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Abstract

Supersymmetric gauge theories are characterized by the existence of a transformation of the
bosonic fields (Nicolai map) such that the Jacobi determinant of the transformation equals the
product of the Matthews—Salam—Seiler and Faddeev—Popov determinants. This transformation
had been worked out to second order in the coupling constant. In this paper, we extend this
result (and the framework itself) to third order in the coupling constant. A diagrammatic ap-
proach in terms of tree diagrams, aiming to extend this map to arbitrary orders, is outlined.
This formalism bypasses entirely the use of anti-commuting variables, as well as issues con-
cerning the (non-)existence of off-shell formulations for these theories. It thus offers a fresh
perspective on supersymmetric gauge theories and, in particular, the ubiquitous N = 4 theory.
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1 Introduction and summary

A key consequence of supersymmetry is the dramatic improvement it produces in the ultra-violet
behavior of quantum field theories. The importance of anti-commuting variables in formulating
and quantizing supersymmetric field theories is well known. These variables are, however,
not the easiest to work with, especially when it comes to setting up an off-shell formulation,
which often leads to a proliferation of auxiliary variables and unphysical degrees of freedom
(and for the most interesting theories is not believed to exist). The idea that supersymmetric
theories could be formulated without anti-commuting variables, and thus characterized in a
more economical fashion in terms of a purely bosonic functional measure was first proposed
in [1,2] and further developed in [3-6].! This approach to supersymmetric fermion-boson
models, referred to as a ‘Nicolai map’, is designed to cancel out the fermion determinant while
simultaneously reducing the boson measure to a free one (see [7] for a pedagogical introduction).
Supersymmetric gauge theories, the focus of this paper, can be characterized by the existence
of such a functional map 7, — a transformation of the bosonic fields such that the Jacobi
determinant of the transformation exactly equals the product of the Matthews—Salam—Seiler
(MSS) [8] and Faddeev—Popov (FP) [9] determinants. This was explicitly shown to second order
in the coupling constant in [1]. In this paper, we extend these results and the framework itself
to third order in the coupling constant by presenting an explicit formula for 7, in equation
(2.1). In addition, we provide a Feynman-like graphical approach using tree diagrams that in
principle allows one to extend this construction to all orders.

This novel approach sidesteps entirely the use of abstractly defined anti-commuting objects
and hence offers a fresh perspective on the quantization of supersymmetric gauge theories.
Given the central role quantum gauge theories play in describing the real world, a new window
into their workings is invaluable. This framework, for example, allows us to re-derive [10] the
classical result [11] that interacting supersymmetric Yang—Mills theories exist only in space-time
dimensions D = 3,4,6 and 10 (together with the extended supersymmetric Yang—Mills theories
obtained from these by dimensional reduction). Specifically, for the N'=4 theory in D =4, all
known results for scalar correlators may also be obtained within this formalism, at least up to
the order for which the map had previously been worked out [12]; the computational efforts
involved compare well with the more standard techniques of perturbative quantum field theory.
An understanding of scattering amplitudes in this approach is likely to yield new insights into
the symmetries that underlie these simple structures. A related long-term goal is to move
beyond perturbation theory and establish a link between the map and the integrable properties
of the N/ =4 model (see e.g. [13]). There also exists earlier work which focussed primarily
on the search for, and the exploitation of, variables providing a local realization of the map
Ty [14-17] (the precise relation between these older results and the non-local map T, will be
left for future study), as well as an alternative construction of 7, in [18].

IWwe emphasize that quantization is an essential and indispensable feature of this formulation. An appropriate
(perturbative) regularization of all relevant expressions, and in particular of (2.1) below, can be obtained by
replacing all propagators C(z) by Ck(z) with a cutoff parameter x and by introducing appropriate xk-dependent
multiplicative renormalizations for the coupling constant and the gauge field.



We start by stating the main theorem from [1,2].

1.1 Main theorem

Supersymmetric gauge theories are characterized by the existence of a non-linear and non-local
transformation Ty of the Yang-Mills fields

Ty : An(z) — A (2,9:4),
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],

where Sg[A] = % J dz Fj, Fy, is the usual Yang-Mills action with gauge coupling g and

P, =0,A, - 0,A5 + gf“bCAZA,cj is the Yang-Mills field strength.

2. On the gauge surface G*[A] = oM Ay, =0, the Jacobi determinant of Ty is equal to the
product of the MSS % and FP determinants

6A/CL .A
det( 14z, 9; A)

T ) = Anss[A] App[A],

at least order by order in perturbation theory.

3. The gauge fixing function G*[A] is a fized point of Ty.

A general proof of this theorem is presented in appendix A, and is largely based on existing
work [2-6]. However, the present proof is more general in that it takes into account recent
insights from [10] that the theorem is actually valid for all supersymmetric Yang—Mills theories
in space-time dimensions D = 3,4,6,10. These include the corresponding extended theories
obtained by reduction (like N'=4 Yang-Mills theory from the D = 10 theory).

Even with the general proof and explicit expressions for Aif(a:) at hand it is by no means
obvious that the transformed field A)(z) satisfies all three statements in the main theorem
above, at every order in g. Our main goal with this paper is to work out the transformation at
O(g?) and to explain in detail how all the necessary conditions are satisfied. We hope that the
explicit expressions, derived in section 3, illustrate the non-triviality of this result. With these

findings one can now proceed to compute quantum correlators by means of the formula
<Af;; (ml)...Afy;(g;n)>g = <(7;—1A)jjll (z1) "‘(E_IA)Z’Z (;L«n)>0 (1.1)

(where (---), denotes the expectation value for coupling g) in terms of the free functional
measure for the gauge field, and thus extend the results in [12] to the next order.

2With the understanding that Apsgg is really a Pfaffian for Majorana fermions.



Let us also emphasize that, at this point, all the statements in the above theorem are to be
understood to hold in the sense of formal power series. Non-perturbatively, we will have to
worry about zero modes of the relevant determinants [19]: on the mass shell, we have

ol = fawa 2 e

D) 6Ab x)( O 0ap + 0adp)d(w — )Mb(y) (1.2)

directly relating the Jacobian of the transformation to the second-order fluctuation operator
around a given background solution of the Yang—Mills field equations, such as an instanton
solution (the divergence term on the r.h.s. of (1.2) can be ignored on the Landau gauge hyper-
surface OMAZ = OMAL“ =0). Since the eigenvalues of the fluctuation operator are known to be
related to the ones of the MSS determinant, matching zero modes imposes an extra restriction
on the theory. As already pointed out in [19] the match works only for the maximally extended
N =4 theory in D =4, which is additionally singled out for this reason.

The work presented below is in Euclidean space. However, the Euclidean metric is by no means
crucial to our discussion, as all of these results can be derived in spacetimes with a Lorentzian
signature as in [3-5]. We also restrict ourselves (mostly) to the Landau gauge, in order to avoid
complicating the presentation. Other choices for the gauge function G*[A], in particular the
axial and light-cone gauges, will be discussed elsewhere. The light-cone Hamiltonians for pure
and maximally supersymmetric Yang—Mills theories are quadratic forms [20]. This “complete
square” structure, highly reminiscent of the map, is likely related to a light-cone realization

of 7.

1.2 Notation and conventions

We restrict our attention in this paper to super Yang—Mills theories and work in Euclidean space,
rendering upper and lower indices equivalent. With the admissible dimensions D = 3,4,6 and
10, the corresponding numbers of fermionic degrees of freedom are

=2(D-2) =  r=243816. (1.3)

In section 3 and the appendix A.2 we will rederive this relation in a novel manner. We shall
employ the generator R of the inverse transformation 7;_1 (see below). A key role in the R op-
erator is played by the fermionic propagator S%(z,y; A) in a gauge-field dependent background
characterized by Af,(z), with

P (DpS) (2,53 4) = A 670, + gf* AL ()| S(2,5:4) = 5Po(—y).  (14)
The limit g = 0 gives us the free fermionic propagator S$°(z) which obeys
V0,550 (x) = §%6(x) = SP(z) = —69,0(x). (1.5)

Here C(x) is the free scalar propagator (with the Laplacian 0,0" = O)

eik:c D
C(z) = /%? = mf(ngl)(ﬁ)l‘?. (1.6)



It satisfies OC'(z) = —d(z). We use the convention that the derivative always acts on the first
argument, i.e. 9,C(z—y) = (0/02")C(x—y) = d;C(z—y). Thus, we need to be careful with sign
flips when using 95C(z—~y) = —05C(z~y) = 0;C(y—z) = =04 C(y—=z).

In general, the R operator works for a number of gauge choices. However, special elements of
the present calculation do depend on the chosen gauge. Henceforth, for simplicity we will only

consider the Landau gauge function
G[A] = o"Aj. (1.7)
Finally, we require the implementation of the ghost propagator G“b(x,y;A), obeying
(DG (z,y;A) = [5%5 +g fadCAﬁ(x)aﬂ] G (x,y;A) = 6%6(x—y). (1.8)
Hence, the free ghost propagator satisfies
OG&(x) = 59 (x) =  G®@x) = —07C(z). (1.9)

It is important to note that not only G®(x,y; A) depends on g and the background field Al (z)
but that (D,G)®(z,y; A) does so as well, viz.3

—(DuG)*(w,y;4) = 6°9,C(z—y) +gf“d’/dz M (2—2) A5 (2)C(z—y) + O(g*), (1.10)
with the abelian transversal projector

8”8'/) rx—2) ~ 6ud(x—2)+0,C(x—2)0;, (1.11)

I, (x—2) = (5uv_

where ~ means equality in the sense of a distribution. We will later see that the terms of O(g)
in (1.10) become relevant for the map 7, from order g* onwards.

1.3 The R operator

To determine the map 7, one first constructs its inverse 7;_1 via its infinitesimal generator R,
a non-local and non-linear functional differential operator first introduced for the N'=1,D =4
theory in [3-5]. The image (7,A)}(z) of the map is then obtained order by order in g by

formally inverting the power series

(7,714 Z R"A )\gzo, (1.12)
where R is the infinitesimal generator of the inverse map. Details of the construction of the
R operator are provided in appendix A.1, thus generalizing the original proof given in [3] for
D = 4. We use the background field dependent propagators

AN (@) (y) = Sx,y;4)  and  CY2)C’(y) = G(x,y; A) (1.13)

L 1 [ I——

3 We note that the corresponding formula (1.18) in [10] is incomplete in that it missed out on the g-dependence
of (D,G)™. However, this correction kicks in only at O(¢g?) and beyond, hence does not affect the results up to

second order in [1,10].



to rewrite (A.19). Here \%(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 the R operator is then represented by the functional differential operator

)
5Az(a:)

d 1

- _ ab . PA bed pc d
R = i g [ drdy (387 @y d)) £ A50) AL (w)

_i ae . v qeb . PA bed gc d 0
- [ dvdzdy (DG)* (. A) Dyt (175 (i )9 ) £ () A5 ) 5 Ji) (110

_i_i ae v qeb . PA bed pc d d
= a5 o7 ] drd=y B2t (375 s ) A AL) s

where we introduced the ‘covariant’ (or ‘non-abelian’) transversal projector

Pis(z,z) = 0"6,0(x—2) — (D,G)*(z,2;A) 0,
(1.15)
_ / dw Ty (2-1w) [§%00,8(w—2) + g f " AT () C(w—2) 0, + O(g?)]

Since the bosonic background field AZ(x) does not depend on g, the first application of R to
Af(z) is straightforward. For all higher orders we also need

ab
ds dg@@/) _ —/dZ Sac(x,z)fcmdAT(Z)’YuSdb(Z,y) (116)
and
5Sab(z’y) — ac cmd . odb
51421 7) = —g958%(z,x) fA SV (2, y) (1.17)
as well as
ab
dG d(g$ay) _ —/dZ GaC(LU,Z)fcmdAZL(Z)aqub(Z,y) (118)
and
5Gab(2,y) o ac emd e ~vdb
5AZL($) = —g9G*(z,2) fTOMGT (x,y). (1.19)

These equations are obtained from (1.4) and (1.8). After iteratively computing R" for any
desired n, we set g = 0, which in particular maps S®(z,%) to the free propagator S§’(z—y) and
G (z,y) to the free propagator G&°(x—y), and finally obtain (7;_114)2(:17) at O(g™). We shall
present (E_lA)ﬁ(x)‘O(g3) in appendix B.

The actual map 7, is then obtained by power series inversion. Let

T, A = Z%TnA. (1.20)
n=0 """



Expanding ’7'9_17;7 =1 in powers of g and matching coefficients we readily obtain
ToA = A,

TA = —RTyA| _,,

(1.21)
TA = ~R*TyA|_,—2RTI A _,,

T3A = —RgToA‘g:(] - 3R2T1A|g:0 - 3RT2A‘g:(] :

The explicit expression for (7;A4)f () up to O(g?) is provided in the following section.

2 Result and discussion

We now present the main new result which is the explicit formula for 7, to cubic order O(g%) *

(TA(a) = Axe) + 9/ [dy 9,0 - AU A ()
+3—92f“bcfbde/d dz 8,0z —y) AS ()0, C (y — 2) A% (2) AS
B Yy o y)AS(y) lp (y—=) M(Z) A}(Z)

3
+%fab0fbdefcmn/dy dz dw 8,)0(:17—3/)
X XC(y — 2) AL (2) A5 (2)9,C (y — w) A} (w) Ag (w)

gl gt i [y dz dw 9,00 - y)A3(0) {

—209)\C(y —2)A5(2)9,C(z —w)A

—0,C(y— 2)A5(2)0,C(z — w) A} (w) Ay (w) (2.1)

p ©

+ 0,0y — ) A% ()00 C (2 — w)Af{]L(w)AZ(w)}

3
+ %fabCfbdefdmn/dy dz dw {
+28,C(@ = y) AL, ()9 C(y — 2) A5 ()95 C (2 — w) AT (w) A} (w)
~9,C(z =), (AZ(y>C(y—z))Ai(Z)aoC(z—w)AS”(w)AZ(w)}
93 abc pbde pdmn c e m n
= peprepinn [ dy dz 45@)Cla =) A)RC (Y- ) AT () A3(2)

+ O(g").

4As usual, all anti-symmetrizations are with strength one, such that e.g. [ab] = %(ab— ba).
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The first two lines above correspond to the result obtained in [1] and extended to dimensions
D # 4 in [10]. The last two lines are the new terms arising from the g-dependence of (D,G)® in
(1.8); 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 [1], this becomes tricky at higher orders
because the number of terms is significantly larger at O(g3) than below. In addition, from the
last term we see that new structures appear. In the following section we will verify that this
result indeed satisfies all three statements of the main theorem (subsection 1.1) simultaneously,

providing a highly non-trivial test.

3 Tests

A general proof that the statements in the main theorem in subsection 1.1 are true at any order
of g is given in appendix A. A detailed explanation of how this works up to O(g?) can be found
in [10]. Thus, we only present here the calculations at third order in g.

3.1 Gauge condition

We first verify that 8, 4)%(x) = 8, A% (x) + O(g"). Applying 8, to the terms of order ¢° in (2.1)
and removing all terms that are manifestly anti-symmetric under the exchange of indices u and

p yields
la _ 3 rabc gbde pdmn c
02 ()| o0y = 6" £ £ [ dy dz 8uap0(x—y>AA(y){

+209,C(y — 2) A5 (2)ONC (2 —w) A}

i (W) Agy (w)

—209,,C(y — 2)A7(2)0,C(z — w) AX" (w) Ay (w)}

3
_ %fabc]ebde]edmn/dy dz dw (31)

x 0 C(x—y) 9, (A5 (1) C(y — 2)) A5(2)9,C (= — w) AR (w) A} (w)

93 bc pbde pd
_gfac‘f efmn/dydz

% 0 (AL (2)C @ —9)) ALy — 2) A7 () A3 (2)

The first two terms cancel each other. In the third term we use OC(x —y) = —d(x —y). It is
then easy to see that

3
8MA:1G(‘T)‘0(93) — %fabCfdefdmn/dy dz {
+0, (A5(2)C (2 — ) ) A5 (1)0sCy — 2) AT (2) A(2) 2
~ 00 (A3(2)C o —1)) A5)NCly — DAT(A3(2) |



3.2 Free action
By the first statement in the main theorem the transformed gauge field must satisfy
1 a a
§/dx A (@) (=0 6+ 0By) AL /dx () + O(g"). (3.3)

We stress that, unlike the matching of determinants, the fulfillment of this condition will turn
out not to depend on the dimension D. Because of the invariance of the Landau gauge function,
we can ignore the second term on the Lh.s. and the corresponding term on the r.h.s. of this
equation. The calculation, up to O(g?), is presented in detail in [10]. At third order, (3.3) has
two contributions which must cancel each other:

! a [l a a
Oz/dzn (AL(x)|O(g3)DA’ )] o) + AL )\O(QQ)DA;(QC)|O(Q1)>. (3.4)

To check this we collect all the terms to obtain

/da7 <A;/fa($)}(9(g3) DAL“(x)|O(g0) +A:ta("ﬂ)}o(g?) DAL&(ZEHO(QU)
=— %f”bcfbdefcm"/dx dy dz dw 0,C(x —y)
X O\CO(y — 2) AL (2) Ag (2)9,C (y — w) A} (w) Ay (w) O Afy ()

+ g3fabcfbd6fdm”/da: dy dz dw 9,C(x —y)AS(v) {

+20,,C(y — 2) A5 (2) O C (2 —w) A (w) Ay (w) O A (2)
—20nC(y = 2)A5)(2)9,C (z — w) Al (w) Agy (w) B Aj ()
— 05C(y = 2)A5(2)9;,C (2 — w) Ay (w) A}y (w) O Ay ()

—20,,C(y — 2)A})(2)9,C (2 — w) A (w) Agy (w) B A ()

+0),C(y — 2) A5 (2)94|C (2 — w) AR (w) AG (w) D AZ(x)} (3.5)

+ % fobe phde pamn / dz dy dz dw {
+20,C0(z —y) Af,(y) 0, Cy — 2) AN (2)95 C (2 — w) AY' (w) A (w) B Aj, ()
—0uC(x—) 9, (A(y)C(y — 2)) A5(2)05 C 2 — w) AT (w) Ay (w) DAz<x>}
% gore e pimn [z dy d
x Ay (@)C(z —y) AL (y)OnC(y — 2) A (2) AX(2) B Aj (z)
+ %3 fabe pbde / de dy d= dw 8,0z — y) AS (1), Cly — 2) AL(2) A5 (2)

x O (U 0,0(x — w) A (w) A (w) )



The general procedure to simplify this expression is rather straightforward. However, there
are a few terms which require additional attention. The first step is to integrate each term by
parts such that the Laplacian acts on the C(x —y), which then simplifies to a d-function and
we obtain

/ de <A§f(f’3)\o<g3> 0 AL ()] g0y + A (@) 0g2) D A@a(‘f)‘O(gl))
93 be ¢bd,
=1 efcm"/dx dz dw 0,A}(x)

x O\C'(x — z)Ai(z)Af}(z)@[ Cx—w)AM(w) A (w)

p I o]
gt phiepinn [ dn dz dw 8,A%(0).45(a) {
+29,C(x — 2) A5 (2)OpC (2 — w) Ay (w) Agy (w)
—20\C(z — 2)Ag(2)0,C (2 —w) A} (w) Ay (w)
—0,C(x — 2)A5(2)0,C (2 —w) A} (w) K] (w)
—20;,C(z — 2) A} (2)0,C (2 — w) A3 (w) Ay (w)

+01,C (x—Z)AZ(Z)c‘?UC(z—w)Aﬁ(w)A:(w)} (3.6)

3
+ %fabcfbdefdmn/d$ dz dw {
+20,45 (2) A, (2)9,) C(z — 2) AN (2) 05 C (2 — w) AX' (w) Az (w)

— 9,A%(x), (A;(a;)C(a; - z)) AS(2)0,C (2 — w)AT(w)AZ(w)}

B %_Sfabcjcbdefdmn/dx dy dz
x DAL (2) A7 (2)C(z — y) Ap(y)nC(y — 2) AL (2) AX (2)
+ % fobe phde pemn / da dz dw
X AS (2)0),C (x — 2) AL(2) A (2)0,05.C (x — w) A (w) A (w) .
We notice that we can replace any 9,Aj(z)AS(x) by 0, (AZ(m)Aﬁ(m)) if the full expression

is symmetric under simultaneous exchange a <+ ¢ and p <> A. This allows us to integrate the
respective terms by parts again. After the integration the index contractions must be spelled



out and most terms cancel. Subsequently, we obtain
/dx (A;f‘(x) ’0(93) H A:f(a:) ‘O(g‘)) t A:f(x) ‘ O(g?) H A;f(x) ’O(gl)>

= 0o e i [ e o 9, ) AS () A5 ()0, C - w) A ) A2y o)
_i_%fabc‘fbdefdmn/dx dz dw {

0 AL (@) AS(2)0,C — 2) A5 ()0, C (= — ) AT () A2 (a0)

0, A () AS ()0, — 2) A3 ()0, C (= — w) AT (1) A7 (a0)

= 0 (2)9, (A3(w)Clo - 2)) A5(2)0,C 2~ w) AT (w) A (w) |

3
= gt ie i [ da dy dz 0 AL (@) A5 (@)@~ ) A5 1)OAC = 2) A7 (2) 44 ().

The first term vanishes by the Jacobi identity, i.e.

3
9ot e pimn [ dw 9,45 (@) A5 () A5 (£)05C o — ) A7 () A7) ()

3
— % (fabCfbde_|_febafbdc_|_fcbefbda) fdmn/dZE dw (38)
X Dp AL () AS () AL ()0 C (0 — w) AT (w) AT (w)
= 0.

The second, third and fourth term in (3.7) can be integrated by parts and after removing the
terms that are anti-symmetric under the exchange of two indices, we get

/de (A:La(x”o(g:’)) O ALG("E)‘@(QO) + A;La($)‘o(g2) O A:La(x)|o(g1)>

g3 aoc € mn
= & pete e /dxdzdw{
+ 0,0, A (2) Af(2)C (x — 2) A5 (2) 95 C (2 — w) AY (w) Ag (w)
— AL (2) AL (2)C (2 — 2) AN (2)0,C (2 — w) AY (w) A (w) (3.9)

~ 0,0, A3 () A5 () C  — 2).45(2)0,C 2 — w) AT (w) A3 ) |

3
= e e pin [ da dy ds0.AL (@) A5 (2)C (@ =) Ay)OrCly— ) A7 (2) A3 (2
= 0.

Thus, the condition (3.3) holds up to and including O(g?). It is worthwhile to point out here
that the very existence of a non-local field transformation mapping one local action to another
local action is a remarkable fact in itself, independently of supersymmetry (but in the absence
of supersymmetry, locality would be spoilt by the Jacobian).
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3.3 Jacobians, fermion and ghost determinants

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 [1,10], we can here concentrate on
the third order, viz.

514:?(33) 1
logdet (W) ‘O(g?’) = log (AMSS[A] AFP[A])L(QS). (3.10)

Of the three statements in subsection 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 (1.3) on the latter.

The ghost determinant is computed from the functional matrix
X (e, y: A) = g ] Cla — y) A5 ()Y (3.11)
using the well-known equation
logdet (1 —X) =trlog(l—X). (3.12)
Up to O(g?) this yields

logdet (1 —X) = %ng2 /d:z: dy 0,C(x —y) AL ()9, C(y — x) A (z)

1
+§g3fadmfbemf0d6/d$ dy dz

(3.13)
x 8,C(z —y) AL ()9, C (y — 2)A5(2)0,C (2 — x) A ()
+0(gh).
For the MSS determinant we have
Yo,y 4) = g /0,0 —y) (v2*)  ASw). (3.14)

After accounting for the Majorana (or Weyl) condition by including an extra factor of % we get
1 1
5 logdet (1Y) = {ng?tr(y"2*9797) [ da dy 0,0~ ) A3(1) 0 Cly — 7) A3 ()

13admbemcde p)\aa,BT/

t g tr(v*y 7y y"7) [ dz dy dz (3.15)
x 9,0 (x —y) AR (y) 0y C(y — 2) A% (2)05C (2 — x) A%()

+0(g").

For both determinants there is no contribution at O(g) and we have simplified the results at
O(g?) by using f¢ fabd — p §¢d, Taking the trace in (3.15) and multiplying the two determinants
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subsequently yields the right hand side of (3.10)

log (AnrsslA] ApplA]) | pgsy = F@ £ fo4 /dx dy dz {

—27r0,C(z— y)AZ(y)@,C(y —2)AS(2)0,C (2 — x) A5 (x)

r+1
3

r ‘ Y A0 ‘ Y AC ‘ Rl Aa
+ 3 0,C(x — y)Ai)(y)()ﬂ(,, (y —2)AL(2)O\C (2 — ) A} ()

_|_

9uC(x — y) AL (1)0,C (y — 2) A5 (2)OrC (2 — ) Al ()
(3.16)

r C a
6 0,C (x — y)Ag(y)ﬁ)\C(y —2)A;(2)0,C(z —x) A} ()
T (& a
42 0,0~ ) A y)ACly — 2) A5 (2)0rC = ~ m)Ap(a:)} .
We thus end up with a total of five independent structures; we use color coding to help us

identify the corresponding terms in the Jacobian determinant.
At O(g?) the logarithm of the Jacobian determinant schematically consists of three terms

| dt(aA;ﬂ(:p)M . [M’ ] <2 1)t [M’ SA ]
ogde = | —r - o )T A
(SAg(y) o(gg) 514 O(g3) 2 514 0(92) (SA o(gl)
(3.17)
ML
3 5A O(gl) 5A O(gl) 5A O(gl)

is straightforward and we find

1 . [5/1;“ (x)

1 5A;f(x)
3 [ 04N (y)

o) OAL ()

5A;f”(x)
o) 9AL(Y)

and the final trace is done by setting u =v,a =b,x = y and integrating over x. The computation
O(gl)]
— fadmfbemfcde /d{)’} dy dz {
3—D

L0 Ao, - A @RCE DA

+0,C(x — y) AL (1)0,C (y — 2) AS ()01 C (2 — x) A ()

— % 0,C(x — y)AZ(y)@AC(y —2)A5(2)0,C(2 — T)Ai(r)} .

12



The second term gives

(3 [

SA M (z)
0(g?) dAL (y)

O(gl)]
:fadmfbemfcde /d$ dy dz {

+ %%C(w — ) A% ()9,C (y — 2) A, (2)9,C (2 — ) A4 ()

(3.19)
1
+ 20,00~ ) ALw)9,Cly - DAS()NC( — )4 (x)
3—D Nl n Nl e o Y e
——5—0,C (. —y) A, (y)9,C(y — 2) A7, (2)OrC (2 — ) A} ()
1 (& a
+ 3 0,C(x — y)AZ(y)@AC(y —2) A7 (2)0\C(2 — x)Ap(x)} .
Finally, the first term gives
5A/(l
tr [7’2 (z) ]
64 (y) 0O(g3)
— fadmfbemfcde /dl’ dy dz {
7—3D b c a
+ C(z—y)A,(y)0,C(y — 2) AL (2)0,C (2 — x) Af ()
3—-2D b . o
— 5 WC =) A,1)0C(y —2) AN (2)0C (2 — 2) Al ()
3—D o b a Y 1c¢ " Aa
———0,C(z—y)A,(y)9,C(y — 2) A, (2)\C (2 — x) AX (2)
2 (3.20)

+ % OuC (x = y) AL (Y)ONC (y — 2) A5, (2)9,C (2 — 2) A} ()

5—2D
2

0,C(a ~ y) AY)OACly ~ 45010~ 2) A3(a) |

_ 2 jaem gbde pedm / dz dy A () AS(2)C (x — 4)0,C (x — 1) A (y)

3
+ % f“dmfbcefdem/dx dy dz A (z) (9,C(x — y)2onC(y — z)Ag(z)AZ(z)
=g Fram et [z dy C(0)430)0,C 0 — ) ALy A5 o).

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 which
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

13



color coded terms. Imposing the equality (3.10) yields the following conditions

Loy = 12 TEIDy op
2 2
r#1 _ 3-D 1 3-2D 2D-3
3 3 2 6 3
r_ g 32D 3-D_ 5 , (3.21)
2 2 2
r 1 3-D 2-D
6 3 3 3
r_ 1 5-20 |
2 2 2

Happily, all five equations are satisfied with r = 2(D —2), so we recover the result (1.3)
D =3,4,6,10 <~ r=2,4,8,16, (3.22)

thus extending the result of [10] to cubic order. It remains to be shown that the remaining
(black) terms from (3.20) vanish. Using the Jacobi identity in the first term and fob¢ fabd = p 5ed
in the latter two yields

— 3 [ da dy AL (@) A5 Cla =)0, C @ — ) A3(0)
o pe / dz dy dz A%(x) (9,C(x—y))206Cly — 2) A4 (2) A% (2) (3.23)

n aoc a (&
=2 [ o dy COALOCr — ) Aby) A5 ).
The second term is rewritten using the identity
0(C*w—y)) = ~20(0)6(x ~y) + 20,0(x ~1)0,C(x ~ ), (3.24)

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

n

— 51 [ de dy 43 (@) A5(@)C@ = 1)0,Cla =) A3w)

. g fabe / da dy dz A%(2)C(0)3(z — y)9,C (y — 2)A%(2) A% () )

s 2o [ dy dz A @)0 (C2o— 1) 9,01y - 2) AY(=) 45 (2)

n

— 51 [ da dy CO) AL @9,C = AL A5 ).

14



Subsequent integration by parts produces
g e [dn dy AL @) A @)Cw - 0,0~ y) AL)
TR / dz dy C(0)A%(2)9,C(x — y) AL (y) A% (y)
-2 / dz dy dz AL(2)9, (C*(x—y)) OC(y—2)Ab(2) A5 (2)
g / dz dy C(0) A% (2)9,C(x — y) AL (y) AS (y) (3:26)
_ g fabe / dz dy Ab () AS(2)C (2 — y)9,C (x — y) A%(y)
27 [ do dy A3(@)0, (C2 o~ y) Ab(w) A5(w)
=0.

Thus, (3.10) is satisfied. Let us note that, unlike for the O(g?) computation, we had to make
use of the Landau gauge condition (1.7) to achieve this equality. This feature, which arises only
from O(g?) onwards, is entirely due to the g-dependence of the ghost propagator in (1.8).
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4 Beyond the third order: graphical representation

It is not difficult to present the full perturbative expansion of the R operator. To streamline the
notation, we suppress the color indices and position variables and integrations, but understand
all objects to be multiplied as color matrices or vectors and by convoluting integration kernels
with A insertions. Concretely, abbreviating

(A4)P(2) = fP AN ) = A=A, AD=A,0),

(4.1)
(A7) () = foronyP) Ab () A5 ()
and expanding
S = Sy—gSodS = 5y > (—aAS0)".
B (4.2)
G = Go—gGoA-0G = Gy i(—gA-@Go)k,
k=0
where derivatives act on everything on their right, we may write
T 1% > k > 02
R = d_g_Z(STH {5UV—ngG0 kz:%(—gA-aGo) 8u} Xtr{v”So ;(—94450) A }
T 1% 0 0
- d_g_gmnuutr{[Vyso—gA”Go > (-9 40Go)"| L (-0 50)' 1 (4.3)
T 1%
= d—g—gmtr{[mwav—|—295ﬁ‘58aG08”A5];] (—gGoA-9) ]GOZ (—gAS0) A }

where we now let the variation with respect to g and A act to the left in order to conform with
the implicit color and position ordering in these expressions. In the last line, we have expanded
the abelian transversal projector II and simplified

H“V’VVSO = yuSo—ﬁuGO&ﬁ”So == W@GO—QLGO = (%7,,—5”,,)8”6?0 = ’}/W,OVGQ,
(4.4)
I, A" Gy = A,Go — 0,Go 9, A" Gy = (DGo A, — 9,0"GoAL)Gy = —20550,Go0"ApGy.

The individual terms of the expansion in powers of g allow for a simple representation in terms
of Feynman diagrams, built from free fermion and ghost propagators dressed with photon
insertions. They have the graphical structure of linear trees mostly starting with a modified
double ghost line 252‘5 0a.Go 0VApG and ending in a “double photon emission” % 2 In between,
one finds & further ghost lines (k=0,1,2,...) followed by ¢ fermion lines (/=0,1,2,...), separated
by the appropriate photon emission insertions. Since the initial A-variation reduces the power
of A by one, such a term contributes to O(gF+¢T1A¥+¢+2) In addition, there are the ghost-
free linear trees, which are rooted in a modified fermion line v, 0”Gyo, comprise ¢ additional
fermion lines and also terminate in %A2 They contribute to O(g* A1), For a given order

O(g"A™*1) then, one encounters n+1 linear trees of length n+1: a single ghost-free one of
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structure 56”rl and n mixed ones of structure G%Sg‘_l, G858_2, ..., G§ S, Gg“. The last of
these always vanishes due to trA2 = 0. The number of gamma matrices in the traces are
2n+4, 2n,2n—2, 2n—4, ..., 4, 2, respectively. Below we illustrate the graphical expansion of R
up to O(g*):

<_
R=%+R1+QR2+Q2R3+Q3R4+

W:U

The Feynman-like rules for these graphs are as follows:

— 5
%’y,wa”(} <§ —2&53580608”(1460)

— So=-dCc  —---- Go=-C — %f},p/\ApA/\

Furthermore, a trace has to be performed in spinor space. Since for each fermion line, gamma
matrices from the free fermion propagators Sy and from the photon insertions A are multiplied
along the linear tree, the trace short-circuits the tree in spinor space and contracts the Lorentz
indices of the partial derivatives on C and of the photon emissions A in every possible faghion.
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The perturbative map

n

| Q

(Ty (@) = Af(z) + Y =5 (ThA)(x) (4.5)
n=1

!

3

is obtained by iterating the R operation to build (7;_114)2(3:) according to (1.12) and inverting
the power series (see (1.21)). In terms of the power-series components R,, defined above, the
n-th order contribution to 74 A is given by [18]

ToA =Y cpy R, R, Ry R, A, (4.6)
{n}
with the sum running over all multiindices
{n} = (n1,n2,...,ns) with Zm:n and n; €N (4.7)
i=1
and with coefficients

n!
ni- (n1+n2) . (n1+n2—|—n3) e (n1+ . _|_ns) :

cmp = (=1)°
To order g*, this expansion reads
TgA = A — gRiA — 1g°(Ro—R)A — tg°(2R3— Ri\Ry— 2Ry Ry + R}) A
— o5:g*(6Ry — 2R Ry — 3Ry Ry + RiRy — 6R3 Ry + 2R 1 Ry Ry + 3RaR} — R)) A (4.9)
+ O(g°).

The repeated action of R on itself grafts linear trees onto linear trees. This produces binary
trees of all kinds with double leaves A2, where multiple gamma-matrix traces run over all
possible parts of those trees, and any part of a tree may have fermion lines replaced by ghost
lines. Excluded only are length-one ghost lines and ghost lines ending in a double leaf. After
perfoming the gamma-matrix traces, all lines become scalar propagators C' dressed with a
partial derivative, whose Lorentz indices get contracted in almost all possible ways. However,
there appear partial cancellations of gamma-matrix traces between trees of the same topology.
The combinatorial factors and Feynman rules for these trees will be given elsewhere.

Finally, one may raise the question of the uniqueness of 7,A. As the map is constructed
iteratively from the R operator, a non-uniqueness will originate from an ambiguity in R. In
D=4, such an ambiguity arises from the freedom to add a topological term ~ [ FAF to the
bosonic action, which allows for the modification

A A 0+k7) (4.10)

in the R operator and, hence, in the Feynman rules. As a consequence, novel terms carrying
the epsilon tensor appear in the expansion of 7;,A. This offers, for K = %1, the option of a chiral
Nicolai map [2,6]. The possibility of such a chiral projection may be explored for the other
critical dimensions as well.
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A  Proof of the main theorem

In this appendix we firstly construct the R operator from the response of the vacuum expec-
tation value of an arbitrary product of bosonic operators to changes in the coupling constant.
This generalizes the argument first presented in [3] for the D=4, N=1 theory to all other pure
supersymmetric Yang—Mills theories. Secondly, we prove the distributivity of the R operation.
Thirdly, we recall the argument that R annihilates the gauge-invariant bosonic Yang-Mills ac-
tion as well as the gauge-fixing function. These properties imply the determinant matching and

suffice to establish the main theorem.

A.1 Construction of the R operator

In this section we show how to construct the R operator for any pure super Yang—Mills theory.

The action consists of a gauge invariant part
S = 4 [do F, @ P @) + § [do @) (D0 @) (A1)
and a gauge fixing part (with gauge parameter &)
Sy = / dz §(0"A%(2))? + / dz C%(2)9"(D,C)"(z) (A.2)

in the Landau gauge G°[A] = Ot Ay, = 0. For an arbitrary product of bosonic operators X the
linear response of its vacuum expectation value to a change in the coupling constant is given
by

dig<X> _ <%>_<d(5m37;5gf) X> — (R X). (A.3)

Making use of supersymmetry, we want to rewrite the right-hand side in terms of a derivational

operator R. To this end we introduce
Ay = —%fabc/da: (’yp/\)\a(x))aAbp(x)Ai(x) (A.4)
and use
0aNf = %(VW)MF[},, as well as da Ay, = —(A"v)a (A.5)
to compute
baBda = 3 [do Fiy () Al @) A5 (0) + P15 [do (A (@)X (@), A5(@)  (A6)

so that

dsS inv
dg

= 0alg + (L DLy pebe / da X ()" AP () AS, (). (A7)

T

Notice that ¢, anticommutes with other anticommuting operators. With

%ggf _ fabc/dlE C_ra(l,)aﬂ(AZ(gj)CC(;p)) (A8)
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and the gauge condition G“AZ =0 we arrive at

00 = () (s

n <(D;1 1) pote / da ()7 AS () A (2) X> (A.9)

- <f“bc / da C%(x) A% (x) 9" C°() X>.

We want to rewrite
(BaBa)X) = (DadoX) + (Bu(B0X)) (A.10)

using the supersymmetry Ward identity

(8.Y) = ((6a5u0)Y). (A1)
Employing the Slavnov variations
SAL = (D,C)*,  sA"=—gf?NCe,  sC*=—£0PAY (A.12)
one finds that
6aSyt = —s / dz C%(x) 60 (0" A%(x)) . (A.13)
Thus, the Ward identity becomes
_ < / A O () 5 (0 A% (2)) (Y)> . (A.14)

By (A.10) we need to apply this to Y = A, X, and from s(AyX) = s(Aq)X — Ays(X) we also
require the Slavnov variation of A,. Making use of the Jacobi identity we get

$(A) = 2o [ (PN()) 0,C"(0) 45 (2). (A.15)
Subsequently we can put everything back together,
dig<X> _ <%> (AubaX) </dx () b (O A% (a ))Aas(X)> L (ZX) (A.16)
with
= — [y C"()6a(@" 430) 11 [ dr (PN(@), Ax(e) 05O )

(A.17)
+ (#—%) fabe / do A(z)y" A (2)\0 (z) — fobe / de C%(z) Al (2) 0" C().
In the next subsection we will show that the multiplicative contribution vanishes,
D-1 1 1
Z X)= f —— == Al
(zx)=0 for P lo1, (A18)

only in the critical dimensions D = 3,4,6 and 10, where r = 2(D—2) indeed. Thus, by integrating
over all fermionic degrees of freedom we obtain

dX _
= . a Iy
RX = 1w T 0o X Ay + /d:z:(r* (2)0a (0" AL (7)) A 5(X). (A.19)

g L = 7 1 |

For N'=1 super Yang-Mills theory this result has first been derived in [3], see also [2].
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A.2 Distributivity of the R operation

In this subsection we generalize the argument from [3] in order to prove that (A.18) holds.
Explicitly writing all the integrations (A.17) becomes

=7 (C”<y>)(0,¥il“<y>v”)a 7t [ do (VWAT(BI))QAE(:E)ﬁ,f‘C’d(m)
(A.20)

+ (B2 -1) e / dz N (2)7hs Ay (@) XG(z) — [ / dz C(z) AL (2)0kC(x).
We reorder the contracted terms and use v* = %(7“7” —AYyH) = —AYyH + 0H as well as the
fermion and ghost propagator to get
Z = —%f“d/dw dy tr (95G1(2,y)7"7 1 OS™ (2, ) ) Af ()
41 fbcd / dz dy tr (anga(x,y)meagsba(a;,y)) AS () (A.21)

- (D L fabc/dzn tr (S (z, )y “)AZ(:L") + f“bc/daz acha(x,:c)Ag(;n).

Then we need the following Schwinger—Dyson identities, which follow directly from (4.2) and
the relation 792G (z—y) = S3*(z—y), namely

§(wy) = Sie—y) + o [ 42 S - ALER S ),
(A.22)

POIG(wy) = Sfla—y) + of ™ [ de SEee—2) ALG™ z.).
Integrating by parts and using ’ypagsga(x—y) = —09§(z—y) together with tr 1 = r, this gives

1 beca ba c
Z = —;f /da: tr (7“5 (ZE,J})) Al (z)
= pmipen [ da dy d o (S§E(@—2) AL LG (2 9™ (@) ) A (@)

_ pacd / dz 0 G (z,) A° (x) (A.23)

 dpretgemn [ o dy dz (046G (2,) S5 (220" A(S™ (2.)7”) A5 2)

— (Dr_l - %) fabc/dzn tr(SC“(x,$)7“)AZ($) + f“bc/daz 8§Gca(3:,:n)AZ(:E)

(the formally singular terms with coincident arguments can be appropriately regulated, if
needed). The pure fermion loops (first and fifth term) cancel, provided (1.3) holds with

D =3,4,6 or 10, as advertized. The pure ghost loops (third and sixth term) cancel inde-

pendently of dimension. Finally, we use S§*(z—z) = —S5¢(z—x) to cancel the two remaining

terms,

z = Ly [ dy dz o (S§E(a-2) AL G (2,5)0 95 (0,)7”) A (0)
+ I phed pemn / dz dy dz tr (94G™ (2,9) 54 (w—2)7" AL (2)94S™ (2,9)7") Al () (A-24)

= 0.
This concludes the proof.
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A.3 R annihilates the bosonic action and the gauge-fixing function

Statement [2.] in the main theorem, about determinant matching, follows from the other two

parts and from the equality
(x14]) = (X[7,74] >0 (A.25)

valid for any string X of bosonic operators, where there subscript ‘0’ on the right-hand side
indicates an expectation value in the free theory (g=0). This statement can be seen to be

equivalent [18] to a fixed-point property of 7, under the coupling constant flow,
R T4A =0, (A.26)

from which in fact T, can be constructed directly [18].
Statement [1.] in the main theorem, Sy[A] = Sy[T,A], is equivalent to a property of the kernel
of R, namely,

R S,[A] = 0. (A.27)

For completeness, let us recall the proof that R annihilates the bosonic invariant action [2].
Recall the form (1.14) of the R operator with the covariant transversal projector (1.15). From

ng 1 b/ b 5Sg[A] a

-9 _ _ pabe e A A€ = —(D,F°* A2

o = " @ FL@A @AW = (D) (A2
we obtain

RS,lA] = 35 [ do B, ) 44(0) A5 ()
! (A.29)
+ E/dxdzdy (Do F7)" (@) Pl (, ) tr (75 (2,) 9 ) £ A5 () AL (v).

We can take advantage of the fact that S, is gauge invariant: Since
/da: (D, F7")*(2) (D,G)* (2,2) 0, = —/dx (D, Dy F°H)(2) G*(2,2)8, = 0, (A.30)
the projector P, in R can be replaced by the identity. Then the second term in (A.29) becomes

1 a v Qa cd pAc
Z/dx dy (D°F,,)" (z) tr (’y S b(x,y)’yp)‘) FrAC (y) AS (y).- (A.31)
To bring the first term in a similar form, we use the identity

1
pA sab o _ o ab PA
0, 0 0(z—y) = 2Ttr (’yw,’y (DsS)*(x,y)y ) (A.32)

to blow it up to

% / dz F2, ()80 5% foe A% () A% ()
— _i / da dy Fpb, (x) tr (197 (Dg 8) " (2,5) ) F2 A% (1) AL(y)
_ % / dz dy (Do Fy) () tr (17975 (2,5) ) £ A5 () AL (y) (A-33)
— _% / dz dy (DyF)*(z) tr ([27”5“" +AH] S“b(x,y)’y’“) FoAS () AL(y)

_ —%/daj dy (D7 Fy,)" (x) tr (778 (2,5)7™) 145 (1) A (v),
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where we partially integrated D, employed v*¥~7 = 2~1§¥17 4~ and observed the Bianchi
identity v7*” Dy F),, = 0. In this form, the first term (A.33) is seen to cancel the second
term (A.31), which proves the assertion.

Statement [3.] in the main theorem is almost trivial, given the form (1.15) of the transversal
projector inside R. The fixed-point feature of the gauge fixing function,

G[T,A] = G[4] & R G*[A] = 0, (A.34)
is built into the formalism, since the projector by construction annihilates G*. For the Landau
gauge,

5GA[A]
6 A ()

Pl (2,2) = 0l (0°00(x—2) — (D,G)*“(2,2)07) = 0 (A.35)
by the definition of the ghost propagator. This is also apparent from the form (A.19) of the
R operator, where for X = G%[A] the second and third terms cancel each other. In fact, this

consideration generalizes to an arbitrary gauge.’

The main theorem is herewith proved, for the Landau gauge.

5 We tacitly assume that % =0. For g-dependent gauges one must reconsider.
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B Explicit expression for R?

In this section we give the explicit expression for R3 (AZ(x)) Applying the R-operator three
times and repeatedly using (1.14) as well as (1.16) and (1.17) we arrive at

R (Au(@)| _,

= { - 4%3 tr (19779 tr (17959797 ) tr (17777

1
+ ﬁ tr (fyﬂfygfyﬂ,ya,y’y,yl/) tr (,Y’Y,YJ,Y)\,Yp) } fabCfbdefcmn

X /dy dz dw 8,C(x —y)9,C(y — 2) A%(2) A% (2) 0 C(y — w) AR (w) Ag (w)

1
_ EAANPAY B.a o £\ rabc pbde remn
2T2tr(7777)tr(7’yv7)f 7

X /dy dz dw 0,C(x —y)&,C(y—z)ACpl(z)Ai(z)(%C(y—w)AZ"”(w) 3(w)

+ {2%3 tr (19779 tr (779779 o (77577

_ 2_12 tr (’Y“’YAP’YV) tr (,Yﬁfyﬁfyafyo) B

- r%tr (797772 ) tr (1959

1
- HmPY AV VB On T N
5,3 (7 tr (119597977
1 U B O AN PV abe pgbde pdmn
+Ttr(’y’wfyvvvv) A A
X /dy dz dw 8,,C(a:—y)Aﬁ(y)(‘))\C(y—z)Af,(z)@aC(z—w)Aﬁm(w)A?(w)
1 1
- E B o MNPV = VBT AP abc pbde pdmn
+{T2tr(’w’v ’Y)tr(’y ’Y’Y) rtr(’vvv ’Y’Y’Y)}f fr
X /dy dz dw 8uC’(x—y)A,‘f(y)@,}C’(y—z)Ai(z)@UC(z—w)AZL(w)Ag(w)
1
+ Ztr (,Yp,y)\,ya,yo) fabCfbdefdmn
r

X /dy dz dw I (2 — 2) A} (2)C (2 = y) AL (Y)OrC (y — w) A (w) Ag (w) .-
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Computing all the traces produces 45 terms,

RO(As@)]

_2fab0fbdefcmn/dy dz dw E?pC(a:—y) {
+ OOy = 2)A4()45 ()0, 0 — w) A7 () A3 w)
OOy~ )AL A5(2)0,Cly — w) A3 ()43 (w)
30Ny~ 2) AL A5 ()05 Cly — w) A7 () A3 ()
40,000~ DAL AL (OOl — w) AT () A3(w) |

fabCfbdefdmn/dy dz dw 8 C x y Ac

+201,C(y — 2) A% () C (= — w) AT (w) AZy
= 205Cly— 2)45(2)0,C (= — w) A7 () A ()
— 0,0y~ 2) A5 (2)01,C =~ w)AT () 43 (w)
— 20, Cly— 2)45(2)0,C( — w) A3 (w) A3 () ®.2)
Dy~ 2)45(2)01 C e~ w) AT () A3 )

#apeepriepinn [y dz du 8PC(a;—y){
FIAL )OOy — 24520,z — ) AT () A% w)
FBALWONCY — 2) A5 ()05C (2 — w) AT (w) A (w)
~ 445, (0)015Cly — 2) 45 ()OACz — W) AT} AT (w)
~ 45, ()0 Oy — 2)45(:)05C 2 — w) AT () A2 w) |

_2fabCfbdefdmn/dy dz dw {
+20,C (3 — y) AL ()9, C (y = ) A5(2)05 C (2 — ) AR (1) Al (w)
—0,C(x =) 9, (A5(y)Cy—w)) AT(Z)AZ(z)éAC(z—w)Ai(w)}
2feepriepinn [y dz A5@)C@ - ) A ()OrCly — DAT () AR(2)

It is only after inverting the full series that we obtain the somewhat more compact result (2.1).
We also note that, before computing the traces, T3 A has new and additional terms as compared
to R3A. Only the factors in (B.1) change so that upon taking the trace more terms cancel.

Finally we remark that the above expansion for Tg_lA is the one needed for the computation
of quantum correlators at O(g?), extending the recent rederivation of certain V' =4 correlators
up to O(g?) in [12].
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