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1 Introduction

Arguably the simplest interacting gauge theory in four dimensions is N/ = 4 Super Yang-
Mills (SYM). Studying this theory has led to an explosion of important theoretical devel-
opments, such as holography (AdS/CFT) and integrability in the planar limit, see [2] for
a review of the latter. In parallel, it has helped the development of on-shell techniques,
reviewed in [3, 4], which are extremely efficient for the computation of amplitudes.

In addition, the action of N' =4 SYM admits a formulation in twistor space [5] in
terms of a single superfield A; see [6] for a review. In contrast to the usual space-time
action, which contains only cubic and quartic vertices, the twistor action is a perturbation
around the self-dual point of the theory and contains an infinite sum of interaction vertices
of increasing valency. At first glance, this might seem to complicate things. However,
choosing a specific axial gauge and inserting on-shell external states directly into these
vertices, one immediately obtains all tree-level MHV (super) amplitudes [7], which shows
that the twistor action does repackage the interactions in a more economical way. More



generic N¥MHV amplitudes are then built from k + 1 of these vertices and k twistor-
space propagators [6, 8]. Furthermore, it was shown in [9] and [10] that the integrand of
a planar scattering amplitude corresponds to the planar integrand of a supersymmetric
Wilson loop in twistor space. However, not only has the twistor-space formalism been
successfully employed for the computation of amplitudes [6, 8, 11-13] and the dual light-
like Wilson loop expectation values [9, 14, 15], but recently [16, 17] it was also applied
for the computation of correlation functions of certain gauge-invariant local composite
operators (or composite operators, for short).

Dealing with composite operators O in twistor space, however, is subtle [1]. Since a
point x in Minkowski space corresponds to a line in twistor space, gauge invariance requires
that the component fields of O, placed on different twistors on the line, be connected by
the parallel propagator U for the gauge connection A. Given that U is a path-ordered
exponential of A, it contains infinitely many terms. This turns out to be a simplification
rather than a complication for the computation of the MHV form factors of the composite
operator, since expanding U in terms of A directly generates all the terms needed for the
emission of an arbitrary number of positive helicity gluons. Hence, twistor space does for
form factors exactly what it also does for amplitudes, namely package the MHV objects
neatly into a simple expression. However, in order to obtain all interactions of the operators
at MHYV level, e.g. also the splitting of a scalar into two anti-fermions, these terms have to
be included in the twistor-space description of the composite operators as well.

Let us now introduce the form factors in more detail. They can be thought of as a
bridge between the on-shell amplitudes and the off-shell correlation functions. Letting p;
with p? = 0 be the momenta of the on-shell states, and q with q? # 0 the momentum of
the operator O, the form factor is defined as the expectation value of O with n on-shell
states ®;:

4
Fo(1%,..., 0¥ q) = / (‘3;)”4 (B (p1) - Bu(pa) [ O@)[0) . (1)
Form factors in N' = 4 SYM have received increasing attention in recent years, both at
weak coupling [18-39] and at strong coupling [40-42]; see [43] for a review. In comparison
to amplitudes, however, where all tree-level expressions [44] as well as the unregularized
integrands of all loop-level expressions [45] have been found, much less is known for form
factors. All tree-level form factors are known only for the operators of the stress-tensor
supermultiplet [32]. Apart from that, expressions for n-point form factors exist only at
MHYV level for operators of the SU(2) subsector and twist-two operators of the SL(2)
subsectors [27]. Tree-level form factors for general composite operators are known only for
the minimal non-trivial particle multiplicity [33].

The goal of this article is to systematize and extend the framework introduced in [1]
to describe all composite operators of N/ = 4 SYM in twistor space. Then, upon insert-
ing external on-shell particles, we produce all tree-level MHV (super) form factors of the
theory. We start by reviewing the construction of composite operators in space-time in
section 2. Then, in section 3, we extend the idea proposed in [1] of the Wilson loop as a
generating object for the operator vertex to all composite operators. Finally, in section 4,



we insert momentum eigenstates into these operator vertices found from the Wilson loop
construction. In this way, we derive closed expressions first for all minimal tree-level MHV
form factors and then also for all n-point tree-level MHV form factors. Note that through-
out this paper we consider all amplitudes and form factors to be color-ordered and super.
We conclude in section 5 with a brief outlook on future research, while three appendices
contain details of the Wilson loop in our construction, instructive examples of operator
vertices and the detailed derivation of the n-point MHV form factors.

2 Twistor space and composite operators in space-time

Before constructing the twistor-space vertices for all composite operators and computing
their MHV form factors, let us first review how the twistor action yields all MHV amplitudes
in subsection 2.1. We then recall the form of the composite operators in space-time in
subsection 2.2.

2.1 Amplitudes in twistor space

We start with chiral Minkowski superspace M8, in which eight GraBmann variables §%¢
are attached to each point ¢ in Minkowski space with o, & € {1,2}, a € {1,2,3,4}. In
parallel, we have supertwistor space (CIP’?’M, whose elements are called supertwistors and
are written as Z = (\a, u%, ¥*), where the x® are Graimann parameters. Each point (z,6)
in M8 corresponds to a unique projective line in supertwistor space given by the set of
supertwistors

Zo(N) = (M, i2%%Ng, 107%N,), A € CPL. (2.1)

For brevity, we will denote this line in CP3* by z instead of (z, 6).

The twistor action is written using a single connection superfield A. This superfield is
expanded in the Grafimann parameters x* as

-1 1
A(Z) = g%+ X"Wa + 5X X bab + g XX W eanea + XXX XY (2:2)

where the components fields ¢&, ... do not depend on x. The twistor action is the sum
of two parts S; + Sz, where S1, introduced in [46], describes the self-dual part and Ss is
referred to as the interaction part [7]. In a specific axial gauge, called the CSW gauge, the
cubic term in &; vanishes and all interactions indeed come from the Ss part of the action.
Expanding Ss gives

2 4 8
_ _%w d"zd% / Tr (A(M) - A(\n))
So=="0 | T nz o, DDA DAL s (23

where (AA;) = €PXiadjg = A&\ ja, DA; = QidAi) nd AN\i) = A(Z.(\)). In our conven-
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tions, P = ¢ and €12 = €5y = 1.
As every propagator increases the MHV degree by one, the n-point MHV amplitudes
are directly obtained from the corresponding summands in (2.3), see [7]. In order to



obtain these amplitudes, one simply inserts external on-shell momentum states. In twistor
language, they are written as
d

Ap(Z) = 2mi f s PHHOMD) 52 (57, — pa) ; (2.4)
C

see [8, 47]. In (2.4), we used [up'] = edﬁ,ud,u’ﬁ = papt®, {xn} = X™a as well as 62(\) =
61(A1)6%(A2) with 6'(z) = 51-dz9(1) being the § function on the complex plane. We denote
the on-shell supermomenta in terms of super-spinor-helicity variables as P = (paa,a) =
(Pavs Py Ma).* Inserting the on-shell states (2.4) into the n'" summand of (2.3) and taking
into account the n ways of cyclically attaching them yields the tree-level n-point MHV
amplitude:

MHV _ o [dhd01 Apy (Z:(M)) - Apy (Z2(Mn))
o (Pl,...,Pn)_n/ o) /DAl D TN

/d42d89 e'2 =1 Pibiti0 3 1 pim S, Pi)
B )

(2.5)

(2m)* (12) - ((n = Dn)(nl) — TTi_i (k(k +1 )

with (ij) = (pip;). We remark that the integrations over s; from the definition of

Apk( 2(A k)) as well as over its corresponding A effectively cancels s; and replaces A\, — pg,
Ky — 129pr o and xj — 109y o due to the 02 function and the parametrization (2.1).
Here and in the rest of this paper, we have moreover dropped the explicit specification of
the integration range.

In this paper, we find a similar result for the tree-level MHV form factors of all com-
posite operators.

2.2 Composite operators

Let us now explain how composite operators are constructed in Minkowski space-time; see
e.g. [48, 49] for reviews. In the planar limit, it is sufficient to look at single-trace operators
O. Denoting the covariant derivative by D and suppressing indices for the time being,
these operators are constructed by tracing over products of covariantly transforming fields
DFi A; with k; = 0,1,2, ... placed at the same space-time point x:

O(z) = Tt (D’“Al(x)Dk?Ag(x) . DkLAL(x)> . (2.6)

The fields A; are taken from the set of the six scalars ¢, the four fermions (Yped)a =
eabcdwg, the four anti-fermions 1,4 and the field strength F,,. By contracting with the

Pauli matrices o*

toa» We can get rid of the p, v indices and will henceforth only use the spinor

ones « and ¢&. The field strength is thus split into a self-dual and an anti-self-dual part as

Flu(0")aa(0”) g5 < €55Fap + Eagpdg . (2.7)

Note that Ao € CP' is a coordinate in position twistor space that is integrated over in each vertex,
while p,, is one of the spinor-helicity variables of momentum space. Although being conceptually different
quantities, their values are being related when inserting the momentum eigenstate (2.4) as discussed below.



When considering covariant derivatives D,s that act on the fields, we use the equations
of motion of the fields, the definition of the field strength and the Bianchi identity for the
field strength to replace any antisymmetric combination of the spinor indices «, & by a
product of terms that are individually fully symmetric in the spinor indices. All composite
operators can therefore be built from the following set of fields:

DkA € {D(aldl U D()ékdkFo'zk+1dk+2)7 D(ogdl U Dakdﬁzakﬂ)av D(alo'q U Dakdk)d)ab;
D(Oélo'él T Dakdkwak+1)abc’ D(Oqéq e 'DakdkFak+1Oék+2)} ) (2'8)

where the parentheses denote symmetrization in the spinor indices «, & and the fields are
antisymmetric in the flavor indices a. These fields form an irreducible representation of
the symmetry algebra psu(2,2[4), the so-called singleton representation Vs. They form the
spin chain of N' =4 SYM.

In practice, the explicit symmetrization of the spinor indices can be quite cumber-
some. This can be circumvented by introducing a light-like polarization vector t®® = 7@7%,
Moreover, we include a Grafimann variable £ which combines with t to form the superpo-
larization vector T = (7%, 7%, £). We can then write the fields in (2.8) as

k aq a —& —& n
D A€{+T TR T T2 Daldl"'Dakddek+1dk+2>
(o %1 o —d —& a 7/
A S St RS Dy, '-‘Dakak¢ak+1a,
o o — —Q a¢b
— T . T k T . . T k 6 5 Daldl "'Dakdk¢aba (29)

i i b
— M rRRIF T fag fc Doqéq T Dakdkwak+1ab07

—6 —0 b d
+ 7_011 e Tak+27_a1 e Tak §a§ fcf Daldl e DakdkFogk+1ak+2abcd} ’

where Fu,  a abed = %eadeFak+1Olk+2' Note that an independent superpolarization vec-
tor can be chosen for each field D¥ A; of (2.6), i.e. at each site of the spin chain. The
expressions (2.8) can be recovered by taking suitable derivatives of (2.9) with respect to
the superpolarization vector. For example,

D g L0 o 0 o 9 9
ardl ardr) b = piEl gren T grar grén T 9rdr gga Ogb (2.10)
(=1)rPr . ePeEB | FPreegdD

Dy

Bip D5k8k¢6d )

We will see in the next section how the operators built from (2.9) can be constructed using
the twistor-space formalism.

3 Construction of composite operators in twistor space

In this section, we construct space-time-local composite operators from non-local ones in
twistor space. Our method is very physical and involves the shrinking of suitably decorated
Wilson loops. The underlying rationale is that composite operators are traces of products
of the irreducible fields (2.9), which we imagine being linked by (infinitesimal) flux lines.
We have already communicated the resulting expression for the scalar field ¢4 in twistor
space in [1]. In this paper, we give considerable additional detail for our construction. Fur-
thermore, we derive the vertices for all irreducible fields (2.9), and hence for all composite
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Figure 1. A supersymmetric n-gonal Wilson loop in position space and its twistor space analogue.

operators. Concretely, we obtain these by applying derivatives to a Wilson loop in twistor
space and taking the limit where the Wilson loop becomes a point in Minkowski space, i.e.
a line in twistor space.

3.1 Wilson loops in twistor space

Let us start by constructing a Wilson loop in twistor space. For this, we take a set of n
points in Minkowski superspace {(z;,0;)}"; such that z;_; and x; are light-like separated
for all 7 and x,, = xg. Due to this light-like separation, any pair of the associated successive
lines z;_1 and x; in twistor space intersects in a twistor, which we denote by Z;. It turns out
that constructing an appropriate light-like Wilson loop that will satisfy our requirements
is not straightforward. The precise geometry of the Wilson loop we will use will be hinted
at later in subsection 3.3 and is explained in detail in appendix A. For our current purpose,
however, it is sufficient to consider the simplified construction and notation; see figure 1.
It is written as

W(azl, e ,ZCn) =Tr (UIE1 (Zl, ZQ)UQUQ (Zg, Zg) s an (Zn, Zl)) s (31)

where Uy, (Z;, Z;41) is the parallel propagator connecting the supertwistors Z; and Z;;
on the line z; in CP3*. Its expression is given by a path-ordered exponential [10], which
can be expanded as

(AiXi+1)DA1 -+ DAy, - -

U, (Zi, Zip1) =1+ / A(Zz, (M) - A(Ze; (M) - (3.2)
Z i) (Ad2) - (At

We often write Uz, (Ai, Nit1) = Uy,

(Zi, Zit1), where it is understood that Z; = Z,,()\;) and
Ziv1 = Zy;(Nig1)-

3.2 From Wilson loops to local composite operators

Let us now explain how to obtain the vertices for composite operators in space-time from
the Wilson loops (3.1). The crucial idea is to act on the Wilson loop with derivative
operators with respect to the superspace coordinates x; and 6;.

For the current discussion, it is sufficient to concentrate on a specific edge of the loop,
i.e. we just look at only one of the parallel propagators Uy, (i, A;) of (3.1). In anticipation



of notation to be introduced in appendix A, we write A; = A;;1. Taking a derivative with
respect to the superspace coordinates x; and 6; of a parallel propagator U,, inserts a twistor
field A in the middle of it. To be more precise, acting on the parallel propagator with the
derivative with respect to 65 gives [50]

DA, - PV
0 X)) :@'/UU@(A“A)A@MS VU, N, (3.3)
90; (AN N
while acting with its bosonic sibling leads to?
AU - = A -
O ) = / DAXNN) 03,220 (3.4)
Oz (AiA) (AX) ope

We now demonstrate how to produce the field content (2.9) of N'=4 SYM from the
above derivatives, using the scalar field as an example. In order to obtain the operator
vertex of [1] for ¢ = —£%¢p from the parallel propagator, we first act with two derivative
operators. This can be easily shown to yield the expression

PUp Ny X)) o [ x (N <o AN, -

Tt i) 2 [ DA D (0 M) e el Uy (A, X 3.5

062990 / L) (g A A A o o U O ) (35)
DAN)

DA\ DX (AN, < s
12/< )\1 )\2<)\ >\Z> Uxi()\’ia)\l))\la

AAL) (A ) (Ao M) x4

- -~ AN -
X Uz, (A1, A2)A2p ( Q)Uxi(/\z,)\é) - <a b

o<
o )
To extract the scalar field ¢ from this, we need to get rid of the «, S indices and also
keep the expression homogeneous in A; and X, of degree 0. This can be achieved by
contracting (3.5) with
AN
(AiX)

(3.6)

We also contract with the fermionic polarization vectors —ff{f to remove the Grafimann
indices. Furthermore, as we want to use these fields to construct local composite operators,
we have to take the limit where all space-time points go to the same point z, see figure 2.
The resulting expression should only depend on the point x in space-time and not on the
geometry of the Wilson loop that we used to construct it. In particular, it should not
depend on the coordinates \; and A, of the corners of the loop. This independence can be
achieved by taking the limit ); || A}, and we choose the normalization such that A, — \;.
However, this comes with a potential problem. Specifically, suppose we act with derivatives
on each edge of the loop of figure 1 and then take the limit such that A; — A\; 41 for each <.
Then, in this limit, the geometry would be somewhat ill-defined, since at least two different
twistors are needed to define a line in twistor space. To go around this issue, we add extra
edges to the loop, which we describe in full detail in section 3.3 and appendix A.

2Strictly speaking, (3.4) is incomplete. For an off-shell field, the derivative obtains an extra term
proportional to [, the conjugate of p. However, this term vanishes when one inserts an on-shell external
state and can therefore be discarded. We thank Lionel Mason for discussion on this point.



Figure 2. This figure sketches the limit procedure which sends the light-like Wilson loop to a point
x, or in twistor space, to a line. The details are considerably more complicated, see appendix A.

We call the limit of shrinking the Wilson loop to a point and \; — X\, the operator
limit and write it as O — .. Taking this limit, we find that?

e | Ao\ P e b 02U, (Nis X))
AL DT ageean |,

~ ~ 2 \ ~
N _/D)‘l Ux()\i,)\l)fffba A(/\I)Uz()\la)\

DA DA < OAN)  x g 0A)
/ o e g SR B Ra)el ST G N, (8
= ha( M) Wgha (X)) 71

where we set # = 0 (this sets the Gramann parameters x to zero after taking the deriva-
tives, because we are only interested in the ¢4, component) and have defined
9?AN)
= — -1 agb
W¢($) - /D)‘hm (A)é-z €z 8Xaaxb x( )‘9:0
A(A) UJJ()‘? )\/) baA(A/) ( l)
e () oyt T o=

(3.8)

+2 / DADA’h;l(A)gga

Here, h, () is the frame on z that trivializes the connection A along the line x and hence
ensures that traces of products of (3.7) are gauge invariant [50]. It is related to the parallel
propagator U, as

Uz(AA) = ha(MN)ha(N) 7! (3.9)

The expression W, in (3.8) perfectly agrees with the proposed vertex Wy .y of [1] upon
taking the derivatives %%;6,? as prescribed in (2.10). It will turn out to be convenient to

combine the double derivative together with the prefactor (3.6) into an object which we
call the forming operator Fy of the field ¢:

oA a0 oy 0
Fo =T (€5 ) (- €5m) 1

3In the third term of (3.5), we used the Schouten identity and the GraBmannian nature of £, £? to find
the same result as from the second term.




Hence, with all the definitions, we can write
. -1
Clig F, U (A, )\’)‘9:0 = ha(A)Wyayha(N) . (3.11)

3.3 Our construction

We have seen how to construct a vertex for the scalar field ¢, by taking two derivatives
of the Wilson loop (3.1). Similarly, we find the vertices for all other fields of N' = 4
SYM by taking various combinations of derivatives of U,, with respect to x; and ;. We
call the combination of the derivatives determining the type of field together with the
contraction (3.6) and the superpolarization vector the forming operator of the specific
field. Let us now state the forming operators for the complete field content of N'= 4 SYM
shown in (2.9):

( z () aa)(_iffaiﬂg) for Az = F
s (=i70s00) (1610, ) for A; =
i i .y =9 ki .
Fpma = =g (7 7 00) 7 | (€0 D100) (<i61010) for 4;=¢
(—i&70y0a) (—i€0 0 o) (=17 5D ) for Ay =)
( Z§ 0; aa)(_ifgaiﬁb)<_7;T;/§fainc)2 for A; =F
(3.12)
where we used the abbreviations
0 0
ai,aa = Do s 81 = aeaa . (3.13)

In general, the geometry of the light-like Wilson loop in twistor space should allow us
to take derivatives at position x; in the direction of t; and to take an operator limit where
the spinor intersections \; and \, coincide and are proportional to 7;. The latter condition
is necessary as it must not make a difference which derivatives in (3.12) are contracted with
7; and which with \; and A,. In appendix A, we elaborate more on the requirements which
the Wilson loop must satisfy. For now, suffice it to say that a Wilson loop that does the
job for the composite operator of L irreducible fields is a “cogwheel” which has 3L corners
in position space or equivalently 3L edges in twistor space, see figure 3. We refer also to
figure 4 for details about the parametrization of the Wilson loop.

Finally, the operator O(x) is obtained by acting on the Wilson loop W with the forming
operator F and then shrinking the loop to a point. As we wrote in 3.2, we denote this
operator limit by © — -, and hence write for the (vertex of the) composite operator:

WO(:E) = (%g FO W‘H:O . (314)

4The number 3L of edges does the job for general operators, but it might not be the minimal number
with this property. For special operators, less edges do in fact suffice. However, adding more edges is always
possible and increases the complexity of the calculation only mildly while leaving the result for the operator
vertex invariant.
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Figure 3. Composite operators of L irreducible fields are obtained from cogwheel Wilson loops of
3L vertices that have 3L edges in twistor space.

The resulting vertices for each field in the composite operator are of the general form

( )

(ridi)ki (720, 4)kit2 A(\;) for A;=F
(mX)k (705,a)" T (E0010) A(Ni) for A; =
W pki ay(z) = /D)\ihgl(&) (rdi)ki (F2030)% (£805,0)2A(N) for Aj=¢ ¢ ha(N)
(TiM)S (T o) (600ia)> A(Ni) for A =4
(TX) o2 (780, 6 )F (£005.a) A(N) for A; = F |
+terms at least quadratic in A, (3.15)

where we used the abbreviations

9 9
=, O .
om0

(3.16)

In addition to the explicitly shown terms, the vertices contain further terms which are at
least quadratic in the field .A. They have partial derivatives with respect to u and y act on
up to k;+2, k;+2, ki +2, ki +3 and k; +4 different A, respectively. The higher order terms
are straightforward to obtain using the product rule. The previously treated example of
the scalar field was already given in (3.8). We give further explicit examples of vertices for
fields in appendix B.

The vertex for an operator O(x) = Tr(D* Ay (z) - -- D*L Ay (x)) is then given by

Wo() = Tr(WDklAl(ac) o 'WDkLAL(x)) ) (3.17)

where the frames h, and inverse frames h;! in (3.15) combine to parallel propagators U,
according to (3.9).

Note that we can also refrain from setting § = 0 to obtain the vertex for the chiral
part of a supermultiplet of which O is the lowest component.

4 MHYV form factors

Having constructed the vertices for all composite operators, we can use them to derive
their tree-level MHV form factors. This also serves as a cross check of our construction.

~10 -



4.1 All minimal form factors

As a warm-up, we rederive the minimal form factor of a generic operator from the field
vertices (3.15). Taking the product of the respective terms, we find that the frames h, and
inverse frames h; ! combine into parallel propagators U,. At lowest valency, the parallel
propagator is simply 1 and we only require the terms explicitly shown in (3.15), so that

WTT(Dkl AleLAL)(‘I) L-valent

(TidiyFi  (F80;,4)ki 12 for A; = F
L (Tid)k (705.a)M T (60050)  for A =4
~11 / DX (FA)S (7000) (€100 for A= 5 AN |p_ye (4)
= (X)) (T 0a)™ (€001a)° for A=y
\ (TiMi)Fit2(780; 4k (£80;4)* for A; = F
where the product is understood to be ordered and A()\;) = A(Z,(\;)).

From the operator vertices (4.1), we can straightforwardly derive the minimal tree-level
, L; ¢) by replacing the A()\;) with the on-shell states
4). There are L dlstlnct but cyclically related ways to planarly connect the L

position-space form factors Fp (1,
APj( z) ( :
A’s in (4.1) to external (super)momentum eigenstates (2.4). They are entirely determined
by choosing to connect the field 1 to the external field j + 1, 2 to j + 2 and so on. The
integration over the spinors completely factorizes. As an example, consider the case F or
helicity one: the contributing factor is (dropping the superfluous indices)

/DA(M)’“(T%@)’“”%i/ %es

(1¥Pa+XNa) 52 _
i 0%(sA p)‘ezo

[ dundua(rFpr* e 52w - p) = (o) g 2P, (42)
Cc2

where we parametrized A = (1,uz), renamed s — u; and rescaled up — ujuy LA sim-
ilar calculation for the other cases shows that the insertion of (2.4) and the subsequent

integration over s; and \; effectively replaces

Xia = Ditjas Oi.a — Ditj,c» Oi.a — Nitja (4.3)
n (4.1).
Finally, the minimal tree-level form factor in momentum space is obtained after Fourier
transforming:
ar d4$ —ix .
F (k1 Ayprrap (Lo Lia) = (2n)? e Te(D*1 Ay..0Fz Ay )(Ls - Ly @)
(Tipip ) [Pigymi)Fi 2 for A;=F
o1 | i) [Pyl &gy} for Ay =4 L
=Y IS (i) [Bisml? {€miss}? for Ay=¢ p6° (q -y Pi) . (44)
IZ0EL (mpiy )t [pz+]7—z]kl {&niy;}® for A= =1
<7'ipi+J> LPZ-HTZ]]% {fini+j}4 for A; =F )

This result perfectly agrees with the result originally obtained in [33].
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For the minimal form factor of the operator O’ = £ Tr(¢2,) in [1], we find by using the
change of basis (2.10) from (4.4):

1 9% 1 9 1

2 0670¢] 2 9650€) 2

= Map2a"200" (4 — P1 — pa) - (4.5)

Fo(1,2;q) = ({&am ) {&ame}® + {1} {&2m}*) 6" (4 — p1 — p2)

Hence, the only possible outgoing states in this case are two scalars 196 and 2% and we
obtain the desired result.

4.2 All MHYV form factors

Using the vertices constructed in section 3, we can also derive the general tree-level n-point
MHYV form factors of the composite operators. We treated the example of the n-point MHV
form factor of the operator O’ = 3 Tr(¢2,) in [1]. Let us now calculate the n-point MHV
form factor for a generic single-trace operator containing the fields in (2.9). We first write
down the result and then present its derivation.

The n-point tree-level MHV form factor of a generic single-trace operator O (2.6) in
N =4 SYM reads

N;—1
5*(q — pi) 3 r
ﬁo(l,.,.,TLQQ) = l—[ Zz+11 : H pB]N pB]+11 H <7—jij’k>
(Bay}i=1 k=2

(&m0} A8,y Y P8, 17 Pty )] (1.6)
Z ({B]J?"" ]7Nj})'

O‘GSNj

+cyclic permutations .
We are using the following notation:

1. We denote by N; the total number of indices ¢ and a of the field D* A; in (2.9), which
is equal to the number of derivatives required to generate the field D* A4; in (3.12).
Specifically, for A; = F, 1) or ¢, we have N; = k; +2. Otherwise, N; = k; +3 for A = 1
and N; = k; + 4 for A; = F'. Moreover, we denote by ng, the number of indices a of
the field D* 4; in (2.9), which is equal to the number of ;- derivatives required to
generate the field D 4; in (3.12). Concretely, ng, = 0,1, 2, 3, 4 for Ay = F 4, ¢,0, F
respectively.

2. The sum in (4.6) is over all sets {B; ;i = 1,...,L,j = 1,...,N;} with 1 < By; <
< BN < <Bpi1<---<Bpn, <n.

3. We denote by M({B;1,Biz2,...,Bin,}) the set of multiplicities of the entries in
the original set. For example, M({2,3,3,7,9,9,9}) = {1,2,1,3}. We define
{a,b,c,... }} = alblc!---, for example M({2,3,3,7,9,9,9})! = 1121113 = 12. Note
that for ng, = 0 or ng, = N; the sum over all permutations reduces to N;! and the
total numeric prefactor in the second line of (4.6) becomes a multinomial coefficient.
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Before we discuss the proof of (4.6), let us make some remarks. To start, we emphasize
that our result (4.6) is the first complete computation of the MHV tree-level form factors
of all N'= 4 SYM composite operators. In particular, (4.6) is consistent with all available
computations for specific operators — it agrees with the results of [21] for the operators in
the stress-tensor supermultiplet, with those of [27] for operators in the SU(2) sector and
those of [27] for twist-two operators in the SL(2) sector. Let see how (4.6) reduces to the
result for scalars in some more detail. For scalar fields, the second line in (4.6) reduces to

{gian }{finBi,z}(éBi,liBi,z + 2531,1#&,2) : (4'7)

Upon taking derivatives with respect to & as specified in (2.10), one is essentially left with
the expression found in [27]. Moreover, we have checked a wide range of cases which are
not available in the literature using Feynman diagrams.

We can derive (4.6) in two different ways. The first way closely follows our derivation
of the MHV form factor of O' = J Tr(¢a¢e) in [1]. For every given field A; in (3.12),
we can apply the derivatives to the Wilson loop and perform the operator limit to obtain
the corresponding vertices, as was done for several examples in appendix B. We can then
insert external momentum eigenstates (2.4) and perform the Fourier transformation to
arrive at (4.6).> The second way to derive (4.6) is to insert momentum eigenstates into
the Wilson loop vertex to compute the form factor of the Wilson loop, then act with the
derivatives and perform the operator limit in the end. The second derivation is given in
full detail in appendix C.

Finally, let us remark that one could also obtain form factors of the chiral parts of
the supermultiplets that contain the operator O as lowest component by taking a suitable
fermionic Fourier transformation with respect to 8 instead of setting it to zero in analogy
to what was done for the stress-tensor supermultiplet in [21].

5 Conclusion and outlook

In this paper, we have derived expressions for all gauge-invariant local composite opera-
tors of N = 4 SYM in twistor space and obtained all their tree-level MHV super form
factors, thus extending the formalism developed in [1]. In section 3, we have constructed
the twistor-space vertices of the composite operators from the cogwheel light-like Wilson
loops presented in appendix A. In section 4 and appendix C, we have shown that they
immediately generate all tree-level MHV form factors by simply inserting on-shell external
particles. In addition to providing an important new result, namely all the tree-level MHV
form factors of N' = 4 SYM shown in (4.6), our calculations reveal a striking analogy
between form factors and amplitudes in twistor space.

In a forthcoming paper [51], we build further on the foundations laid in this paper by
extending the framework to tree-level NVMHYV form factors. Starting from the cogwheel

SHeuristically, the MHV denominator in (4.6) stems from the combined parallel propagators U. The
second term stems from the numerators of the U’s between the different irreducible fields D*i A;. The third
term stems from the prefactors of the derivatives and the second line accounts for the combinatorics of
acting with the derivatives.
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Wilson loops, we use an inverse soft limit for the operator vertices which allows us to
compute form factors beyond MHYV level in a similar fashion as amplitudes. In addition,
we will demonstrate that the formalism can be applied to correlation functions and in
particular to straightforwardly show the cancellation that was mentioned in [16].

There exists an interesting alternative to the twistor space formalism, the so-called
Lorentz harmonic chiral (LHC) superspace put forward in [52, 53]. It is, according to the
authors, conceptually simpler. Our results on composite operators reported in [1] have
recently been confirmed in [54] using the LHC. It would be very interesting to also put
the expanded results on composite operators in the current paper to a test. Even more
exciting would be a re-derivation of equation (4.6) in this formalism.

The methods used in this paper lend themselves to several possible further extensions.
A first direction of future research would be to return to the original motivation of [16]
and to study the integrability of N' = 4 SYM directly from twistor space. In particular,
(partial) Yangian symmetry and integrability have already been uncovered in tree-level
form factors [37] and it would be interesting to see whether twistor-space techniques can
be used to push that development further. In the intermediate steps of our derivation
of all MHV form factors, we have moreover calculated the form factors of our decorated
Wilson loops. Special kinematic limits of form factors of certain decorated Wilson loops in
space-time, namely light-ray operators, were previously studied in some subsectors in [55],
where they were related to the dual conformal invariance of the dilatation operator and to
an integrability-based construction of the one-loop eigenstates under renormalization. It
would be interesting to see this relation also in twistor space. In a related line of study,
one should investigate multiloop computations purely in twistor space. For this, one would
need to understand the line-splitting of [16] better, see also [56] for a discussion on this
point. Note that our Wilson loop already implements the line-splitting of [16]. Finally, one
could try to apply position twistor-space techniques to theories other than N' = 4 SYM.
For scattering amplitudes, this was already done with momentum twistors starting in [57].
In [5], the problem of writing down the action of arbitrary N'=1 and N' =2 SYM in 4d
was in principle solved. It should therefore be possible to apply these results to compute
form factors using position-space twistors in those theories as well.
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Figure 4. The geometry of the light-like Wilson loop.

A Geometry of the Wilson loop

In this appendix, we present explicitly the geometry of the Wilson loop that is used in the
construction of the composite operators of section 3. Specifically, we start with a list of
requirements that the Wilson loop needs to satisfy, then show our solution and finish with
the operator limit — the procedure that sends the Wilson loop to a point.

As explained in subsection 3.2, we need to make sure that the local operators do not
depend on the edges of the Wilson loop A; or A; after the loop has been shrunk. Moreover,
it must not matter which derivatives in (3.12) are contracted with A;, which with X, and
which with the polarization vectors 7; from (2.9). The solution is to shrink the Wilson loop
in such a way as to achieve \; — 7, and X — 7. This needs to be done for each edge of
the Wilson loop that is acted upon by derivatives. We thus see that we need to add extra
edges to the Wilson loop that will not be acted upon by derivatives, i.e. that will not carry
any irreducible fields (2.9). Were it not so, i.e. if we acted with derivatives on each edge of
the Wilson loop, then in the operator limit, all the corners of the loop would have to be
identical. This would then imply that we have just one independent supertwistor on the
loop in that limit, see figure 2, but we need to have at least two in order for the line x to
be well defined. Finally, we also need to be able to take derivatives of x; in the direction
T;, 1.e. to infinitesimally vary z; in this direction without destroying the light-like nature
of the Wilson loop. This constraints the relative positions of the points neighboring x;.

The simplest Wilson loop geometry that we found involves 3L edges for a general
composite operator O of length L (2.6). The shape of our Wilson loop is reminiscent of
a cogwheel. Specifically, we consider a light-like Wilson loop as shown in figure 3 with
3L points, or corners, in space-time. These points are labeled as x;, ; and 2 with
i =1,...,L, see figure 4, and they are ordered as z!,z1,2Y,... 2}, 21,27. The (super)
light-like condition implies that any two neighboring points (z,6) and (y,?) must satisfy
(x —y)? =0 and (z — y)*(0 — 9),* = 0. For the cogwheel Wilson loop, we solve these
constraints as follows. We let (z,0) be the center of the loop and parametrize

fXe%e%
7

ak
i =

H?azg—f-m?fg? Hgaaze—&-n?f?, 9;/‘1“:9+n?+1§;17

110

ac Q= O ac .= O ac a =0
T 7T +m;m; r, =z +n;m;, T, =z +ngmg,

(A1)

where m;, m; and n; are complex spinors and §; are Gramann parameters. Thus, (A.1)
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Figure 5. The variation of the Wilson loop has to preserve its light-like structure, thus constraining
the point x; to lie on the intersection of the two light cones emanating from x;_; and x;;1, depicted
here in green.

ensures that the loop is light-like. We express the differences between the points as
)\15\1 = ‘T; — X; = (IIZ' — mi)rﬁi,
)\;5\; =x; — .%';/ = (mz - ni+1)ﬁ1i, (AQ)
NN =@ — @iy = 0 (M — M)
We can choose, up to rescaling, to satisfy the above equations via
Ai =n; —m;, A =m; —ngg, A =miq1,
j\i =m,, 5\; =m;, N = m; —m;yq. (A3)
The twistors that correspond to the intersection of the lines are then
l’; Nx, =2; = ()\Z, ’L(l’ + mlrhl))\l, 1(9 + mlfz))\l) ,
x;N CIZ;/ = Zz/ = ()\;, iz + mZITlZ)A;, (0 + m,&l))\;) , (A4)
l‘;/ N 33‘;+1 = Zz{/ = ()\;/, ’L(l‘ + Ilprlﬁli))\;,, 2(9 + nHl&-))\’k') ,

where the index contractions are left implicit. Putting everything together, we write down
our cogwheel Wilson loops as

W(zh, xy, 2, . 2, ap, o) = Tr \Up (2, 21)Us, (21, 21) Uy (21, 2Y)
Ua:’z (Ziv Z9)Us, (21, Zi)Ux’Q’ (Ziv Zé/) T (A5)
Uy (21, 21)Ua, (21, 21)Usy (21, 21)
cf. figure 4. We act on this Wilson loop with derivatives, as in (3.3), but only on the
unprimed edges.
In order to implement operators with covariant derivatives, we need to consider in-

finitesimal variations of the loop, specifically of the points x;. To preserve the light-like
nature of the loop at first order, see figure 5, the variations need to be of the type

(5331' = az)\z/_\; + bz)\gj\z = (CLi(HZ‘ — mz) =+ bz(mz — ni+1))lﬁi = CiTiTi, (AG)

where a;, b; and ¢; are arbitrary infinitesimal parameters. The spinors 7; and 7; are identi-
fied as the polarization vectors (2.9). Equation (A.6) can be used to solve for m;, n; and
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Figure 6. This figure illustrates the operator limit for L = 3. To visualize the process a bit better,
as a first step, we set A\; = A\, = 7; while bringing the x; closer to each other. The second step then
just sends all z; to z and A/ — n.

m; as functions of 7; and 7;. There are clearly many solutions, but as we are only interested
in them in the limit in which the Wilson loop shrinks to a point, we shall abstain from
presenting them here.

We now want to discuss how the loop is to be shrunk to a point, i.e. the operator
limit. With that goal in mind, we first rescale the spinors m;, m; and n; by u. For the
intersection twistors Z; = (A, i, xi) of (A.4), this has the effect

i = uN;, ni — Z(.T + lLQHIZﬁ’lZ)u)\Z , Xi — Z(@ + u2mzfz)u)\z , (A7)

and similarly for the Z/ and Z/. Since the twistors are projective quantities, the overall u
is irrelevant. Hence, rescaling the Z; leaves the \; invariant, and in the limit u — 0 we get

Zi — (N, iz, i0)) Zl— (N az N, i) ZI— (M ix ! ioN)) (A.8)

i.e. all the intersection twistors lie on the same line. The above limit does not yet realize
Ai || AL || 7. This can be achieved by setting all spinors n; = n to be equal. Due to (A.3)
and (A.6), this sets \;, A} and 7; equal up to rescaling and we choose them to be equal.
Summarizing, we have in the operator limit:

Ai = T, )\;—>TZ‘, /\;’—>n. (Ag)
In addition, due to (A.6), in the operator limit we have
T, =m; —n, T, = m,;. (AlO)

We illustrate the operator limit geometrically in figure 6.

B Operator vertices

In this appendix, for the convenience of the reader, we have worked out the results of
applying the derivative operators (3.12) and the operator limit (A.8), (A.9) to obtain the
field vertices W i, Ay(z) in several explicit examples. Multiplying them together according
to (3.17) leads to the corresponding operator vertices.
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For an anti-fermion, written as 1) = 74¢%),44(x), the field vertex reads

a2A( )

W= [ Dty o L h(3)
+ / DADN A (A )ga (j) U?(AAA’,;/) Tdaﬁﬁ)hxw) (B.1)

/ DADN R (A7 8(;4(&) <(AAX>X)§“8§>E2/) he(N).

The anti-self-dual part of the field strength F = fd?BFdB@) has the vertex

. 92
W; = / DR, L () 7477 0 “_4“). (X
outous

& OAN) Upg(\, X)) _30A(N)
/ DADN A (N7 VY 7P o

ha(N) .

The vertex of a fermion ¢ = —7YE%E ¢ gpen () is

P A(N)

ax"OxPOx*
- agp AR Uz (A, X)

_3/D)\D)\ hy " (A(TA)E%E axedxt  (AN)

—3 / DADN A (A )5“ (j) U?(;A’,?/) (rA")ebee

" a0 ()\)Um()\,)\')
/DAD)\DA g S

aA(A') SN
X 3X/b <)\/)\//> 5

Wy = - [ Do ey

IAN),
X'
O2A(N) o)
8X/baxlc z
(rN)e

AN
8X//C

£ ha(X)

ha(\') | (B.3)

The vertex of the self-dual part of the field strength F' = TO‘TB§“§b§C§dFa5abcd(m) equals

0*A(N)
OxOxPOxcOx?
F2A() Uz (0, )
Ix*oxb  (AN)
PBAN) U, )\’)gd@A(A’)

Wi = [Duraereee!
S2AN)
O /cax/d

+6 / DADN A~ H(rA)geeb (TN)¢eed

. r3—1 2¢ra¢bec /
_ aA( ) Us(A, N) 83«4@’)

B ’ 1ra N2¢bgced ¥ VNN g0

4 / DADX b = ooy T Ty e

O?AN) U (N, N)

_ // bya I\ ¢C
12/D)\D/\ Db (7 A\)E%bA YY) (TA)¢
y BA(/\’) ()\/ )\//)gdaA(A//) h//
aX/c </\/)\//> 3 1nd
Uz (NN L OPAN NN OAN
—12 / DADNDX"ge? (a) <(M,> L xy2ene 6x’b<gx’)c <(A,X,> )¢ (,,d)h”
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A(A) Uz (A, X)

—12 / DADNDX'h 1ga O] (TA)eb
DAN) Ug (N, N end OPAN)
X 8X/b </\/)\//> <T/\”>§ Edaxuca nd

" " a ()‘> UI()\,/\/) / baA(/\/) ()‘/ /\//) "
+24/D)\D)\ DA'DX g S S TS (e G S )
8./4()\”) ()\Il )\//I) BA()\///)

Xg a e <)\//)\///> gd aX///d hm’ (B'4)
where we abbreviated h = hy(\), K’ = h,()\) and so on. For a scalar with covariant
derivative D¢ = —7FYE%€P Do dap, we find

_ ' BAN)
_ 1 —G&eaeb
Wpy = /D)\h (TA)TEEYE BTN

_ O?AN) Ug(\, N, 0AN)
/ —G&¢a b /
+2/D)\D)\h (TA)T f DRONT W) 13 G h

1009 ()\) Uz(A ) oo PPAN)

+2 [ Dapwn1ge SR e L

2 / /
_ / DADNAR ™ (T >§a§b8 “:lég Z XX)A)T a(;tf)\)h’
OAN) U (N, N) anp PAN)
a & <)\X> < >£ gba /aa b
OAN) Uz (A, )

/ DADN R~ 174

a b
AN) U (N, N) _, 0OAN)
8X/b <)\/)\//> T 8M/Id

" 1= a ! aa-A(/\/) (X )‘”) baA(/\”) "
/D)\D)\ DXN'R™ 8,“ <)\)\,> <7_)‘ >£ a Ia ()\/)\//> 5 8 b h
+ ) / D)\D)\/D)\// lé-a, ( ) U-'E()\7 )\/) —C 8"4()\/) U ()\/ )\//) é—b 8"4(}\”) "

a <)\)\/> <T)\/>T 8 I <)\/>\//>
< ) Un (0, X)
W)

B
(B.5)

2 / DADNDN'h 15“ <m’>gba

In all the above expressions, it is understood that A(\) = A(Z,())) and so on.

C Derivation of the MHYV form factors

In this appendix, we derive our result (4.6) for the tree-level n-point MHV form factors of
all composite operators using the second strategy sketched in section 4.2 of the main text.
To this end, we take our cogwheel Wilson loop (A.5) with 3L edges. For each term in (A.5),
we use the expression (3.2) for the parallel propagators U. Let O = Tr(DF1 Ay --- DL Ap)
be our local operator with fields defined in (2.9) and let n be the total number of external
on-shell fields.

We consider each cog (or tooth) of the cogwheel Wilson loop separately, see figure 7.
We first look at the edges of the loop that carry the irreducible fields D*s Ajof O, ie. at
the parallel propagators Uy; (A, \}). We take the term in (3.2) with (m} —m;+1) A’s and
insert external on-shell fields labeled mj, . .. ,m;- into it. We must have m; < m;, since we
want to emit at least one on-shell particle from the edges that carry the irreducible fields;

otherwise, the derivatives yield zero.
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m;_

Figure 7. This figure shows the labels of the on-shell fields attached to each tooth of the cogwheel
Wilson loop. Since the operator bearing edge x; must have at least one external field attached,
we have the cyclic constraints --- < m7_; < m; < mj < m/] < ... We denote by U;, - the
contributions to the form factors from the different sides of the cog.

The calculation is similar to those previously employed in (2.5) and (4.2), and it yields

ilm;,m;) = = —— A ) Z$ , z: (Am! —m.
<)\j)\;> ei E Z:ij (.Z‘jpk—i-@jpknk) . (Cl)

m/—1
()\jpmj > szjmj <pkpk:+1> <pm; )‘;>

We then act on it with the forming operator (3.12) for the irreducible field D*i A;, take
the operator limit (A.8), (A.9) and set § = 0:

Zj(mj, m )7 hm FD ]AZ/{(mJ, ;)}9:0, (C.2)

which we write explicitly as

<Typmg> Hk m; <Pkpk+1

m; ki
Zj(mj,m;) = _1 P ( > <ijk>[Pij]> (C.3)
2

) =m;
(S0, () [vr) for A, — F
(S, (k) i) (S, (i) () for 5= |,
(1, e em})’ for A, = ¢ be i P
(Z:ﬁmj (ipr) (&) for A; = 1)
L (Z;n/mj <ijk>{§ﬂ7k}) for Aj =F )

Recalling the notation introduced in subsection 4.2, we can write (C.3) as

neg .

(=2, <ijk>[m])Nj_n9j (S22, e

m!—1
<ijmj> szjmj (PrPR+1) (Pm;. Tj)

-
Iy v 2 g=m; TPk
Ij (mja mj) - = e J
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Using a slight generalization of the identity

N
Y N!
<;Ck> - Z M({kl,...,kN})!Ckl Chy s (C.5)

1<k1<ko<--<kny<m

we can rewrite (C.4) as

m’
ei Zk:ij TPk N
Y —
Zj(myj,my) = — o > II TiPB, i)

(ijmj> Hk:]mJ <pkpk:+1> <pm; Tj> m;j<Bj1<--<Bj N, <mj \k=1

{&ino )t {fj%(Bj,nej )}[ﬁa(Bj,nejH)fj] < (Do (B3, T

X
M{Bj1,---Bjn; !

O’ESNj

(C.6)

In addition to the factor (C.6), a contribution from the two edges of the Wilson loop

on the left and right of z; occurs, which are not acted on by derivative operators. Similarly

to U;, we can compute the contributions from the two other sides of the cogwheel tooth,
see figure 7. Specifically, we find

ul o < ;/—IA]> lZ - // 1+1 ij c.7
( j 17 )_ )\// mj'72 )\ ( ° )
( j—1pm9’_1+1> Hk:m;_/_l+1<pk‘pk+1><pmj_l >
if mi_ <mj—Land U} =1if mj_; =m; — 1. Finally, we get
oA sl
Ui (mj, mf) = < 1 : e T (C.8)

<)\ iPm/; ‘1) Hk n_1 +1<pkpk+1><pm">\ 5

if mi < mf7 and U = 1if m; = m[. After taking the operator limit (A.8) and (A.9),

these yield

. m;—1

Zi(mj_y,m;) = ) Pty PP (C.9)
G \Tj—15 1Y) = —2 :
<npm;!71+1> H;nzjmyflﬂ (PkPR+1) <ij717'j>
as well as

; iy p

T/ (mly, m'l) = WS7> o T (C.10)
<T]pm +1> Hk m +1 <pkpk+l><pm”n>

As for U} and U, we have by definition that Z(m}_;,m;) = 1 if mj_; = m; — 1 and
that I”(mj, m/j) = 1 if m}; = m/j. The position-space form factor of the operator O is now

obtained by taking the product of all (C4), (C. 9) and (C.10) with 1 < j < L and then
summing over all possible indices m;, m and m . Since the irreducible fields are placed
on the edges x;, we see from figure 7 that we can have S<mi_p <my <mfi <mf <
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Figure 8. The contributions to the emissions of positive helicity gluons from the different edges
combine in the operator limit.

Hence, the sum is cyclic over 1 < my3 <mj <mf{ <mao <mi <mi <mg <---<mp <
mL < mL =mq +n — 1 and we write for the form factor:

Fo(l,...,mzx)= Y Hz’ m_y,m;)L;(my, m) L) (my, mY) . (C.11)
{mj,m;,m;.’}] 1

Let us now for simplicity denote by Z;, i]’ and fj” the contributions (C.4), (C.9) and (C.10)
stripped off the exponential factors. We can almost immediately perform the sum over the
m;j, m and m , leaving in (C.11) only the sums over the B; ; that are contained implicitly
in the I In order to do that, it turns out to be useful to rewrite the MHV prefactor
of (C.6) as

1 _ <ijB7 1>

m/.—1
<ijmj>szjmj<pkpk+l><pm;.7—j> <ijm]>Hk m; <pkpk+1>

1
X

By 1
(7pB;.1) Tl By (PrDr1) (DB x, T))
<pB] N >

. (C.12)
e By, (PkP+1) (Pt 75)
Using multiple times the following telescopic Schouten identity
m—1
(ab) n Z (ab)(bc) n (be) _ (ac) (Ca3)
(al) - - (mb) — (al) -~ - (kb)(b(k+1))---(mec)y (bl)---(mec) (al)---{mc)
we can then show the identity
Z <ij N; >Iu(m]7 mg )I]J,-l(m] ) m]+1) <Tj+1ij+1,1>
1
By, Sl <l <mg 1< B 411 ILi- Bjx, (DkDR+1) (Dt i) (T4 1Py ) ijfnl;l (PEPE+1)

_ BB (C.14)

= 1B; 1
k gle (PEPE+1)
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Thus, the auxiliary spinor n in fj’ and 7:']/-’ , which could not be part of our final result, drops
out. In fact, the identity (C.14) is the direct consequence of the following identity for the
parallel propagators Ux()\,A;)Ux(Ag,)\;{)Ux()\;{,)\j+1)Ux()\j+175\) = U,(\, ), see figure 8,
which holds after taking the operator limit.

Hence, using (C.11), the expression (C.6) and the identity (C.14), we obtain after
Fourier transforming the claimed result (4.6). In particular, the first and the last term in
the product at the end of the first line of (C.6) always cancel with corresponding terms in
the denominator on the right hand side of (C.12) and the global sign in (C.6).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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