axial gauge will be computed to second order in
Section 4.2. In four dimensions, the action can also be amended by a
topological 0-term. This leads to a simplified construction [35], that will

be discussed in Section 4.4.

2. Ad-hoc construction in D = 3,4,6,10 in the Landau gauge: For D=6
and D=10, there are no known off-shell formulations of the SYM action.
Here, an ad-hoc construction must be used that seems to only work in
the Landau gauge G(A) = 9, A". This construction was proposed by
Ananth, Lechtenfeld, Malcha, Nicolai, Pandey, and Pant in 2020 [24]

and will be outlined in Section 4.3.

The technical details of these two methods are summarized as a diagram in
Figure 4.1. The various steps will be described in detail in the following.
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4.1 Canonical construction for general gauges (D=4)

Note: This section is largely following the author’s published work [29].

41.1 Off-shell action

The introduction of the gauge fixing and ghost terms has important conse-
quences for the construction of the Nicolai map. It breaks the manifest su-
persymmetry and reduces gauge symmetry to BRST symmetry (with trans-
formations given in due course). Therefore, the action cannot be written as
a supervariation anymore. To circumvent this problem, a particular scaling®
of the field content (notated by tildes above the fields) can be chosen, where

SSUSY[E,X,K, 51/5/,5] - SinV[nglil ﬁ] + ng[g/EIAC_/] s

SivlA A, 3,D] = & [dhx {~1PVE, - 4ABA +1D%}, @)
T~ e ~9G(A) S ~

ng[A,c,c] = gl—Z/d4x {—zl—c(j(A)2 +gc g )Dyc} ,

working in four spacetime dimensions.* Here, the coupling only appears as
an overall factor ¢~2 in front of the integrals, besides one factor of ¢ mul-
tiplying the ghost term. As the subscripts indicate, the action splits into a
SUSY-invariant part Siny and a gauge fixing part St Before continuing with
the construction, we give a few remarks about our conventions and notation.
Note that we have left the color indices implicit in (4.7), adopting the nota-
tion first used by Lechtenfeld in his thesis [11]. For example, the covariant
derivative in this scaling is

D, = 9, + Ay x — (Dy)® = 0p()" + fUOAN (L), (48)
while the field strength is

Fu = 0yAy — Ay + AyxA, = Fi, =0,A"—9,A% + f"ALAS .

(4.9)
We sum over colors in products, e.g.
F, F" = Fj F'1, (4.10)
except when we indicate an explicit cross-product, e.g.
X AuxA = frer AbRe (4.11)

3sometimes known as the ‘canonical’ or ‘geometric’ scaling in modern high energy physics theory

literature.

4There are no known off-shell formulations of A" =1 SYM in D=3, 6,10 (with finitely many auxil-
iary fields). However, a dimensional reduction of the A" =1 D=4 case would lead to a Nicolai map for
N =2 D=3SYM.
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Furthermore, throughout this thesis, we work in Minkowski space using the
mostly-plus metric

" = diag(—1, +1, +1, +1) . (4.12)

Our spinor- and gamma-matrix conventions are mostly adopted from [46]
and are listed in Appendix A.

The scaling of the fields in (4.7) is only used intermediately for the con-
struction of the coupling flow operator. In the end, we want to do perturba-
tion theory in g. For now, it allows us to generate the invariant Lagrangian
through an off-shell superfield formalism

Liny = r—tr (W W,

oo
where the trace is over colors and W, is the non-abelian supersymmetric field
strength (with conjugate W;). In (4.13), « and & are Weyl spinor indices. For
details on the superfield formulation, see Appendix C, where the construc-
tion in terms of the superfields is carried out in detail for the more extensive
N'=4 SYM (using an N'=1 superfield formalism), but this only adds more
fields to the A'=1 SYM field content. As mentioned in Section 2.2, the super-
tield structure gives us the form of the (off-shell) supervariations

500#&/ = _i(i’)’v)a ’
Szx)\ﬁ = _%(’vi)ﬁapyv + D(’)/S)‘BDC 7 (4-14)
6uD = —i(DuAysY")a

where we have switched from the Weyl basis to a Majorana basis®, which we

find more convenient. This means « is a four-component Majorana spinor
index.

4.1.2 Intermediate coupling flow operator

This construction is mostly following Lechtenfeld’s Ph.D. thesis [11], only
that he remained in the Weyl basis. We write the invariant action as a super-
variation

Sinv[A, 0,2, D] = [ d¥ Lin = sh6i, (4.15)
with the superfield component
Ao =1 / d*x{—~Dysh — 1Euy ™A} . (4.16)

From (4.15) it follows that also the g-derivative of the invariant action can
be generated by a supervariation. On the other hand, the g-derivative of the
gauge fixing part of the action can be generated by a Slavnov variation [11].
The Slavnov (or BRST) transformations are generated by a fermionic operator

SRecall that in four dimensions, we can choose the spinors to be either Majorana or Weyl spinors.
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s and take the form®

sA, = /gD,¢, SA=,/gAXGC, S = /%

AXC,
sD=gDxe, si=-¥exe, st=L1g(A). @17
Introducing a ghost contribution
Agh[F A] = / dix{FG(A)), (4.18)
it is easy to confirm that
0¢SelA, 0] = 72 sAgn[C, Al - (4.19)
Here, we have assumed a g-independent linear gauge
Q(A) = BVAP, or n”ﬁy , (4.20)

but this is only for convenience. Any g-dependence of the gauge will cancel
out in the construction of the coupling flow operator, and nonlinear gauges

can be implemented with G(A) = G(gA)/g for an arbitrary function G [27].
In total, the g-derivative of the action can be written as

dgSsusy = _873{5‘)0(50( —4/8s Agh} . (4.21)

We can use (4.21) to construct the coupling flow operator. Taking the g-
derivative of expectation values (with respect to the full action) gives

g X)g = (05 X)g +i(X[~g20uhu + 872 sAgn] ), - (4.22)

Assuming that there are no anomalies in the path integration, for the term
that is a supervariation, we can use the Ward identity for BRST invariance

(sY) =0, (4.23)

for any observable Y, while the SUSY Ward identity gets modified to

(0aY) =18 ¥ 2(0ubgn sY)), since &uSgr = —1/T5(0ulgn),  (4.24)

meaning the full action is not invariant under supersymmetry (c.f. the scalar
case (2.32)). Together with the graded Leibniz rules for the fermionic opera-
tors 0, and s, we find

g X)g = (9gX)g —ig *(AadaX)

g (X [—ig A buAgy — g2 Agh}sX»g . (4.25)

®In principle, one could multiply all the Slavnov variations with an arbitrary power of g, but in the
end, this does not change the coupling flow operator, so we simply adopted the conventions from [11].
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Next, we integrate out the fermions and the auxiliary field with equation of
motion D=0. When doing so, we obtain propagators of the gaugini

S=D '=-221, (4.26)
L
and the ghosts
~ AG(A) = \—1 o~
G=( az%H)Dy) =—ice. (4.27)

Note that there are extra factors of —i/g? in the gaugino term and —i/g in
the ghost term in the exponential of the first line in (4.4), which we have not
inserted in the propagators above. They are taken care of separately in the
coupling flow operator below. In this ‘tilde” scaling, we define an intermedi-

ate coupling flow operator R, via
9g(O[A])g = ((9g + gRg[A)O[A] ) . (4.28)
Comparing this expression with (4.25), we deduce the (see also [10,11])

intermediate coupling flow operator

Rg[A] = —iAu[A] 6, + 7 — 5 M [A] ((Isaégh[ﬁ]) s, (429

gh[Av] S

where the ‘on-shell versions’ A, and J, are obtained from A, and 4, by setting
D=0. Since sA, = ,/gDy,.¢, we note that R¢[A] is completely independent of
the coupling g [27]. We further remark that

Agn[A] s G(A) = —i\/3 G(A), (4.30)
and thus the gauge condition

Re[AIG(A) =G(A) = (9 + ;Rg[A])5G(A) =0 (4.31)
holds. It shows that the gauge class is invariant under the coupling constant
flow and therefore a fixed point of the Nicolai map [27]. In the original defi-
nition of the Nicolai map, this was an additional requirement next to the free
action (1.15) and determinant matching condition (1.16), but here it holds by
construction. In fact, it follows from the free action condition since the pa-
rameter ¢ in Sy is arbitrary.”

4.1.3 Rescaled coupling flow operator

Instead of working with the operator ﬁg [A], we would now like to find an
operator that allows us to set up perturbation theory in g. To that end, we
rescale the gauge fields A=¢A, following closely the paper [27] by Lecht-
enfeld and this author. From the defining relation for the Nicolai map

7In the original definition, the free action condition was only referring to the invariant part of the
action.
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(c.f. (1.13)) ~ R
(O[A])g = (O[T, ' Al)o (4.32)

and (4.28), we can deduce a formal expansion of the inverse map acting on A

Tg_lg = exp{g (9 + %ﬁg/ [,2[])} A

) (4.33)

/

§'=0

but the ¢’ — 0 limit is ill-defined. We have to rescale first, yielding the pre-
scription®

Ty 1A = —exp{g(a +3 R [A] }A‘

, (4.34)

A=g'A lg'=0

where we will see explicitly that the ¢ — 0 limit is nonsingular. Remember-
ing that Ro/[A] is actually independent of g’, we can execute the ¢’ derivatives

A=g/A lg'=0
- gl{(g/) Roldl (¢’ +g)Rg/[A] A A=g/A lg'=0
R,[A / R 1[g'A]
-1 &) ¢ = & 88
_.g(1+g» Lngge g(1+g) A_y_o
o n—1 _ ~ ~
=Y (&) Relgal (Rylga]—1) - (RylgAl - nt1) A|
= 8 g'=0
(4.35)

employing a Taylor expansion around g¢/¢’ = 0 in the last step. Still, it is not
clear that g’ — 0 is well defined. To show that this is the case, we isolate the
degree-zero part of R,

Re[A] = Z ri[A] =: r0[A] + g Rg[A], (4.36)
with the degree-k parts 7y satisfying

EnA] = [dbx Au(x) 5305 nelA] = krlA], (4.37)

8Malcha and Nicolai propose a slightly different prescription in [28], but upon closer inspection,
one finds that it is actually equivalent to (4.34).



Chapter 4. N' = 1 super Yang-Mills theories 44

where we defined the functional Euler operator E. For the following compu-
tation, we need two ingredients. Firstly, we can use for any functional F the
equivalence

g F[A]=0 &  (gd;—E)F[gA] =0 (4.38)
and secondly, the commutator

[gag, é] =-1 (4.39)

These allow us to rearrange the inverse Nicolai map as

(4.35)] — no ~ ~
2Ly L(8) (Relga] = n+1) - (Ry[g'A] - 1) Ry[g'] /A

n=1 0
(438)17 " R
DY (5)" (£og £+ Relga) )
-+ (89 —E+ Ry[g'A]) §'A | | .
o=
(429)1 [e] g_n l ’ . =~ / n /
=71 ; - [g, (80y E+Rg/[gA])} §A g=0
“O1 Y 5 (0 + L(o[A1-E) + RglA])" g4 | .
n=1 £
(4.40)

Now it is important to note that, since the Nicolai map is an expansion
around the identity

T,'A=A+gn[AlA+ O(g?), (4.41)

it is a necessity that
rolA]=E= [A . (4.42)

This will also be seen in the explicit constructions of the operator later. It
means that (4.40) further simplifies and we can write

=

.
S
I
0Q I
gk
2 P2
>
OQ\
+
=
OQ\
>
—
OQ\
N

=
Il
—_
=2

(4.43)

=

Il
0Q [—
gk
2

=
>
QQ\

+

=
OQ\
>
—

S

=
I
—_

where we can set g = 0 without generating any divergences. This shows
that, once we know the intermediate coupling flow operator (4.29), we can
compute the
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rescaled (perturbative) coupling flow operator

Rg[A] = 1(Rg[gA] — E), (4.44)

0q |

from which we can construct the (inverse) Nicolai map with the same uni-
versal formula (2.6) that holds for scalar theories.

4.1.4 Explicit form of the coupling flow operator

Next, we derive an explicit expression for R¢[A] in terms of the fields. We
start from (4.29) and write

$XIA] = =i [ dx Rp(rmm X,

B N ' (4.45)

sX[A] = /g /d4x DVE;TZ( .

This allows us to express the intermediate operator acting to the left as

— . — . . . . — e .
Ry [A] = -1 % P,"[A] tr(7,S[A] v**) Fop+ ﬁ D,G[A] G(A), (4.46)

where we combined the first and third term in (4.29) using the covariant pro-
jector

D5 UlA ~0dG(A
P,'[A]:=6," — D,G gf%) . (4.47)
Here, we adopt the compact notation from Section 4 in [24]. Color indices and
position labels are suppressed, with implicit integrations convoluted with
insertions of A. This notation is used throughout the rest of the thesis and is
described in detail in Appendix A. To obtain the rescaled operator R, we need
to split off the Euler operator from (4.46). This can be achieved by means of
the identity

'yp/\fm —2DA+20-A—Ax A, (4.48)
— — — L
Rq [A] = ﬁ y—3 ﬁ B'[A] tr(1,S[A] [20- A~ Ax A]). (449

This yields the rescaled coupling flow operator (4.44)

<—

(_
Rq [A] = —g; % P,'[A] tr(1S[A] [20- A —gA x A]), (4.50)
where the rescaled fermion propagator is
-1 = .
— =—AA h D, =20 A 4.51
S=D L A wit U ut8AuX, (4.51)
and the rescaled ghost propagator is

(4.52)

o)

3G(A) -1 _
G= (%V)Dy) =—ic,
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Later, we will use the perturbative expansions

(e e]

S=S0—gSoAS =Y (—gSoA)'So,
=0 (4.53)
k
G = Go— G52  ALG = 2( G5 Ay) Go,
in terms of their free (¢ = 0) versions
Go=(95%,) ', So=d7'=-dCc, Cc=07". @454

The rescaled coupling flow operator (4.50) is well defined at ¢ = 0, because

P,'[Altr(7,5[A]) ‘g:O o IT,"tr (747,)9°C o 11,/3,C = 0, (4.55)

where we introduced the free (¢ = 0) projector

I, =6, — 9Go’gi  with Go:= (%5209,) " (4.56)

While one could stop right here and construct the Nicolai map by pertur-
batively expanding (4.50) and inserting into the universal formula (2.6), one
can express the coupling flow operator in a more symmetrical way. To do
so, we decompose the gauge field into transversal and longitudinal compo-
nents [29] in the next subsection.

4.1.5 Gauge field decomposition

Introducing the standard transversal projector
LY :=4¢," —9,Cd", (4.57)
we can split the Yang-Mills fields as follows

— AT L T _ L _ —
Au=A+ Ay, A, =1"A,, Ap=(,"—1L,")Ay =09,C0o-A.
(4.58)
Instead of using the transversal and longitudinal components of the Yang-
Mills fields, we can equally well introduce a ‘conjugate” gauge field

* T L
A=Al AL =4,-20,C0-A, (4.59)

and use A and A* as a ‘basis’ for expressions where one does not use the
Landau gauge to set G(A) =9 - A = 0. Using

2500-A=24"=A"— 4, (4.60)
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this allows us to rewrite (4.44) as [29]

g RlAl = —§ 5, B tr (1S [20- A—gA x 4])

= —% % P," tr {’yv 2( gSoA) x (A* — A) — 2(—gSOA)lSOgA X A] }
8 "1=0 1=0

= 1 5 n b ([ V(- gS0A) x (A7 — A) 4 Yo (~gSod) x 4] )
: "1=0 =1

= b g B [ gS0) x (A — A) + Y (~gSo) x 4]}
8 =1 =1

)

2
<
¢

(—gSod)! x A* }— 55 P,/ AL

X
—_

— 0 -
=+§ 5 B %l;)(—gsoﬁ)lsoé{ x A"} = 4 PrAL
< <—
:+% %Pyvtr{')’vSAXA*} <SA PVAL

(4.61)

Here, we observe that the ¢ — 0 limit of R, is well defined from the fact that

I,' Ay = 0.

4.1.6 Perturbative construction

In order to construct the Nicolai map perturbatively, we need the expansion
of R¢[A] in orders of g. To that end, we first expand the covariant projector

(4.47) to find
P Ay =11,7{6," — gA, Z( e Ap)kcoaag—ﬁ{j)}Ab
= —8IL Aq Z <_

k=0

We deduce that we can write Rg[A] compactly as

a/g;‘)Ap) x (Co-A).

— — —

RelAl =} 7 P efnS A x A"} + 55 11,74, G A AL

v 7/

or more practically we can write down the

(4.62)

(4.63)
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full perturbative expansion of the N'=1 D=4 SYM coupling flow opera-
tor in any gauge (from [29])

R (A=} 55 1,7{s," -G - (~s 5521 4,Go) 542}

o0

wﬁw%zmgmm%xAﬂ (4.64)
1=0
— 00 k
+ % Z( gGo% p) x (Co-A) .
Each order can be extracted, for example
- e —
nla =% &0, tr{'yUSOA x A* } + 55 11,74 x (C-A),

.
o [Al=—3§ 50 1LY tr{%SOASOA 8 A*} (4.65)

0
—§ 5 1,7 AG S tr{ i Sod x 4"
o 11,7 AsGo 2542 <> Ay x (C3-A),

and so on. From the universal formula (2.6) (or for the first few orders (2.15)),
the Nicolai map immediately follows. We emphasize again that this holds
for any gauge fixing function G(A) and in the full gauge-field configuration
space [29]. Itis a generalization of the previous formula for the Landau gauge
hypersurface given in [24].

4.2 Axial gauge (D=4)

Note: This section is largely following the author’s published work [29].
The simplest choice of gauge seems to be the Landau gauge

G(A) = A, . (4.66)

We argue that one of the central reasons for its simplicity is the fact that the
two projectors that are relevant for the perturbative construction, i.e., the
gauge dependent projector I1,” (4.56) and the transversal projector 11" (4.57)
coincide. Furthermore, on its gauge hypersurface, the longitudinal compo-
nent of the gauge field vanishes A]ﬁ = 0. We will discuss explicit results for
the Landau gauge later. Here, for the sake of exploring other options, we
instead want to consider a different gauge, namely the axial gauge

G(A) =n"A,, (4.67)

with an arbitrary constant four-vector n¥. This also includes the light-cone
gauge where n? = 0 in Minkowskian signature. Inserting this into (4.65) and
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using So = —dC, gives
— < 1 *
r1 =54 IL° [AU x (Co-A) — gtr (v, JCA X A )} ,
E

—
7

5

A,
2 % I, {—AaGonAx (Co-A) + §AsGonytr (7" dC Ax A™) (4.68)
— 4tr (70 9C A IC Ax A7) .

The traces can be evaluated using standard gamma matrix techniques (see
Appendix A for relevant formulae). We find

nAy = -TL'AY  with AV = CPAL AL+ 1C,APA; — A,(CD-A),
(4.69)
where we use the usual notation of square brackets around indices to indi-
cate anti-symmetrizations with weight one, e.g. A,B, := 1(AuB, — B,A,).
Moreover, we understand the last object in each term to be a color vector in-
stead of a matrix and write the shorthand 0°C = CF. For all details regarding
the notation, see Appendix A. The next higher order is

raAy =LY | A,Gon - AD —3CPAMNCl, A A + 2CPA[PAS) .

+ 2CPA[pAV](ca-A)} .

In the second order of the Nicolai map, there also appears R?A,,, which we
can simplify by introducing the conjugate projector

I =211, —T1,7, (4.71)
and using the identity
Ap— Ay =2AL =209,(Ca-A), (4.72)
giving
R, =11, |(Coan Al — oAl + ceagmtal
+ceapm,tal]
— 11, [(CB-A)HVAA(;) - ACTLAAY 4200 A, 11,0 A (4.73)
—2CP9;,(Ca-A) HV]AAE})]
=11, [~ A,c, Al 4 2cea, 1t ALY +2c0(Co-A)a, AL | |

In the last step, we used the identities

— 0 _ A A
IL'C, =0, Clh=1, a,lL,"=9,0,", (4.74)
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and integration by parts. We must be careful with signs when integrating by
parts. For example, with explicit position labels, we find

[ dty o=l (Co-A)w) 1My ~ A (2)
= [dyacrx-pCaam I, v-240E @7
- [ &y Cx—y)(Co-A)w) ALy - 2)AY ().

As a general rule, one can remember that there is an extra minus sign when
derivatives move to the left, while there is no extra sign when they move to
the right. With

CIL,* = C* — Gon™, (4.76)
we find the relevant combination of (4.70) and (4.73) to be

v 1 1 1
(RA-ra), =111 | - a,ctal) —2cra,c tall) +2c0(Co-a)a,A0)

v]

+3CPAMNC, Ap AL — 2CP A A, (CE)-A)] .
(4.77)
It is interesting that the influence of the ghosts lies only in the projector IT in

front of the square bracket. Inserting the expression for A(Al) (4.69) and with
more identities such as

c,cr=cct=c, cPl=p, (4.78)

we arrive at the following expression for

the Nicolai map in the axial gauge for N'=1 D=4 SYM (from [29])
TgAu = Ay + 8T, {CP A, A% — Ay(Ca-A)}
+ET1,Y {3CPANC Ap A} — 2CP Al A, (CO-A)
—2CP(C3-A)3},(A,)(CI-A)) +2CPAC, " Ar(CO-A)
—CPA,C A A} + A CP Ay (Co-A) — 3A,CAMALY
+8711,"'CPH(CO-A)C,7 A, Al + O(g%) .

(4.79)

An equivalent expression was derived by Malcha and Nicolai in [28], but
they do not make use of the conjugate gauge field A*, thus resulting in a
higher number of terms. They explicitly verify the free-action (1.15) and
determinant-matching condition (1.16). Curiously, while constructed only
in four dimensions D=4, the map (4.79) seems to generalize to the other crit-
ical dimensions, because their checks are valid also for D=3, 6, 10, at least to
second order and even outside of the gauge hypersurface. It remains to be
seen whether this holds for higher orders. Interestingly, from (4.79) we can
also recover the known expression on the Landau gauge hypersurface (see
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e.g. [24])
TeAu = Au+ ¢TI, CPAL Ay + $T1,/3CP AN ApAy + O(g%),  (4.80)

where0-A =0and A = A*.

4.3 Ad-hoc construction for the Landau gauge (D= 3,4, 6,10)

In theories without an off-shell superfield formalism, such as N'=1 SYM in
D=3, 6,10, there is an alternative construction scheme for the Nicolai map, at
least for the Landau gauge. This was discovered before the start of this Ph.D.
project, so it will only be outlined briefly, following the main work on the
topic [24]. First, we note that for D = 3, 4,6, 10, the corresponding Clifford
algebras have dimensions r = 2,4,8,16 which can be summarized by the
discrete relation

r=2(D-2). (4.81)

As opposed to the canonical construction, in the ad-hoc construction, one
does not need to start with the geometric scaling of the fields (as in (4.7)),
but can instead directly work in the perturbative scaling where the on-shell
action takes the form

SSUSY [A/ )\/ }\/ C/ C_] == Sinv [Ar )L/ )_\] + ng [A/ C/ C_] ’

Sinv[A, A, A] = /de {—%FV"FW — %)—\DA} , (4.82)
SulA,C,c = [ dPx {~ kG4 + %D, C},

The gaugino propagator is
S=p'=-1 1, with Dy=0,+gAx, (4.83)
and with the Landau gauge G(A) = ¥ A, the ghost propagator is

G=(9"D,) " = ~icc. (4.84)

Further, the covariant projector reads
P,"[A] =¢," —DuGa". (4.85)
We will also need the free versions of the quantities above
So=9"'=-94C, G=0"'=C, IL'=6,"-0,C0". (4.86)
The first part of the action Siny is invariant under the on-shell supervariations

6y = —i(Av)a,  Garp = —5(v")paFuv (4.87)
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while the full action is invariant under the on-shell Slavnov variations

A
4.88
sC=-%cxc, SC_:%Q(A). (4.55)

To find a coupling flow operator, as usual, we investigate the g-derivative of
expectation values

a4(X), = (35X, + (9gSsusy X) (459)

The goal is to trade the g-derivative of the action for a functional differen-
tial operator acting on X. In the canonical construction, we made use of the
off-shell superfield formalism to write d;Ssysy as a supervariation up to a
Slavnov variation. Here, this is not possible. This is where one introduces
the ad-hoc quantity (c.f. (4.16))

Bo= =3 [ dPx (Y"'\)a Aux Ay (4.90)
Its supervariation generates a part of the g-derivative of Siny [24]
OSime = —bulsa —i(3 = 221} [aP Ay A, A (4.91)
Note that the second term in (4.91) will lead to a multiplicative contribution
in the coupling flow operator, which we will discuss shortly. For the first
term, just like in the canonical construction, the idea is to use the SUSY Ward
identity (c.f. (4.24))
<<5“Y)>g =i (6aAgh sY))g, since  0,Sgf = — 50ulgh , (4.92)
where the ghost component is defined as
Agnle Al = / dix {2G(A)) . (4.93)
We apply this to Y = A, X in order to rewrite

((0x8a)X) o = (BadeX) +1 (0uBgn s(AaX) )

4.94
= (Au0u X)), +1 (Salgn s(Aa) X, — 1 (SuBgh Aa sX)), . (499

Unlike in the canonical construction, the on-shell superfield component A,
is not gauge invariant, so that sA, does not vanish and gives another multi-
plicative contribution

SAy =1 / dPx (1P*1) Dpcx Ay . (4.95)

Furthermore, in this scaling, the g-derivative of the gauge fixing part of the
action cannot be written as a Slavnov variation, and hence it leads to yet
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another multiplicative part
9Syt = [ dPx e (Ayxc). (4.96)
In total, we find that the g-derivative of expectation values becomes
%X, = (08X}, —i{{BuduX)), — (aBgn Aa X)) +{Z(r, D) X)), (497)

where Z(r, D) collects the multiplicative contributions resulting from (4.91),
(4.95), and (4.96). It depends on the spinor dimension r and the spacetime
dimension D. To obtain the coupling flow operator, the fermions and ghost
fields must be integrated out, giving rise to gaugino and ghost propagators.
In principle, Ry would then acquire a multiplicative contribution. This de-
stroys the derivative property of the operator and hence, the distributivity
of the Nicolai map, which is essential for satisfying the necessary condi-
tions (free-action and determinant matching). It turns out, however, that for
G(A) = 0-A — 0, it can be shown that

(zX),=0 VX, (4.98)

exactly when (4.81) holds, as is worked out in detail in [24]. This cures the
derivation property of the coupling flow operator, thus making the construc-
tion of the Nicolai map possible in the critical dimensions D = 3,4, 6,10 (on
the Landau gauge hypersurface). It is quite intriguing that the Nicolai map is
in that sense aware of the critical dimensions. Ignoring the last term in (4.97),
we can read off

the ad-hoc coupling flow operator of N'=1 D=3, 4,6,10 SYM on the Lan-
dau gauge hypersurface (from [24])

Rg[A] = —iAu[A] b — Au[A] (3uBgn[A]) 5, (4.99)

which we can compare to the intermediate coupling flow operator (4.29) from
the canonical construction. It misses the second term of (4.29) and A, is of a
different form here, compare (4.16) and (4.90). Otherwise, (4.29) and (4.99)
have the same general structure. Written in terms of explicit fields, the ad-
hoc coupling flow operator reads

5 h

Rg[A] =% 55 B, S Ax 4}, (4.100)
which can be compared to (4.63). For D = 4, i.e. r = 4, the expressions fully
agree once we enforce d-A = 0. In four dimensions one can use the more
general (4.63), while in the other critical dimensions D = 3, 6,10, we have to
resort to (4.99) on the Landau gauge hypersurface. For the construction of
the Nicolai map, we need
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the full perturbative expansion of the N=1 D=3,4,6,10 SYM coupling
flow operator on the Landau gauge hypersurface (from [24])

— — o] k
Re[A] =4 55 1,7{5," - gAUGOICZ()(—gA-aG()) o}
=0 (4.101)
-tr{fyvso Y " (—gASo) A x A} ,
=0

where the partial derivatives act on everything to the right.

4.4 Topological term (D=4)

Note: This section is largely following the author’s published work [35].

44.1 Off-shell action

In D = 4, the canonical construction from Section 4.1 offers an additional
freedom: Adding a topological term. The setup is exactly the same as in
Section 4.1.1, only that we add a topological term to the invariant action
(ct. (4.7))

~ ~ ~ ~ ~ 20 ~ ~ S~ ~ ~
Sinv[A, A, A, D] = g%/d‘Lx {—}LF’“’FW +1%FW*FW — %)\]5)\ + %Dz} ,

(4.102)
with the dual field strength
Fuv = 3€uupn FP* . (4.103)
The additional term is a total derivative, since
FM'F,, = 9,H" with HF « e/ (A0, +1A,A,xAy). (4104

It has non-perturbative consequences, e.g. for instanton configurations.
However, later we return to the untilded fields and set up perturbation the-
ory in g. Since we expand around the vacuum, where A is pure gauge,
through perturbation theory we will not leave the topologically trivial sec-
tor where the additional term in the action vanishes. This means that our
correlators cannot depend on 6, so that we can arbitrarily chose any constant
for it.” Nevertheless, the coupling flow operator and the Nicolai map do de-
pend on 6 (as they did in SQM with 6 # 0, see Section 3.2). In particular, we
set

o — £ (4.105)

~ 812
to a complex number and thus consider a flow in the (g, 6) parameter space
872 o'
e

along the curves 0 = , see Figure 4.2. Note that in our free g=0 theory 6

is infinite. This is not a problem though, because in the topologically trivial

90f course, the drawback is that we cannot access non-perturbative effects, but this is expected.
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/\9

$

FIGURE 4.2: Flow in the (g, 0) parameter space.

sector that term drops out anyway. Just like in SQM (see Section 3.2), we can
make use of choosing ¢’ freely. For #’ = +1, we obtain a chiral version of the
Nicolai map. Unlike in SQM, it does not truncate to a linear function in g,
but there are still considerable simplifications compared to the construction
with 6 = 0.

44.2 Coupling flow operator

The construction can be done in exactly the same way as without the topolog-
ical term (Section 4.1). The only difference is, that the superfield component

Ay (4.16) gets modified to'

Ay = Ag[1+ 0 ivs] (4.106)

po
It is straightforward to verify that the supervariation of the additional con-
tribution generates the topological term. We can now skip ahead and replace

[A] by A/[A] in the intermediate coupling flow operator (4.29) (where
A'[A] is obtained from A’[A, D] by integrating out D=0). For simplicity, we
restrict ourselves to the Landau gauge hypersurface, where G(A)=0-A=0.

Following the rescaling scheme of Section 4.1, we end up with the coupling
flow operator (c.f. (4.63))

— —

Re [Al = —§ 51 P/ tr{mS1* [1+0'17°]} Apx A, . (4.107)
Observe that for the values ' = +1, a chiral projector!!
P= = 11 £ ivs] (4.108)

enters the trace, which is why we refer to this as a chiral version of the Nicolai
map formalism. As usual, we expand the coupling flow operator in orders

10We remark that while we follow [35], here we use a different gamma-matrix convention to work
with the same conventions throughout the thesis. This is why some signs are different. Furthermore,
we differ by a factor of —i in our definition of 6.

Hrecall that in our conventions (iy5)? = 1.
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of ¢
Re[A] =) S A = n[A] + gra[A] + &r3[Al + ..., (4.109)
k=1

to construct the first few orders of the Nicolai map
T,A=A — grnA — 3¢%(rn—1)A — 1¢°(2rs —2rr — i +1]) A

— Lot (6ry — 61371 — 21173 + 2117211 — 3rar2 + 31213 + 131y — 1) A+ O(8°)
(4.110)
via the universal formula (2.6). For the following construction, we find it
very useful to decompose the covariant projector

P,' =o', —Dy(d-D) 1" = 4, —9uC9" —glAy = CuA 9] GY (4111

inv lgt gh

into three parts: An ‘invariant’, a ‘longitudinal’, and a ‘ghost” part. Accord-
ingly, we split up the coupling flow operator (4.107) into three contributions,

Rg = R + RS + RE" = Y~ ok (pinv 4 18" 4 18 (4.112)
k=1
Abbreviating
. 1 2 3
E [A;x] i= L tr{7, Sy [L+0'i7°]} Ay x Ay = E,S ) +gE§l ) +82E;(1 N
(4.113)
and by the important fact
D'E, =0 = d0"E, = —gA" X E,, (4.114)
the decomposition of Ry can be put into the compact form
RMN__ o RE_ . 0 gcAXE
Re = — 34 Eu, R, =8 54 9 X Ly,
$ A § 0 o 4.115)

Ry = — 8 55 [Ay —CuA-9]GA" X E, .

For a better overview, we can represent the expansion of the three contribu-
tions to the coupling flow operator graphically in a schematic form

gt
Rg :gj% +82W +0(g%), (4.116)
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similar to the representation of trees in Section 3.5.2, but with additional im-
plicit color and spinor structure!?. The red square dots indicate the internal
trace over gamma matrices. It involves all propagators in between the square
dots and all external bosonic lines attached to the square dots or vertices in
between. Note that the longitudinal contributions only start at O(g) and the
ghost contributions at O(g*). Due to

’)’;ux = ')’]/)’Dc + 17’/”1 , (4117)

the invariant and longitudinal parts of a given order can be combined by an
antisymmetrization of indices:

— —

i =g 5 e P[] O Apx Ay (4.118)
- o |
e = b s e P[]} CY L Agx Ay

which for k = 1 is trivial with ri"V = rllf“’“gt.

4.4.3 Simplifications

We now focus on the chiral case, where 8’ = 1 (the other sign is analogous).
The essential simplifications in the chiral formulation follow from a Fierz
identity

[V (L+7)]ap [10(1=i9"))gs = =2 (1=i0")as (1+i7")p,  (4119)
implying the
key simplification for the chiral SYM Nicolai map

A A=+ A for 0=+1 and k > 2. (4120)

For example, we can manipulate the traces in r"V'7i"V A, as follows

tr{ Vv [1417°] } te{ma oy [1+i7°] }
=+ tr{ 7’7 [1+i7°] } {72 [1—i7]7or*P}

. , (4.121)
= 16 r{m7’ [1-17"] 17" [14i7°]}
= —g {1y [1+7°] }
which yields the expression for 1, A, = riznVHgtAy. For higher orders it works

in the same way, only that there are more gamma matrices in the traces. The
simplification (4.120) looks similar to the polynomiality condition (2.60), but
it is restricted to the invariant and longitudinal parts of the coupling flow
operator. Therefore, the map does not truncate to a linear function in g, but
there are still significant simplifications. In fact, the second order completely

12Note also that we draw these trees with the root on the very left, because it complies better with
the internal color indices.
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vanishes, and writing out the map to fourth order we find

h 1
TeAy = Ay — g 1A, — 3318 rzgtrl)Ay
Igt h gt
— 5 -3+ 5 = (N — ) Ay + O(8)
= Ay — g8 tr{ vy [1+y]} C*Apx Ay
38 [Ay — CuA-9] C AY tr{yyypy [14i7°] } CPAx Ay
+ %8 tr{’yW'yvﬁ [14i7°] } tr{ 7oy [14i7°] } C*A,CpATCT Ay x Ay
1 h 1
— ﬁg4(3r —3(r gt—l—rs yr1—ri(r§ —ngtrl))Ay + 0(g%),
(4.122)
where we spelled out the first three orders explicitly. In the next subsection,
we will evaluate the traces and write out the map explicitly to fourth order.

We can be more systematic. Considering the universal formula (2.11) with
the cn coefficients (2.13), we notice that we can pair up terms to write

T,A=A — grA + Z/g” Cn Tng - Ty (Te — 1x_171) A
" (4.123)

' h  Igtigh
=A—griA+ Y ¢ cntn...tn, (5 —rEE) A,
n

where the primed sum is restricted to the multi-indices n with n > 3 and
m=k>1,
n= (kny,...,ns). (4.124)

The unrestricted sum over the (ordered) partitions contains 2n-1 composi-
tions. It is a nice exercise to prove this by induction. In the process, one
realizes that restricting the sum to those compositions with n; = k > 1 cuts
their number in half, as should be the case when we pair up the terms. Ap-
plying (4.120) to these pairs leads to the simplification in the second line of

(4.123). Each diagram begins with either | or with a ghost contribution r,%h.

A term involving ™ can only occur in higher iterations (s > 1) of the cou-
pling flow operator We will also see explicitly, that this reduces the number
of terms in the expansion significantly, compared to the construction without
the topological term. There could be even more simplifications in higher-
order actions of rI"V. As we can see from the graphical representation (4.116),

whenever some ri"¥ acts on a bosonic line that is part of the spin trace of any

other graph, there is the possibility of fusing the two resulting traces together
with the Fierz identity (4.119). This remains to be investigated in detail.

4.4.4 Chiral map to fourth order

For the traces in (4.122), we use standard techniques for gamma matrices
(g ror [LHY7]) = 205071016 + i €upon (4.125)
411 tr(')’v')’/%')’a')"y')’p/\ [H—H’)’S])

= —4(11,(M0][p"TAy t My 11B][oMALe T T [oTTA] [BTT4]0) (4.126)
—i(1up€ryor — Muo€pypr + Npr€uyor — 21yp€rlupe) +
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where the trace with six gamma matrices is only needed for the fourth order.
The resulting map reads

ToAu = Ay — g {CAAux A + 1€,  C* AP x A}
— 8 [A,— CuA -9 CACLAP X AN + & C*A[,Cy ApCr AP x AN
+48° CVA"CPA|,C Axx Ag) — %evm [A,, — CyA - d]CA"CT AP x A
+ 8 €A C¥ A Cy AVCTAP X AN — 8 €, sCYAVCP A, CLAP X AN

+g* TgA#|0(g4) + 0(g°).
(4.127)
Similar to the presentation of Nicolai maps before, we use a very compact no-
tation here. More explicitly, there are two types of implicit color and position
ordering here:

I3

A {
A
M P

- f”bCdeefefg/ Ay (x)C(x—y1) Ag (y1)Ca(y1—y2) AT P (y2) A3 (12)

(A CA,CLAP X AM)(x)

Yy1.y2
(4.128)
and
(CaAC*A,CRAPX AN (x) = S S
pooh ! (4.129)
= frepefss [ Cala—yn) A () C* (1-12)
Y1.Y2,Y3

- A (y2)Ca(y2—y3) AT P (y3) AS M y3)

where we also introduced a self-explanatory graphical notation. Note that
the first branched tree

(4.130)

drops out by the Fierz identity, while it is present in the non-chiral map,
being generated from 73 A. In the fourth order, we abbreviate the following
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six position and color structures

(Ghtspraonn)" () = U FEFISF | Cuforyn) ALn) a2

y4

A3 (12)Cy (9 —y5) AL (45) o (ys—ya) AL () AL (1),
(GIE sopn )" (x) = frbe pode fefs fahi /y A )00=) = Cule—y) A" () -3
Cly1—2) A (12) Cy (y2—¥3) AL (v3) Co (Y3 —ya) Al(y4) Al (v4)
(GhSasopa)' (1) = S FFIS | Culemyn) A )

y4

[Ai(yl)é(yl—yz) — Cy(11—12)A%(y2) - 0]
C(y2—v3) AL (y3)Co (y3—ya) Al (ya) Al (va) ,
(G2 pysopn ) (x) = fobe fede fafs ehi / Cu(x—y1) AL (11)Ca(y1—12)

}/1---]/4
- Cp(y2—y3) AL (y3) AS (y3) Co (y2—ya) Al (ya) Al (v4) ,
(G2 sopn )" (x) = fobe fode pifs pehi / (AL (x)3(x—y1) — Culx—y1) AL (1) - 9]

Y1---Y4
- C(y1-v2)Cp(y2—y3) AL (y3) AS (y3)Co (y2—ya) Al (ya) Al (va) ,

(Ghrnprsop)' () = SUFFISF | Cule—yn) o~y

AL A5 (12)C (1 ~95) AL ) Co s y0) ALy AL ()

(4.131)

We can also represent them graphically as diagrams, see Figure 4.3, where
we abbreviate the square brackets from (4.131) as

/y [Au(x)8(x—y) — Cu(x—y)A(y)-0] =
— K . (4132)

= Uoan  — —gav

14

These square brackets are contributions of the ghosts, as they appear in the
expansion of the ghost part of the coupling flow operator, see (4.115). With
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FIGURE 4.3: Diagrams in the fourth order chiral Nicolai map.

the abbreviations (4.131), we can express the fourth order relatively com-
pactly as

— 1A 1A 1A
TeAnl o) = ~Cufuwiptpaner ~ Golulgelrgor ~ Culuvlofa plpion — 3Cofuw) golpron
A A
+3 Gl[yzx]vap[vvp} 3G$z7€¢55[yvae] + 4Gvae§[y\5\vae} 4Gvae[m§5\vve} - 8G$Ue[yw7|¢55|e}

_Qeﬂvaﬁ(cuaﬁa[ap]ApA + Giﬁﬁ[ap]/\ap/\ + Gmﬂpwa\a]p)\ + §Gvucﬁ[pA]p'yA'y - %Giu‘?ﬁ(ﬂp[a&p})
_ﬁeaﬁw\@G}/ﬁww&aﬁpA - 4G11/€w] 6aj6por T 4G1[yv]aﬂp55)\)
T2 G%ﬁﬁpApA G;]lsﬂp/%p?\ T %G;lt][sﬁp}?\ﬁm T 2GWP\I!SI!S]W\

% G“[sﬁp]ﬁ/\m i G;EPA[VPM T ﬁe“ﬁmwcgmﬁm T 4G;1t?av}VﬁpA T 2G114103</5pvm)

i 1C i 1C
GA[MUM + 3va?\[#va} + 2€0pAGyprcecs T 2€00ey Cafunl ey
2A 7B
~2G;ptunlylply + 12€up26 Gravapas

_1 _ 3 _1~3 13 _ 13
6Gm[um JoAp) Gmmﬁ[waﬁ] 1Guluapiporor T 2Calopnlallopr ~ 2Culoprlulaloph
3
+15 12€uvap Ga’yvvﬁpAp)\ 12 €vopA sz’y[y |v|a]vopA

_ﬁe[ulv“ﬁvalﬂh]PMﬂt - éeV”PAGi[MthM ‘

(4.133)
We use the usual square bracket notation, where indices within vertical lines
are omitted from antisymmetrization. For readability, we wrote all indices
downstairs, although pairs of indices are still contracted with the Minkowski
metric. We can compare our chiral map (4.127) and (4.133) with the non-
chiral map to fourth order from [28]. In particular we can count the number
of terms in each order, factoring in the antisymmetrizations of indices and
the intrinsic (anti-)symmetries of the diagrams. For example, an antisym-
metrization of the last two indices of G'* (Figure 4.3a) does not generate an
extra term, because due to the color structure, the diagram is intrinsically an-
tisymmetric under the exchange of those indices anyway. The numbers of
terms are listed in Table 4.2. Note that in the non-chiral map, there are no
epsilon symbols present. They lead to a considerable reduction of terms in
the case of the chiral map. For an independent check of our result, in the next
subsection, we explicitly prove that the gauge (4.31), free-action (1.15), and
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TABLE 4.2: Number of terms in the chiral [35] and non-chiral [28]
Nicolai maps of N=1D = 4 SYM.

order 1 2 3 4
non-chiral map 1 3 34 380
chiral map 2 0 21 224

determinant matching (1.16) conditions for our result (4.127) hold to third
order.

4.4.5 Tests to third order

Note: The following tests follow the appendix of Lechtenfeld’s and this author’s
published work [35].

Gauge condition (4.31): By construction of the Nicolai map (4.127), it has to
satisfy

on the Landau gauge hypersurface. By simple symmetry arguments, it is
clear that this holds for the first order. For the third order, we use similar
symmetry arguments (e.g. Cyu€"** = 0) to remove most terms. The ghost
contributions vanish by

MA, —CuA-3]...=[A-a—A-3]...=0. (4.135)

Free-action condition (1.15): Next, we verify the free-action condition

where the bosonic action is Sg[A] =  [d*xF,,F*. The condition at first
order in the coupling is
- [dix ADTA o) £ [ d*xa,Au(ArxAY). (4.137)

The contribution from the € vanishes as an integral over a total derivative
and integration by parts of the other term immediately generates the desired
right-hand side. For the second order, we need (recalling that the second
order of the chiral Nicolai map drops out)

3 [ i TeAulo DTy Aoy = 1 [ dix (Aux A)(APXAY) . (4138)

Factorizing the left-hand side gives four terms. The two terms proportional
to one € symbol cancel each other. We can rewrite the term involving two €
symbols with the identity

oA

oA __ o
eyylxﬁe‘u p — _51/ 50(,[3

+ 5“”552 —05780n (4.139)
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generating three contributions. One of them is exactly the desired term on the
r.h.s. of (4.138), while the other two combine to cancel the remaining term on
the Lh.s. of (4.138). There are no terms of order ¢> or higher on the r.h.s. of
(4.136), so we need to show that

/ dtx A OT,A o) 0. (4.140)
Firstly, with integration by parts, the ghost contributions

/(DA”) x [Ay—CVA-a]...:—/(BVA”) X (dAy) ...

(4.141)

+ [oAxAd.. -
vanish by symmetry and d-A = 0. For the first term in the third line of (4.127)
we find

(0" AFx A¥)CPA[,CyAxx Ag) = —3 (AF X A*)CP A, Cy Ay x Ay =0,
(4.142)
after integration by parts. In the same way we can remove the last term in
the third order of (4.127). Including antisymmetrization, we are left with
four terms that cancel in pairs.

Determinant matching (1.16): Lastly, we need to check that

det(552) = Apiss[A] App[A], (4.143)

with the Matthews—Salam-Seiler determinant (Pfaffian for Majorana
fermions) Apss[A] and the Faddeev-Popov determinant App[A]. It is the
most difficult condition to show. For practical purposes, the logarithm of
both sides is taken. For the evaluation of the right-hand side, one identifies
the MSS and FP kernels from the action (4.82) and expands in orders of g
This procedure is described in detail for example in [22] and [24]. Instead
of rederiving this here, we take the result for the right-hand side to third or-
der from there, only adjusting for different metric conventions and setting
D = r = 4. The condition at O(g) is trivial as the right-hand side is zero and
the (color) trace on the left-hand side makes it vanish by f%¢ = 0. At O(g?),
the condition reads

1’cr[zSA’ ‘O oA }O ] L —1¢%[5 tr(CLAMCyAY) — 2 tr(CLALCHAY)],
(4.144)
with the traces over color, position and Lorentz indices on the left-hand side.
Generally, the trace in the determinant matching condition generates loops.
For example, graphically we would identify

tr(C,A*C AY) = WQWU : (4.145)

H
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Using the identity
€ape Mt = 2(5,,f’5ﬁA —26,6,.°, (4.146)
we compute

0A10(g) 0A 10(g)

} — (D—1) tr(CLAMCyAY) — €,ape ™ tr(CEAPC,A,)
+2i€,0p tr(CHAYC*AP)
= (D+1) tr(C,AFCyAY) — 2 tr(CL Ay CHAY) + 2i€yp0p tr(CFAYC*AP) .
(4.147)
For D = 4, we find the desired terms of (4.144). The remaining term vanishes
using CH(x—y) = —CH(y—x), so that

€uvap tr(CFAYCY AP) = €,0p tr(C*AYCIAF) = 0. (4.148)

We have only left to show the O(g>) part of the determinant matching condi-
tion (4.143). For readability, we use the same color coding of the right-hand
side as in [24], so the condition is

sA! 1[04 SA! SA! L A
[ 5 o] + 30| H o o o] = +40(CACAC A
— 3 tr(CuA,CPANCHAM) — 2
+ 2 tr(CLA,CLAFCPAY) — 2tr(CuA,CLAFCHAP) .

(4.149)
We start by evaluating
1tr[é_A', oAl oA ]
37 [9410(3) 4 10(3) 9A 10(3)
— Lr(CPANC ARCTAy) [ ahoibols —ie, reWPe, s’ (4150)

+3ovhe, " Pe ! + BioaalR e, ] .
The four parts in the square bracket lead to the following contributions:

) _
—1ouAs)laly — 33 tr(CuALCPALCHAN) —
+ 1 tr(CLA,CLAFCP AN,
—lie," Me"Pes’ = teuupn {tr(CHAMCY AL CPAM) + tr(CP AFCL AV CP AN
— tr(CMA*CLAYCPAM) — tr(CYAFCV A, CPAM) ),
sihe, Pely’ = —tr(CuA,CPA\CMAY) + (3-D)
+ (D-1) tr(C,AFCpAACPAY) — tr(CLA,CLAFCMAP)
102000 e, " = —ieuupn {2tr(CTALCHAYCPAY) + tr(CPAFCY A, CPAM)} .
(4.151)
The other term on the left-hand side of (4.149) involves the third order of the

chiral map. We list the contributions in one line per term of the O(g?) part
of (4.127). When doing so, we separate the antisymmetrization [y a] into two
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lines (3rd+4th and 8th+9th) and combine the antisymmetrization [y v« ] in
one line (5th):

o[ loge] =~ FACICA" < 4" — Ju(arCa,Cyat)

VA‘( uCa)CrAF x A + 1 — 1tr(C,AFC,A,CP AN

NAL(CCy)CLAY x AN — LT tr(CLACLAFCYAP) + L tr(CLAMC A CPAY

— N AY(CLCo)CLA! x AN — 1tr(CuACPANCMAF) + L tr(CLAFC A CP AN

—% — 2tr(CuA,CLAFCHAP) + 2 tr(CLAFC A CP AN
+1t

—ie,,p AM(C)CV AP x A"\ — Leuprtr(A'CAYCPA
+iﬂe],w\/\a(C“C!Z)C“AP < AY 4 3€ppr tr(ClA*C, AV CP A
(CHC)CY AP < AN + Leyypn tr(CuAFCHAYCP AN
(CECHCUAP x AN — Leyyon tr(CoAYCHAYCP AN
(CRA*CHAVCPAM) — Lleyyon tr(CPAYCUAPCHMA,L) .
(4.152)
Here we use a very brief notation where round brackets indicate a loop. For
example, graphically we translate

+ig emp\

)

)

)

)

r(CuAp,CyAFCP AM)

AM)

)

Al )
€;/1p\A¢\ )

e,wp A tr

u M
« A

Let us now consider the various terms in (4.152). Note that there are six gray
terms, which we can put in groups of three, one group without an € sym-
bol, and one group with an € symbol. Using a calculation that was already
performed in [24], both groups vanish. This requires the Jacobi identity in
color space, with the € symbols playing no role in the calculation. Next, let
us investigate the black terms. We can read the traces ‘backwards’, e.g.

tr(C*APCHAVCP AMN) = tr(C*AMCPAVCH AP) (4.154)

with C*(x—y) = —C*(y—x) and f”bcAl;l = —be“AZ (giving us six minus
signs, i.e. a plus in total). Using additionally the cyclicity of the trace and
symmetry, we find

Euprtr(CHAYCY AgCPAY) = €ypatr(CPALCYAYCHAY) = —€patr(CFAYCY AL CPAM) =0,
€prtt(CYAFCoAVCPAY) = €, o0 tr(CLAFCYANCP AY) = —€ypatr(CYAFCLAYCPAY) =0,

€prtt(CHAYCLACP AY) = €, patr(CL A CHANCP AY) = —€yypatr(CA"CHAYCP AY)
(4.155)
Next, we can make use of the
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Schouten identity

NapEpvor T Nap€vpAp + Nav€prpu + Nap€Aruy + Nar€Buvp = 0, (4.156)

for D=4 spacetime dimensions,

which implies that

€uvpr [tr(C Ay CHAYCPA™) — tr(C*AFCLAYCPAM) + tr(CYAFCY Ay CPAY)
— tr(C*AFCY APCL AM) + tr(CXAFCY APCM AL )]

= 2€,p\tr(C*AxCIAVCP AY) + €, pptr(CYAFCY A, CPAM) = 0.
(4.157)
This can be used to show that all the black terms in (4.151) and (4.152) vanish
after applying (4.155). Lastly, the remaining colored terms add up to the
same factors as on the right-hand side of (4.149). This concludes the check of
all Nicolai map conditions for our map (4.127) to third order.
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Chapter 5

N = 4 super Yang-Mills theory

Note: This whole chapter is largely based on the author’s published work [31].

To be able to discuss all aspects of N'=4 SYM properly, we have to intro-
duce more notation, including a whole range of indices, listed in Table 5.1.
It is well known, and we will demonstrate explicitly, that the action of N'=4

TABLE 5.1: Types of indices that appear in this chapter. Color and
spinor indices are often left implicit. Abbreviations: u.c. - uppercase,
l.c. - lowercase. (Table taken from [31].)

Name Representation =~ Range Alphabet
R-symmetry 4 of SU(4) 1to4 1sthalf of u.c. Latin (A, B,C,...)
R-symmetry (broken) 3 of SU(3) 1to3 2nd half of u.c. Latin (I, ],K,...)
R-symmetry 6 0f SU(4)=SO(6) 1to6  2ndhalfof l.c. Latin (7, ], k, . . .)
Color Adjoint of SU(N) 1to N2—1 1sthalf of l.c. Latin (4,b,¢, . ..)
Lorentz (4-dim.) Spin10fSO(1,3) 0to3 2nd half of L.c. Greek (i, v,p,...)
Lorentz (10-dim.) Spin10fSO(1,9) 0to9 u.c. Greek (£,0,T,...)

Spinor Spin % 1to4 1sthalf ofl.c. Greek (&, 8,7, ...)

D=4 SYM can be obtained by dimensional reduction of N'=1 D=10 SYM.
For that, we use the four- and ten-dimensional mostly plus metrics

n" = diag(—1, +1, +1, +1),  7*® =diag(-1, +1, ..., +1). (5.1)

Our four-dimensional gamma and sigma matrix conventions are unchanged
from the previous chapters. They are adopted from Wess and Bagger [46],
and can be found in Appendix A. We collect the ten bosonic fields of N'=1
D=10 SYM in the symbol

ar = (Aw (Pz) ’ (5‘2)
withy =0,1,2,3and i = 1,...,6. We will reuse all the quantities that were
relevant for the coupling flow operator in Chapter 4. These are the gaugino
propagator S (4.83) and ghost propagator G (4.84), the covariant projector P,
(4.85), as well as the gauge field decomposition from Section 4.1.5 with the
free projector IT", (4.56), and transversal projector 11", (4.57). We sometimes
extend the free projector to capital Greek indices

= = 6% — arGo %), (5.3)

requiring d34; = 0 for i = 1, ..., 6 in the reduced four-dimensional theory.
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5.1 Action

Note: This section is largely following the author’s published work [31].
The N' = 4 SYM invariant action is commonly written in a form [25]

Sinv = /d4x { — 1P Fuy — DD ; — Sx AP — 1R DP %4

. . 2
—ig ' 4pR P i x® +ig HAP AP gix T — i (9% 4’]‘)2} :
(54)
formulated using Weyl spinors x*, ¥4. They are related via the charge con-
jugation operator C in four dimensions as ¥4 = C(x*)T. Exactly like in
Chapter 4, all fields are in the adjoint representation of the gauge group with
implicit color indices. Further, the chiral projectors P* (4.108) appear. As
a theory of extended supersymmetry, the action (5.4) possesses a global R-
symmetry, which ‘rotates” the supersymmetries. It is given by the Lie group
SU(4) = SO(6). The bosonic fields ¢; transform as a 6, while the Weyl
spinors x and {4 transform as a 4 and 4, respectively. Furthermore, there
appear the Clebsch-Gordon coefficients t' ,, = (+#48)* (the structure con-
stants of the R-symmetry), that couple two 4’s to a 6 [47]. With them, we can
define anti-symmetric complex scalars

pap =tappi,  ¢P =1%o, = (pap)*. (5.5)

In four spacetime dimensions, we can freely choose whether to work with
Weyl or Majorana spinors. Here, we find it more comfortable to use the latter,
so we define

A =PTx* + P a4,  Ua=xaP” + PP (5.6)

From the property Cys = 5C, it follows that 4 = C(¢4)T, proving that
¢ are indeed Majorana spinors. A downside of using Majorana spinors is
that the R-symmetry transformations become less transparent. As one can
see from the fact that the index positions in (5.6) do not match up on the
left- and right-hand sides of the equations, the spinors ¢# and ¢4 transform
neither as a 4 nor a 4, but are mixed quantities, namelya4 ¢ 4and 4 & 4
respectively. It is easiest to deduce the R transformations by translating the
spinors back to the Weyl formulation with (5.6). The upside is that we can
write very compactly the

invariant action of N' = 4 SYM in Majorana notation

3 — 2
iy = /d4x {—1F" o — 4D,0:D 0 — 149" 59" — S (9ix9)?}
G.7)

with a matrix-valued field

Qg = 2[t Pt — PP ], = () g, (5.8)
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obtained from matrix-valued coefficients (c’)?; and a generalization of the
covariant derivative

Py = Doy + gdpx . (5.9)

To construct an N'=4 coupling flow operator, we consider two options. The
first one is the canonical construction via an N = 1 superfield formalism and
the second one is the reduction of the known A'=1 D=10 operator to four
dimensions. We dedicate the next two subsections to the construction of the
action (5.7) in these two approaches.

51.1 N = 1 superfield formalism

There is no formulation of N' = 4 SYM, where all four supersymmetries are
realized off-shell. However, for the canonical construction of the coupling
flow operator, it is sufficient to have just one off-shell supersymmetry. This
is very much possible, using an A/ = 1 superfield formalism [47]. The field
components come from one vector superfield V and three chiral superfields
N

V= (AV’ )\, D) ’ CI)[ = ((P[, IPI, FI) with [ = 1,2,3, (510)

with explicit expansions given in Appendix C. The dynamical fields are
the gauge field A,, four Weyl- (or Majorana-) spinors $* (A=1,2,3,4, with
A=y*) and three complex scalars ¢;. Additionally, there is one real scalar
auxiliary field D and three complex scalar auxiliary fields Fj. Just like in our
setup of N=1 SYM (c.f. (4.13)), the N'=4 Lagrangian is the last component
of a superfield:

L= gzLNtr[l%(WaW“}M the) + e e Py o5 (5.11)
+ %2 (e1ykP1[ @y, P |9 —I—h.c.)] ,

As usual, there is a trace over color space. There appear the non-abelian
supersymmetric field strength W, and its conjugate, with the superspace co-
variant derivatives D,, D*, which all can be found explicitly in Appendix C.
This is the geometric scaling, where the coupling only appears as an overall
factor 1/¢? in front of (5.11). The perturbative scaling can be recovered by
V — gVand ®; — gP;. With the technical details given in the appendix,
the Lagrangian in the Majorana basis comes out as

gL = —1FuwF" — SAy"DyA + 3D% — Soer (Figpx ¢k + F 9] <9k )
— Dy D" — 517" Dytpr + F Fr + Jser (PrrP ™ xpxc + ¢ P~ x¢px)
— V2(PIPAx ¢+ FIPTAXP!) —ipiDx ¢y,
(5.12)
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and the off-shell supervariations can be deduced from the superfield struc-
ture:

Supr = V2(P1P )y,

Su} = V2(PIP )a,

Sa(PT1)p = —iV2(PT") pa(Dupr) — V2(PT)paFr,

0a(P™1)p = —iV2(P™ ") g (D} ) — V2(P7)puFf

SuF1 = —iV2(Dyprg) (Y'P ) pa — 291 % (AP ), (5.13)
SuFf = —ivV2(Dutprp) (Y'P 1) pa — 297 x (APT),,

Sa Ay = —i(Amv)a,

0uD = —i(DuAp) (157" ) 5

durp = —%5(1") paFuv + D(75) g -

We can extract the penultimate superfield component, with respect to the
supersymmetry that is realized off-shell. It consists of those terms in the su-
perspace expansion of (5.11) that have one less power of ¢ or ¢ than maximal.
In Majorana notation, it is given by

Ay = }L/d‘Lx { — DysA — 3Eu ™A + 2ek [PT 1y x px + P*1p14>}“><¢;“<}
+ 2iyspi Ax o1 +1V2 [V Py Dyur + Y P Dyl

- \/E[P—’_IIJ[F;- + P_IPIPI} } .
o
(5.14)
As usual, the invariant action is generated from its supervariation:

Siny = / dix £ =k duhe. (5.15)

We can eliminate the auxiliary fields to obtain an on-shell invariant action.
To do so, we insert the equations of motion of the auxiliary fields

D=—ipfx¢r,  Fr= Jseyxd] <ok, (5.16)
which yields
Sinv = 2 / dx {—%F’wﬁw — Dy D'pr — jpaly”
+ Tsenr (P < + ¢TI x k) — V2(PIPTAXPr + PrPTAXG])

+ 30 x $1)* = Serxerm(gy x ¢i) (¢ x $h0) } -
(5.17)
In order to compare this expression to (5.7), we need to express the three
complex fields ¢; in terms of six real fields ¢;. The identification

¢ = %((PHB’ +igr), ¢r = %((Pl+3 —igr) (5.18)
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allows one to rewrite the action as

+ ek (P13 X Pr—P1915 X PK) + Pro113 XA + Prorys x A — (@i X G"j)z} ,
(5.19)

where we used the Jacobi identity in color space for the last term. This ex-
pression allows one to write down explicitly the coefficients (c')*5 from (5.8):

(), =idyvs, (3, =014,

) (5.20)
(CI)]K — ierKs (CI+3)]

K= —i€[]Kﬂ4 .

They are antisymmetric under the exchange of the outer two indices and all
others are zero. In the next subsection, we show that the coefficients resulting
from the dimensional reduction of the ten-dimensional theory to four dimen-
sions are exactly the same. For the construction of the coupling flow operator
in Section 5.2, we will also make use of the following two facts. Firstly, in-
tegrating out the auxiliaries in the penultimate component, we can write it
as

Au = g /d4x {—%wa’”’)t — (@) P pyP + J(04,) Ty ><¢B} , (521)
and secondly, we note that the supervariations of the six real scalars are

Supi = —ipy (e, . (5.22)

5.1.2 Dimensional reduction

We now show how to obtain the on-shell action of N' = 4 D = 4 SYM by
dimensionally reducing the on-shell ' = 1 D = 10 SYM action [25]

509 = 1 / d0x {~1F*®Re — JATEDs A}, (5.23)

where capital Greek indices label run from 0 to 9, and T* span the ten-
dimensional Clifford algebra. The spinor A is a Majorana-Weyl spinor, see
the discussion at the beginning of Chapter 4 and Table 4.1. The gauge field
can be reduced by

Az = (A, 91), (5.24)

so the Yang-Mills term decomposes as
—1F°Fe  —  —1FuF" — IDueD ;i — 1(@ix¢)?, (5.25)

where we imposed that all partial derivatives d3;; withi = 1,...,6 vanish.
For the Dirac term, we have to choose an appropriate representation of the
gamma matrices

AB
T =1g® ", rAB:<pO PO)®i'y5, AB=1,2,34, (526)
AB
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where we define the antisymmetric 4 x4 matrices

(0*®)cp := 6acdpp — dapdacC (04B)cD = Yeaprc(p™)cp = €ancp -
(5.27)
Moreover, at this point, we can introduce the antisymmetric complex scalars
o1 =3(pr +igria), 9" =3¢ Pocp = (pap)*, (5.28)

where the prefactor of 1/2 is conventional. This fixes the Clebsch-Gordon
coefficients t' , , from (5.5) to be

(tl)]‘l — %(51] — (tl)]4 , (t1+3)]4 — %(51] — _(t1+3)]4 ,

. (5.29)
(tl)]K — %€I]K — (tl)]K , (t1+3)]K — _%GI]K — _(t1+3)]K )

The Majorana-Weyl spinor A can be decomposed as
A= Py PP R, PR, with g4 =Cp4T,  (5.30)

with four Weyl spinors x* as in (5.4). Instead of Weyl spinors, we can use
the Majorana spinors ¢* from (5.6). In terms of these, the Dirac term simply
becomes o S

—SATEDg A — =34 275 9", (5.31)

with the generalized covariant derivative (5.9) and the matrix-valued

(c.f. (5.8))

D4p = ()59 = [(0°P)asP" — (pcp) aBP ™ | pcp = 2[t 4gPT — £4PP ] g .
(5.32)
This fixes the coefficients

(c)Ag =2[t 5P — #4PP7], (5.33)

which are equivalent to those found via the superfield formalism (5.20).

5.2 Construction of the flow operator

Note: This section is largely following the author’s published work [31].

We present two methods of constructing the coupling flow operator. First,
in Section 5.2.1, we use the canonical construction via the N'=1 superfield
formalism, and secondly, in Section 5.2.2, we reduce the known result from
ten-dimensions (see Section 4.3) in the Landau gauge down to four dimen-
sions.

5.2.1 Canonical construction

We can follow the procedure developed in Section 4.1. The only difference
is that the superfield expansion (5.11) is more complicated. We could also
add the same topological term as in Section 4.4, but this only affects the
gauge field A, and not the full bosonic sector. For simplicity, here we set
6=0. We start with the on-shell invariant action (5.19), so the full action
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Ssusy=Sinv+Sgf 18
mv = /d4 Al}f?“’fw/ - %f)yaif)y(Pz - _IPA‘@ABI;E - _((P1X(P]> } ’

gf— 2/d4 gAq)) +gc g( (P) C+gC §~ )§01><C}

(5.34)
where as in Chapter 4, the tildes indicate the geometric scaling of the fields.
Later, for perturbation theory, we will rescale by appropriate powers of g, in
particular A=¢A and $=g¢. We use the by now familiar fact that, due to
the off-shell supersymmetry, we can generate the g-derivative of the action
as a supervariation (given by (5.13) with tildes everywhere) up to a Slavnov
variation

dgSsusy = —é%{sa&x — /85 Agh} , (5.35)

with the penultimate superfield component A as in (5.14) but with tildes on
all fields, the standard ghost component

Agh = / dix {56(4,9)}, (5.36)

and the Slavnov variations

sA, = /3D,c, sA=,/gAXEC, SA=,/TAXE,
sD=ygDx¢, sc=-Yexe, st= ladg, 63
SQ; = \/§ PixXC, sYr=./gyPrxc, sF=,/gFxc.

Since (5.35) and (5.36) are of the exact same form as for N=1 D=4 SYM,
the construction of the coupling flow operator is completely analogous. The
intermediate coupling flow operator is (c.f. (4.29) from Section 4.1.2)

Re[e| = —iAy[/) 6y s — G2 Dl ) (Oubpl/]) s, (5.38)

L G v &

where &/ E(ﬁy, ¢i), we integrated out the auxiliary fields, so we use the on-
shell A,[<7] (5.21), and, as usual, contractions indicate gaugino or ghost prop-
agators. We can rescale </ =g¢.«7 and write this in terms of the explicit fields,
in a calculation that can be found in Appendix D. The result has the same
structure as (4.63), but with an additional R-symmetry index structure:

The N'=4 D=4 SYM coupling flow operator from the canonical construc-

tion
%

Rg [o] = 1 52 P2 tr{ (%)t 454545 x #°C,)
8 8 bar °T %) A° B C (539)
<7 .
+ 5oz Ir Ay,

where quite a few new quantities were introduced, which will be explained
in the following. At the place where in the N'=1 case, there only was a
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gamma matrix, we now have the more general object

54y for L =p=0,1,2,3

A .
(%) B'_{ (chAp for Z=3+i=4,5,.,9 ' (40

that also contains the matrix valued coefficients (c')“; (5.20). We also use the
natural shorthand notations

Ir =Dy, 8pix ),  Pp=9%(6)" =W +gP%x , (541

which allow to express the gaugino and ghost propagators S, G, as

P Ps(y) = =S (v ), PSSy ) =6%6(x—y),
(5.42)
and

. - oG (o
ic(x)ely) = Glxy; ), G Glxy;) =d(x—y).  (543)
We also introduced a generalization of the conjugate gauge field (c.f. (4.59))
A = dE(Ge) g = Ad g + Dy, A= AT+ (01T, (5.44)
of the covariant projector (c.f. (4.85))
PE =oF — 9 GHY, (5.45)

and its free version . .
1> = Pr \g:o . (5.46)

It might seem quite peculiar that in the formula for the coupling flow opera-
tor (5.39) there appears an explicit ‘4" instead of a summation index. This is
an artifact from having chosen one of the four supersymmetries (the ‘fourth’
one) for the N'=1 superfield formalism. It will become much clearer once we
consider an R-symmetric framework in Section 5.3.

5.2.2 Dimensional reduction of the ad-hoc construction

We can take the known (ad-hoc, see Section 4.3) expression for the cou-
pling flow operator in ten dimensions on the Landau gauge hypersurface
(c.f. (4.100))

H

%
R[] = 3 52 PUO {15500 x 4/}, (5.47)

and dimensionally reduce it to four dimensions. The trace in (5.47) is over
32 %32 spinor space with

H =TE ok . (5.48)

With the same methods as in Section 5.1.2, we carry out the dimensional
reduction. In the following, when leaving out the superscript that indicates
the number of dimensions, we always assume the four-dimensional quantity,
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e.g., S® = S. From the fact that the partial derivatives d3,; for i=1,...6
vanish in the reduced theory, and setting .&/=(A,, ¢;), itimmediately follows
that

plo* ., pr (5.49)

The gaugino propagator S(19) is a 32x32 matrix given by the contraction of

the spinor fields. Using the dimensional reduction of A (5.30), we can decom-
pose the propagator as

- PSALP)up | (PTSAPPT)
s10) = _A} = ( ( B Jap op ) ) 5.50
U T (P S05P )ap | (P5,PPF)s (5.50)

into four 16x16 blocks with ‘inner” (R-symmetry) indices A, B and ‘outer’
(Majorana) indices «, B, all ranging from one to four. Here, thanks to the chi-
ral projectors, the position of the inner indices complies with the transforma-
tions under R-symmetry. This means, upper and lower indices transform as
a 4 and 4, respectively. In the same block notation, we represent the gamma
matrices as (c.f. (5.26))

I — ( (7")apd”s | 0 > [AB _ < Y | (i75)app”P
0 ‘ ('Yy)zxﬁ(SAB ’ (1')’5)043.0AB ‘ 0 ’
(5.51)
and thus Ash ‘ (i) B
0 175) 0P
w=r2M=< TupT B ap ) 5.52
. (i75)appan | Aupd,” (5:52)

When multiplying two block matrices, we contract equal types of indices
with each other, which for example yields

W xd) — ( (AXA)aﬁ(S.AB + (14)app”“ < 9ch | 2(Aiys)apx " )
2(iv54)ap X P aB | (AXA)upd P + (14)appacx 9P

(5.53)
Through dimensional reduction, we want to bring (5.47) to a form similar to
the first term of (5.39), which contains a trace over 4 x4 matrices. To that end,
we interpret S (10), I's, and & as 8 x8 matrices with 4 x4 matrix-valued en-
tries. The latter matrices are spanned by the outer indices a, B. We multiply
all the matrices in the trace of (5.47) with each other, and subsequently take a
partial trace in the 8 X8 matrix space. A sample contribution is

(32 {r,, 519 14 ® (Ax A)}

C) ( (Vi)ay PTSAEP ) s (AXA)5p | (7)ay (PTSABPT) 5 (AXA)sp )
(’Yy)wy(P_SABP_)'yé(AXA)(Sﬁ ‘ (’Yy)av(P_SABP+)75(A><A)5ﬁ

= trW {y,PtSA, P~ Ax A} + trW {7, P~S,PTAx A}

= tr {18y Ax A},

(5.54)
where in the last step the cyclicity of the trace allows one to commute the
chiral projectors. From the third to the last line, the positions of the indices of
the gaugino propagator in the first vs. second term do not match up, so the
R-symmetry transformation properties become nontransparent again. This
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is due to the definition of our Majorana spinors (5.6), where the same issue
appears. However, to recover the transformations, one can always express
the composite objects in terms of those in Weyl notation, where the index
positions agree with the R-symmetry transformation properties. By compu-
tations analogous to (5.54), one finally establishes

P Y A SR P

with the same quantities as introduced in Section 5.2.1. By construction, this
trace is invariant under R-symmetry transformations for X=p, and trans-
forms as a 6 of SU(4) for =3+, which can also be checked explicitly.! We
have found

the N'=4 D=4 SYM coupling flow operator from dimensional reduction

<—

Rg [#] = & 3% BT tr{ (62)" 58P p x #*Pa ), (5.56)
which is valid on the Landau gauge hypersurface.

5.3 R-symmetry

Note: This section is largely following the author’s published work [31].

We have found two results for the coupling flow operator, one from the
canonical construction (5.39) and one from dimensional reduction (5.56). In
the following, we will restrict to the Landau gauge hypersurface, because the
latter only exists there. Comparing the two results,

%
(o] = % o7 Pr tr{(%:) 5S CngDXJ%*D } from can. con., (5.57)
%

%
Rq (o] = 35 52 S o tr{(cfg) pSBo# S x #*P } from dim. red., (5.58)

$—
R

oQ

we conclude that they are not equal, because they come with slightly differ-
ent index structures. To reconcile this, we first need to make two observa-
tions. From the definition of the coupling flow operator R, (2.1), we can read
off that real observables are mapped to real observables. That is, at least up
to potential imaginary terms that drop out in expectation values. Such terms
will be disregarded in the following. Thus, we demand that the kernel K in

- —
Rg [] =55 Kr, (5.59)
is real. The second observation is a principle of superposition for coupling
flow operators. Consider the infinitesimal conditions (2.21), (2.22) and the

1By decomposing into chiral (Weyl) contributions. The contributions that do not seem to transform
correctly vanish due to properties of the chiral projectors.
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gauge condition (4.31)
OKr|; x|
b _ f o I ’
(9g + Re[/])Sg[«/] =0, (g + Re[«7])Se[ ] —/de/
(9g + Rel/])G(/) =0,
(5.60)
for our bosonic fields .7 (although this works for any supersymmetric field

theory). If we now assume that we are given two operators Rél) and Réz) that

satisfy these conditions, it is straightforward to verify the

principle of superposition of coupling flow operators:

If Rél) and Réz) are coupling flow operators, then

R, == pRY +4RY with pg e R and p+g=1  (561)

also satisfies the three conditions (5.60), i.e. it is also a coupling flow op-
erator.

The index 4 in (5.57) is a reminiscence of choosing the ‘fourth’” supersymme-
try for setting up the superfield formalism. Of course, we could have equally
well chosen any of the three others, which would result in indices 1,2 or 3 in-
stead of 4 in (5.57). The principle of superposition then allows us to superim-
pose those four cases with real coefficients, keeping the same normalization.
We make the anticipatory ansatz

— —

R[] = 35 505 o™ tr{(%Z)ABSBCJﬁCD X A" PE(6%, +LEA)} , (5.62)

where we inserted the identity plus a traceless matrix L. We can identify the
two results (5.57), (5.58) with

L = diag(—1,-1,-1,43) and L=0, (5.63)

respectively. Applying the principle of superposition to our ansatz, we find
that any matrix from the set

{L = diag(q,92,05,04) with Y =0} =:b (5.64)

leads to a valid coupling flow operator. Note that the set b is a subalgebra
of the Lie algebra su(4), the space of traceless and hermitian 4 x4 matrices.
Moreover, b is a commutative subalgebra, since the commutator of any two
elements vanishes. Additionally, given a matrix x € su(4), if

h,x]ebh ¥V hep, (5.65)

then also x € h.2 This shows that b is a Cartan subalgebra of the Lie alge-
bra su(4). While this already shows that there is a whole family of N'=4
coupling flow operators, the space b is not exhaustive for possible choices of

2That is, h is equal to its normalizer.
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L. We know that the trace in (5.62) is invariant under SU(4) R transforma-
tions for ¥ = p and transforms as a 6 for ¥ = 3 4 i. This property has to be
conserved when including the matrix L in the trace. By investigating the R
symmetry index structure, one finds that exactly like the Majorana spinors
(5.6), L consists of two chiral (Weyl) contributions

L=LP +L*P', (5.66)

where L* is the complex conjugate of L. To preserve the R symmetry proper-
ties, L has to transform in the adjoint 15 of SU(4)

L — ULU", with U € SU®4). (5.67)
Let us now apply an SU(4) transformation to
Lo=LyP +LsPT €p. (5.68)
It is clear that zero trace and hermiticity are preserved
tr(ULoUY) =0 and  (ULoUN)" = UuLoU". (5.69)

This, together with the fact that § is the Cartan subalgebra of su(4), implies
that the group action of SU(4) on h generates the entire Lie algebra su(4).
Thus, any L € su(4) represents a valid coupling flow operator. With the
inverse argument, for any L € su(4), there is a matrix U € SU(4) such that
ULU? is diagonal. Hence, we can characterize any L by its four eigenvalues
g;. Note that tr(L™) is invariant under (5.67) for any integer m > 1, but only

trL:Zqi:O, trLzzz%z, trL3:Zq?, ’crL4:Z:q;l (5.70)
1 1 1 1

are functionally independent.® For example,
trL°=2tr % tr [°. (5.71)

We can characterize a given L by three real parameters, either its eigenval-
ues (q1, g2, 93, q4) with Y g; = 0 or by (tr L2, tr L3, tr L*). It is sensible to
differentiate the degrees of degeneracy in the eigenvalues. If all the eigenval-
ues are distinct, the stabilizer of the adjoint action* on L is the maximal torus
S(U(1)*) = U(1)3. In that case, the orbit under the action is given by SU(4)
modulo the stabilizer, resulting in the 12-dimensional flag manifold

SU(4)/U(1)3 . (5.72)

If there is degeneracy in the eigenvalues, the orbit is smaller since the stabi-
lizer is larger. All cases are listed in Table 5.2. The dimensional reduction led
to L = 0, the fully degenerate case with no free parameters for the coupling
flow operator. It is the most symmetric scenario, which can be expected, since
all four supersymmetries were treated equally in the dimensional reduction.

3This can be proved by Newton'’s identities for symmetric polynomials.
4i.e. the space spanned by the group elements that keep L invariant.
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TABLE 5.2: Stabilizers X C SU(4) acting on L € su(4), by degeneracy of the eigenvalues

g;. The last column lists the number of free parameters for the coupling flow operator. It is

given by the sum of degrees of freedom (dofs) in the choice of the g;’s and the dimension of
the orbit SU(4)/X. (Table taken from [31].)

Degeneracy dofs Stabilizer X dim(X) # free param.
all g; distinct 3 S(U(1)%) 3 15
two g; equal 2 S(U(2)x U(1)?) 5 12
two equal pairs 1 S(U(2)x U(2)) 7 9
three g; equal 1 S(U(3)x U(1)) 9 7
allg; = 0 0 SU(4) 15 0

The canonical construction on the other side led to an L where three of the
eigenvalues are equal to zero, with stabilizer S(U(3) x U(1)). This prompts
the conclusion that any L with three degenerate eigenvalues originates from
an off-shell formalism, where any gauge fixing function is admissible. For
gauges other than the Landau gauge, the second term in (5.39) must be added
to the general formula. To conclude this section, we write down the general
formula for

the general N'=4 D=4 SYM coupling flow operator on the Landau gauge
hypersurface
—

e
Ry [) = % 52 Pr” tr{(fgz)ABsBcgyCD x #*Pp(5E, + LEA)} , (5.73)

where L = LP~ 4 L*P™ and L is any element of the Lie algebra su(4).

We have shown that there is at least a 15-dimensional ambiguity for the
coupling flow operator on the Landau gauge hypersurface and at least a
7-dimensional ambiguity for an arbitrary gauge. In Appendix E, we prove
that (5.73) satisfies the necessary and sufficient infinitesimal conditions for
the coupling flow operator, providing a double check of its validity.

54 Maps

The Nicolai map for N = 4 SYM was first investigated by Nicolai and Plefka
in [23]. They assumed the A'=1 D=10 map in the Landau gauge (to second
order)®

Tysts = sy — §COutsclp + 38°CO " Cip oty + O(8°) (5.74)

and reduced it to four dimensions with the simple prescription «/ = (A;, ¢;)
and ds; = 0. This yields

TeAu = Ay — gCP AL A, + %gZCPAAC[VApA A+ gZCPq)iC[VAp] ;i +0(g%), (5.75)

Tg(Pi = @Q;— gCF’goiAp + gZC[PA)‘] C)\(p,’AP + %g2CPgoij<pj(pi + O(g3) . (576)

Swhich we write with the usual compact notation, see Appendix A.
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This agrees, as expected, with the result one obtains, when constructing the
Nicolai map from the coupling flow operator (5.73), with the maximally sym-
metric L=0. Here, we want to investigate the ambiguity of the A’ = 4 map
by additionally computing the four distinct maps to second order on the Lan-
dau gauge hypersurface with

L = diag(+3,—1,-1,-1),... , diag(—1,—-1,-1,+3) . (5.77)

They correspond to the canonical construction of the coupling flow opera-
tor from the superfield formalism, where supersymmetry ‘number’ 1, 2, 3,
4 is realized off-shell, respectively. In these cases, the N'=4 coupling flow
operator becomes

— —

with no sum over A = 1,2,3,4. As always, the Nicolai map is given by the
universal formula (2.11), which to second order yields

Tod = o — gned — 3¢%(rn—1r)o + 0(g°). (5.79)

with the O(g%) and O(g') components r; and 7, of the coupling flow opera-
tor respectively. The computations that lead to the following explicit Nicolai
maps are straightforward and can be found in detail in Appendix D of [31].
The Nicolai map for A = 4 is given by

4
TeY Ay = Ay — gCP AL Ap + 38 CP AN Ag Ay + §°CP 9,Cy Ay 9
3
— 1L eynp0 Y [ChpiCP o 5 AT — Chop5CP@r A (5.80)
=1

+CrAPC9r139)] + O(8°),

T o1 = g1 — §CP@1A, + FCPANC 91A, + 162CP9Copjigr

—18%€1pA [CM@r43CY AP AN +2CH AV CP o3 AN
3
—18°CP Y [9113Co91+39) + @1Co@1+39)13 — 91+3Co 913y + O(8°),
j=1
(5.81)
Tg(4)§01+3 = 9143 — §CPPri3A, + SPCPANC @1 3 A, + 382CP9iCopipris
+18%€,0p0 [CM@ICV AP AM + 2CH AV CP @ AN
3
+18°C° Y [901Cops439) + @1Cop19143 — 1+3Cop19s] + O(8°)

J=1
(5.82)
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where the black terms completely match with (5.75) and (5.76), while the blue
terms are new. Similarly, the Nicolai maps for A = K =1,2,3 are

TMA, = Ay — gCPALA, + 3¢2CP AMNC ApAy + CP9iCl AL i

+28°T1,"€vap0 Z VORI [CR e CP @13 AT — ChoryaCPorAT  (5.83)

+CrAPC gy 59)] + O(8%),

T8 g1 = o1 — gCPp1 A, + §2ClP ANCr 91 Ay + 16°CP i Copir

Zg ewp/\(_) OK[CF @, 3CY AP AN +2CHAYCPpp 3 A
—38°CP (=)’ Z C +¢,C e ]
28 P143Co @439 + @1CoP1139143 — @1+3CpPI439)

+g%CP [901+3Cp(PK+3(PK + oxCoPr139K+3 — Pr+3CoP1430K] + O(°),
(5.84)

T 013 = @113 — 9CP 1134, + §2CP ANCL @1 3 A, + 142 CP9.Cop;
g P13 = @13 — 8L Qr3Ap + & API+34p T 28 LT P pPiPr+3

-1 gzewm(—)‘sm [CHeCYAP AN 4 2CH AVCP 1 AN

+387CP (=)0 Z 91Cos+3¢1 + @1Co@195+3 — 91+3CoP19]]
J=1
—8*CPl1Copics3px + PrCoP19x+3 — P+3CoP1gK] + O(g( ) - |
5.85
Not that the novel blue terms in all four versions of the Nicolai map only
differ in the signs. Actually, when symmetrically superimposing the four

(A) o

coupling flow operators Ry

Rg = (R + R + RY + R, (5.86)

the resulting Nicolai map exactly reduces to the black terms (5.75) and (5.76).
It should be highlighted though that we cannot add the four Nicolai maps
themselves, as they are not linear in Rq. By construction, the necessary and
sufficient conditions for a Nicolai map are satisfied by all four maps pre-
sented in this section. This is also shown explicitly in Appendix E of [31].



82

Chapter 6

Outlook

An important topic that we did not address in this thesis is renormalization.
It is important to recall that the Nicolai map only consists of tree diagrams.
Loops only come into play when computing correlators in the free theory
via (X[p])g=(Tg 1X[¢])o, where the open bosonic lines of the trees are
contracted with each other. For simple, pure supersymmetric theories, such
as the four-dimensional Wess-Zumino model or ¢* theory, renormalization
is almost trivial. There, the coupling flow operator and Nicolai map simply
acquire a global renormalization factor. For gauge theories, this is more
complicated, because regularization breaks supersymmetry. Here, each
divergent integral has to be taken care of individually. This was already
investigated for N'=1 SYM by Lechtenfeld and Dietz in 1985 [12]. They
were able to restrict to gauge-invariant observables, such that there was no
need to fix a gauge. With dimensional regularization, they rederived the
universality of the gauge coupling to 1-loop order, in a computational effort
similar to the usual Feynman diagram method. The gauge independence
of this approach to the quantization of non-abelian gauge theories is quite
special and should be investigated more deeply. Furthermore, it would
be interesting to see how the addition of a topological 6-term affects this
procedure. As a toy model, this could first be studied for our interacting
SQOM model from Chapter 3.

In Chapter 5, we studied the Nicolai map formalism for D=4 N'=4 SYM
and uncovered a 15-dimensional ambiguity for the coupling flow operator.
This allows one to search for the most simple Nicolai map construction.
In principle, one can further add the same topological term that we also
added to the N'=1 theory, but this only affects the gauge field and not the
six real scalars of the N'=4 theory. Perhaps, it is possible to construct a
topological term that affects all bosonic fields, such that we achieve similar
drastic simplifications as we have seen in Section 4.4. This is equivalent to
finding a topological term for D=10 N'=1 SYM. Since it does not have an
off-shell superspace formulation, there is no canonical way of finding such
a topological term. Other open questions regarding the AN'=4 theory are
how exactly the ambiguity from the coupling flow operator propagates to
the Nicolai map. Further, it would be interesting to see whether the Nicolai
map somehow knows about the vanishing of the beta function and the
renormalization properties of N'=4 SYM. The ultimate goal in this direction
would be to find hints of an integrable structure.
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It would be quite remarkable to formulate a Nicolai map for supergravity. As
a toy model, supersymmetric nonlinear sigma models could be studied. A
main complication is that they (and formulations of supergravity) typically
contain terms that are higher than quadratic in the fermions. This is a major
complication for the formalism since it requires integrating out all fermionic
tields. There are special manifolds and particular formulations of nonlinear
sigma models that can indirectly be written with only fermion bilinears,
bypassing this problem. It would be a good first step to investigate these
cases. For supergravity, there are also special formulations, such as the “first
order” or ‘1.5 order’ formulation (see e.g. [48]) that have an only-quadratic
action in the fermions.

In the context of SQM, we have started to investigate the diagrammatics of
the Nicolai map in Chapter 3. We discovered that the notion of 1-particle-
irreducible diagrams is distinct from the situation in standard Feynman
perturbation theory. It would be illuminating to find a precise definition of
1PI Nicolai diagrams and a corresponding effective action.

It is believed that the Nicolai map can be helpful in studying supersymmetry
breaking. This was prompted by the identification of the winding number
of the Nicolai map with the Witten index [21, 38, 44, 51], which allows
formulating a necessary criterion for supersymmetry breaking in terms of
the geometry of the Nicolai map. This connection should be further explored
(e.g., for the O’Raifeartaigh model), coming from the modern viewpoint on
the formalism.

Another big open question is how to apply the Nicolai map non-
perturbatively. We have several reasons to believe that there is non-
perturbative information contained in the Nicolai map. The computations
of Lechtenfeld for SQM [34] prove a finite radius of convergence of the map
expansion. This is expected to apply to gauge theories as well. Thus, one
can assume that the Nicolai map does indeed exist non-perturbatively. As
we have demonstrated for SQM, the special theta values 6= £ 1 make the
expansion collapse into a linear function in the coupling, giving access to
(non-perturbative) instanton configurations. Already in the 80s, there have
been attempts to extract non-perturbative information from the Nicolai map
[14-16,49,50] using stochastic variables, but for N=1SYM, Nicolai pointed
out complications at fourth order [51]. It would be worth reinvestigating
these approaches, utilizing the modern insights into the formalism. Lastly,
the universal formula gives, at least formally, an exact non-perturbative form
of the map. It would be enlightening to discover more cases of exact Nicolai
maps or find ways to extract information directly from the universal formula.
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Appendix A

Notation and conventions

Here, we elaborate on our notation and conventions in Chapter 4 and Chap-
ter 5, where we work in four, or sometimes more generally D-dimensional
Minkowski space, with the mostly plus metric

' = diag(—1,+1,...,+1). (A1)

Sigma and gamma matrices: Our sigma and gamma matrix conventions are
adopted from the textbook of Wess and Bagger [46], but for completeness,
we list them here again. The (four-dimensional) gamma matrices are written

as ”
0 o —-i 0
I/l: =

in terms of the sigma matrices

o_ (-1 0 1 (01 o (0 =i\ 5 (1 0
‘7_(0 —1>' “‘(10)’ ‘7—<i o) 7=\ 1)~

(A.3)
and 7° = 00, 7123 = —¢123, The Clifford algebra is
2"y = -2 (A4)
and we introduce the ‘fifth” gamma matrix as
Y =77 = (Bi ?) : (A5)
Often, we use the chiral projectors given by
Pt = 1(1+i7%) = (é 8) ;P =11-1%) = (8 (1’) . (A6)
Further, we use standard Feynman slash notation'
d="ay . (A.7)
There often appears the antisymmetrization of two gamma matrices
=30 =" (A8)

1apart for the slashed script letters & and % from Chapter 5, with similar but distinct definitions
(5.44) and (5.9).
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and general antisymmetrizations of indices with weight one, indicated by
square brackets, e.g.

bl = L(ab — a¥ ) . (A.9)

To evaluate traces of 2n gamma matrices (traces of an odd number of gamma
matrices vanish), one can use (D=4)

tr YtV = —4nt? (A.10)
and the recursive relation

tr(’y”l .. _,),Vzn) — _nﬂlﬂztr(,),ﬂs . ryVZn) + ,7#1}431[1«(7}42,),144 .. .r),HZn) ...,
(A.11)
with 2n—1 terms on the right-hand side. If they involve the ‘fifth” gamma
matrix, we can use

tr y9'y° =0, tr yHyV Pyt = 4etvPr (A.12)

For more notation and identities involving spinors, we refer to appendices A
and B of [46].

Notation for the coupling flow operator and Nicolai maps: In Chapter 4
and Chapter 5 we use a very compact notation for writing down coupling
flow operators or Nicolai maps. Usually, we leave color and position labels
implicit, as described around (4.8) and the following equations. Moreover,
for Nicolai graphs that have a ‘linear” tree structure (usually graphs to second
order or expansions of propagators)

: T_%_i: (A.13)

we use a special shorthand notation, where integration kernels are convo-
luted with insertions of bosonic fields A, (or ¢;). For example, we write a
compact linear tree as

I3

CPe,ChApx@; = Léf_< , (A.14)

i

which translates to
/ d*y d*z9°C(x —y) (f9})(y) 9,Cly — 2) (F“ AN (2)9f(z) . (A.15)

For more complicated ‘branched’ trees, one has to be more precise. In these
cases, the exact expressions are always given in the main text.
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Appendix B

Computation of SOM amplitudes

Note: This appendix is adopted from the author’s published work [33].

B.1 Nicolai computation

We give the explicit results for the seven contributions Nj, . .., N7 to the three-
point function computed with the 6= £ 1 Nicolai map from Section 3.5.3.
Pulling out an overall factor of

& 2mé(witwrtws) [T (m* +wf) ?(4m* + wf) ™', (B.1)
i=1,2,3

they are (with the symmetric polynomials (3.81)) the 1PI contributions

Ny —  96m!® —296mBty 4+ 312m°t5 — 120m*t5 4 8m?t5
+96im’ t3 F 200im°tyts £ 112im>tat; F Simtits
+96m*ts — 104m>tot3 + 815313 4 96imt3 F 8im ™ 'to13

Ny — 576m' —1200m®t; + 672m°t5 — 48m*t3
T288im” t3 + 600im>tyt3 F 336im>t5ts 4 24imtits
+576m*t3 — 48m>tot3 F 288imt3 + 24im ot ,

N3 — 384m' — 608m>ty + 48m°t5 + 192m*t5 — 16m*t;
+96im’ t3 F 200im°tyts £ 112im>t3t; F Simtits
+384m*t3 + 160m>tyt3 — 163135 + 96imt5 F 8im 1yt ,

Ny = Ns,

(B.2)

and the 1PR contributions

Ns — 3456m'0 — 5760mPt, +2952mt3 — 720m*t3 + 72m>t5
T2160im’ t3 & 1620im° tyt3 T 360im>t3ts & 36imtts
—1080m*t3 4 288m>tyt3 + 108imt3

No — 384m'0 —128mBt) — 312m°t3 + 48m™*t3 + Sm?t5
+1392im” t3 F 980im tyts + 184im>t3t3 F 20imtots (B.3)
—1128m*t3 + 352m2tyt3 — 16513 F 120imt3 + 4im ™ 't,13

N;  — 384m'0 — 448mBty 4 24m°t3 + 48m*t5 — 8mt;
+768im” t3 T 640im>tyt3 + 176im>t3t3 F 16imt5ts
—378m*t34-188m>tyt3 261315+ 12imt3 Fhim Lyt —6m 215 .
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As mentioned in the main text, the 6-dependence cancels independently in
the two respective sums

Nipr = N1+ Na + N3 + Ny
—  1440m™° — 2712mBty + 1080m°t3 4 216m*t3 — 24m>t; (B.4)
+1440m* 3 + 168m>tyt5 — 241513
and
Nipr = N5+Ng + Ny
—  4224m10 — 6336m3t; + 2664m°t3 — 624m*t3 + 72m*t;  (B.5)
—2586mtt3 + 828m>tyt3 — 421513 — 6m2t5 .
In total, we find
N = Nip; + Nipr
— 5664m'0 — 9048mBt, + 3744mOt5 — 408m*t5 4 48m>t5 (B.6)
—1146m*t3 + 996m>tyt3 — 66515 — 6m >t .

B.2 Feynman computation

After a Wick rotation to Euclidean space, we are working with the following
Feynman rules in frequency space.

* The free fermion propagator is

iw—m
* The free boson propagator is
-1
ANNANNNAN = m . (B.8)

e The vertices are

}vw:?)!mg, = 47, >vw=2g-(B-9)

¢ Standard Feynman rules dictate momentum conservation at every ver-
tex. Additionally, each fermion loop introduces a factor of —1. Every
loop frequency [ has to be integrated over with f %. Lastly, one has to
divide by the symmetry factor of the diagram which captures the num-
ber of permutations of internal lines that leave the diagram invariant.

* We choose all external frequencies to be outgoing.

One-point function. At one loop order, we have to consider two connected
diagrams contributing to the bosonic one-point function. Pulling out the
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prefactor
—g¥) (B.10)
they are
~ §m [ fl =4, (B.1)
S / goom 1, (B.12)
so that 5
(R(w)), = g™ + 0(g%). (B.13)

Two-point function. There are five connected diagrams contributing to the
bosonic two-point function at one loop order. Again, pulling out a prefactor

FHe (B.14)

we have three 1PI contributions,

WWQW —~ 0, (B.15)

MW@\W — 2 m /271’ lz+m2 (l+w)2+m2 - m(4m2—|—(u2) 7 (B.16)
Ny

_ 3
and two 1PR contributions known from the one-point function,
é 313t 2-1 [ dl -1 _ 9
— Tzm W/E_zu_mz —m (B-18)

Summing all the contributions, we end up with

(F(w)F(@)), = 278(w + @) Gol(w) + g2 Fobs) A8 + 0(g%) .
(B.20)
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Three-point function. For the bosonic three-point function at one loop or-
der, we have to compute three 1PI connected diagrams. The amputated dia-
grams are

F = s (3tm)? /IGO(Z)GO(I — w3)Go(l — w3 — wy)
(B.21)

216m2[12m2+% (Wi+w3+w3)]

(4m2+w?) (4m2+w3) (4m2+w3) 7

FE = — _23/ZSO(Z>SO(Z — wg)SQ(l — W3 — wz) =0, (B.22)

N m%%y/lco(l)co(l—wg) + (w3 = w) + (w3 — w1)

36 48m* +8m? (w? +w3+w3) +wiwi+wiwi+wiwl

(4m?+w?) (4m?+w3 ) (4m2+w3)

(B.23)
Building up on the results for the two- and three-point functions, the 1PR
contributions read

2-point
182
Fy = @ > 3lm (4m3+ma1)§8;;zm2+w§) + (ws3—wn) + (wW3—w) ,
(B.24)
1-point
F5 = g — 5. (B.25)

We write down the contributions in the same way as we did for the Nico-
lai calculation, pulling out the prefactor (B.1) and expressing the remaining
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contributions in terms of the symmetric polynomials t, and t3 (3.81):

Fi — 2592m'% — 5400m8t, 4 3024m°t3

—216m*t3 +2592m*t] — 216m>tyt5,
E - 0,
F — —1728m'% 4 4032mPt, — 2916m°t3

+648m*t3 — 36m>t5 — 1728m*t3 + 576m>t,t5 — 361513,

F, — 5184m'° — 8640mBt, 4 4428m°t3

—1080m*t3 + 108m>t; — 1620m*t3 + 432m>t, 13,
F5  —  —384m' +960m®t, — 792m°t3

+240m*t3 — 24m>t5 — 390m* 3 + 204m? 13 — 30515 — 6m2t3 .
(B.26)
The 1PI and 1PI sums become

Fpp=Hh+h+H
—  864m'0 — 1368mBt; + 108mO3 + 432m*t5 — 36m>t5 + 864m™* 13
+360m>tyt3 — 361315,

(B.27)
Fipr = F4+F5
—  4800m'0 — 7680mBt, + 3636m°t5 — 840m*t5 + 84m>t; — 2010m*t3
+636m>tot5 — 301515 — 6m2t5,
(B.28)
respectively. Modulo the prefactor, the final expression is

F = Fpi+Fipr
—  5664m'0 — 9048m®t, + 3744mOt; — 408m*t5 + 48m>t5 — 1146m*t3
+996m>tat5 — 66155 — 6m 25 .
(B.29)

This completely agrees with the result obtained from the Nicolai computa-
tion (B.6).
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Appendix C

N=4 SYM via an N =1 superfield
formalism

Note: This appendix is adopted from the author’s published work [31].

We present the details of the N'=1 superfield formalism that is used to
construct the A’'=4 SYM action from Chapter 5. The N'=1 action from
Chaper 4 can be obtained by the same procedure, setting the chiral super-
fields ®; = <I>}L below to zero. Using the conventions of [46]! and the Wess-

Zumino (WZ) gauge, the vector superfield (V' = V) takes the form

V = 00" 9A,(x) — i0?0A(x) + i*0A(x) — 16?8 D(x)

= 00"9A,(y ) —i0*OA(y ) +iB*0A(y ) — 39°9°[D(y ) —iD'A,(y )]
= 00"BA,(y") — i0?0A(y") + id*0A(y") — LO*F*[D(y") +iD* A (y')]
(C.1)

where y = x +id08 and y' = x — 908 parameterize (anti-)chiral superspace.
The WZ eliminates gauge degrees of freedom. In particular, it leads to

V2= —10°0°A, A", (C.2)
while all higher powers vanish. Thus, the exponential
eV =142V 42V (C.3)

truncates at the second order. The non-abelian supersymmetric field strength
W, and its conjugate are given by

W, = —}IDDe_ZVD“eZV

— +2iM(y ) —2[6 Dy ) —i0" PRy )] 85 — 262 DA (y ),

- . C4
W* = —1pDe 2V Dfe?V (C4)
= —2iA%(y") —2[6%,D(y") + 10" Fun ()] 8 + 282D M),
in chiral superspace, with the superspace covariant derivatives
Dy = 455 +i0,,/ 00, , C5)
DDC - _% - 119“0-““#8]/{ . .

Lup to a global sign to recover a plus sign in the field strength and covariant derivative instead of a
P g gn p g g
minus sign.
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The chiral superfields (Dy®; = 0, D“CI)}- = 0) contain the extra fields com-
pared to the A'=1 action and have expansions

O = ¢1(y) +V201(y) + 8°Fi(y), ] = [ (y") + V201 (y") + O°Ff ((%* )6)
in chiral superspace. In order to couple them to the SUSY field strengths, one
also needs their full superspace expansions

P = 4)1(x) + 1190"111?8#4)[(3(3) + }Lﬂzﬁzljcpl(x) + \/§l9¢[(x)

— %ﬁzaywl(x)(ﬂ‘ﬁ + 0%F;(x),

Of = ¢ (x) — 18089, ¢] (x) + 18T 0] (x) + V2891 ()
009,y (x) + O*Ff (x) .

(C.7)

i
+t
To compute the action, we need the penultimate components of the various
contributions to (5.11). Firstly, we have

ITW W, = —A% + [-2iDA — 2F,, Ac™] 8

+ [~21A0"DyA — §F*Eyy + D* 4 [P FPre 0] 82,
TWW* = —A% + [+2iDA — 2F,, Ao™]§

+ [+2iDyAc#A — JFMVEy,, + D* — LFPFPRe 00|97

(C.8)

Secondly, one needs

ik tr ®i[Py, D] = i€k ™| pIPho5-+3V2 9 Wplei 30 (Flofok—eivius) |
(C.9)
and the hermitian conjugate analogously. Lastly, we find
Stre 2V ole?V @) = o107 + Ztr [T%, TV T O VPO
+ &t [T%, T[T, T @1 VP VD]
= B[V YD + VIR + 2f g A
+020[—iv20"PIDu] + V2§ — 21T A ] (C.10)
+9*0?* [—Dy¢i' D¢} + F{TF] + iD, oy,
— f(i9f D 9f — V297 A" + V24A )
+ total derivatives,
where we have left out terms of power 2 or less in ¢ (including 0) as they are

not relevant for our purposes. The traces over the SU(N) generators were
evaluated with

[T%, T%] = if™°T¢,  tr T°T" = N&" . (C.11)
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We now have all the ingredients (C.8), (C.9), (C.10) for the Lagrangian (5.11),
so we can read off its component formulation in Weyl notation

gZE - _ %FﬁvPaW _ iAaU.ptDy}\a + %DZ _ \%eUKfabC (F}Z(PI]?‘P% + Ffﬁ(])}ﬁ ?)
— Dugf "D — ipfo Dytpr + FITF] + Jrenr /™ (¢fwj vk + 97§ 9k)
— V2f(giAbgT + GiAGY) — if*gi DY, .

up to total derivatives. Further, from the superspace expansions follow the
supersymmetry transformations

54)1 = \/51.91701 , (5¢1 = i\/i(TVﬁDy(PI + \/5191:1 ,
0F; = iV205"Dyyp; — 2p1 x A8, SAF = —ide"d +ida A, (C.13)
oA = d""OF,, + 19D, 6D = —90"DyA —DyAdtd .

For convenience, we translate the superfield formalism to a four-component
Majorana basis using

A<M>:(§g), A Z (8 A, a=(§z>, i = (0%, 9)

0 o —1 0
Tu = ((—Ty 014) , Y5 = 1017273 = (0 i) , etc.,

so that

(C.14)

AMAM) — AN+ AR, AMjpe A = (A — AR,
i o _ . (Ca5)
AMIpHAM) — Aot + AHA %MM) YW = Ac? e + AV D,

and so on, where the L.h.s. are in the four-component Majorana basis and the
r.h.s. are in the two-component Weyl basis. Additionally, we need the chiral
projectors

Pt =1(14iy5), AMPpAM —ap, AMp-AM =33 (C.16)

This leads to the Lagrangian in Majorana notation (5.12) (leaving the super-
script M) implicit from now on) and to the penultimate component

A = &{ =DysA — JRay ™A+ 2 fU [PHYigPes + Pyt R + 21 ysgf A S

+1V2["PYIDLf + 9P YIDLf] — V2[PHYIE + PyE] |
(C.17)
In our conventions, we can state the following hermiticity properties for Ma-
jorana spinors X, ¢:

xXE=<¢x,  xYMT=-Cv"x,  xvsC=Crsx,  xv'vs¢ =M sx,

e ==8"x,  xYMsE = —Evsx, X nd = vam(zé 9
18
Consistency checks: In order to cross-check the expressions above (in the
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Majorana basis), one can perform three consistency checks. Firstly, by the

superfield structure, the penultimate component A has to generate the La-
grangian via its supervariation (up to total derivatives)

104 =¢L, (C.19)

with &(.. .)(x|M = —ZJtr(...). This requires the Fierz identity for Majorana

spinors

0% = —(%8) + 1 (X1"8) + 37w (RYE) + 157 (R1577C) + 75(7375(6) 0
C.20
A second check is to verify that the Lagrangian transforms into a divergence

0L = divergence . (C.21)
Thirdly, the supervatiations have to generate the SUSY-algebra
{Qu Qp} = 2(7")sPu = ~2i(7")0p (C.22)

up to a gauge transformation (since we have already chosen the WZ gauge).
With the supercharges J(...) = @, Qq(...) this can be checked by computing
the commutator of two supervariations

[6W),6@)] = [1,Qu, Qptop] = &14{Qu, Qp}ag, (C.23)
acting on each field. One obtains the SUSY-algebra

{Qou Qﬁ} = _21(7]4)0‘[%8;4 - [w/ ']zx,B + szﬁ(A) ’ (C-24)
where w = 2i4, [w,"]" = f™w’(-)° and G4 is a gauge transformation

Ay — Ay + dyw as required in the WZ gauge.

Stripping-off the susy parameter: Lastly, we stripped-off the SUSY parame-

ter by setting § = J,a, and A = a,A,, resulting in the supervariations (5.13)
and the penultimate component (5.14), up to an overall normalization. When
doing so, one has to take into account that the fermionic supervariations gain
an extra minus sign, since

X&)\ = XﬁMﬁtx“a = Xﬁéaa“)\‘g = _X‘B(SIX/\,B“D( = 5,;()\‘5 = _M,Ba , (C25)

with some arbitrary spinor x.
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Appendix D

Construction of the N'=4 coupling
flow operator

Note: This appendix is adopted from the author’s published work [31].
In this appendix we fill in the technical details for getting from (5.38) to

(5.39). The method is analogous to the N'=1 case, but there is more structure
coming from R-symmetry and the additional fields. We start with

6uX[ ) = —i [ a* (Pavuss + 95V sl X[7)

(D.1)
=i [d*x (a5 X,
where we introduced the object
R L ity PRI L
with matrix-valued entries. It is defined via
o s = ~i(§ A (G2) " )a (D3)

where the (4) indicates that we have singled out one of the four supersym-
metries (the ‘fourth” one). Further, we have

sX[] = /3 / dix Ire;s X[od], (D.4)
as well as the gaugino and ghost propagators
TANT GA 7 A aC 7 A
= : o) = —y), (D.
PR Pp(y) = =S y), P S p(xy: ) = 67p0(x—y), (D.5)

and

©(x)E(y) = Clxy), MDG Gy d)=dx-y), (D6

respectively. The rescaled coupling flow operator then reads

Rg [] :ﬁ Pr*Rs + ﬁ DG G(), (D.7)
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where we use the covariant projector

P = ot — G2 (D.8)

and introduced
Ry = —%tr{ [3E™ S e+ ()" 94558 — 3(D*4) Ty x 5P ] ((52)(:4}
(D.9)
The original (unrescaled) coupling flow operator is given by (c.f. (4.44))

Re[] =L (Re[/]—E) with E=af ﬁ : (D.10)

1
8
To isolate the Euler operator E, we use the identities

Y E =2DA+20-A— Ax A, (D.11)

which (next to other contributions) generate the g},% part of E. Further we
H

use P4 B §BC = 5AC in the second term of (D.9) and

0 for T=u
(@) (%)Y = —Lagr—15frss for T=3+1 . (D.13)
+v5¢r — 14@r3 for L =6+1

With tr 95 = 0, this gives the second part of the Euler operator. From there,
one can modify the expression such that

Re=ch—tr{ (¢5)4, [15%,(20-A — Ax A)— 54,8, x A~ 154,85 x (8,1},
(D.14)

where we flipped the order of the quantities in the trace for a more natural

implicit color structure. To do so, we have used that Ry is real and identities
such as

=t v, (10)*=Ls, (%) =158, 7, (&)*1:=70 (%)) 70,

Y=rnmrn, M=rrr0=-75, 102 =(®%,)".

(D.15)
We have also introduced the unhatted
o4 for X=u=0,1,2,3
4 S Ar)/ﬂ (O) ,u 7 L1 &y
(%5)"a { (c)t, for Z=3+4+i=4,5,.,9 (D-16)
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Since Rr = @f + ..., the Euler ooperator drops out in the rescaled coupling
flow operator. After inserting &/ = g2/, we arrive at

- —
Ry [/] = —§ 5% Pp™ tr{ (6)*4 (344 (20-A — A x A) — $430%, x 4
_%SABq)BC % (®C4)+} } )
(D.17)
for any linear gauge. With the rescaled coupling, using

Py =Wy + g0 x,  with D, =3, +gAux , (D.18)

and1 P45 = 644, the fermion propagators can be expanded perturba-
tively:

> I
$4 = S06p — gSo# S5 = ) (—gSo#) “5S0 (D.19)
1=0
with So=d ' = —JCand
A = Aoty + 5. (D.20)

In particular $4,| ¢=0 = 0, so that the coupling flow operator R, contains no

term of order ély. We use the same procedure to get rid of the Soéa-A\ ¢=0

contribution as in the N/ = 1 case in Section 4.1 with

2500-A = —24% = A" — A (D.21)
to rewrite the first term:
_1p ] (%) 4[24 (20-A— A x A)]}
10 1T ) Al2° 4l
— o]
== 4 5% P e (6e)*a |1 (—8Sod) Ays0(20- A~ A x A)] |
=0
__1 5 p.Et 4 (1w LA * - !
== b2 PR eef(40)44 [L Y (~gSod) ASo( A" — A) = Y (—8S0s)'y, S0k x 4] }
- 1=0 1=0
_ 14 p Zn{(% )4 ii(— So# ) 4,S0(A* — A)
8 3ar 'T z A_glio 820 420
= Y (—g50) A pSo( %y — @) x A] |
1=0
_ 1P = r{ () [li(— Sod ) 44So( A" — A)
8 sar 1T ZAgH) 820 4°0
+§]Z —gSod)' 4y x A+ 545®P, x A}
=1
__1p Ztr{(‘f )4 [151‘* S (A*—A)+li(— So#/ )4y x A"+ S4B, x A
8 3 T L) A|g? 420 gl_lgo 4 BP 4
bt P ()45 [~ A4 0Py x A} L Al
8 dar ) A° B 4 4 g dap - T %
=~} a2 BT {(60)* 48 [~ 3 By x AT+ 1P, x A |+ 5 e G AL,

(D.22)
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containing no term of order 1/g. Finally, we arrive at

<——

R[] = § 55 Pt~ tr{((gZ)‘lASAB [Py % A"+ PPy x A+ D q)+c4]}

%
G (A
+ 52 T 2ok G W) AL,
(D.23)
which after defining
A = A5, + (D) (D.24)

takes the form (5.39).
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Appendix E

Checks for the N'=4 coupling flow
operator

Note: This appendix is adopted from the author’s published work [31].

In this appendix, we present a direct proof that the coupling flow operator
in the Landau gauge (5.62) satisfies the three infinitesimal conditions (2.41)
and the gauge condition RyG(4/)=0. The determinant matching condition
follows from the other two conditions and the defining relation (1.13). The
gauge condition follows automatically from the form of the covariant pro-
jector (5.45). Thus, we have only left to show the infinitesimal free action
condition

(9g + Rg)Se[/] = 0. (E.1)

The basic procedure of the proof is equivalent to the one in A.3 of [24] for
N = 1SYMin D = 3,4,6,10, but we have to take into account subtleties
coming from the additional degrees of freedom in the N’ = 4 case. We rep-
resent the bosonic action compactly as

SP[et] = / diy {1750 F0), (E.2)

with
Fro = 0xdp — 0 s, + §95 X Ao ,

(E.3)
3. =0, A=Ay,  DBii=¢;i.
It is straightforward to show that
b
agsg = —%]—"Z@,Q/Zx;af@ and % = .@@FG)Z ’ (E4)

with implicit integration. We first show the statement (E.1) for the particu-
lar choice of the coupling flow operator (5.57) and afterward generalize the
result to the full Lie algebra su(4). Concretely, we first prove that

(0g + Rg)SB[] = =3 F™Octy x o + § Do F O tr{(%5)*pSPct/ “p x #*P,}
(E.5)
vanishes. For this, we require the identities

1 {(%5)*3(%0) c(61) p(G¥)Ps} = nzwier — nzrijew + nzenry . (E.6)
("), 2r SP = 95 SB. = 64-, (E.7)
(%12)"5(€0) c(6r)p = —2(€12) b er + (€2)"5(%e) c(¢1) p , (E8)
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analogous to the ones used in [24]. Here we have introduced a ‘conjugate’ ¢
(in the Landau gauge), so that

Cu=1lavy,  Cri=2((t)PT—tP7], =" (G1) = A+ D%
Gu=Tlavy, G =2P" = ({)P7), # =" () = A+ (D7),

. (E.9)
with the Clebsch-Gordon coefficients t!, ; as matrices in R-space. It is impor-
tant to note that (E.6) is only valid up to terms that vanish when contracted
with fields in the adjoint representation of the gauge group due to the Jacobi
identity in color space. We explicitly check (E.6) at the end of this appendix.
The identity (E.8) follows from the analogous identity for the D=10 gamma
matrices

0 # _
Iy =1g®7, and T3 =2 ((ti)* 0) ® (Pt —P7), (E.10)

as well as the anti-commutation relation for the Clebsch-Gordon matrices
{#, ()} = —1671,4 . (E.11)
This allows one to rewrite the first term in (E.5) as

1P sy B0 L RO ()45 (o) B (4)C (G Pyt /T x ¥

E.7 *
(—) 116]-"2@’(1“{ (52 %@)B ((51") D.@F SDEJZQE X F }

ib *
L LT O] (6)*(0) e (¢r) STt B x 7Ty}

) LI PO [-2(%) ) tor +(€ix) (%) e (6) Cp) St Fpx #Fy )
= —§ZeF O u{(¢)' pS x40y},

(E.12)
where in the last step the Bianchi identity 2I' 7= = 0 is required. This
concludes the proof for the special case L = diag(—1, -1, —1,+3) (and per-
mutations thereof). To reach the full Lie algebra we make use of the fact that
we can superimpose coupling flow operators with weight one, giving the
Cartan subalgebra and that Sg [<7] is invariant under R-symmetry transfor-
mations &/ — </’. From

0 = (9 + Re[«]) S ("] = (35 + Rel'])S31] , (E.13)

we observe the transformed R[] also satisfies the infinitesimal free action
condition, reaching all L € su(4).

We only have left to prove (E.6), which we do by explicitly checking the
various possibilities of the open indices. The easiest case is the one with only
gamma matrices

}ltr{ (%u)43(%)Bc((gp)CD(cga)D4} = zl;tr{’Yy%’Yp’Ya}

(E.14)
= Nuolvp — NupMve + NuvTpo -
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Next, we consider the case when there are three gamma matrices (modulo
chiral projectors) in the trace, i.e. one of the four indices in the range 4 to 9
and the three others in the range 0 to 3. In that case, the trace vanishes since
any trace over an odd number of gamma matrices vanishes and the r.h.s. of
(E.6) also clearly vanishes because in each term there is a Kronecker delta
that is zero. The next case is the one where two indices are in the range 0 to
3 and the other two indices are in the range 4 to 9. We have to distinguish
three arrangements of indices

He{(G310)*5(Ga4) e (60) D (6P} = ltr{ %341)'3(C4)) Samumv )
= )y () Py} + (Y () e{P 11} (E15)
= —2[(t1)4](t])]417yv + C.C.] = 51']'17’,[1/ ,
1 {(640)*(6) "¢ (‘53+j)c (€0)P4}
= tr{[(t')yP" — ()P |7 [(¥) Pt — (V)*P 7 |70 }

Jjat E.16
= —(t)y(¥ f4tr{P+W%} — ()Y () atr {P7 0 } o
= 2(t)ay () + c.c = =iji

He{(G1) (%) "¢ (%V)C (%54))74} . ‘

- ]p+ )‘”P‘]vw [(tf)“P+ ~ O ey

= _2[(t1)4](t])]477]11/ + c.c.] = 5ij’7yu ,

with all the other index configurations related to the three above by the
cyclicity of the trace. The trace with only one gamma matrix vanishes due
to the same reason as for three gamma matrices. We are left with the case

%tr{(%34-1')43(Cg_?)-‘r].)BC((g?H—k)CD(%—H)Dﬁl}
= 4() (1) () e () tr PT 4 4(8)H (H) 1o (£ K (F) gy tr P~
=8 (') (V) () e ()* + cc.
= 8 [(#) 41 () () 4 () + () ()T () ()4 + cc.

The last expression can be evaluated with the explicit form of the Clebsch-
Gordon coefficients (5.29) and the identity

(E.18)

We do not quite find the desired result, because we obtain additional terms
when two of the indices i, j, k, I are in the range 1 to 3 and the other two are
in the range 4 to 6. For example

He{(G311)*5(%os ) P (G34k) D (Gosr)Pa} = 61067k — 6105 — 51151<(L 20
E.20

where only the second term on the r.h.s. would appear in the r.h.s. of (E.6).
However, we contract (E.6) with the ¢’s in the adjoint representation of the
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gauge group. Fortunately, the additional terms are proportional to

(1} 9y) (Presx@ria) + (91X 9113) (97X @143) + (@rx@r13) (¢143% <P])(E=2015
and thus vanish by the Jacobi identity in color space.
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