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Abstract

Supersymmetric field theories can be studied via an alternate approach using purely bosonic
variables. In this method, a transformation (Nicolai map) of the bosonic fields exists for super-
symmetric gauge theories such that the Jacobian of the map is same as the product of fermion
and ghost determinants. This thesis investigates the development of supersymmetric Yang-Mills

theories without anti-commuting variables, presenting them as entirely bosonic theories.

We derived the second order map (perturbatively in the coupling constant) in the Landau gauge
for all pure supersymmetric Yang-Mills theories. This approach yields the well-known old re-
lation that supersymmetric Yang-Mills theories can exist only in D = 3,4,6, 10 space-time
dimensions. We investigated this formalism to the third order in the coupling constant using
the rigorous R prescription. While working on the order g®> map, we discovered a simpler map
through trial and error, also to the third order that works only in space-time dimension six. The
existence of two maps at order g in six dimensions highlights the uniqueness of the map and

the formalism.

In this approach, correlation functions and scattering amplitudes can be calculated using the
inverse map. The light-cone gauge is useful for studying scattering amplitudes as the spinor
helicity variables appear naturally in this gauge. We studied the Nicolai map approach in the
light-cone gauge for supersymmetric Yang-Mills theory and computed the map perturbatively to
order g?. With the physical helicity fields, we obtained two maps at the second order in coupling

and discussed the problems related to the uniqueness of these maps.
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Chapter 1
Introduction

Quantum field theory is a highly successful and experimentally well-tested framework for de-
scribing elementary particles and three of the four fundamental forces of nature. It combines
special relativity with quantum mechanics. The former explains the dynamics of relativistic
particles, and the latter serves as a framework for investigating particles at the quantum scale.
The study of quantum field theory and its physical and mathematical properties is particularly

exciting in theoretical physics because it enhances our understanding of nature.

In quantum field theory, the primary objects of interest are scattering amplitudes. These are
the central building blocks for constructing scattering cross-sections, which describe the prob-
abilities of elementary particles interacting with each other at particle colliders. The study of
scattering amplitudes improves the understanding of the mathematical structure of quantum field
theories and offers the necessary tools for interpreting modern experiments. However, these am-
plitudes are often plagued by ultraviolet divergences at high energies. Enhancing the symmetry

in the theory might improve the ultraviolet behavior.

Supersymmetry, a space-time symmetry that relates bosons and fermions, is of great interest
in this context as it dramatically improves the ultraviolet properties. The vanishing of vacuum
energy for supersymmetric theories is one such example. For bosonic and fermionic theories,
the vacuum energy is divergent separately and contributes with opposite signs. However, in
supersymmetric theories, the number of bosons and fermions are equal, and due to this, they
cancel out these divergences to all orders in perturbation theory. The proof of the vanishing of
the vacuum energy for interacting supersymmetric theories was first shown by Zumino in [1].
The vanishing of vacuum energy plays an important role in constructing supersymmetric theo-

ries (without anti-commuting variables), which is the central theme of this thesis.

Supersymmetry transformations map bosonic particles (fields) into fermionic particles (fields)

and vice versa. These transformations are fermionic in nature and involve anti-commutation



relations, forming a supersymmetry algebra. In a usual quantum field theory, the maximum
allowed symmetry (under certain assumptions) is Poincaré and internal symmetries [2]. Super-
symmetric field theories are invariant under the additional supersymmetric transformations, and
they circumvent the no-go theorem (Coleman Mandula theorem) [2], allowing the extension of

the maximum allowed symmetry for field theories [3, 4].

The first supersymmetric quantum field theory model, known as the Wess-Zumino model, was
developed in four dimensions [5]. It included a complex scalar field and a fermionic field, with
the theory demonstrating well-behaved ultraviolet properties. Following this, supersymmetric
theories involving gauge fields were also constructed, showing similar finiteness. Supersym-
metry has since been applied to particle physics and has successfully explained questions like
naturalness and the hierarchy problem, unification of standard model interactions, and dark mat-
ter contents [6]. While many arguments support the existence of supersymmetry in nature, it has
yet to be experimentally observed, possibly due to the spontaneous breaking of supersymmetry

at high energy.

Nevertheless, supersymmetry played a huge role in the development of quantum field theory
and mathematical physics. Supersymmetric theories have acted as a toy model, and advances
in them have improved our understanding of quantum field theory. They have also provided a
testing ground for computation tools and techniques that can be applied to quantum field the-
ory. The NV = 4 super Yang-Mills theory, in the planar limit, is, from many perspectives, the
best example [7, 8]. It has a number of simplifying features; its scattering amplitudes are ultra-
violet finite [9, 10], exhibit novel symmetries like conformal invariance [11] and dual conformal
invariance [12], surprising duality between scattering amplitudes and Wilson loops [13], and
integrable properties [14]. The similarity of A/ = 4 theory with QCD also helps us to study
these theories at strong coupling. It also offers new techniques for the computation of Feynman

integrals that are relevant to LHC physics [8].

Despite significant progress in our understanding of the N = 4 super Yang-Mills theory and its
scattering amplitude, certain relationships, such as dual conformal invariance and the surprising
duality between the Wilson loop and amplitudes, have yet to be understood from the Lagrangian

perspective. This theory also lacks well-defined asymptotic states, preventing the S-matrix from



being defined in the usual sense. The N = 4 super Yang-Mills theory has been shown to be ul-
traviolet finite to all orders only in the light-cone gauge, in terms of physical degrees of freedom
[9, 10]. A non-perturbative proof of finiteness still does not exist. Given all these open questions,
it appears worthwhile to understand all possible aspects of supersymmetric Yang-Mills theories

and their properties.

In this thesis, we aim to develop a different framework of supersymmetric theories to answer
some of the above questions eventually. Supersymmetric theories can be constructed without
anti-commuting variables and thus expressed in terms of purely bosonic variables. This is the
central theme of this thesis, and it was first proposed in [15—17] by Hermann Nicolai and further
studied by Dietz, Flume, and Lechtenfeld [18-20]. The focus of this thesis is on supersymmet-
ric gauge theories, and they can be devised in a different way provided there exists a non-linear
and non-local transformation of the bosonic fields, called the Nicolai map 7, that linearizes the
Yang-Mills action in such a way that the Jacobi determinant of the transformation 7, exactly
equals the product of the Matthews—Salam—Seiler (MSS) [21, 22] and Faddeev—Popov (FP) [23]
determinants. This interesting approach gives a fresh insight into the physics of supersymmetric

gauge theories.

Some key questions that arise are:
(a) Is the mapped bosonic theory free, and where is the information about the interaction?
(b) Is the information about supersymmetry still intact, and how do we compute the objects of

interest, like correlation functions or scattering amplitudes, in this mapped theory?

These questions were partly answered in the 1980s by the work of Dietz and Lechtenfeld [17],
where they showed that the correlation functions of fully interacting supersymmetric theory can
be computed using the inverse Nicolai map in terms of a free correlator. This allows us to quan-
tize a supersymmetry theory without the use of fermions, as all the information of interaction is
in the map. Despite all of this development during the 1980s on Nicolai map [20], there were no
results for the N' = 4 supersymmetric Yang-Mills theory, which is considered one of the most
interesting theory from many perspectives [8]. Additionally, for supersymmetric gauge theories,
the map was known only up to order g2 in four dimensions in the Landau gauge. To compute

correlators at higher loops, one needs to know the map to higher orders in the coupling constant.



1.1 Results of work

To answer all of the above questions, we embark on a comprehensive exploration of supersym-
metric theory of Yang-Mills without any fermions. For the first time, we construct an order g°
map that works in space-time dimensions D = 3,4, 6, 10 [24]. Since N' = 1 supersymmetric
Yang-Mills theory in ten dimensions is the parent theory for N" = 4 theory [25, 26], one can de-
rive the map for this theory by dimensional reduction of the ten-dimensional map. Subsequently,
the correlators for N' = 4 theory was computed utilizing our novel map by Nicolai and Plefka
[27]. Building upon the old ideas of Dietz and Lechtenfeld [18, 19], we systematically construct
the map up to order ¢> and give the direct proof for all statements of the main theorem using the

‘R operator [28].

Furthermore, we find a simpler map up to the third order that works only in space-time dimen-
sion six [29]. This transformation is derived through guess work, and we address the issue of
uniqueness of the map. We show that the two order ¢ maps can be connected at the Jacobian
level. To better understand the connection between scattering amplitude and the map, we initi-
ate the study of this formalism in the light-cone gauge. We calculate the Nicolai map for super

Yang-Mills theory in the light-cone gauge to the second order in the coupling constant [30].

1.2 Thesis outline

We present below an outline of the work and the results presented in the thesis.

In chapter 2, we given an overview of supersymmetric field theories and their properties required

for the subsequent chapters. We also discuss the formulation of field theories in the light-cone

gauge.

In chapter 3, we first review the construction of the Nicolai map in supersymmetric quantum
mechanics as an example. We then discuss the construction of the map up to order g for super-
symmetric Yang-Mills theories. We show that the determinant matching condition yields the old
result [26] that super Yang-Mills theories can exist only in D = 3,4, 6, 10 space-time dimen-

sions (also known as critical dimensions).



In chapter 4, we present the systematic construction of this formalism. We discuss the general
construction of R operator in the Landau gauge for all on-shell supersymmetric Yang-Mills the-
ories in space-time dimensions D = 3,4, 6, 10. We require using the Landau gauge to prove the
distributive property of the ‘R operator. We outline the relation between the ‘R operator and the
map. We then derive the new result, the map 7, up to order ¢g* using the R operator. We perform

checks for the derived map and find that the map exists in the critical dimensions.

In chapter 5, we present a novel map also to order ¢g* that works only in six dimensions. We
arrive at the map by trial and error and discover that the guessed map is simpler than one derived
using R prescription (4.2). The existence of two maps at order > in six dimensions raises ques-
tions about the uniqueness of this approach. We discuss the uniqueness of the maps and show
that one can establish the connection between them at the level of the Jacobi determinant. We

also outline an algorithmic approach to determine the map directly.

In chapter 6, we focus on the construction of N' = 1 supersymmetric Yang-Mills theory in the
light-cone gauge. We present the formulation of the Nicolai map in four dimensions, in terms
of physical degrees of freedom, to second order. We also generalize the map to arbitrary D
and establish the connection with the already found map in general gauges [31]. We find that
in this gauge, there are two maps in four dimensions that satisfy all the conditions of the main
theorem. Using the simple four-dimensional map, we compute the scattering amplitudes. We
also discuss the probable connection between Nicolai map and quadratic form structures found

in the light-cone Hamiltonians of Yang-Mills theory.






Chapter 2
Aspects of quantum field theory

Here, we briefly introduce the Poincaré symmetry and extend it to super Poincaré by adding a
new spacetime symmetry called supersymmetry. We discuss the representations of supersym-
metry algebra and review some basic aspects of supersymmetric Yang-Mills theories. In the end,

we outline the formulation of quantum field theories in the light-cone gauge.

2.1 Symmetries in quantum field theory

Quantum field theory provides a theoretical framework to understand the dynamics of elemen-
tary particles. The set of transformations under which physical laws are invariant (covariant)
are called symmetries. Mathematically, these symmetries can be associated with groups, and

continuous symmetries have an underlying algebra.

2.1.1 Poincaré symmetry

The set of transformations that leave all relativistic quantum field theories invariant in four-

dimensional Minkowski spacetime with a metric signature (+1, —1, —1, —1) are of the form
ot = At 2.1

which preserves the form of metric and where A is known as the Lorentz transformation matrix
and obeys ATnA = 7). The Lorentz transformations with det A = 1 and A§ = 1 form the Lorentz

group SO(1, 3) and obeys the algebra
[M;UJ ) Mpa] = inupMua + inuaMup - in,uUMup - inpruU 9 (22)

where M, are six 4 x 4 anti-symmetric matrices that generate the different Lorentz transforma-

tions (three rotations and three boosts).



One can introduce new generators

Ji = Ez’jk:Mjka K; = My , (2.3)

DN | —

where J; are rotation generators and are hermitian in nature, the boost generators /; are anti-
hermitian, and this makes the Lorentz group non-compact. This non-compactness implies that

the Lorentz group does not have a finite dimensional unitary representation.

To study the representations of the Lorentz algebra, we introduce the new linear combinations
of the generators .J; and K;

N; = %(Jz +ik;), NI = %(Jz —iK;), (2.4)

(2

where N; and N/ are hermitian and the algebra is
[N;, Nl]=0, [Ni, Nj] =i Ny, [N], NI| = iejuN] . (2.5)

This means that these new generators obey the Lie algebra of SU(2), and which proves the fact
that the Lorentz algebra is isomorphic to two complexified su(2) algebras, and therefore, the
representations of these su(2) algebras can be used to construct the finite-dimensional repre-
sentations of the Lorentz algebra. For example (%, 0) has spin half and denotes a left-handed
spinor, and (0, %) describes a right-handed spinor. These spinor representations labeled in terms
of su(2) representations are realized by two-component complex spinors. For more details on

spinors, refer to Appendix A.

The Lorentz group can be extended by including space-time translations generated by the gen-

erator P,. In terms of P,, M, the Poincaré algebra reads

[Pu ) P,,] =0,
(M s Myo] = iy Moo + o My — 00 Moy — i1y, My

(P, , M, =—in,,P, +in,P,. (2.6)



2.1.2 Supersymmetry

The relativistic quantum field theories with additional symmetry that relates bosons (denoting
force carriers) and fermions (describing matter particles) are called supersymmetric field theo-
ries. The supersymmetry generator ()1 (where « is the spinor index and I = 1,...\/ labels the

different supercharges) act as
(Q)|boson) = |fermion) , Q|fermion) = |boson) , 2.7

and they change the spin of a particle and, hence, its space-time properties. These generators,
!, are anti-commuting fermionic generators and transform under the spinor representation of

the Lorentz group and satisfy the following algebra

{Q:, Q3 = {Q4, Q3 = 0,
{Qé ’ Qi} = 2 5IJUZdeL7 (28)

where Q) is related to () by complex conjugation. The commutators involving supersymmetry

and Poincaré generators are

[PAM Q{x] - [PAH Qé] =0,
[M;w ) Qi] = i<UuV)§ Qf)’ )

(M, QY1) =i(0,,)5 Q% 2.9)

From the above commutation relations, one can find that the particles that belong to the same
supermultiplet have the same mass but different spins, and the fermions and bosons in a super-
multiplet are equal in number. Also, for supersymmetric theories, the vacuum state is annihilated

by all the supersymmetric generators, and the energy F, is nonnegative.

Supersymmetric field theories are formulated by constructing supersymmetric representations in
terms of fields. Consider the action of infinitesimal supersymmetry transformation on a multiplet

of fields (¢, 1, ...)

5= (€Q+eEQ)p,  dp = (eQ +eQ)V, (2.10)



where € is an anti-commuting parameter such that {[e¢*,.]} = 0. To check the algebraic struc-
ture of the infinitesimal supersymmetry transformation, consider the commutation relation be-

tween two successive infinitesimal transformations of the scalar field
[51, (52]¢ == —2i(€10#€2 - 620'#51)8“¢ . (211)

From the above relation, one can obtain the action of supersymmetry transformation on the other
fields and can check that supersymmetry algebra closes on the multiplet. Theories, where one
needs the equation of motion to close the algebra, are called on-shell supersymmetry field the-
ories, and if the algebra follows without using the equation of motion, such theories are called

off-shell supersymmetric.

Under the action of supersymmetry transformations, the constructed Lagrangian in supersym-

metric theories must (at most) transform as a total derivative.

2.2 Supersymmetric Yang-Mills theory

Let us examine a theory with a non-abelian gauge field Af(x) and a Majorana fermion \* ().
As supersymmetry commutes with the gauge symmetry, both fermions and bosons transform
under the adjoint representation of the gauge group SU(N) or U(N) labeled by the index a.

The gauge transformation of the super multiplet fields are

AL A+ 9N+ gfeALAC,

A= A% 4 g feeNbAC (2.12)

where A% denotes an infinitesimal gauge transformation, ¢ is the coupling, and % corresponds

to the antisymmetric structure constants that satisfy

[T, T?) = i f**°T°, (2.13)

10



where T belongs to the generators of the gauge group for any representation r. In addition to

this, the structure constants obey the Jacobi identity
fabCfade 4 facdfabe + fadbface =0. (214)

For the adjoint representation (72),. = if¢, and its dimensions for SU(N) gauge group is

N? — 1 and the structure constants obey
fabCfabd — N(SCd ) (2 15)

For the description of spinors, we need to introduce a set of v matrices that are defined through

the Clifford algebra relation

s Wl =201, (2.16)

where I denotes the identity matrix in spinor space, and we have suppressed the spinor indices
a,f=1,2,... r ( r denotes the number of independent fermion components). The trace of

(2.16) gives
trl=r, (2.17)

where trace over spinor indices are denoted by tr. The trace of an odd number of gamma matrix

vanishes, and the traces over the product of gamma matrices are given by
tr(yH, oyt = z:(—l)i nH st (2L ARy (2.18)

i=2

where the hat on the gamma matrix indicates the excluded matrix from the trace.
Gamma matrices can be constructed by tensoring the product of sigma matrices. For even di-

. . . D
mensions, the representation of gamma matrix has 22 complex degrees of freedom, whereas for

odd D, the representation is 27" dimensional. In any even dimension, the degree of freedom
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of the spinor can be reduced by a factor of two by using the Weyl condition
1 D+1
/\:§(1i7 A (2.19)
Another condition that one can apply on spinors is the Majorana condition, which is
A= (\T0), (2.20)

where C' describes the charge conjugation matrix. This condition halves the degree of freedom
of the spinor and works only in specific dimensions (for more details, see Appendix B). For
spinors in specific dimensions, one can apply both the Majorana and Weyl condition that de-

creases the degrees of freedom by a factor of four.

The N = 1 supersymmetric Yang-Mills action with gauge invariant part is

1 -
S = / Pz {—ZijF“”“+ %XW“(D#A)“ : (2.21)

where,
Fﬁl’ = a/14141% - aVAZ, + g fabCAZ AIC/ ’ D;J,)\a — QL/\“ -+ g fabCAZ )\C .

Supersymmetry requires that the number of bosonic and fermionic degrees of freedom are equal.
A gauge field in D dimension has D — 2 on-shell real degrees of freedom, and the fermion has
2121 on-shell, real degrees of freedom. Naively, for any dimension these two numbers are not
equal; we must impose additional conditions on spinors for matching. One can impose different
conditions like Majorana or Weyl on the fermion to decrease its number of independent com-
ponents. Below, we discuss the different scenarios when the bosonic and fermionic degrees of

freedom can be matched

Ay | A | Aw | Auw
D=3 1 1 - -
D=4 | 2 2 2 -
D=6 4 - 4 -
D=10| 8 16 | 16 8

12



where \j; is Majorana spinor, Ay, is Weyl spinor, and Ay is Majorana-Weyl spinor. For
D > 10, the degrees of freedom cannot be matched, so for supersymmetric Yang-Mills theories,

the only options are
D = 3,4,6,10 = r = 2,4,8,16, (2.22)
and this gives the relation
r=2(D—2), (2.23)

which we will later rederive within the framework of the Nicolai map.

Under the following supersymmetry transformations

a - — a a 1 v a
0 A, =iey A, 0N = —567’“‘ i,
the on-shell action (2.21) is invariant up to a total derivative. One needs to use the Fierz identity
to show this invariance, and this condition only holds in D = 3,4, 6, 10 dimensions. It was first

proved in [26] that supersymmetric Yang-Mills theories without any matter only exist in these

dimensions.

Due to the manifest Lorentz invariance, the gauge theories have an additional redundancy that
leads to the propagation of unphysical degrees of freedom. These redundancy in the path integral

can be fixed using the gauge fixing procedure [23] which gives additional contribution to the

Lagrangian
1 a 2 7aaGa[A ] a

which ensures that the gauge field propagator and path integral are properly defined.

The objects of interest, correlation functions, for this theory are computed by taking the full

action S = Sj,, + Sg. For the operators O;(z1)....0,(x,,) of super Yang-Mills theory, the

13



correlation function is defined as

{(O1(1)....05(20) ) = / DADXDC DC ¢S [9:AN+8eil0.ACCL O (1.0, (z,,) .
(2.25)

Note that the correlation functions are properly normalized for all g. This is due to fact that the
vacuum energy vanishes in supersymmetric theories [1] as the normalization term denotes the

sum of vacuum energy.

In this thesis, we will mostly work with the Landau gauge
G[A,] = 0"AL . (2.26)

It can be obtained by setting & — 0 in the part of the action that contains gauge fixing term
(2.24). The limit corresponds to inserting the delta function that imposes the gauge condition.
The ghost propagator

G (z) = C*(x)C*(0), (2.27)

obeys
—0"(D,G)™(x) = 66 (). (2.28)

One can study supersymmetric theories in another popular gauge known as the axial gauge; it is

defined as
G (A) = n“AZ (2.29)

where n#n, = 1. For the case when n? = 0 it is known as the light-cone gauge or light-front.
In the axial-type gauges, there are no ghost fields, as they can be dropped out from the path
integral. This specific light cone gauge is called LC';, and the field theories using this approach
were studied by Leibbrandt and Lee [32, 33]. In this thesis, specifically in the Chapter 6, we
adopt the LC light-cone gauge approach, where only the physical degrees of freedom of the

theory propagates. We outline below this approach in some detail.
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2.3 Field theories in the light-cone gauge

The laws of nature are independent of the choice of frames and coordinates. Similarly, in quan-
tum field theory, the physical observables do not depend on the gauge choice. In certain coor-
dinate systems, some properties become more evident than in others. The light-cone gauge is
particularly interesting in this regard because it offers a unique perspective on scattering ampli-

tudes, and hidden symmetries become more apparent in this formalism.

The light-cone coordinates were first proposed by Dirac for relativistic theory in [34], demon-
strating that within the light-cone framework, any of the null coordinates can be chosen as time.
In this formulation, seven out of ten generators of Poincaré symmetry are independent of time

derivatives, and the Hamiltonian eigenvalue equation does not contain square roots.

In four dimensions, with Minkowski metric 7),,, = diag(—1,1, 1, 1), the light cone coordinates

are defined as

1
= —(z"+2?), = —(2"—2?),
) (" )
1 1
r=—(z' +iz?), T=——(2' —ix?), (2.30)

V2 2
and the corresponding derivatives are

1 1

ot o+ 9%, 0 ot +i0?), 0=0", 2.31)
\/5( ) \/5( ) (
where 0F = % and 0~ xT = OTx~ = —1. The coordinate 2™ is chosen to be time and the
equivalent momentum p, = —p~ is the light-cone Hamiltonian.

Light-cone field theories can be developed in two ways. In the first approach, one can start with
the covariant Lagrangian, and by using the appropriate gauge condition and constraint equations,
the relevant Lagrangian can be expressed in terms of the helicity fields. This method is outlined

in detail for N' = 1 supersymmetric Yang-Mills in Chapter 6.

In the second approach, field theories can be constructed from the symmetry principles. For
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light-cone field theories, Poincaré invariance is not manifest, and must be explicitly checked
under the Poincaré group. The non-manifest nature of Poincaré invariance can be used to con-
struct interaction vertices in light-cone field theories. The idea is that Hamiltonian is also an
element of the Poincaré algebra and can be fixed using the closure of Poincaré algebra. This
method was first used in [35] to derive interaction vertices for arbitrary spins up to order g. The
algebra-closure approach allows for the consistent derivation of interaction vertices perturba-
tively. Recently, this framework [35-37] was expanded to include higher derivative interaction
vertices for arbitrary spin theories [38]. There has been considerable work on constructing con-
sistent higher-spin interaction vertices in the light front approach using various methods [39-42].

While these ideas are exciting, they are not covered in this thesis.
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Chapter 3
Nicolai map at order ¢* for supersymmetric Yang-Mills theory

The material presented in this chapter is mostly based on author’s publication [24].

This chapter focuses on the construction of the Nicolai map up to second order in the coupling
constant for pure supersymmetric Yang-Mills theories in arbitrary dimensions. The transforma-
tion is derived through trial and error, starting with an educated guess that maps the free bosonic
theory to a fully interacting Yang-Mills theory. The determinant matching condition yields an
old result that pure supersymmetric Yang-Mills theories can exist only in space-time dimensions

D =3.4.6,10.

3.1 Notations and conventions

Supersymmetric theory with at most quadratic fermionic terms in the Lagrangian, can be de-
fined by a non-linear and non-local transformation of the bosonic fields (‘“Nicolai map”) that
linearizes the bosonic action in such a way that the Jacobian of the bosonic field transformation

equals the fermion determinant obtained upon integrating out all anticommuting fields.

We begin by presenting the construction of the Nicolai map using supersymmetric quantum
mechanics as an example, based on the seminal work by Ezawa and Klauder [43]. Consider a
system with two degrees of freedom ¢(t) (bosonic) and #(¢) (fermionic). The Euclidean action

is given by

s= [ B(m FAOV (0] + 2V2 0] + 50 (% v [q(tn) w<t>} .G

av

where the form of superpotential V'(¢) is not required and V' = -

The above Lagrangian is invariant (up to a total derivative) under infinitesimal supersymmetric
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transformations

o0q(t) = ep(t) +y(t)e,  09(t) =€ (q(t) = Vig®)]), 0¢(t) = e(=q(t) = Vig(®)]) ,

(3.2)
where ¢, €, 1, and ) are Grassmann variables; all of them anti-commute with each other.
The ansatz for the transformation 7, ¢(¢) is
Toa(t) = ¢ = at) + [ v 6(¢~ ) Vig(t). 3.3

where g is the coupling of V' (¢) and 6(¢ — t') is the step function.

We can show that 7, ¢(¢) maps the free action to the full bosonic action

[ (%d%d—f”) = [ (%q%) POV )] + 57 [q(tn) . (3.4

The Jacobi determinant of the transformation 7, ¢(t) is

5q/(t) — de oy AN v /
det (5q(t’)) = det (5(t —t') + 0(t — )V [q(t')]) . (3.5)

As the action (3.1) is quadratic in fermions, one can integrate out the fermions using the standard

Gaussian integration method (see Appendix C), and we get

Aeola) = et | (4 V'Ite]) ste 1)

= det [% o(t — t’)] det (6(t —t') +6(t —t"V'[q(t")]) . (3.6)

From the above equation, we can see that the Jacobian determinant (3.5) equals the fermion de-
terminant (3.6), up to a constant. Therefore, supersymmetric theories can be formulated without
using anticommuting variables. This approach to supersymmetric quantum mechanics is simple
and special because the map (3.3) can be easily inferred from the action (3.1) and has a closed
form. However, in general, constructing such a map requires tedious derivation and often results

in an infinite series, making the verification of the transformation more complex.
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Our focus here is on supersymmetric Yang-Mills theories. In this chapter, we will outline the
construction of Nicolai maps for supersymmetric Yang-Mills theories. We will explain this re-
sult (which for N/ = 1 super-Yang-Mills theory in four dimensions was obtained and proved
long ago in [16]) in simple terms by explicitly rederiving the map up to O(g?), and extending it
to all pure supersymmetric Yang-Mills theories. As a new result, using this approach, we will
recover the well-known relation of [26] that interacting pure supersymmetric Yang-Mills theo-

ries can exist only in space-time dimensions D = 3,4, 6, 10.

We work here in Euclidean space, rendering upper and lower indices equivalent. However,
the Euclidean metric is not crucial to our discussion, as all of these results can be derived in
spacetime with a Lorentzian signature as in [18, 19]. Consider the pure N/ = 1 super Yang-
Mills in D dimensions that contains one spin field Af,(z) and a spinor field A*(z) (spinor index
suppressed). The invariant part of D dimensional V' = 1 super Yang-Mills is

1 a a pv 1_a a
Stnv :/d% (ZFWF A V“DMA> :

The free scalar propagator is (with the Laplacian U = 0#0,,)

Clz) = / (gﬂ)’“f;: ~ OC(z) = —6(x). (3.7)

where 6(z) = 0P)(z) is the D-dimensional J-function. For arbitrary D we have

1 D D
_ r({=+1 Hl=37 . 3.8
C) = gt (5 +1) @ 68)
in particular, for D = 4
1

When writing 0,C(x — y) = (0/02)C(x — y) = 0¥C(x — y), the derivative by convention
always acts on the first argument. Careful track needs to be kept of the sign flips 05C(z — y) =
—03C(z —y) = +05C(y —x) = —03C(y — z),
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The free fermionic propagator is
W0,S0(x) =0(z) = So(z) =—"0,C(x), (3.10)

where the spinor indices are suppressed. This implies So(x — y) = —Sp(y — x). As discussed
in chapter 2, that the independent fermionic degrees of freedom (spinor components) will be
designated by 7, and it depends on D including extra factors of % for Majorana or Weyl spinors,
and }l for Majorana-Weyl spinors, respectively. For pure supersymmetric Yang-Mills theories,

the degrees of freedom matches for these case
D = 3,4,6,10 = r = 2,4,8,16. (3.11)

With Minkowskian signature, for ) = 4 space-time, this corresponds to a Majorana spinor,
for D = 6 to a Weyl spinor, while for D = 10 we have one more factor of % because of the

Majorana-Weyl condition. For free theories, this equality follows trivially (see Appendix C)

Nl|s]

/DA e2404 [det(—0)] "2,
/DODC’ 29~ [det(-0)] ,

/DX e~ [det(—0)]7, (3.12)

by demanding the cancellation of the free determinants. It is just a consequence of the equality

of bosonic and fermionic degrees of freedom on-shell for free theories.

We shall rederive this constraint in section 3 without any use of anti-commuting objects.

3.2 Main theorem

Supersymmetric gauge theories can be formulated purely in terms of bosonic variables if the

gauge fields admit a non-linear and non-local transformation 7, of the Yang-Mills fields

Ty o Au(x) = Al (z,g;A),
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that can be inverted perturbatively such that

1. The transformation 7,(A) when substituted in the free bosonic Lagrangian (Maxwell the-

ory) yields the full interacting bosonic Lagrangian (Yang-Mills theory).

1
SHAA)] = 5,04 = ¢ / Pz F Fom.

2. The map 7, preserves the gauge condition

TylG*(A)] = G*(A).

3. The Jacobi determinant of 7 is equal to the product of the Matthews-Salam-Seiler (MSS)
determinant (or Paffian) [21, 22] obtained by integrating out the fermions and the Faddeev-

Popov (FP) determinant [23] (obtained by integrating out the ghost fields)

dA H(z, g, A
det( ,u('raga )

i) Aussl) Arslal,

at least order by order in perturbation theory.

3.3 The map at order g*

The ansatz for the transformation 7, A is
T,A= A;ﬁ(aj) = AZ(J?) + gfabc/du WC(z — u)AZ(u)Ai(u)
+ ! 2 pabe fhde [ du dv 9,0(x — u) AS(u) { 9,C(u — v) A%(v) A% (v)
5 g p A 3 A p

C(u —v) Az(v)AZ(v) +0,C(u—v) Az(v)Ai(v)} + O(g*),
(3.13)

where the dimensional dependence in the measure is suppressed for convenience. The inverse

map can be found by inverting the transformation (3.13) perturbatively.
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3.4 Consistency tests of the map

We now perform the three checks of the main theorem (3.2) for our ansatz 7,(A) up to O(g?).

3.4.1 Gauge condition

In this chapter, we are working with the gauge G*[A,,] = J,,Aj,. We need to show that
O Al = 0,A% + O(g%) . (3.14)
Applying 0, to the terms of the map (3.13), we obtain

0,“4;7 = 0,4 + gf“bc/du 0, 0\C(x — u)AZ(u)Ai(u)
1
+ 3 > fabe fde /du dv 0,,0,C(x — u) AS(u) {@C’(u — ) Ai(v)AZ(v)
050~ 0) AY0)A5(0) +3,C(u— 1) ALDAL0) | + Os).
The derivatives in order g term are symmetric under the exchange of 1 and A, but the gauge fields
are anti-symmetric due to the color index. Hence, the order g contribution vanishes. Similarly,

the O(g?) also vanishes due to the manifest anti-symmetry under the exchange of two space-time

indices.

3.4.2 Free action condition

Coming to the first statement of the main theorem, we show that the transformation satisfy

1 la la 1 a a
3 /da: All(z) (=06, +0,0,) Af(z) = 1 /d:v FLFS, . (3.15)

The second term on both the left and right side in the above equation can be ignored due to the
gauge condition. We plug the map (3.13) in the left-hand side of (3.15) and simplify order by

order. At the leading order, we obtain the kinetic term. For order g, we get

/ da A(2)] o) (—T0,) A%(@)|og)
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_ e / dr du A% () 0, 05C (& — u) AL () AS (u)

1
= —g [ /daz‘ 8>\AZ(1:)AZ($)A§\(:U) =2 /d:z: ELFL o) (3.16)

In the second line, we partially integrated 0, on the left gauge field and used the relation

0,C(z — u) = —§(x — u). At order g2, we have two contribution

1 a a a a
-5 [ o A2@)low DAL @low - [ do A @)logn DAL @l G1D
We first solve for the left part in the above equation

2
—% febefede [ da du dv O\C'(x — u)AZ(u)Ai(u)Dx 2,C(x — v)Ai(v)A;(v) . (3.18)

After partial integration and using the relation [, C(x — u) = —d(z — u), we obtain
9° rabe pade [ t d
=5 fabe fade /dx du A (x) A5 () Or0,C(x — u) Ay (u) AL (u) . (3.19)

We now simplify the second part of (3.17)

g2f“bcfbde/dxdudv Al (z) 0, 8,C(x {aﬂo u—v) A (v) A5 (v)
hC(u—v) Aﬁ(v)AZ( ) + 0,C(u—v) Ad }
%gz fabe pbde / de du 9,A%(z) A3 (x) {GMC(::; ) AL0) A (v)

MOz —u) Alv) A (v) + 8,C(x — u) AZ(U)Af\(v)} .

Using the fact that the equation is symmetric under exchange of a <+ c and p <+ A. We can

rewrite the above equation as
~qare e [ o, azo a5 {0,000 - 0 80 450)
ONC(x — 1) ALw) A% (v) + 8,C(z — u) A;{@)A;@)} ,
= e [dn Ahn) A5(0) ALfn) A5 (o)

+ 3 g> fabe fede | da du AZ(I) AS(z) 0,0,C(z — u) AZ’(U)A;’(U)

23



The blue color term from the above equation cancels against the (3.19). We, therefore, proved
the first condition of the main theorem that the transformation (3.13) maps the free bosonic the-
ory to a fully interacting Yang-Mills theory. We also found out that the fulfillment of action and

the gauge condition does not use the special value of D, and therefore work in all dimensions.

The most non-trivial requirement for the map is the matching of determinants. We now verify

the third statement of the main theorem for our ansatz (3.13).

3.4.3 Matching of determinants

For the (perturbative) computation of the relevant functional determinants (or rather their loga-

rithms), we use the standard formula
1
logdet (1 — X) =Trlog (1 - X)=-) —TrX". (3.20)
n
n=1

The Jacobi determinant corresponding to the transformation (3.13) is

det (%) = 0, 0(x —y) + g f* {C(z = y) AS(y) 6w — 0,C(z — y) Af(y) }

#3750 [as 0,00 {0,000 -0 a2 450
8,C(y — v) A(v) A" () + 8,C(y — v) Ag@)A’;@)} +
+ % g2 fede ot | du dv 9,C (v — u) AS(u) §(y — v)
{@C(u ) (58" ARw) + 8,0 AL (0)
+ MO — ) (3,07 A (0) + 8,,0™ A2 (1)
+ 0,0 (1 — v) (80" AL(v) + 63,6" A% (1)) } +O(g).

Using the identity (3.20), and the fact that 9,C'(0) = 0 one can show that the contribution to the
Jacobian determinant at order g vanishes. At order g2, we have two contributions

5A’a /
log det ’Z(x) oA — (2 : 1) Tr
6 A (y) O(g2) 2

oA

dA’
0A

OA

=Tr
o A

0O(9?)

(3.21)

O(g)
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The trace (Tr) is computed by putting i = v,b = a,y = z and integrating over x. Solving the

above equation and using the SU(n) identity f¢fo*? = n§°, we obtain

SA(x)
1 _ 2
log det (514’;(3/)) ng /dm dy{

D —2
——5— 0,C(x —y) A5 (y)0,C(y — :L‘)Aff(;l:)} )
(3.22)
The path integral for pure NV = 1 super Yang-Mills reads
7= / DADADCDC ¢~ Smv(AN=5(4.6,0) (3.23)

We integrate out the fermionic variables using the standard Grassmann integral (see Appendix

C for details) and obtain the Matthews-Salam determinant

NI

det [y (500, — g ™™ A™)]? = det (v/0,)% - det(1 — V)? (3.24)
where the relevant function matrix is,
Y(2,y; A) = gf“bmy”y”@“C'(:L‘ —y) A% (y) . (3.25)

The factor of % in the determinant accounts for the correct counting of physical fermionic degrees
of freedom (technically due to the Majorana or Weyl condition when performing the Berezin

integration). Using the identity (3.20), we get

1 1
5 log det (1 — Y) = an2 tr (Ya A Y87p) /daz dy 0,C(x — y)AY (y) 05C(y — :E)Azl(x) .
(3.26)

Here again, the contribution at order g trivially vanishes, and the trace (tr) is associated with the

trace over spinor indices. The trace of four y-matrices can be obtain from (2.18) and reads

tr (7047)\757%) =T (504)\5,8;) - 504,85)\/) + 6ap5/\ﬂ> . (327)
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Plugging the trace formula in the (3.26), we get

log (Apss[4]) = ngQ/dx dy{

r s a A a
— 7 uCla =) ALy) 9,00y — .’I;)A,/(:r)}, (3.28)
where r counts the number of off-shell fermionic degrees of freedom.

We also have contributions from Ghost determinants. The ghost fields are anti-commuting scalar

fields. We integrate them out similar to the fermion case and obtain the following determinant

det (9#D,) = det ([6*°0, — g f*"™A?] 0") = det(D) - det(1 — Z), (3.29)
where Z%(z,y; A) = gf*"9,C(x — y)A?(y). The non-trivial contribution from ghost deter-
minant is

logdet (1 — Z) = + O(g%),

(3.30)

Our aim was to show that the ansatz (3.13) satisfies the third statement of the main theorem.

0A (x, g; A)

log det ( SAL(y)

) = log ( Anss[A] App[A]) .

We take the product of fermion (MSS) (3.28) and ghost (FP) (3.30) determinants and equate
them to the Jacobi determinant of the transformation (3.22) that gives us the following two

Ild - 4 3.31
P a ( )

which gives

r=2(D—2), (3.32)
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and are thus satisfied for

D=3,4,6,10 <> r=2,4,816. (3.33)

We have discovered that the matching of determinants depends on the dimension of our field
theory, which imposes a constraint on the allowed values of space-time dimensions. We showed
that the supersymmetric Yang-Mills theories can only exist in D = 3,4, 6, 10 dimensions. This
result was first obtained in [26] using the closure of supersymmetry transformation and the spe-
cific Fierz identity. We were able to recover this classic old result without requiring the closure
of supersymmetry algebra. This means that one can formulate supersymmetric Yang-Mills the-

ories entirely in D = 3,4, 6, 10 space-time dimensions without using anti-commuting variables.

We have confirmed that our ansatz (3.13) satisfies all three conditions of the main theorem.
Additionally, we found that the map at order g> does not require any use of gauge condition. This
map can be used to quantize the super Yang-Mills theory in terms of bosonic variables. A natural
question that arises is whether this derived transformation (3.13) can be used to compute objects
of interest like scattering amplitudes or correlation functions. The correlation function for N =
4 super Yang-Mills was computed in [27] using our map (3.13). Higher-loop computations
require a higher-order map in the coupling constant. In the next chapter, we will discuss the

systematic construction of a map at order ¢> in the coupling constant.
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Chapter 4
Systematic construction of the map and its extension to ¢°

The material presented in this chapter is based on author’s publication [28].

In this chapter, we present the formal construction of the Nicolai map up to the third order in
the coupling constant for pure supersymmetric Yang-Mills theories in arbitrary dimensions. We
derive the infinitesimal generator R, a non-local and non-linear functional differential operator,
of the inverse Nicolai map. This operator serves as a starting point for constructing Nicolai maps.
We perform the checks for the map derived using R prescription and find that the existence of

map in space-time dimensions D = 3,4, 6, 10 holds at the third order.

4.1 Introduction

Supersymmetric Yang-Mills theories can be developed in terms of bosonic variables using the
Nicolai map, which was initially constructed and studied through trial and error. For lower order
in perturbation theory, the map was simpler and easier to guess, as shown in (3). However, at
higher orders in the coupling constant, the form of the map gets complicated due to the rapid
increase in a number of terms (4.51). The work of Dietz, Flume, and Lechtenfeld [18—20] intro-

duced a new and systematic way of constructing the map.

In this chapter, we will show how to construct the R operator for any pure super Yang-Mills
theory. We will present the general construction of this operator valid for all on-shell supersym-
metric Yang-Mills theories in space-time dimensions D = 3,4, 6, 10. The proof is largely based
on existing work [44], but we have generalized it for critical dimensions in the Landau gauge.
Our main goal in this chapter is to work out the infinitesimal generator ‘R and use it to derive the

map at order g°. We will explain in detail how all the necessary conditions are satisfied.

We here work in Euclidean space and the on-shell action of N' = 1 super Yang-Mills in D
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dimensions (2.21) that consists of a gauge-invariant part

Siny = }L/dx Fﬁ,,(x)FﬁV(a:) + %/daz () (D) (), 4.1)

and a gauge-fixing part

L[ e g 0G°(A)
ng—%/d G(A)G(A)—l—/d C()ﬁAZ(x)

(D.C) (). (4.2)
The full action Si,y + S, is invariant under the BRST (or Slavnov) variations

sAl = (D,0), sA" = —gf™"N'C°, 5O = —4f"C'C, 50" = —{G(A), (43)

for all positive ¢ and an arbitrary gauge-fixing function G*(A) (which for simplicity we assume
not to depend on g¢). In the remainder, we will specialize in the Landau gauge function G* =

O"Aj, which can be obtained for  — 0. For the ghost kinetic term, we obtain the standard form

/ dz C°(z) ‘;iz(é)) (D,C)(x) = / da O () (D, C)"(x) 44)

m

The n-point correlation function of a set of operators O;(x;) in super Yang-Mills theory is

{O1(71)....0n(x0) )y = / DADXDC DC ¢~ S [9AN=Sx9.ACCT 0 (21)...O, (z,) .
(4.5)

The operators O;(xy)....O0,(z,,) are bosonic in nature, and we integrate out the fermions and

ghosts, and obtain purely bosonic expectation value
<01(I1)0n(l‘n)> = /DA G_SQ[A} AMgs[A] AFP[A] Ol(l‘l)on(ﬂfn) . (46)

In the next section (4.2.2), we will show how one can express correlation functions of fully in-

teracting theory in terms of free bosonic correlators.

We state below the revised version of the main theorem [15].
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4.1.1 Main theorem
Supersymmetric gauge theories are characterized by the existence of a non-linear and non-local
transformation 7, of the Yang-Mills fields

Ty o Ap(z) = Af(z,9;A),

which is invertible, at least in the sense of a formal power series such that

1. The Yang-Mills action without gauge-fixing terms is mapped to the bosonic abelian action,
So[A] = Sy[4], 4.7)

where Sy[A] = ; [da Fg, F5, is the Yang-Mills action with gauge coupling g.

2. On the gauge surface G*[A] = 9" Aj, = 0, the Jacobi determinant of 7, is equal to the
product of the MSS ! and FP determinants

q (514;“(%,9;%1)

5142(9) ) = AMSS[A] AFP[A] ) (4.8)

at least order by order in perturbation theory.

3. The gauge fixing function

G°[A] is a fixed point of 7. 4.9)

In the next section, we will show the derivation of the R operator and how to obtain the map 7,
from it. In this chapter, we won’t outline the proof of the main theorem using the properties of
the R operator. Our focus here is on the construction of the R operator and on the properties

of the map. For more details on the R prescription and the main theorem proof, please refer to

[28, 45].

"With the understanding that A ;gg is really a Pfaffian for Majorana fermions.
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4.2 Introduction to R prescription

The construction of the R operator is based on the concept that the derivative of action with re-
spect to coupling constant g can be expressed as a super variation of some fermionic functional.
This idea was first given by Zumino in proof of the vanishing of vacuum energy of supersym-

metric theories [1].

Consider X be a functional of the bosonic fields Ay, the linear response of its vacuum expecta-

tion value to a change in the coupling constant is given by

Here, the vacuum expectation values << e > and < e > were defined in (4.5) and (4.6), and we

have dropped subscripts g or £ for simplicity of notation.

The R operator is a functional differential operator defined as the generator of infinitesimal shifts
of the coupling constant g of the theory. We use the supersymmetry to rewrite the right-hand

side in terms of a derivational operator R. We introduce

Aa _ _21_rfabc/dl. (,YP)\)\G(:L,))O[AI;(Z.)A‘;\(IE)’ (411)

and use the standard supersymmetry variations (with supersymmetry parameter stripped off)

5a)\a = %(’}/MV)B&FG and 50‘AZ - —(/\avu)a, (412)

[

to compute

0oDy = 1fobe / dz F (2) A (2)AS(c) + 2= pebe / dz (v“Aa(x)j\b(x))mA;(x), (4.13)

so that

dSinv
dg

r

= 0ala + (53— D_l)f“bc/dx j\a(x)v")\b(x)AZ(x). (4.14)
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Notice that J, anticommutes with other anticommuting operators. With

s,

o= / da G4 () 0% (A () C°(x)) (4.15)

we arrive at

d
+ <<9(Dr1 — 1) | da A ()" A () X () X>> (4.16)

We want to rewrite

((FaBa) X)) = ((BadaX)) + (da(AaX))) (4.17)

We use the supersymmetry ward identity [45]
{(6.Y ) = {(6a5e0) Y)) . (4.18)
Employing the BRST transformations (4.3) we find that
5aSet = —5 / dz C%(z) 64 (0" Al(x)) . (4.19)
Thus, the Ward identity becomes

(5.7 = << / A O () 6, (0 A%(2)) S(Y)>>. (4.20)

In (4.17) we can see that Y = A, X, and from s(A,X) = s(A,)X — Ays(X) we also require

the BRST transformation of A, . Using the Jacobi identity, we get

s(A,) = %f“bC/dx (WPAA“(x))aE)pCb(x)Af\(x). 4.21)
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Subsequently, we can put everything back together,

d%,<X> - <%> _<<Aa(sax>>+<</dx O () 8 (9 A5 () Do 5 (X >> (2 XD

(4.22)
with
7 = - / dy C*(y) da (0" A (y) % £ / dz (7 N(x)) (Af(x) 0C(x)
(B2 ) o [ e M@ AN ) - £ [ de Oo(a) 04 (AL ) C(a)
(4.23)

We want the R operator to be manifestly distributive. From (4.22), we can see that the first three
terms act like derivative operators. The fourth term <<Z X >> does not behave like a derivative,

so to keep the operator distributive, we need to show that the fourth term vanishes.

As it stands, and up to this point, the above derivation is valid for all values of the gauge pa-
rameter £. We can, therefore, take the limit & — 0, for which all contributions containing a“AZ
simply vanish (recall that physical quantities anyway cannot depend on £). We will show in the

next subsection (4.2.1) that under these conditions the multiplicative contribution disappears,

, D—-1 1 1
g%«zx»ézo for 5= (4.24)

T 2

and thus only in the critical dimensions D = 3,4, 6 and 10, where r = 2(D—2) indeed.

Note that for off-shell supersymmetric theories with the rescaled fields, the operator R is mani-

festly distributive. The construction holds for all general gauges in four dimensions [31].

The generator R then can be obtained from (4.22) by integrating out the fermions

RX = dx + 0, X - Ay + /dx C(x) 64 (0" AL(x)) Ay s(X), (4.25)
dg 2 | [ e

where the contractions signify fermionic (gaugino or ghost) propagators in the gauge-field back-

ground. For N = 1 super Yang-Mills theory this result was first derived in [18], see also [17].
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A key role in the R operator is played by the fermionic propagator S%(x, y; A) in a gauge-field

dependent background characterized by Af (), with
o (DHS)ab (x,y; A) = A* [5“3“ + gfadCAZ(x)} S(x,y; A) = 0 (x—y). (4.26)

The limit g = 0 gives us the free fermionic propagator S$°(x). We also require the implementa-

tion of the ghost propagator G%(z, y; A), obeying

0
0"(DuG)*(x,y; A) = 5“D+gf“dca—z4ﬁ($) G(x,y; A) = 0%6(z—y), (427

Th
where the differential operator acts on everything to its right.The free ghost propagator satisfies
OGS (x) = 6°6(x) = G (x) = —6°C(x), (4.28)

and the full ghost propagator expands as
GMay) = GPlay) — g [ deGla,2)f O (ALRGH () + o0 @29

It is important to note that not only G*(z, y; A) depends on g and the background field A (x)
but that (D, G)*®(x, y; A) does so as well

(DG e A) = 70,C(a-y) + 9 [ e Myfo=2) A5(ICy) + O,

(4.30)
with the abelian transversal projector
— aﬂal’ z
O, (x—2) = (0w — 5 d(x—2) ~ du0(r—2)+0,C(z—2)0;, (4.31)

where ~ means equality in the sense of a distribution. We will later see that the terms of O(g)

in (4.30) become relevant for the map 7, from order g* onwards.
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We use the background-field dependent propagators defined in (4.26) and (4.27).

a Vo — qab . a ~b — ab .
A(z) N(y) = SY(x,y; A), and Cx) C°(y) = G(x,y; A). (4.32)

to rewrite (4.25). Here A*(x) are the gaugino fields (prior to their elimination via the MSS
determinant), and C%(x) and C%(x) denote the ghost and anti-ghost fields.> For the Landau

gauge function (2.26) the 'R operator is then represented by the functional differential operator

. d B 1 ab . PA bed pc d 0
- g [T s ) Pl
1 4]
1 ae . T v oeb . PA bed pc d -
o | drdzdy (DuG)™(x, 2 A) 9, Tr (15 (2,4 4)7™) f* AL (1) AL(y) 541 (2)
(4.33)

Notice that the first part of the ‘R operator (first line on the r.h.s. of (4.33)) is gauge independent,
whereas the second line does depend on the choice of the gauge-fixing function via the ghost
propagator. The gauge field Af.(z) does not depend on g, and the first action of R to Afj(z) is

straightforward. For all higher orders, we also need

ab
ds d(xay) _ —/dZ SaC<I,Z) fcmdAZL(Z) ,y,uSdb(Z,y)7 (434)
g
and
(5Sab(27y) ac cemd 1 db
SAn() —g5%(z, @) fANSV (@, y) (4.35)
as well as
ab
dG d(gl‘,y) _ /dZ G“C(:z:,z) fcmd@ ALrL<2> Gdb(z,y), (4.36)
and
5Gab(z,y) ac emd S b
dAm () = gG*“(z,z) [T 0, G (z,y). (4.37)

These equations are obtained from (4.26) and (4.27). After iteratively computing R" for any

Not to be confused with the propagator C'(z), which carries no indices.
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desired n, we set ¢ = 0, which in particular maps S%(z,y) to the free propagator S3°(z—y)
and G%(z,y) to the free propagator G¢(x—y). This operator then serves as starting point for

construction of (7, " A)%(x) at O(g").

In section (4.2.2), we will prove that the R"™ operator is the infinitesimal generator of the inverse
Nicolai map. Once the R operator is constructed, one can systematically derive the Nicolai map.

Before jumping into the map, we present below the proof of distributivity of the R operation.

4.2.1 Distributivity of the R operation

In this subsection, we generalize the argument from [18] in order to prove that (4.24) holds for

any bosonic functional X. Integrating out the gauginos and ghosts yields

7= [a () o), 1 [ e () Ao 2507 )

r | |

(22 =) 1 [ e M@ AL @) — £ [ de 07(a) Ay )02C7 ().

(4.38)

We use the identity v** = % (YHAY — AYH) = —yY4* + 0" and reorder the contracted terms
so as to identify any contraction with a fermion or ghost propagator (in the presence of the
gauge-field background) to get

1
g = —;bed/dm dy Tr (Gdea(a:, y)v”v”v“@nga(:ﬂ, y)) A;(x)

1
+ ;bed / dx dy Tr (8§Gda(3:, y)’ypd“”ang“(x, y)) AZ(x)

— (D;l — %) f“bc/dx Tr (S(x, z)y*) AZ(:U) + f“bc/dx (%LGC‘I(x,x)AZ(x).

(4.39)

We use the following Schwinger—Dyson identities,

Sb“(x,y) = Sg“(x—y) + gfem”/dz Sge(x—z)AZ(z)v”Sm“(z,y),
(4.40)
VOLG™ (x,y) = S§M(x—y) + gfem"/dz Si°(x—2)Ap(2)07G™ (2, y)
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and the relation " 97 G§*(z—y) = S§*(x—y). Integrating by parts and using v704Sg*(z—y) =
—5%5(x—y) together with Tr 1 = 7, this gives

g = —%fbm/da: Tr (v*5"(z, z)) A ()

g C emn € n 14 ma a Cc
— ;fb df /dx dy dz Tr (Sg (x—2)A%(2)0G™ (=, y)v“@f{Sb (x, y)v") A#(x)
— focd / dz 01G (x, ) A} ()

+ ﬁfhﬂfﬂM{/ltvdydzﬂ&(azc“a@;y>sgwx—z>v*Azoa6%sma@ayyw>fﬁxx>
’

— (DT_1 — %) f“bc/dm Tr (S“(x, )y*) AZ(m) + fabc/dx 85G’C“(x,x)AfL(x).

The pure fermion loops (first and fifth term) cancel, provided (3.32) holds with D = 3,4, 6 or 10,
as advertised. The pure ghost loops (third and sixth term) cancel independently of dimension.

Finally, we use S{¢(r—z2) = —S¢(2—x) to cancel the two remaining terms,

Z = —gfb“‘fem" / dz dy dz Tr (S5 (x—2) AL (2)0LG™ (2, y)y"0US™ (x,y)7") AS(x)

w St [ Ao dy s T (926 o) Sl (227 AL ()OS ™ (210)2") A o)

= 0.

Therefore, we proved that the R operator (4.25) is distributive
R(XlXQ) = RXl XQ + XlRXQ . (441)

and the proof only holds true for Landau gauge.

4.2.2 Relation between the map and R operator

In this section, we show that the R operator plays a key role in our construction of Nicolai maps.

For some bosonic operator X [A], the coupling flow equation is
L) = (R X) “42)
dg ’

where the action of R X [A] is given in (4.25). Physically, the R operator can be interpreted as

the generator of flow in the physical coupling constant. The above equation can be viewed as a
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diffusion equation with coupling constant acting as a time parameter [19].

To get a finite shift in the coupling constant, we take higher derivatives of the vacuum expectation

value of X[A] and obtain the full expectation value as

<X[A,g]> = e k:_dg’k

— ¢ "
kzz: k_ mg':o’

9" i)

o (4.43)

= (exp(gR) X /DA’ —5(0u4)? k'

where <> , denotes the average with free measure.

To relate the above equation to the inverse of the Nicolai map, we start with the correlation

function of gauge field A (suppressing color and space-time index) and using (4.5), we get
(A1) An(n)) = / DADADC DC ¢=SUANCE 4 (2. A (2n). (4.44)
Integrating out the fermions and ghost field yields
(An(@r). An(zn)) = / DA SN ool A] ApplA] Ay(zy)o A (). (445)

Consider the transformation 7, of the bosonic field that obeys all three conditions of the main
theorem (4.1.1). We perform a change of variables in the above equation using the inverse of the

transformation 7, and obtain
(T, A (). Ty A () ), = / Do A’ eS0T 7 =1 A (). T, A ] (2) ,(4.46)

where the Jacobian of the inverse transformation cancels the product of fermion and ghost de-

terminants, and we obtain the following relation

(A1) An())) = (T, A (1) Ty A W (20) ), - (4.47)

Therefore, any bosonic correlation function of the fully supersymmetric theories can be com-

puted in terms of the free bosonic correlation function using the inverse map. This statement
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also holds for fermionic correlators [27, 45].

Take equation (4.43) and replace the product of bosonic operator X [A] with A;(x1).... A, (x,).
Comparing (4.43) and (4.45), we get

ok
Az, g, A) =T, ' A' = %RkA’

k=0

(4.48)

g'=0"

the inverse Nicolai map that relates the interacting theory to a free theory at a finite value of the
coupling constant. The actual map 7, can then be obtained order by order in ¢ by inverting the

above power series. Let us assume the following form for the map

n

| <

' T,A. (4.49)

3

TA =)
n=0

Expanding ’7;*1’7; = 1 in powers of g and matching coefficients we readily obtain

ThyA = A,
fid = "Rl (4.50)
LA = —-RTyA| _,—2RTWA| _,

T,A = ~RTyA| _ —3R*TA| )~ 3RTA| .

One can now systematically derive the 7, map. We present below the explicit expression for

(75 A)(2).

Note that the 7, map can be constructed using an alternate but equivalent construction devised
by Lechtenfeld and Rupprecht in [46, 47]. It follows from an old work of Lechtenfeld [44]. The
central idea of this construction is to derive directly the 7, map from the coupling flow equation
(4.42). In this approach, instead of working with the functional differential operator, one works
with the path-ordered integral equation (eq (43) in [46]) to construct the Nicolai map directly

without computing the inverse map first.
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4.3 Result and discussion
We now present the main new result, which is the explicit formula for 7, to cubic order O(g?) *
(TA)ila) = Ayfa) + 9% [ dya,C— AL ALY

# 2 g e [y dz 9,000 - AW — AL A5 )

3
+ %fabcfbdefcm” / dy dz dw 0,C(z — y)
< Ny — DAL)AL ()0,Cy — w) AT () A2y ()

+ e [y ds dw 9, - ) A5(0) {

+20,C(y — 2)A5)(2)InC (2 — w) AL (w) Ay (w)
=200y = 2)A5(2)9,C (2 — w) A (w) Agy (w)
— 0,C(y = 2) A5 (2)9,C (2 — w) Al (w) Ay (w)

—20,,C(y — 2)A}(2)9,C (2 — w) AY (w) AZy (w)

+ %3 fove prde pmn / dy dz dw {

20,00 — P ALB)IC(Y — DAL, C (= — w) A7 (w) A2 w)

= 0,C(a = 4)0, (AC( - ) A0 - w) AL ()AL w) |
= e [y dz ALl — ) AIRCG AT ALE)

+ O(g4).
4.51)

The first two lines above correspond to the result obtained in (3). The last two lines are the new
terms arising from the g-dependence of (DHG)‘”’ in (4.27); they are crucial for the fulfillment
of the conditions in the main theorem. While the result up to O(g?) was originally obtained by

trial and error in [16, 24], this becomes tricky at higher orders because the number of terms is

3The terms in the map are written in the compact notation: e.g. [ab] = 1 (ab — ba).
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significantly larger at O(g®) than below. In addition, from the last term we see that new struc-
tures appear which could be difficult to guess. In the following section we will verify that this
result indeed satisfies all three statements of the main theorem (subsection 4.1.1) simultaneously,

providing a highly non-trivial test.

4.4 Checks of the map

A general all order proof of the statements in the main theorem is given in [28, 45]. The checks
of the main theorem that we performed up to O(g?) can be found in (3). Thus, we only present

here the calculations at third order in g.

4.4.1 Gauge condition

We start with the third statement of the main theorem (4.1.1) and verify that 9, A’ (z) =
9,45 () + O (g*). The action of 9, to the terms of order ¢* in (4.51) and removing all terms

that are manifestly anti-symmetric under the exchange of indices p and p yields

O @y = 11 1 [ ay s aw0,0,00 - 1500 {
20,00y — 2) A% ()0nC Lz — w) AT (w) A2y (w)
~204C(y ~ 40,0 ~ w)AL () A3 )
- %3 e phde pmn / dy d= dw
X D0(w — 1) 8, (AS()Cly — 2)) AS(2)0C(= — W) AT () A (w)
= oo [ ayas

X O (A5 (2)C(x — y)) AS(y)ONC (y — 2) AT (2) AX(=) .

The first two terms cancel each other. In the third term we use O C'(z — y) = —d(x — y). Itis

then easy to see that

Ou AL ()| oy = 0. (4.52)
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4.4.2 Free action

The first statement in the main theorem states that the transformed gauge field must satisfy

1 1
§/dx A (x) (=06 + 0,0,) Al (x) = Z/d:c Fi () Fe,(x) + O(g") . (4.53)

Note that, the fulfillment of this condition does not require any special value of dimension D.
We can ignore the second term on the L.h.s. and the corresponding term on the r.h.s. of this
equation due to the Landau gauge condition. The order g* calculation, is given in detail in (3).

At third order, (4.53) has two contributions which must cancel each other:
! a a a a
0= /dx (A; (x)\o(gg) O A (x)\o(go) + A, (x)\o(gz) OA (w)\o(gl)) . (4.54)

To check this we collect all the terms to obtain

/ de (A;@(:c)\o(gS) O AL @) gy + AL (@) | gyy2) O A;f(x)}o(gl))
=— 9; febe fode pemn / dz dy dz dw 9,C(z — y)
x O\C(y — 2) AN (2) A5 (2)9,C (y — w) A} (w) Ay (w) O A ()
+ gP fobe pide pamn / dz dy dz dw 9,C(z — y) A5 (y) {
+20,C(y — 2) A5 (2)InC (2 — w) A (w) Ay (w) O A ()
=200y — 2)A5(2)9,C (2 — w) AL (w) A7) (w) O Aj ()
— 0,C(y — 2)A5(2)9,C (2 — w) Al (w) Ay (w) T Aj ()
(w) Ag( i

)
F 0,0l A CLe — ) A0 AYw) D A5(0) |

—20,C(y — 2)A7)(2)0,C (2 — w)AY' w) A% (x)

+ %fabCfbdefdmn/dx dy dz dw {
20,0z — ) A (1) Cly — 2) A5 (2)0,C (= — w) A (w) AL(w) O A%(2)

— 9,0 (x —y) 9, (A5(y)C(y — 2)) AL(2)05C (2 — w) A} (w) Ag(w) O AZ(x)}
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. %fabCfbdefdmn/dx dy dz
X A5 (@)C(x — ) A5 ()OOl — 2) AT (2) A3(2) D AL ()

(4.55)
3 3
+ 2 [ da dy dz du 0,0(0 1) A50)8,Cy — )AL 45 (2

x O (f"0,C(x — w) Al (w) Ar(w))

It is easy to simplfiy the above expression. We first perform integration by parts on each term

such that the Laplacian acts on the C'(x — y), which gives a d-function and we obtain

/dx (A:f(a:ﬂo(gg) O A;f(xﬂo(go) + A:f(x)|0(g2) O A;f(x)lo(gl)>
3
_ _% fabe ghde pemn / da dz dw 9,A%(x)
x O\C(z — z)Aﬁl\(z)Ai(z)é?[pC’(:E — w)AL”(w)A’;}(w)
+ g* febe fhde pmn / dz dz dw 0,A%(x) A5 (x) {

+20,C(x — 2) A5 ()0 C (2 —w)A

# 8,000 — DAL O — ) A0 23w (20
+ %fabCfbdefdmn/dx dz dw {
+ 20,4, () A ()0, Oz — 2)A3(2)0,C (2 — w) AY (w) Az (w)
— 0, 45(2) 0, (A} (2)C(x — 2)) AS(2)05C (2 — w)AT(w)AZ(W)}
g3 abc pbde pdmn
—gfbfbdfd /dxdydz
x DAL (2) AL () Oz — y) AL(y)OrCly — 2) A (2) AX(2)
+ 3_93fabc‘fbdefamn\/dx dz dw
2

x AS(2)9,C(x — 2)A%(2) 01(2)0,0,C(x — w) A (w) Ag(w) .
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We notice that we can replace any 9,A¢%(x) A§ () by 30, (A%(x)AS(x)) if the full expression
is symmetric under simultaneous exchange a <> c and p <> A. This allows us to integrate the

respective terms by parts again and most terms cancel. Subsequently, we obtain

/da: (A'H“(x) ‘O(g3) OA(x) |O(g0) + A () }O(gQ) OA(x) |O(g1)>
3
_ 2 poe i pann / da dw 8,A%(x) A5 (2) AL (2)IC(x — w) AT (w) AT (w)
4+ g_gfabCfdefdmn/dx dz dw {
3
+ 0,A% (2) AL (2)0,C(x — 2) AL (2)0,C (2 — w) AY' (w) A (w)
— 0, AL @) A (2)0,C(x — ) AG(2),C( — w) A () A2 (w)

— 8MAZ(.T) d, (AZ(:IZ)C(ZE — z)) AS(2)0,C(z — w)AT(w)AZ(w)}

3
— %f“bcfbdefdm”/da: dy dz O A} (z) A (7)C(x — y) AL (y) O Cly — 2) A (2) AN (2) -
The first term vanishes by the Jacobi identity, i.e.

3
9 e e i / da dw 8,A%(x) A5 (2) AL (2)IC(x — w) AT (w) AT (w)
— %3(fabc]cbde+febafbdc_|_fcbefbda) fdmn/dl' dw (457)

x 0, A% (2) AS (1) A5 (2) O C (1 — w) AT (w) Agy (w) = 0.

o]

The second, third and fourth term in (4.57) can be integrated by parts and after removing the

terms that are anti-symmetric under the exchange of two indices, we get

/ & (A;‘a(x) o) DA @)ooy + 44 (@) o) D 4 () }O(gw)
— _%Sf“bcfbdefdm" / dz dz dw {
+ 00, A% (1) A (2)C (1 — 2) A5,(2)0,C (2 — w) AP (w) A% (w) (4.58)
— OA% (2) A (2)C(z — 2) AS(2)0,C (2 — w) AN (w) A7 (w)
— 00,45 (x) AL (2)C(x — 2)AS(2)0,C (2 — w)AT(w)AZ(w)} :

Thus, the condition (4.53) holds up O(g?). Notice that the very existence of a non-local field

transformation mapping one local action to another local action is a remarkable fact in itself,

45



independently of supersymmetry but in the absence of supersymmetry, locality would be spoilt

by the Jacobian.

4.4.3 Determinants consistency test

Finally, we need to perturbatively show that on the gauge surface the Jacobian determinant is
equal to the product of the MSS and FP determinants. This is done order by order in g by
considering the logarithms of the determinants rather than the determinants themselves; since
the relevant checks up to O(g?) were already performed in Chapter 3, we can here concentrate

on the third order, viz.

(4.59)

5Af;<x>>

logdal(aAz@n

= log (AMSS[A] Arp [A]>

O(g?) 0(g°)

Of the three statements in subsection 4.1.1 this is the most complicated condition to verify.
Moreover, it is the only condition that depends on the dimension of our field theory and will

impose the constraint (3.32) on the latter.

The ghost determinant is computed from the functional matrix (3.29)

Xz, y; A) = g f*°Clx — y) AS(y) (4.60)

1
using the well-known equation

logdet (1 — X) = Tr log (1 — X) . (4.61)
Up to O(g?) this yields

logdet (1 — X) = %nf /dx dy 0,C(x — y) A} (y),C(y — x) Ay, (x)
+ ég?) fadmfbemfcde /dZL‘ dy dz (462)

X 0,0(x — y) AL ), Cly — 2)A5(2)0,C (= — ) As(x)

For the MSS determinant (3.24) we have

Yi(z,y; A) = g f0,0(x — y) (1) .5 A5 (0) (4.63)
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We include an additional factor of % to correctly account for the Majorana (or Weyl) condition

and we get

1 1
5 logdet (1= Y) = 1ng* Te(11777) [ dedy 0,00~ 9)A3(0)0.Cy — 2).43(2)
1
+ 693 fadmfbemfcde Tr(,yp,y/\,ya,ya,yﬁ,yf) /dﬂf dy dz
% 8,01 — ) AL ()0, Cy — 2)A%(2)05C (= — 1) A2(x).

(4.64)

The fermion and ghost determinant have no contribution at O(g) and the results at O(g*) are
presented in (3.4.3) . Evaluating the trace in (4.64) and multiplying the two determinants subse-

quently yields the right hand side of (4.59)

log (Awrss[A] App[A]) [ 5y = F*" f2 / dz dy dz {

— 19,0z — y) AL(Y)D,Cy — 2) A5(2)0,C (= — 2) A3 (x)

+ 120,00 — ) AW)0,0ly — ) A(2)00(= — ) A3 ) e
+ lE 0,C(w — y) AL (1)0,Cy — 2) A%(2)O5C(z — ) A% (x) '
— 20,00 =y A0 (y — 2) A (2)9,C (= — 2) A3 ()

+ g 0,C(x — y) AL () ONC(y — 2) A% ()05 C (2 — x)Ag(x)} .

We thus end up with a total of five independent structures; we use color coding to help us iden-

tify the corresponding terms in the Jacobian determinant.

At O(g?) the logarithm of the Jacobian determinant schematically consists of three terms

SA!e(x) SA! 1N - [sar oA
log det ( £ = Tr — (2= Tr
Mﬁ(y))og 0A o ( 2) 6A026A01]
(9*) (9%) L (9% (9" (4.66)
1 0A 0A 0A
+ = Tr )
3 oA O(gh) oA O(gh) oA O(gh)

and the final trace is done by setting ;1 = v,a = b, z = y and integrating over x.
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The computation is straightforward and we find

1
3

5141;1(.17)
0AL(y)

5A;f(a7) 5A:L“(x)
O(g') 0A(y) O(g") 0A}(y)

— fadmfbemfcde /dl’ dy dZ{

Tr

(9(91)]

3-D . ) (4.67)
=22 20,06 - ) AWO,Cl — ) A5 (200 - 0)ALa)
+9,C(z — ) A(1)0,C (y — 2) A5 (2)0nC (2 — 1) AS ()
1
- Ot DAC( - DA - DA .
The second term gives
5A/a 5A/a
e s
2 6A}(y) O(g?) 6 A} (y) O(g")
— fadmfbemfcde /dSE dy dz {
1-D b c a
+ —5 0,C(x —y) A, (y)0,C(y — 2)AS(2)9,C(2 — 1) A () (4.68)
1
+ 50,008 — )AL, Cly — 2)A5()ONC(= — ) AL(a)
3 B D ‘ Y C Y a
B 0,C(x — g)AZ(;{/)()ﬂC (y — 2)A(2)0\C(2 — 1) AN (2)
1
+3 0,C(x — y)AZ(y)@,\C(y — 2) A5 (2)0\C (2 — x)AZ(x)} :
Finally, the first term gives
[ 945 @) ]
0AY(y) O(g®)
— fadmfbemfcde /dl’ dy dz {
=30y c Al (y)0,C A5(2)0,C AS
+ IR 0,06 - AW,CH - DA00E - D@ 40
3—2D
2220 5,06 - ) ALWO,Cl — ) A5()00( — ) Ax)
3—D . b . y c - A a
— =5 0,C(x — y)A;}(g/)(),,C(y — 2) A% (2)0C (2 — z) A ()
3—D
+ 3 0,C(x — y)Ai(y)@AC(y — Z)Az(z)ap(}’(z —x)AS(2)
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5—2D
2

,C( = DAL~ ALNOC(: - )43 |

_ g faemfbdefcdm /dl’ dy AZ (x)A;(x)C(:U — y)apC(x - y)AZ(y) (4 70)
+ % fadm gbee gdem / dz dy dz A} (z) (9,C(x — y))2 C(y — z)Al/’\(z)AZ(z)
1

—gfmwmvwf/dm@Cmmﬂmacw—ymywAyw.

There are two special features about this part of the Jacobian determinant. First, we have to use
the gauge condition G*[A] = 0" A, = 0 to eliminate two terms. Secondly, we find terms that
do not match any of the five structures from the fermion and ghost determinants and, hence,
must cancel among themselves. However, before addressing those terms, let us first analyze the

color-coded terms. Imposing the equality (4.59) yields the following conditions

1-D 7-3D

—r = + =4-2D
2 2
r+1 3—D 1 3-2D 2D-3
3 3 2 6 3
r_,_8-D 3-D_ @71
2 2 2
r 1. 3-D _2-D
6 3 3
. L"_2D
s =s-2-—=D-2
2 2 2

Happily, all five equations are satisfied with » = 2(D — 2), so we recover the result (5.16)
D =3,4,6,10 = r=24,816, (4.72)

thus extending the result of (3) to cubic order. It remains to be shown that the remaining (black)
terms from (4.70) vanish. Using the Jacobi identity in the first term and f2%¢ 3¢ = p §¢ in the

latter two yields

- 2y / dz dy A (2)A5(2)C(x — y)9,C(x — y) AL(y)
+ gfabc dz dy dz A} (z) (0,C(z — Y)? \C(y — Z>Al))\(z>AiL(Z) (4.73)

._gf“i/dxdyCﬂnAﬂxﬁ%C@%—yﬁﬁﬁﬁAﬂyW

49



The second term is rewritten using the identity
O(C*(z—y)) = =2C(0)6(z —y) + 20,C(z — y)9,C(z —y), (4.74)

with a formally divergent piece C'(0) which can be appropriately regulated. This simplifies the
expression above to

_ g pabe / dz dy Ab(2)A%(2)C(z — y)0,C(x — y) A%(y)

+ g f“bc/d.r dy dz Aj(x)C(0)d(x — y)9,C(y — z)AZ(z)AZ(z)
4.75)

+ 5 / dz dy dz A%(x) O (C2(x — 1)) ,C(y — 2)AL(2) AS(2)

n

-2 fabe / dz dy C(0)A%(2)0,C(x — y) AL (y) A% (y) -

Integrating by parts the above terms and they cancels in pairs.

Thus, (4.59) is satisfied. Note that we had to make use of the Landau gauge condition (2.26)
to achieve this equality. The map at order g? did not require the use of the gauge condition for
matching determinants (2.26). This feature, which arises only from O(g®) onwards, is entirely
due to the g-dependence of the ghost propagator in (4.27). The dependence of the map and the
‘R operator on the gauge condition is an artifact of working with on-shell supersymmetry. It was
shown in [31] that while working with off-shell supersymmetry with rescaled fields, the map

and the prescription can be derived for arbitrary gauges.

In this chapter, we extended the map and the framework to the third order in the coupling con-
stant. We found that the number of terms in the map increases exponentially for higher order in
the coupling constant. It was shown in [27] that the correlation functions can be obtained in this
formalism in terms of free bosonic expectation value using the inverse Nicolai map. A natural
and interesting direction in this context would be to establish a direct connection between the
map and amplitudes. While working on the order ¢®> map, we discovered a different map that
satisfies all conditions of the main theorem in six dimensions. We will discuss the construction

of this map and its properties in the next chapter.
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Chapter 5
An alternate six dimensional map and uniqueness

The material presented in this chapter is mostly based on the author’s publication [29].

We focus here on a stand-alone result—a new map, also to third order in the coupling constant,
but works only in six dimensions. The map was derived by trial and error by starting with an
educated guess. This map is simpler than the one in [28] and highlights a potential ambiguity in
the R operator formalism and was also discussed in [48, 49]. We also examine the uniqueness
of this approach and comment on how the maps can be related to each other. At the end, we

outline an algorithmic approach to determine the map recursively.

5.1 Introduction

We present here a new and simple expression for the map at order ¢g3. We discovered this simpler
map while working on the calculations of the third-order map presented in (4). We started with
an educated guess and arrived at the correct map by demanding that the ansatz satisfies all three

statements of the main theorem only in D = 6.
We work here in Euclidean space using the Landau gauge'.
G[A,] = 0" A} 5.1

The results presented below may be adapted to other gauges (the light-cone gauge being of

particular interest given potential links to [S0-52]). The free scalar propagator is ( = 0+0,,)

C(z) = / (gﬂ)kDe;: = —0C(z)=6(z). (5.2)

'"The gauge surface restriction will prove unnecessary for this particular map
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The free fermion propagator is (spinor indices suppressed)
W0,S0(x) =0(z) = So(z) =—"0,C(x), (5.3)
So(z —y) = —So(y — x). In a gauge-field dependent background
Y(D,S)* (x) = *|5%0, gf‘wdAZ(x) S(x) = §%6(x) . (5.4)

To avoid redundancy, we do not state the main theorem again in this chapter. We will refer to

the statements of the main theorem (4.1.1) from the last chapter.

5.2 A simple six-dimensional map

The new result in this chapter is the following explicit expression for 7, to O(g?).

(A (x) = A%(x)+ g [ / dy 0, Clx — y) A (y) A5(y)

4301 [ dydz 0,00~ 9) A3() 9, Cly - 2) AL2) A5(2)

42 g8 et g g / dydzdw 9, C(z ~ y) Ai(y){
O\ Cy — 2) A5(2) 9 Oz — w) A7 (w) Aly (w)
8,0y — 2) A5(2) 8y Oz — w) AT (w) A% (w)

10,0y — 2) A%(2) B Oz — w) AT (w) A <>}

g* abe pde pimn / dy dz dw d, C(a —y y){
+ 05 Oy — 2) A5 (2) Oy Oz — w) AT (w) Apy(w)
+ 05 Oly — 2) AL(2) G Oz — w) AY (w) A (w)
+ 00 Cly — 2) A (w) Ay (w)

2) O Oz — w) AT
+0, Cly = 2) A5(2) 9, Oz — w) A

where [uvp] = §luvp — ppv +vpp — vup + ppv — pup).

It is important to note that this result differs from the six-dimensional map (4.51) derived using
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rigorous R prescription. The maps (4.51) and (5.5) agrees up to order g>. All terms above
have the base structure 9CA 0C A OCAA at O(g?), while the map in (4.51) also includes the
structures 0C 0CAA 0CAA, A CA OCAA and 0C O(AC) AOC AA.

Further, terms that overlap with those in (4.51), appear here with different coefficients. As a

consequence, the expression above is not a subset of the result in (4).

Finally, while the result in Chapter 4 was valid in all the critical dimensions, we will see that the

result (5.5) constitutes a map only in six dimensions.

5.3 Consistency checks of the map

In this section, we prove that expression in (5.5) satisfies all three requirements, (4.7), (4.8) and
(4.9), necessary for it to be a map. The calculations up to O(g?) are identical to those presented

in Chapter 3, so the focus here will be on O(g?).

5.3.1 Gauge condition

We begin with the third requirement, listed in (4.9). We need to show that 9, A} (z) = 0, A\ (z)+
O(g*). We apply 9, to the terms of order ¢g* in (5.5). This gives us a symmetric d,, , at the be-
ginning of the expression, so we eliminate all terms that are anti-symmetric under the exchange

i <> p and find

la 3 aoc € mn C
AWy = 3671 1 1 [ dydz 0,0, ) 4500 {
+0,Cy — 2) Ay (2) O Cz — w) A (w) Ayy(w)

10,0y — 2) A%(2) B Clz — w) A (w) AT <w>}
=g g e [y dw0,0,00 - ) A50) {

+0, Cy — 2) A(2) 9 C(z — w) AY' (w) Ajy(w)
+0, Cy — 2) A5,(2) 0o C(2 — w) A (w) Af (w)} )
(5.6)

The first two terms cancel each other under the exchange of 1 and p. Similarly, the other two

terms also cancel out confirming that 9, A/ (x) = 9, A%(x) + O(g*) .
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5.3.2 Free Action to full action

We now move to the first requirement in (4.7) which states that the transformed gauge field must

satisfy

1 1
: / dr A () (-0, + 0,0,) A (x) = / dz Fo (2)F2 (z) + O(¢Y).  (5.7)

Because of the invariance of the gauge function, we ignore the second term on the 1.h.s. and the

corresponding term on the r.h.s. of this equation [28]. At third order, (5.7) has two contributions

0= /d.l’ (AL“(J;)‘O@?)) DA;a(I)l(’)(go) + A,/ua(x)}o(gZ) DA;a(m)lo(gl)) . (5.8)

This expression reads

/dl’ (Alfl(ff) o) B AL @)ooy + A4 (@)] g2y DAL () ‘O(gl))

- 293 fabe fbde gdmn / dx dydzdwd, C(z — y) AS(y) {
+ O\ C(y — 2) A7 (2) 91, C (2 — w) AYN(w) Agy(w)D A ()
+ 0, Cly — 2) A5(2) B Oz — w) A7 () A ()0 A2
F0,Cly— 2) A5(:) 9 CL: = w) A7 (w) A0 A3(0)
=g e [ dsdyazdwo, co - 450 {
AY' (w) AY
+ 0, Cy — 2) A(2) Oy C(z — w) AN (w) A},
Azl(w) A
+ 0, Cy — 2) AN(2) 01, Oz — w) A (w) Agy (w)D AZ(:L’)}

+ 0,C(y — 2) Ag(2) 0, C(2 — w) o (w)d A ()
J(w)O A ()
1

+ 0, Oy — 2) A5(2) O Cz — w) a(w)O AL ()

3
450 1 [ dndydzdu 8, Cla - ) A5(0) 0,Cly — ) A1) A5(2)

x O (f*""9,C(x — w) Al (w) AL(w)) .
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We simplify the r.h.s. to obtain

3
— 593 fabe fbde gdmn / dx dz dw 0, A}, () AS () {

+ O\ C(z — 2) Ag(2) 0, Oz — w) A7 (w) Agy(w)
+ 0, Cz — 2) Ag(2) 0, Oz — w) Ajt(w) A}y (w)
+ 0,C(x — 2) AL (2) 0;, C(2 — w) AV (w) Z](w)}
— g? fobe fhde pdmn / dx dz dw 0,A () AS(x) {
+ 0, C(x — 2) Ag(2) 0, Oz — w) AT (w) Ay (w)
+ 0, Clz — 2) AJ(2) 06 C(z — w) AV (w) o] (w)
+ 0, Oz — 2) Aj(2) 0, Oz — w) AT (w) A}y (w)
+ 0, Oz — 2) AS(2) 0, Oz — w) AT (w) A, (w)}
+ 293 fabc fbdefamn / dx dz dw
A5(2) By, O — 2) AL(2) A5)(2)8,0,C — ) AT (w) A%(w) .

This can be simplified with some re-writing [for example, 9,A% () A5 (z) — 50, (A%(2) A5 (2))

based on the symmetries a <> ¢ and p <+ A]. The r.h.s. simplifies to
3 aoc e mn a C e m n
= O f ST AL () AS () AG (2) 10 C @ — w) AT (w) AT (w) (5.9)

There is a symmetry to these terms: the 0C'AA blocks are invariant under a cyclic permutation

of the Lorentz indices. This motivates re-writing the term as

1 g# febe e pamn [ s () A§ () A% () + A2 () AS (@) A5 (2) + A% (2) A (2) A5 ()]
x 01,0 —w) A (w) A2 (w) (5.10)
= L gP [[fote e o feba fie - febe fhie] pimn Ao () AS () A ()
X B, — w) AP (w) A (w)
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The above term vanishes by invoking the Jacobi identity. Note here that for the first time in this

computation, we required Jacobi identity for some simplification.
fabCfbde 4 febafbdc + fcbefbda =0. (51 1)

Thus (5.7) holds up to O(g?).

5.3.3 Jacobians, fermion and ghost determinants

We now turn to (4.8), the second condition of the main theorem. As discussed before, this is the
most constraining of the three requirements, demanding that the bosonic Jacobian determinant
equal the product of the MSS and FP determinants. Again, this check up to O(g?) was performed

in Chapter 3 allowing us to concentrate here on O(g?).

= log (Ayss[A] App[A]) | . (5.12)
O(g?) O(g3)

A (x) )

log det (5A’;(y)

It is this non-trivial requirement which results in a dimensional dependence. We prove that the
map in (5.5) satisfies (5.12) only for D = 6.
Fermion determinant

The fermion determinant was computed in detail in (4). The result obtained in (4) holds true for

our case. We therefore just state the result (4.64) here

93 fabm fbcn fcap / dr dy dz {

=19, Cle —y) A (y) Hh Cly — 2) Ag(2) 0n C(z — x) Af(x)

3

+ 2 0,Cx — y) AL (y) 0 Cly — 2) AL(2) B, Oz — z) Ab(x)
20,0~ y) AL () O Cly — 2) AL(=) 0, Oz — ) AL

Ab(x)
_ g 9, C(z —y) AV (y) 0, Cy — 2z) A3 (2) 0x C(z — z) AP (x)

+ g 9, C(x —y) AT(y) 9, Cy — 2) A(2) 9, C(= — ) Ag(x)},(s.m)

where r represents the number of spinor components.
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Ghost determinant
The same holds true for the ghost determinant computation also. The deteminant reads (4.62)

+%g3 fabm fbcn fcap / dx dy dz
9y — y) A™(y) O Cly — 2) AL(=) 8, C(z — 2) Ab(x) . (5.14)

Bosonic Jacobian

The map (5.5) differs from the six-dimensional map (4.51). We, therefore, explicitly compute

the Jacobian determinant.

At O(g?), the logarithm of the Jacobian determinant schematically consists of three terms

] — (2 . 1) Tr &j
O(g3) 2 _5

1 0A 0A 0A

_l’_ —
37 | 04 | ) 0A |y 0A

dA'
0A

SA/ ]
o) 94 logg) 5.15)

O(gl)]

and the final trace involves setting ;1 = v, a = b, z = y and integrating over x.

= Tr
O(g3)

e (455

All terms at O(g?) are of the form 0C' A 9C' A 9C' AA. The functional derivative on the very first
field, in this structure, vanishes trivially (3.4.3). The functional differentiation of the field in
the middle block produces the structure 9C' A 0C' 0C AA not seen elsewhere. These terms also

vanish by applying integration by parts and exploiting the structural properties.

Therefore, the only non-trivial contribution to the Jacobian comes from functional differentia-
tion of either field from the last block, and it is of the same structure as those from the fermion
and ghost contributions. The table below offers a summary of the various contributions to the

Jacobian from (5.15).
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Jacobian table

In the table, columns 2 — 5 capture bosonic contributions, summed up in column 6. Column
7 contains the sums of the fermion and ghost contributions. The detailed breakdown for the
bosonic contributions is as follows: Column 2 contains the contributions from O(g) terms when
“cubed". Column 3 lists contributions from O(g) x O(g*). Column 4 has contributions from
the 9 terms in the bosonic result (first three lines of O(g?) from (5.5)). In column 5, we present

contributions from the next four lines of (5.5) (12 terms).

Group | (9)® | (9) x (¢%) | 9 Terms | 12 Terms | Boson | MSS+FP
Lol s seen) e
N
4 | -1 0 0 5D 2D z
5 0 1 D-3 2D—6 1D-18 r
In column 7, we now set (3.32)
r=2(D—2). (5.16)

The main result is that Columns 6 and 7 are equal only for D = 6.

This completes our proof of (4.7), (4.8) and (4.9). It is curious that we have not had to invoke

the gauge condition, which was needed in Chapter 4, in this proof.

58



5.4 Uniqueness of the map

In this chapter, we discovered a different six-dimensional map (5.5) which is simpler than one
obtained in Chapter 4. The simpler map has 21 terms as compared to 34 terms in (4.51). These
two maps cannot be related at the level of the transformation by performing any partial integra-
tion. We notice that the product of the fermion and ghost determinant for both the maps is the
same, and they both satisfy the determinant matching condition. Therefore, the extra contribu-

tion comes only from the Jacobian side.

The form of the guessed map usually depends on how the Lagrangian is written. We know that
we can always rewrite the Lagrangian with some partial integrations, so the guess for the map
will change accordingly. The statement (4.9) of the main theorem is the non-trivial requirement
for any field transformations to be the Nicolai map. This condition pertains to the derivative of

the map, not the map itself, which is why non-uniqueness arises at the level of the map.

We found out that if we add terms proportional to D — 6 to the Jacobian determinant (columns
4 and 5) of the map (5.5), we obtain the Jacobian determinant (4.70) (colored terms) of the map
(4.51). Therefore, the two maps (5.5) and (4.51) can be related to each other at the level of the
Jacobian determinant. We discovered this equality while working on the light-cone Nicolai map

presented in Chapter 6.

5.5 A potential algorithm to generate the map to third order
and beyond

In this section, we outline an algorithmic approach to determining the map 7;. This involves
perturbatively generating higher-order expressions in a manner reminiscent of that in [19]. How-
ever, the approach presented here comes with the potential advantage of leading to the map

. . . . —1
directly instead of generating the inverse map 7', ~.

As mentioned already below equation (5.5), the structure of the map presented in this paper is
simpler than that in (4). The entire map in (5.5), at order ¢>, involves a single structure. We

present below an algorithm that generates exactly this structure suggesting a simple all-order
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generalization of our results.

We start by noting that the “base" structure - the order g result - has the form: 0C AA. Our claim
is that there exists a realization of the map 7, to all orders, generated entirely by linking a series

of 0C' A factors to this base structure.

We illustrate this first at order g?. The map, at this order, would necessarily involve one OC A

block in addition to the base structure.
T(g*) ~ g° 0CA OCAA .

We are now guided by the following algorithm.

 Sprinkle Lorentz indices on the base 0C'AA block, such that the indices are all distinct.
A set of three terms having the same “external” structure but with the three indices on the

base-block permuted cyclically constitute a “triplet".

* Choose the two Lorentz indices on the first “block" to be different, for example we can

choose them to be p and ) respectively.

* Discard all terms with 1 on the O of the first block (Note that A, [J acting on such terms,

from the left, would trivially vanish).

Focussing on order g2
T(g*) ~ ¢*> 0CA OCAA, (5.17)

We assign Lorentz indices to the 9C A A block. At this level, we have three sets of indices: p and
A (summed over) and p (the free index). There is a single "triplet" configuration at this level,
with p, p, and A all distributed on the final block. Therefore, the algorithm yields three terms in

the map 7:
T, : g* 0,C Ay 9,CAA, . (5.18)

Moving to order g3, our procedure asks that we add two OC A structures to the base structure.
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So we have
0(93) = g3 0CA 0CA O0CAA . (5.19)

We again distribute Lorentz indices on the 0C'AA block. At this order, we have four sets of
indices to work with: p, o, A all summed over and y which is free. There are 4 ways of selecting
3 different indices (triplets) from the available set. Without loss of generality, we choose the
Lorentz indices on the first block to be p and A respectively. This leaves us with two indices and
two slots, which is two arrangements for each triplet, except for one, where we have the same
index (o in this convention), and hence only one arrangement. This gives us seven triplets, or 21

terms at order g3, and the map

T,:¢* 0,0A\0CA,0,CA,A,
0,0 A,0,C.A,0,,CA, A
0,CA,0,CA,0,CA,Ay
0,0 A,0,CA,0,CA,Ay
0,0 A,0,CA,0,CA\A,
0,CA,0,CA,0,CA\A,
0,0 A20,C A0, CAVA, (5.20)

exactly matching the structures that appear in (5.5). We note that while this algorithm does not
determine the overall constants, it does generate the terms in sets that conveniently satisfy the
gauge constraint. It is fairly straightforward to write down the structures expected at order g*
although performing the relevant checks (particularly of the determinants) is technically more

involved.

We conclude that (5.5) represents an alternate Nicolai map [28] in six dimensions, up to O(g?),
distinct from the map in (4). This raises the possibility that a dimension-dependent map exists

that differs for each critical dimension. However, we note that the checks to this order for this
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particular map do not guarantee its validity at higher orders?. The result in (4) is different be-
cause it is derived using the R-prescription and is limited to O(g*) only because the procedure
becomes technically involved at higher orders. However, this prescription can be used to derive
maps for all orders, which in the usual sense will not have any non-uniqueness. Ambiguities

in constructing Nicolai maps have been previously flagged [28] and studied more recently in

[48, 49].

The non-uniqueness of the map, its dependence on the gauge condition, and the complicated
structure at higher points naturally raise the question of whether there are better variables that
can help us avoid these issues. We believe that light-cone variables might provide a better
understanding of these issues. In the next chapter, we will study the characterization of super-

symmetric theories without fermions in the light-cone gauge.

2If this map survives to higher orders, the gauge condition may become necessary, in keeping with Chapter 4.
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Chapter 6
Nicolai maps and quadratic forms in the light-cone gauge

The material presented in this chapter is mostly based on author’s publications [30, 52].

This chapter discusses the formulation of supersymmetric Yang-Mills theories without fermions
in the light-cone gauge. We compute the map, in terms of the physical degrees of freedom, to
second order in the coupling constant and then extend it to all critical dimensions. We demon-
strate the existence of two maps in four dimensions and address the uniqueness of these maps
in this approach. Using the simpler map, we compute the scattering amplitudes in terms of the
free bosonic correlator. The Hamiltonians for the pure and maximally supersymmetric theo-
ries in the light-cone gauge in four dimensions can be written as quadratic forms. We briefly
review the construction of quadratic forms for arbitrary spin theories and comment on the possi-
ble connections between the Nicolai map and quadratic form structures found in the light-cone

Hamiltonians of Yang-Mills theory.

The chapter is organized as follows: In section (6.1), we review the formulation of the N' = 1
super Yang-Mills theory in the light cone gauge. In section (6.2), we construct the map in D = 4,
in the physical degrees of freedom, to second order in the coupling constant. In section (6.3),
we generalize the map to arbitrary D and establish its connection with the already found map in
general gauges [31]. In section (6.4), we comment on the uniqueness of the light-cone Nicolai
map in D = 4. In section (6.5), we compute three-point and four-point tree-level gluon scat-
tering amplitude (correlation function) using this approach. In the last section (6.6), we show
the construction of quadratic forms for arbitrary spin theories and discuss the possible connec-
tion between the Nicolai map in the light-cone gauge and mathematical structures like quadratic

form that one finds in the light-cone Hamiltonian.

Note: This chapter contains some overlapping results with [53].
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6.1 Notations and conventions

Take a gauge theory with bosonic field (A,) and fermionic field () in the adjoint representa-
tion. Here, we work in the light-cone gauge in D dimensional space-time. The Nicolai map
formalism, in particular the matching of fermion and Jacobian, will fix the allowed dimensions
where the supersymmetric Yang-Mills theories can exist. These dimensions are also known as

the ‘critical dimensions’ [28].

The light-cone coordinates were introduced in chapter 2. In this chapter, we will stay in Minkowski

space-time and the light cone coordinates are

L (2% £ 2P
= - 7 1
x 7 (6.1)

The transverse coordinates are given by x; where ¢ = 1,...D — 2. The derivatives with respect
to the light-cone coordinates are denoted by d.. (—0¥) while those with respect to the transverse

coordinates are denoted by 0;.

Gamma matrices satisfy {y*, v} = —2n*” where 1, is the light-cone metric. The v* are

defined as

(4" . (6.2)

)
I
Sl

They satisfy

v2=0, v=n7, {v*,+'} =0, {v*, v} =2. (6.3)

The gamma matrices satisfy the following trace identity

Tr(v*9") = —rg",

Tr(Y " y"%) = =r(™ 0™ =" 0" + 0" ™), (6.4)

where r = 27 and it counts the number of off-shell fermionic degrees of freedom.

64



We introduce two hermitian projection operators

1 1
P, = 57_'y+ , P_= §7+7_ which satisfy P2 =P, , P,P.=P_P,.=0. (6.5)

We start with the action (2.21)

1
S = / dPx ( A w " ( ,L;z))a), (6.6)

where F2, = 9,A% — 0,AS 4+ gf** AL Ac ) = 14" and D), = 9,6°° + g f**° Al . The f*° are

v

the structure constants of the gauge group SU(n).

Here, we will not explicitly distinguish between Majorana, Weyl, and Majorana-Weyl spinors
to keep notations simple. Note that this is justified because our calculations require only basic

Clifford algebra and the trace relations (6.4).

The equation of motion corresponding to the gauge field is
uva i abec b v c
DyF"™ = g™ty =0, (6.7)

We make the gauge choice A* = 0 which renders v = + in (6.7) as a constraint equation and

we get

A?&- — __(aAza) fabc

= (ARTAT) — Lo (), (63)

o0t?2

The operator 8% is an artifact of the light-cone gauge. It is formally defined as

a%f(:v_) - —/dy‘ 0z~ —y7) fy7), (6.9)

where 0(z~ — y~) is the step function. The operator acts like an integral operator, not a differ-

ential operator. In momentum space, the operator has a well-defined pole prescription [9].

The equation of motion for the fermion field is given by 7# D7))¢ = 0. The fermion field ¢ can
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be decomposed into 1/ using the projection operators

Ve =Py , r=0¢Pr and =1y +p_ , =1 +1p_. (6.10)

Acting P, and P_ on the equation of motion, we get the following two equations

1,

D = ot Dyt i=1,...D—2, (6.11)
1 .

DY = —577y Diue i=1,...D—2. (6.12)

Since (6.11) is a constraint so we solve for ¢ and we obtain

a 1 % 1 ac,/,c
V=57 G DI (6.13)
Expanding the fermion term in terms of ¢/, (and its conjugate) and substituting the constraint

equations (6.8),(6.11) in (6.6), we obtain the Lagrangian in the light-cone gauge
1 b 6 + Ab b
L = §A;’DA?— gf*" | 1A 0T AJAT + 0 ATALA]

11 .
(oAl )

57 (074247 o

92fab0fade ( AbAcAdAe

ll*a a 1 7 ac]' c
+_w+7+(D+d—§’yD a+’y d)z/}+

g f“”cf“de = (P es) 57 L (gytye)
(6.14)

The last term of (6.14) is a four fermion interaction term that was absent in the original action.

This is a feature which distinguishes the light-cone formulation of the theory from other gauges.

We now restrict to four dimensions and introduce the transverse coordinates

1, .2
x:(x %—m)7

NG, (6.15)

&I
Il
8

and their derivatives 0 , O respectively.
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We also introduce the helicity field

A 4 A
A% = % , (6.16)

and its conjugate A°.

The fermion fields in D = 4 satisfy the Majorana condition ¢y = C1)” where the charge conju-

gation matrix C'is

C = . (6.17)
0 —ic?
The fermion field ¢*(z) takes the form
X
v=| X1 (6.18)
X
X

The Lagrangian (6.14) can now be simplified and written purely in terms of the physical fields
(Aa’ Aa? Xa7 )Za) as

L = AaDAa . 2gfabc (;Aaaﬂ-AbAc + %Aaa-ﬁ-AbAc)
1 A e
o (07 Al)

L—a E abc b b abe 0 b abe 1b 0 c
+\/§x <8+ —2g9f (8A + 0A%) +2gf (A +2¢9f Aa+ X

1 _ _
—|—2\/_g fabCfbde —aa+2 (Ada+Ae+Ada+Ae) c 2\/_g fabdfbec aAd
1

+g? oo pede al+ (X)) 77 (¢X)

29 fabCfade (8+AbAc)

a (Ae C)

(6.19)

where [J = (—2070~ + 200) and the £ are the structure constants of the gauge group.
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6.2 Light-cone Nicolai map in four dimensions

The statement of the Nicolai map in our context is the following: there exists a non-linear and

non-local transformation 7,(A) which satisfies the following three properties:

1. The transformation 7,(A) when substituted in the free bosonic Lagrangian (Maxwell theory)

yields the full interacting bosonic Lagrangian (Yang-Mills theory).

2. The Jacobian of the transformation is equal to the fermion determinant (in the light-cone

gauge there are no ghosts, they decouple from the path integral).
3. The transformation preserves the gauge choice.

Essentially, this means that one works with a free bosonic theory to compute correlators in a

supersymmetric gauge theory - through the inverse transformations 7'9_1 (A") [271.

6.2.1 The transformation

Consider a field transformation for the physical fields A* and A®, obtained through trial and
error such that the Yang-Mills Lagrangian can be mapped to a free bosonic theory: A *[JA’®.
We introduce a Green’s function through OC(z — y) = —6® (2 — y) to write such an ansatz up

to O(g?)

, _ 0
AYx,g;ALA) = A%x)+29f" [ dy 07C(x —y)=— A(y) A°(y)

o+
~ 1 [y 0o - ) At 5 (0F AN A)
B 9 _
—2g2 fefre [ dy dz (3 Clz —y)A(y) —0"Cla — y)ﬁjAC(y))
x 0t C(y — z)%Ad(Z)Ae(z) . (6.20)

Here dy , dz denote the four dimensional space-time measure. In this section, all measures and

delta functions will be assumed to be four-dimensional, and the dimension will be suppressed
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henceforth. The transformation for A’ is just the complex conjugate of the above.

The map in Landau gauge at order g (3.13) contains three terms of the form 0C A9C A A
(with space-time indices and color indices suppressed), where all of them contribute to the Ja-
cobian (as shown in Chapter 3 ). In the light-cone Nicolai map at order g2, we find that there are
two kinds of terms: one is similar to the Landau gauge case, and the other has a single Green’s
function (line 2 of eq. (6.20)). The latter term produces the pure Yang-Mills quartic vertex (line

2 of eq. (6.19)) but does not contribute to the Jacobi determinant at order g2, as we show below.

The functional variation of the fields are

§AY(z)  §A%(w) b §AY(z)  5A%(x)
= = =0"0(z — — = =0. 6.21
SAb(w)  dAb(w) (@=w) SHw) = 5w =" ©:21)
The Jacobi determinant of the map can be computed using the relation
logdet(1+ X) = Trlog(1+ X) =TrX — %Tr X? 4. (6.22)

The Jacobi matrix! of the above transformation (6.20) is

’

gj:((i; = 0"0(x — w) 4 29 / dy {(’T“C(x - y);r 8" (y — w)A(y)
+ OO~ ) g ()™ - u)

gty [ dyas (a Ol — y)A%(y) — 9 Cla — y)ﬁfwy))

X {8+ Cly — Z)%(Sdmé(z —w)A°(z) + 0" Oy — z)iAd(z) d"(z — w)} ,

0
(6.23)

where we have dropped all terms that vanish after taking the trace as they are proportional to

0,C(0). We use (6.22) to compute the determinant order by order in the coupling constant.

| , sA % (z) A (x) , )
The matrix elements — and do not contribute to the trace at order g-.
dA™ (w) 0A™ (w)
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After partial integrations, taking the trace (by setting @ = m and z = w), using fo¢ ftd = pged

and integrating over z, the Jacobi determinant up to O(g?) reads

S A (z) 2 5 . b 5 b
log det (5A§”(w)) 2ng /dxdy {80(:5 y) A’(y) 0C(y — x) A°(x)
O C(x — 1 gAb’ o Cly —a gAb”
+07C(z —y) 57 A(y) 07Cly — 2) 77 A(x)
—2
00 1b N+ c
+ ()TC(I’ —y)A°(y) 07C(y — x)A%(x)
90— y) A'y) IOy — 1) - A (a)
—0C(xz —y) A(y) 0T Oy — 1);)‘1{’(1)
(
OTC (x — 1 C)Ab 2ot C(; P éAb,.
+ (x — g)d—+ (z) (y — z)d—+ () p + cc. .

(6.24)

Here 7, j run over the transverse variables z, 7.

6.2.2 The fermion determinant

The construction of the Nicolai map in the light-cone gauge is complicated due to the presence
of a four-fermion interaction term in (6.19). In [54], it was first shown how to compute the
Nicolai maps for theories with four fermion interaction terms. We explain here why this term

does not contribute to the fermion determinant at order g2.

As a simple example, let us start with D = 4. However, this analysis holds for any dimension

D. The path integral takes the form
Z = / DA*DA*DX*DYX" exp [z / d'z L, +B} , (6.25)

where £ contains all terms in (6.19) except the four fermion interaction term and B is the

four fermionic interaction. We now expand the exponent of B to the linear order (since we are
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working to order g and B is exactly of that order)

Z = / DADA*Dy*DxX* (1 +1 / d*z B) exp [z / d%:ﬁl} , (6.26)

4=2y+ 2. (6.27)

The fermion determinant can be evaluated in the term Z,. Let us denote this determinant by

Ar(A, A, g). The form of Z, is then

Zo = / DA"DA® Ap(A, A, g) exp {z / d'z EYM} , (6.28)

where Ly, denotes the Yang-Mills Lagrangian. The term Z; is the path integral Z, with the
four fermion interaction term as an insertion. The term Z; may be computed using the standard

technique of introducing sources by considering

ZolJ] = / DA“DA*DX“Dx*

exp |:’l/d437 EYM + % (<>—<a T ijfl ba)Qac(Xc 4 Qfl chd> o janlaCJC) ]

(6.29)
Here Q% denotes the quadratic operator in the fermionic part of the Lagrangian
ac O ac abc 1 1 ) abc 5 abc A 0
1 e | 1 1
+ 292fab0fbde W(Ada—l—Ae + Ada—&-Ae) . 292fabdfbecAda_+(Ae 7
(6.30)

while )~ denotes the fermion propagator in the presence of gauge field. A change of vari-
ables in the path integral from x* to ' * = x4+ @Q~°.J¢ and similarly for its complex conjugate
allows us to integrate the fermion fields and get a factor of A (A, 4, g). By differentiating Z[J]

with respect to the sources and putting them to zero, we find the form of Z; to be

A :/DA‘IDAG Ar(A A 9)G4(A, A, g) exp {i/d4x£YM1 ) (6.31)
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Thus,

— /DA“D/I“ Ap(A A g)[1+ G4(A, A g)] exp [i/d%EYM] ) (6.32)

We can define A% (A, A, g) = Ap(A, A, g)[1 + G4(A, A, g)] as the effective fermion determi-
nant. Note that (G4 is a product of two fermion propagators. The fermion propagator in the
presence of a gauge field is an infinite series in the coupling g. Since Z; is itself at order g2, we
must only consider the series’s leading term, which is nothing but the free fermion propagator
given by 07C'(z — y). But since all the four fermion fields are at the same space-time point, G4
vanishes as 07 C(0) = 0. Thus, four fermion term starts contributing to the fermion determinant

from order g*.

We work here at order g2, so we receive contributions to the fermion determinant only from the
quadratic operator (6.30) contributions. The quadratic operator Q°° relevant to order g (again

dropping terms which vanish after ‘trace-ing’), is

U
Qac(x;A) = _—gac 29fabc (8Ab+aAb)+29fabc (Ab—{—ngabcAb

57 (6.33)

o+

which may be written as
ac O ac abc + 1 Ab 3 Ab
Q*(x,y; A) = | 0% +29f" [ dydTCla —y) 7 (04 (y) + 9A (y))

o+
(6.34)

_ (y)
agfete / dy dC(z — y) A°(y) — 291 / dy 0" Clo — ) A(y) 2 ) -

As det(Q) = det(d/07) x det(1 4+ Y), we use (6.22) to compute the fermion determinant order

by order in g upto an overall constant det([J/0"). The fermion determinant to order g? is

logdet(1+Y) = 2n92/dxdy {8C(x—y)Ab(y)ﬁC(y—x)Ab(x)
0" Cla = ) A(5) 0 Cly — 2) 2 Aa)

-2
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+ 20— ) Ay) 0+ Cly — 1) A)

o+
~0C( —y) ()9 Cly — ) - A ()
—0C(x —y) A(y) 0T C(y — .1')_;);4]’(,1')
(
ote 0 Ab(z) 0T C(y — 0 Ab(x
+ (1’—@/)()—Jr (x) (y—l)a—+ () p + cc. .

(6.35)

Thus, we find that the Jacobi determinant of the bosonic transformation (6.24) exactly matches
the fermion determinant (6.35) upto O(g?). We, therefore, have shown that the transformation

(6.20) satisfies all the three statements of the main theorem.

6.3 Extension of the light-cone map to all critical dimensions

We now generalize our construction to the critical dimensions (6.36). The first step in this
process is to start with an appropriate Lagrangian in a non-helicity basis and then guess the form
of the Nicolai map. Note that the Lagrangian in a helicity basis, in four dimensions, is a special

case and is related to the little group SO(2).

6.3.1 The move away from a helicity basis

Consider the Lagrangian (6.14), gauge fixed and expressed in light-cone coordinates in non-
helicity basis. Note that the number of bosons and fermion for supersymmetric gauge theory
match only in d = 3,4,6,10. We prove that for theories with interactions, the fermion and
the Jacobi determinant match only in the critical dimensions, establishing the old relation that

supersymmetric Yang-Mills theories exist in these critical dimensions.

We guess the field transformation for the physical fields A; such that the pure Yang-Mills theory
(first two lines of equation (6.14)) can be expressed as %A/ “CJA’*. In this section, all mea-
sures and delta functions will be d-dimensional (dimensions will get fixed using the determinant

matching). Again, we introduce [IC (z — y) = —6¥ (x — y) to write the map to order ¢?
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Ao = @)+ o5 [ay (070w ;A?( ML) - 0,0~ DAAL))
= T [y 94Ol A5 51 (07 A A5(0)

+ e [ayas {00t aw
x (0:C(y — 2)Aj(2) AS(2) + 0uCy — 2) AY(2) AS(2))

— A — ) AS(0) 9 Cly — ) e AL AS(2)
OO - ) 2 As(y) 0 Cly - ) 2 Af(2) A )

+ 20,C(x — )A‘f( )ORC(y — z)Aﬁ(z)Aj(z)
2070w — y) S A ) Ay — AL A
£ 07 — ) A ()OHCly — )AL AS(2)
£ OO — ) AS()0 Cly — )AL AS(2)
- 0l = AWl - DAL A

(6.36)

6.3.2 Jacobian

We calculate below the Jacobian of the transformation (6.36).

0

5Ala($) _ 5;”5“”5(96—10)+gf“bc/dy{8+0(:v—y)5(y—w)(aiég’léb”Ac( )

]

AL (w)

)
+ a—iAi’( )5?5Cp) — 9;C(x —y)d(y — w) (870" AS(y) + Al(y)or %) }
+ %f“”cfbde / dy dz {@C(m —y) A% (y) 0(z — w){&C(y — )0 6" AS(2)
+ 80y — 2)AL(2)IT6P + 9C(y — 2)dT 6P AL (=)

+ 0xC(y — Z)AC?(Z)5T”5€P}_ 0;C(r —y)A5(y)o(z — w)

X <a+c*(y— )g’“ S AS(2) + 0T C(y — )ngd( )5;”56?)
+ 0tC(x — )88+A5( )o(z —w)0TC(y — 2)

74



x < g—iéznédpAf(z) + g—_ﬁAg(z)émep) +20,0(x — y)AS(y) 6(z — w)
X (6k0(y — 2)5,’;15"”14;(2) + hC(y — z)Ai(z)cS;”(Se”)

200l —y) D AS(y) (=~ w)

X (C(y — 2)07" 6 A5 (2) + OuCly — 2) AR (2)0]"6P)

+ 07 C(z —y)Ai(y) 6(z — w)

X (07C(y — 2) AL (2)676 4+ 0T C(y — 2) AS(2)076%)

+07C(z — y)AL(y) 6(z — w)

X (07Cly — 2)AL(2)0]"6 + 07 C(y — 2) A (2)5;67)

— 0;C(z —y)Ai(y) 0(z — w)

x (0;C(y — 2)6 6% AS(2) 4+ 0;C(y — z)Aﬁ(z)é{”ée’?)} , (6.37)
where we have only written the non-trivial terms relevant till order g2. We know
1
logdet(1 +X) = Trlog(l + X) = Tr X — 5Tr X2+ (6.38)

We take the trace by setting @ = m, w = x and integrating over z. We also use the SU(n)

identity % f2d = p§e to obtain the Jacobi determinant up to O(g?)

log det (%) = ng? / dxdy (D — 2){ 9; Oz —y) Ab(y) 0;C(y — ) Ag(l’)
+ 00l — ) LA y) 07 Cly - 2) e Al

1 ‘
—50:C(x —y) AY(y) 9, Cly — 2) Ay(a)
1 92

+5 0%0(-% —y)A(y) 0T C(y — :Ii)A?-(y)} ,

(6.39)

2

where we have used the relation 20~ C(z — y) = g—ﬁrC’(x —y) + Fr0(z —y).

75



6.3.3 Fermion Determinant

Similar to the (6.2.2) case, the presence of the four fermion interaction terms in (6.14) makes the
fermion determinant computation complicated. We follow the steps shown in subsection (6.2.2)

to get the fermion determinant, and its contribution at order ¢ is trivial.

We simplify the quadratic operator in (6.14) by expanding the covariant derivatives and using

the constraint equation (6.8). We get

1 |:| 1 abe _ i a abc _ 1 8 aoc a
A= det{28+ §gfb778+( gfb VA AT =l A
_ g2fabCfbde W (Ada—i-Ae) _ 5ngadefbcd,yz,yjA;2 57 Ab} (6.40)

The non-trivial part of the quadratic operator relevant to order g is

10
20t

9;

A = det( ) -det{é“c—l—gfabcvivj /dy8+0(x— y)Al(y )8+

g fPening /dy 0,C(z — y)AI;(y) + 2 gfebe /dy 0" C(z — ); Ab(y )}

(6.41)
We now compute the fermion determinant perturbatively using (6.22)
logdet(1+Y) = ng2/dx dy 2{ 20;C(z —y) Al(y) 0; C(y — =) A;’(x)
+20%C(x —y) 5~ 0 LAY y) 0t Cly — )= 0 Al(z)
o+ YT 5e
— 0, C(z —vy) Ab(y) 0;C(y — x) A?(:L‘)
0!

F 5eCla = )AL 0 Cly ~ )},

(6.42)

where = It 1 and it counts the number of off-shell fermionic degrees of freedom.
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6.3.4 Existence of map in critical dimensions

We see now that the Jacobian determinant (6.39) matches against the fermion determinant (6.42)

if and only if

"_p-2,
2
"—p-o2,
2
r D=2
4 2

+7' D=2
4 2 7

all implying that » = 2(D — 2) which happens for D = 3,4, 6 and 10. The map (6.36) satis-
fies all three conditions of the main theorem listed in the section (6.2), hence confirming that a
Nicolai map exists for A/ = 1 supersymmetric Yang-Mills theory in the light-cone gauge for all

critical dimensions.

The construction of the Nicolai map was studied in general gauges (n*A, = 0) in [31]. In
particular, the map up to order g*> was constructed in the axial (n? = 1) and light-cone gauge
(n? = 0) using the R operator. We can recover our map (6.36) (to order g*) from the one de-
rived in [31]. The following conditions need to be employed in equation (4.1) of ref. [31] : n* is
chosen to be null. In the light cone coordinates, this means setting the components n* = n' = 0
and n~ = 1. The ghost propagator (in the light-cone gauge) is 8%. Using the above conditions
and the constraint equation (6.8) omitting the fermion term, we obtain our map (6.36) to order

g%. We also obtain extra pieces at order g2, which implies that our map is a subset of their map.

Note that we cannot recover our light-cone map (6.36) from the maps derived in Chapter 3 and
Chapter 4. Although, the map (3.13) up to order g? does not require the use of the gauge condi-
tion to prove the main theorem, but the maps are structurally intrinsic to the Landau gauge and
do not have pieces that are proportional to 9, A,,, which might be trivial in the Landau gauge but

will contribute in other gauges.
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6.4 On the issue of uniqueness

The map obtained in the preceding section (6.36) can be written in four dimensions in terms of
the helicity variables and fields. The map up to order g reads
: _ 0
Aoag A D) = 2@+ 200 [ dy {001 )5 A0)4%0)
0 - _
+ 0" Cla—y) 5T M) A(y) — 0 C(x — y) A'(y) A(y) + O(g) }
(6.43)

This map is distinct from the one (6.20) obtained in section (6.2). This difference can be un-
derstood at the level of Lagrangian. The order g terms involving the gauge fields in (6.19) and
(6.14) are related by partial integrations in ) = 4. However, the maps (6.20) and (6.43) to the

cubic order are not related by any partial integrations.

As discussed in the last chapter 5, we can, in principle, write distinct maps by writing the La-
grangian in different ways by performing partial integrations. Out of all three conditions of the
main theorem, the most complicated one is the determinant matching condition. In our case, we
have two maps at order ¢ that satisfy all three conditions of the Main theorem (listed in section
2). The matching of the determinant is about the equality of the derivative (Jacobian) of the
map with the fermion determinant and not about the map itself, hence the non-uniqueness. The
issue of uniqueness can be fixed if one computes the map to higher orders. Notice that for any
finite order in a perturbation theory, one can always find the simplest map relevant to that order,
which will simplify the computation of correlation functions (scattering amplitudes). Therefore,
the non-uniqueness of the map can be helpful for computations of physical objects at a specific

order in the coupling (as shown below).

We showed in Chapter 5 that the Nicolai maps can be related at the level of the Jacobi determi-
nant. The existence of more than one map at a particular order in the coupling constant is due to
the freedom in writing the Lagrangian. In this chapter, we found two distinct four-dimensional
maps (6.20) and (6.43). We can relate the map (6.36) that works in all critical dimensions to

the simple four-dimensional map (6.20) at the level of the Jacobi determinant by adding and
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subtracting a term of the form 4ng?0 C(z — y) A0 C(y — x) A% in (6.24). This implies that
when the Jacobian (6.39) is written in D = 4 in the helicity basis, there is a simplification as
some terms get canceled. The existence of a simpler map (6.20) in four dimensions is a direct

consequence of this simplification.

6.5 Scattering amplitudes

In this section, we present the computation of the correlation function of full supersymmetric
Yang-Mills theory using the Nicolai map. It was shown in [20, 27] that the correlation function
of interacting super Yang-Mills theory can be computed using the inverse Nicolai map. The idea
is that the information of supersymmetry is contained in the bosonic map, and the computation of
correlators using this approach precisely agrees with the standard quantum field theory method.
Also, the amount of labor required to determine the correlators is comparable. The n-point

Yang-Mills correlators can be computed as

(Ar(z1). An(n))) = (T A (1) Ty A W) (20) ), - (6.44)

The inverse transformation corresponding to (6.20) is

TOA = A g A K) = A@) ~ 200 [ dy 07 Clo — ) AT A)
g [y 0t - ) A )5 (07 A A W)
+2g° [ [ dy dz (3 Cla —y)A*(y) — 9" Cla - y)%fl'c(y))
x 07 C(y — z);A/d(z)A/e(z) (6.45)

The three-point correlation function can be computed using (6.44)

(A™ (21) A (29) A% (23)) = / DA eMPA A% (1) A% (25) A% (5)

o
= —2gf" /dy o7C(x1 —y) <a_+ Al(y) A
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where <....>0 is the expectation value for free correlator.

The two-point correlator for gauge fields is
(A (1) A (29)), = 69 Clay — 32). (6.46)

Computing all possible free Wick contraction in (6.46) and then using (6.46), we get

(A (00) A (22) A (20)) = =g o [y {8%0@ — 1) Clas — ) 0" Clay — )

0

— 57Oy =) Clwz —y) 0" C(11 = ?J)} :

(6.47)

We obtain the three-point correlation function of gauge fields in the light-cone gauge. To extract
the three-point amplitude, we take all external legs on-shell and perform the Fourier transform.

We get

Eod
My(1F,27,37) = —g fo2 p* (k— - l—+) 541 +p— k). (6.48)

Using the spinor helicity variables [55, 56], we get (suppressing color and coupling constant)

M;(17,27,37) = % (6.49)

which matches with the standard three-point amplitude [57]. For the 4-point correlator, we get
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contributions from both order g and order g2 term of the inverse map (6.45)

<<Aa1 ( )Aa2 (.172) Aad 1‘3 .CE4 >> = /DA/ eiA/DAI AN (1‘1) A*? (332) A% (.%3) /_la4 (%4)

= 42 furbe fasde /dy dz (8+C(3:1 —y)0TC(x3 — z))

x <§ A(y) () A (22) - A(y) () A" <x4>>

0
v2gt e e [ ayd (00t —y) - 07Clo -0 )

x0T Cly — Z)<A/C(y)a—+Ald(Z)A “(2) A2 () A (23) A (24) >

_|_g2fa1bc]cbde/dy 8+O(931 _ y)

!

<A/C( >8+2 <8+A,d( )A (?J)) A (z9) Ales (z3) Al ($4)>

+ all possible contractions . (6.50)

Taking all possible Wick contractions, we get the four-point correlator. To obtain the amplitude,

we rewrite it in momentum space and take all external legs on-shell. We get

(34)"
(12) (23) (34) (41) -

My(17,27,37,47) = (6.51)

One can similarly compute higher-point tree and loop level amplitudes by deriving the maps to

higher order in the coupling. We can also compute fermionic correlators using this approach.

6.6 Quadratic forms

The light-cone Hamiltonians for the pure and the maximally supersymmetric theories in four
dimensions can be expressed as quadratic forms [50-52]. In this section, we briefly show the
construction of quadratic forms for theories of arbitrary spin without supersymmetry. We then
discuss quadratic form structures for pure Yang-Mills theory. We then comment on the possible

connection between the Nicolai map in the light-cone gauge and the quadratic form.
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The light-cone Hamiltonian for arbitrary spin theories can be constructed by the closure of
Poincaré algebra [35, 36]. The idea is that Hamiltonian itself appears as an element of the

Poincaré algebra and can be fixed using the closure of Poincaré algebra.

I—n an
H= /d3 <a¢a¢ gz () 3“{3(9+A_n¢aa+n¢]+o< )), (6.52)

As is well known, for odd A, non-trivial cubic vertices require the introduction of an antisym-

metric structure constant £,

In this section, we prove that the Hamiltonians in (6.52) are quadratic forms. Specifically, this

means they can be written using “covariant” derivatives as follows
H = / &z DpDo . (6.53)

The ansatz for covariant derivatives read

_ _ A1 A—1 571 a)\ n—1
D¢:3¢—292(—1>n( n )3+n+1 {3+A n— 1¢0+)‘¢1 (6.54)
n=0
_ _ Al A—1 on oNn—1 _
Do = 06— 2 Z(—l)”( n ) S { 8“_”_1@“4 , (6.55)
n=0

where ¢ is the coupling constant (structure constants, relevant to odd spins, are not shown ex-
plicitly). To prove that the Hamiltonian defined as a quadratic form is equivalent to those in

(6.52) we need to examine the O(g) contributions from (6.53). These are

A-1 A—1\[. & g1 _
_292(_1>n< n ) [@gb o+ n+l (a+>\—n—1¢a+)\¢>:| ) (6.56)

and its complex conjugate. We partially integrate this expression to obtain

)\ 1 — 1\ - N gn-i-l 5)\—n—1
_2gz b ( ) >¢a+ {aﬂﬂ%ﬂ_n_l(ﬁ} _ 6.57)
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We split (6.57) into two halves P and (). In P, we shift n — A — n — 1 and invoke the identity

A-1 A1
( . ):(A—1—n)‘ (6.58)

This yields

— A-1) . P o
P:—QZ(—U”( n )¢3+A [8*/\”¢%¢} .

n=0
(6.59)
In the other half, (), we shift n — n — 1 to obtain
> A—1\ - o P
Q=—g> (~)" (n } 1) ¢+ [W%H_m} . (6.60)
n=1
Thus we have
Al " A—1\ - 5/\—71 én
H=P+Q= {—gg(—l) ( n ) ¢ {8+A”¢%¢]
A A—1)\ - o o
_ _1\An A Y
o> (7)) 60 | grogeae] |
o ([A-1 A=1\] 5\ [ O O
=y (|1 ) (o) o reeae])
(6.61)

Using the Pascal triangle property

)0 -0)

this is

& A - P o
H:P+Q:—gZ(—1)”( )¢3+A [8+A"¢W¢] ) (6.63)

n
n=0

reproducing the structures in (6.52) and confirming that the higher spin Hamiltonians are indeed

quadratic forms.
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The focus of our thesis is on Yang-Mills theories and Nicolai map. We first rederive the quadratic
form structure form for spin-1 theory using our arbitrary spin result. We plug A = 1 in (6.54)

and simplify, we get

DA* = 0A“ — g f“bca%(AbaMC) , (6.64)

and DA is obtained by complex conjugation. The light-cone Hamiltonian for this theory may

be written as
H=2 / drDADAY, (6.65)

We now propose an alternative way to express this Hamiltonian. We introduce new variables

A’ A’ given by

1 -

A(x) = A%(x) — 29[ / d*y oCT (z — y)a—[Ab(:c’)a,Ac(x')] : (6.66)
where 2/ = (v7,27,y,y) and 200CT (x — y) = —6%*(x — y). In these new variables, the
Hamiltonian takes the form

H=—2 / d*z A90A™ . (6.67)

Thus, (6.66) is a bosonic transformation that maps the Yang-Mills Hamiltonian to a free Hamil-
tonian. It is therefore of interest to explore whether this transformation (6.66) has a connection
with the Nicolai map (6.20). We believe that the expression (6.66) represents a good place to

begin an investigation of possible links between the Nicolai map and quadratic form.

In this chapter, we discussed the construction of the Nicolai map in terms of physical degrees of
freedom up to the second order in the coupling constant. We found two maps in four dimensions
that satisfy all three statements of the main theorem. The non-uniqueness of the maps can be
helpful in computing scattering amplitudes (correlation functions) to a particular order in the
coupling. In the end, we reviewed quadratic form structures in the light-cone Hamiltonian and

commented on the possible connection between the Nicolai map and quadratic forms.
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Chapter 7
Conclusion and Outlook

This section offers a synopsis of the results presented in this thesis. We highlight our findings and
discuss some interesting open problems and research avenues that we hope to work and explore
in the future. The thesis focuses on investigating aspects of supersymmetric Yang-Mills theories
purely with bosonic variables. We revisited earlier work from 1979, which involved quantizing
supersymmetric theories in an alternate way. The basic idea is that for supersymmetric theories
involving only quadratic fermions in the Lagrangian, there exists a transformation of the bosonic
fields which are non-local and non-linear in nature and it maps the interacting theory to a free
bosonic theory. This transformation is such that its Jacobi determinant equals the product of

fermion and ghost determinant (for gauge theories).

7.1 Summary of the results

We started with the on-shell supersymmetric Yang-Mills theory in the Landau gauge in chapter
3 and constructed the map up to order g* through guess work. We found that our form of the
guess map (3.13) satisfies all three conditions of the main theorem (3.2). We discovered that the
determinant matching condition is dimensional dependent, and it constraints the allowed value
of space-time dimensions where super Yang-Mills theories can exist to be D = 3,4, 6, 10. This
result was first obtained in [26]; we recovered this old classic result without requiring any clo-

sure of supersymmetry algebra.

To understand the map and its mathematical properties better, we needed the transformation to
a higher order in the coupling. We extended the map to the third order in Chapter 4. The form
of the map gets complicated at higher orders and the number of terms increases exponentially,
so we used an old method developed by Lechtenfeld, Dietz, and Flume [18-20] to construct the
map systematically. We re-derived the infinitesimal generator R of the inverse Nicolai map for
all on-shell supersymmetric Yang-Mills theories in space-time dimensions D = 3,4, 6, 10. Us-

ing the R operator (4.22), we obtained the map (4.51) to order ¢? that satisfies the main theorem
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(4.1.1). We found that starting from order ¢*, we require using the Landau gauge condition for

determinant matching.

While working on the order ¢g* map, we discovered a new simpler map that applies specifically in
six dimensions (5.5). In Chapter 5, we presented the map arrived at by guess work. We empha-
sized the uniqueness of this approach and determined that the two six-dimensional maps (4.51)
and (5.5) cannot be related to each other by partial integrations but can be connected through the
Jacobian determinant. Additionally, we outlined an algorithmic approach for recursively deter-

mining the map.

In Chapter 6, we studied supersymmetric Yang-Mills theories without fermion fields in the light-
cone gauge. We computed the map, in the physical degrees of freedom, to second order in the
coupling constant and generalized it to all critical dimensions. We identified two maps, (6.20)
and (6.36), in four dimensions that obeys the main theorem. The simpler four-dimensional map
(6.20) cannot be derived using the R prescription. We computed the tree-level three-point and
four-point correlation functions for Yang-Mills theory using the inverse map (6.5). The non-
uniqueness of these maps can provide insights into studying correlation functions (scattering
amplitudes). To establish the connection of quadratic forms with the Nicolai map, we first
derived the quadratic form structures for arbitrary spin theories. Subsequently, we discussed the
potential relationship between the Nicolai map and structures like quadratic forms that appear

in the light-cone Hamiltonian for pure Yang-Mills theory.

7.2 Future directions

This formalism (Nicolai map) presents several possible future research directions and we dis-

cuss a few of them below:

We presented two four-dimensional maps at order g2 in the light-cone gauge and two maps in six
dimensions at ¢° in the Landau gauge. We found out that the non-uniqueness arises because the
determinant matching condition from the main theorem comments only about the derivatives of
the transformation (map) and not the map itself. To better understand the uniqueness, we need

a new condition that can impose more constraints on the transformation. Another step would be
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to study these maps at higher orders in the coupling. In particular, we plan to construct an order

g* map in the light-cone gauge by taking the ‘simple’ four-dimensional map (6.20).

In quantum field theory, scattering amplitudes and correlation functions carry the physical infor-
mation. In this Nicolai map approach, they can be computed in terms of free bosonic expectation
value using the inverse map. Although this formalism does not offer any extra advantage for the
computation of correlators, we expect that this method might help us quantize supersymmetric
theories that cannot be quantized using the standard perturbative techniques. In this context,
supermembrane theories are of interest [58]. We aim to set up an integral path approach in terms
of the Nicolai map for calculating quantities of physical interest, which are expected to be vertex

operators [59].

The maximally supersymmetric Yang-Mills theory, N” = 4 super Yang-Mills, in the planar limit,
has a lot of simplifying features: its scattering amplitudes are ultra-violet finite, exhibit novel
symmetries, and show surprising duality between scattering amplitudes and Wilson loops. The
proof of ultraviolet finiteness for A/ = 4 super Yang-Mills (by power counting) exists only in
the light-cone gauge [9, 10]. We aim to construct the map for A/ = 4 theory in light-cone su-
perspace and understand its finiteness properties in this mapped formalism. Our first task in this
program is to establish a direct connection between the Nicolai map and scattering amplitudes
in momentum space that we hope will offer new insights into understanding the surprising rela-

tions exhibited by A/ = 4 amplitudes at the level of Lagrangian.

N = 8 supergravity is a maximally supersymmetric theory of gravity. It shares many properties
with N = 4 theory, and at the level of scattering amplitude, they exhibit dualities such as BCJ
relations, KLT relations, and double copy. It has been shown to be finite up to five loops using
modern amplitude techniques and is hoped to be finite to all orders [60]. Our long-term aim is to
formulate supergravity theories without anti-commuting variables and understand the finiteness

properties within this approach.
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Appendix

A Spinors and the representation of Lorentz group

This section focuses on the spinor representations of the Lorentz group and its various char-
acteristics. The group is associated with symmetry transformations that keep the form of the
Minkowski metric intact (2.1.1). We briefly reviewed the representation of the Lorentz group
in chapter 2 and found that the representations of complex su(2) algebra can serve to study the

finite dimensional representation of the Lorentz group.

The idea is that two mutually commuting su(2) algebra is part of so(1, 3) algebra (2.5) and their

complex linear combinations are isomorphic to so(1, 3) algebra
so(1,3) = su(2) x su(2)*, (7.1)

so the representations of Lorentz algebra can be labeled by pairs (n, m), which are representa-
tions of SU(2), and the spin of the representation can be identified with n+m and has dimension

(2n 4+ 1)(2m + 1). Some examples of the simplest representations are

These spinors (3, 0), (0, 1) are two component objects and are called Weyl spinors. One can use
these representations and can generate any other representations by multiplying or adding them
11

together. For example (3,0) ® (0, 3) = (3, 1) yields a spin 1 representation and is denoted as a

four-vector.

An alternate way to understand the spinors is via the relation between the Lorentz group and

SL(2,C). The latter is the group of determinant one 2 x 2 complex matrices. Consider a point
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y* in Minkowski space as a 2 by 2 Hermitian matrix

+ — 1
Y:yua“: Yo TYs WU Y2 7 (7.2)

Y1+ 12 Yo — Y3
where o = (1,0?), and o; are the Pauli matrices. The matrix Y is Hermitian ( Y = YT) and

determinant is equal to a Lorentz scalar y,y”. Thus, there exists a one-to-one correspondence

between y* and 2 X 2 matrix Y.

Consider now an SL(2, C) transformation S that acts on Y as
Y - Y =S8ysh. (7.3)

The transformation maintains the hermiticity of Y: (Y’) = Y, and also preserves the deter-
minant det Y’ = detY. This implies that the above transformation (7.3) must be a Lorentz
transformation. One simple way to check this is by counting the independent parameters: A
general complex 2 x 2 matrix has four complex entries, and due to the determinant condition, it
reduces to three complex or six real parameters, which agrees with the three rotations and three
boosts parameters of Lorentz group . Additionally, since the transformation .S and —S define Y

same way, this means that SL(2, C) is the double cover of SO(1,3) and

SO(1,3) = %. (7.4)

2

The above relation can be used to study the representation of SO(1, 3) in terms of SL(2,C).

Take a two-component, complex entity ¢, = (t/1,12) as the basic representation of SL(2,C)

that transform as

Vo — Ul = SEyg, (7.5)

where «, f = 1,2, the matrix S € SL(2,C) and from the classification of (7.1), the spinor 1)

corresponds to (%, 0) known as left-handed Weyl spinor.
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The complex conjugate representation 1) transform as
o= (S50 @ B=1,2, (7.6)

and it corresponds to (0, %) known as right-handed Weyl spinor. To construct Lorentz scalars out

of these spinors, we introduce invariant tensors of SL(2, C)

: 0 1 0 -1
= and €,5 = €4p = , (7.7)
-1 0 1 0

that enables the raising and lowering of spinor indices (example 1® = €“%¢)5), just as we use
Minkowski metric to raise and lower vector indices. The only difference is that ¢*? is anti-
symmetric because the spinors are anti-commuting Grassmann variables. An example of an

invariant is

wX = waXa = EaﬁwﬁXa = —Ea”B%zXﬁ = —@%Xa = Xawa = X¢ . (78)

One can construct other representations of the Lorentz group using these spinors. The Dirac
spinor, a four-component, is an example that can be built using the two Weyl spinors. It is

denoted as
A= , (7.9)

and in four dimensions, it forms a reducible representation of the Lorentz group.
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B Construction of spinors in various dimensions

We here examine the Clifford algebra in different spacetime dimensions and explore its irre-
ducible representations and properties, which help us in finding spinors in allowed spacetime
dimensions. Spinors are integral to the construction of supersymmetric theories and the super-
charges transform as spinors under the Lorentz group. Thus, to study supersymmetry algebra,

one needs to understand the properties of spinors in arbitrary dimensions.

To introduce spinors, we start with Clifford algebra relation in D dimensions, involving a set of

~ matrices that adhere to the relation

{’Yua ’YV} = 27]uuﬂa (7.10)

where = 0,1, 2, ....., D —1, [ is the identity matrix, and the spinor indices «, [ are suppressed.

Gamma matrices in higher dimensions can be constructed by tensoring the product of sigma
matrices. For even dimensions, the representation of the gamma matrix has 2% complex de-
grees of freedom. For odd-dimensions, the representation is 27" dimensional and includes an
additional matrix ypy1 = " YY1 ....7p—1 that anti-commutes with all ,,’s and squares to one.

Gamma matrices satisfy the following hermiticity properties

Y=, W= (7.11)

A Clifford algebra in D + 2 dimension can be constructed using the D-dimensional Clifford

algebra. The Pauli matrices are given as

01 = ) 02 = ) ) 03 = ; (712)

and the gamma matrix -y, generates the Clifford algebra in D dimensions.
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The matrices that forms the (D + 2)-dimensional Clifford algebra can be constructed as

F,=1®y,,
I'p =01 ®vp41,

I'pyi=03@vp41- (7.13)

Once we have the Clifford algebra, we can define the appropriate spinor. In even dimension, one

can use the matrix yp1 to project the spinor into left and right handed spinor components
1 1
AL = 5(1 —Yp+1)A,  Ar= 5(1 + Ypi1)A. (7.14)

and this halves the number of independent spinor components. A second constraint that one can

apply to spinors is the Majorana condition.
A= (\T0), (7.15)

by choosing the appropriate representation of the gamma matrix, and it is consistent only in
dimensions D = 1,2, 3,4mod 8 [61, 62]. We can have one more condition where the fermion
is both real and respects chirality, and it is called Majorana-Weyl spinor. They exists in D =
2mod 8, such as D = 2,10 and so on. We outline below in the table the possible spinors in

various dimensions

Spinors/ dimensions | 2 | 3 | 4 | 6 | 8 | 10
Majorana VAN RVANN VAN AL A
Weyl A N|A A A
Majorana-Weyl A JAN

The Majorana and Weyl spinors exist separately in four dimensions but not both simultaneously.
In supersymmetric theories, we will mostly use Majorana representation because it applies to

more dimensions. The six-dimensional case can be separately studied for the Weyl spinor.

For the case of the existence of Majorana spinors in Euclidean spacetime, we use the definition
proposed by Nicolai in [63, 64]. This approach keeps all the properties of the Majorana spinor
defined above intact, and one can easily rotate the correlation functions between Euclidean and

Minkowski spacetime.
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C Gaussian integrals

Gaussian integrals are fundamentally important in mathematics and physics, especially within
quantum field theory, where they present as infinite-dimensional integrals that are difficult to
solve. They come in two forms: those involving ordinary real or complex variables and those

involving Grassmann variables. We outline here how to solve both kinds of integrals

C.1 Gaussian integral with ordinary variables

An example of the simple Gaussian integral with an ordinary real variable is

o 1 2
I :/ exp(—ﬁaﬁ)dx = 1/%, (7.16)

that can be generalized to a higher dimensional integral which frequently appears in the theory

of quantum fields. The generalization of the above integral in n dimensions is

o 1
/ exp(—EXTAx)d:vlde ..... dz,, , (7.17)

o0

where x” denotes a row vector, x refers to a column vector, and A is a n-dimensional symmetric,

non singular matrix. To solve the above integral, consider the following change of variables
x =0y, dx=0dy; dridz,...... = |O| dy1dys.... (7.18)

where O is a special orthogonal matrix with detO = 1. Plugging the above transformation in

(7.17), we get

1
/exp (—5 yTO'AO y) dyy dys.....dy, (7.19)

such that O"* A O is a diagonal matrix and the integral gives

n

> I, o B 2r (22
/ €Xp (—5 Zz:; dzyz ) dyl dyg ..... dyn = H d—l = W . (720)

o0 i=1

If n — oo, the numerator blows up, but in quantum field theory, this term comes as an overall

normalization constant so that it can be ignored. The functional determinant for the gauge theory
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can be computed using the above calculation, and it reads
/ DA =3 S a7 LM AL et )P/ (7.21)

where M is the quadratic operator, and the normalization is hidden.

C.2 Grassmann integrals

To understand the fermions better, we need to know the properties of anti-commuting variables
known as Grassmann numbers. Given any two Grassmann numbers ), x their product anti-

commutes 1Y = —x and ¢ = x? = 0.

Take a function f(#) of Grasmann variable # and expand it using the Taylor-series as f(f) =
a + bf. Note that the product of two Grassmann numbers acts like a regular number. To solve
the integral involving Grassmann numbers, we require the technique of Berezin integration [22].

The standard Berezin integral over 6 is

/d&@zl, /dG:O. (7.22)

and the integral of f () will be

/def(e):/de(a+be):a/d9+b/d99:b. (7.23)

Generalizing this to a simple Gaussian integral involving two Grasmman variables gives

1 1 1
/d01d92 exp (-5& 9192) = /d91d62 (1 — 5@ 9192) = 50, . (724)
Consider now a Gaussian integral involving n variables
1
I.(B) = / d"0 exp (—§0TB 6), (7.25)

where 7 = [0, 0,....0,,] and B is an anti-symmetric matrix. As an example, we first solve for
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n = 4, where B is an antisymmetric 4 by 4 matrix

/d40 exp (—%0T30) = /d91 ..... 0, {1 — %OTB0 + % (—%OTBB)Q + . (7.26)

here only the second term survives after the Grassmann integration. The term 87 B 6 can be

simplified as

0 bio bz bu| |01
—biz 0 bas  bas| |0
0 6 05 0,
—biz —baz 0 b3s| |03
| =i —ba —bss O _94_
= 80102050, (b12b34 — bi3bos + b1abas) , (7.27)

and this is equal to | B|'/2, so

/ d*0 exp (—%QTB 6) = (det B)'/?, (7.28)
This can be generalized for any n, we get

/ d"0 exp (—%07“3 6) = (det B)Y2. (7.29)
The above relation can be used to compute the functional determinant of Majorana fermions

/ DX e 2 JaPe X MXT _ (et M1)V2 (7.30)

We can generalize the relation (7.29) for the case of complex Grassmann numbers. First, we

outline the variables

1 1
(04 i0,), = —— (0 — if), 731
n \/5(1 2) ] 2(1 2) (7.31)

and the integral

[n(C) = /dnldnl ...... dﬁndnn exXp (— Z 771 Cij 77]> s (732)

1,j=1
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can be solved by Taylor expanding the above integral and using the steps similar to (7.27)

I,(C) = (—1)"/d771d771 ...... AT dny, T -y det(C)
— det(C). (7.33)

The above formula can be used to compute the Fadeev-Popov determinant.
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