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ABSTRACT: In this paper we study the expectation value of deformations of the circular
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our focus is on deformations at higher orders. We find simple expressions for the expectation
values for generic deformations at the quartic order at one-loop at weak coupling and at
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integration) to evaluate the two-loop result. We find that an exact symmetry of the strong
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symmetry at weak coupling, modifying the expectation value starting only at the sextic
order in the deformation. Furthermore, we find very simple patterns for how the spectral
parameter can appear in the weak coupling calculation, suggesting all-order structures.
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1 Introduction

Wilson loop operators are among the most interesting observables that can be studied
in gauge theories. For N/ = 4 super Yang-Mills (SYM) theory in four dimensions, these
operators are supported along a contour in spacetime and may couple to the scalar fields
®! in the gauge multiplet. The most symmetric (and supersymmetric) operator is the 1/2
BPS circle

W = Ji]TrPexpj{dQ (iAMJ'U“(Q) + |i|<I>1) ) 2#(6) = (cosB,sin0,0,0) . (1.1)

The exact vacuum expectation value (VEV) of the 1/2 BPS circle is given by Laguerre
polynomials, which reduce to a Bessel function in the large N limit [1-3]

1

(W) = LAy (AAN)MN = 2 L (V2) + O(1/N). (1.2)

VA

This paper is concerned with non-supersymmetric deformations of this operator, where
the contour is still restricted to be inside the same Euclidean plane of the circle and



with the same constant scalar coupling. The contour is represented by the function (and
Fourier series)

X(0) = z'(0) + iz?(0) = 90 g(0) = i bpe™ . (1.3)

n=—oo

Clearly, for g(f) = 0 we recover the circle, so small deformations can be written as a
power series in b,. For infinitesimal b,’s, neither self-intersections nor cusps form, and,
consequently, no divergences appear in the evaluation of the expectation values. We restrict
our attention to the planar limit, mainly to allow for comparisons with the strong coupling
results of [4].

The order O(b2) has already been studied in the past and is known as the wavy-circle
(or wavy-line) approximation [5]. It turns out that, at this order, the coupling dependence
of the expectation value of these Wilson loops is given by the Bremsstrahlung function
B(\) introduced in [6]. Evaluating the one-loop order in A (or the classical strong coupling
limit, using holography) is sufficient to determine this expectation value to all orders in
perturbation theory [7]

(W) S _ 1 VAR

2 2 T2
=m°B(\ E n(n® —1)|b, + b_,|*, B(\) = , 1.4
where (W)|yo is the expression in (1.2). This vanishes for b_,, = —b,, which corresponds

to the case of an imaginary ¢g(f) and is just a reparametrization of the curve. Assuming
b_, = b, and using (1.2), this can be written as

oo
(W)le = 21,(VA) > n(n® = 1)|by . (1.5)
n=2
These formulas have been previously written as integrals over g(6), and this is their Fourier
representation. This transformation is done explicitly in the one-loop calculation in sec-
tion 3.1 below. Indeed, some of the main calculations that we undertake in this paper are to
evaluate one- and two-loop integrals in the Fourier basis, which is a natural representation
of smooth deformations of the circular Wilson loop.

Much less is known about the corrections beyond the wavy approximation. Going
to higher orders in b,, one can see that there is no contribution at cubic order thanks to
conformal symmetry. The first nontrivial order is therefore quartic in b,,, which is the focus
of this paper. We find closed-form expressions at this deformation order for both one-loop
in perturbation theory and leading classical order at strong coupling. We also present an
efficient algorithm to calculate the exact O(\?) result for any loop specified by a finite set
of non-zero b,,’s.

Note that there are several natural other ways to represent deformations of the circular
Wilson loop. One is in terms of local “bumps”, which can be reinterpreted as the insertion
of local operators into the circle and were the subject of recent analyses in [8-11]. Another
parametrization arises in the evaluation of the expectation value of Wilson loops at strong
coupling, via holography. It is well-known that this evaluation consists in finding the



(regularized) area of a minimal string surface anchored to the Wilson loop’s contour on
the AdSs boundary. In the case of Wilson loops confined to a plane, the dual string
world-sheet is contained in an Euclidean AdSs and there is a standard method, reviewed
in the next section, to find such surfaces through the Pohlmeyer reduction of the bosonic
string sigma-model [4, 12]. In this representation, the string world-sheet (and hence the
boundary contour) is determined by a holomorphic function f(z). For the 1/2 BPS circle,
this function vanishes, so one can parametrize deformations of the circle in terms of?

o)

f(z)=¢€ Z apzp_2 , (1.6)

p=2

with small e. The map between the two descriptions (1.3) and (1.6) was studied in great
detail in [13] and is reviewed below in section 2. In that paper, the map was established
between particular examples of deformations of the circle and the function f(z) to high
orders in the e-expansion. Here we consider the most general deformation, but focus
mainly on the order €*. As reviewed below, the map between the two descriptions, albeit
complicated, is explicit. Since this map is non-linear, results at a certain order in the
coefficients by, in (1.3) end up including higher powers of e.

One interesting property of this last representation of the Wilson loops is that the
classical action of the string does not depend on the overall phase of f(z), so it is invariant
under f(z) — € f(2).? Indeed ¢ is the spectral parameter in the integrability description
of the string sigma-model and parametrizes the “master” symmetry used to construct an
infinite number of non-local Yangian charges in [14, 15].

One of the main motivations for this work is to address a puzzle raised in [13].> The
shape of the string world-sheet and of the Wilson loop contour depends on ¢, and indeed
the expectation value of the Wilson loop may depend on ¢ beyond the classical string
limit, and in particular at weak coupling in the gauge theory. In the examples studied
in [13], there was indeed such dependence on ¢ at one-loop order in A. This dependence,
however, did not appear at orders €* and €% in the deformation around the circle. This
dependence appeared only at higher orders in € (either €% or ¢'6 depending on the specific
curve), showing that spectral transformations are an unexpected approximate symmetry
at weak coupling. The main goal of this paper is to make this previous analysis more
systematic and extend the weak-coupling computation to two-loops. We indeed confirm
that there is no p-dependence at order € in the one-loop expectation value of deformed
circles. The same conclusion holds at two-loops for any f(z) polynomials of degree equal
or less than 10 and we conjecture that it is true for arbitrarily high degree. By performing
a more comprehensive survey, we find that generically there is ¢-dependence at order €% in

"We adopt this peculiar mismatch between the subscript of a and the power of z, as it makes many
subsequent formulas significantly simpler.

20ne can choose the phase by taking f(1) to be real or the first nonzero a, to be real, but fixing such a
choice is not really necessary.

3The spectral parameter was called A = €' in [13] and the corresponding transformations were re-
ferred to as A-deformations. We do not use this terminology here to avoid potential confusion with the 't
Hooft coupling.



the one-loop expectation value. The absence of this dependence in [13] is particular to the
examples studied there.

In proving all this, we set up an algorithm computing the Wilson loop’s expectation
value on a deformed circle at one- and two-loops in A and up to order €*. The output is a
polynomial of Fourier coefficients by, in (1.3) or of the Taylor coefficients a, in (1.6). The
one-loop expression is in closed form and can be generalized to higher orders in e. The
two-loop results are expressed as recurrence relations. The calculation does not involve
numerical approximations and it is more efficient than evaluating multiple integrals [16]
when the loop is known in Fourier series representation around the circle (1.3) or in terms
of f(2).

The paper is organized as follows. In section 2 we summarize the approach of [4] for
constructing minimal surfaces in Euclidean AdS3 and their boundary curves from f(z) and
focus in section 2.1 on small deformations of the circular curve. Section 3 contains the
main result of this paper: the one-loop and two-loop expectation values at order €2 and e*
and the spectral independence to order €*. In section 4 we discuss the spectral dependence
at order €% and beyond. We comment on interesting patterns in the expectation value at
classical order at strong coupling in section 5. We present some conclusions and discussions
in section 6. Details on the perturbative algorithm are relegated to an appendix.

2 From world-sheet to Wilson loop

In this section we recount the construction of Wilson loops from the Pohlmeyer description
of Euclidean AdSs3 [4, 17], discuss the spectral parameter deformation, and focus on the
case of nearly circular Wilson loops.

For the string world-sheet we take the unit disk with complex coordinate z = re®.
The three-dimensional target space can be parametrized by a complex X and a real Z,
such that the boundary of AdS is at Z = 0, which is also the boundary of the world-sheet,
r = 1. So, at r = 1 we have a curve X (), which is the boundary curve of the string, i.e.,
the Wilson loop contour.

Using the Pohlmeyer reduction of the sigma-model, a solution of the string equations
of motion is characterized by a holomorphic function f(z). From it, one constructs a real
function a(z, z) solving the generalized cosh-Gordon equation

0oz, 2) = 243 4| f(2)|2e 2022 (2.1)

The regularized area of the world-sheet, which equals the expectation value of the Wilson
loop at strong coupling, then evaluates to

Areg = —2mVA = 2VA dzdz |f(z)Pe~202) (2.2)
j21<1

Once f and « are given, the world-sheet embedding in target space follows from the solution
of an auxiliary linear differential equation. Note that both the equation for o and the action
depend only on the modulus of f(z), so are invariant under f(z) — €?f(z). The full string



solution, and the boundary curve X (6), may depend on ¢.* This construction therefore
leads to a one-parameter family of curves with the same strong coupling expectation value.
We refer to ¢ as the spectral parameter, and changing the curve induced by it as the
spectral parameter deformation.

Let us provide further detail on how to extract the contour, given f(z). As shown
in [17], the behaviour of a(z, z) close to the boundary takes the form

a(z,2) = —InE+ 1+ 0) + O,  (=1-17, (2.3)

with some real function $2(#). One can then use (2.1) to fix the higher order terms in
the expansion in terms of B2(#) and f(e"). Examining the full string world-sheet near
the boundary one can find an equation relating the Schwarzian derivative of the boundary
contour X () to the boundary values £2(6), f(e?) as well as ™

" " 2
(X(0),0) = f{/((:)) - g <§,((g))> — 9V (0),

V(o) = —i 4 68(0) + 20 Im (X0 £ (7)) .

(2.4)

Note that (2.4) depends on the parametrization of X(#) and it holds only for the
parametrization arising in this construction, where 6 is the polar angle in the world-sheet
disk. If one starts instead with an arbitrarily parametrized curve X (s(f)), one would need
to follow the procedure described in [17, 18] to find the “correct” parametrization related
to the world-sheet description.

An alternative formulation of the problem is in terms of a Schrédinger problem. The re-
quirement that the surface closes up smoothly inside the disk yields a consistency condition
that fixes B2(6). One needs to tune f2(0) so that the solution of the Schrédinger equation

= x"(0) + V(0)x(0) =0 (2.5)

is anti-periodic in 8 with period 27 for any . We can also define the periodic function
k(0) = e9/2x(0), satisfying

_K(0) — in(0) + <v<9) + D K(0) = 0. (2.6)
This alternative is purely algebraic and one has not to solve the cosh-Gordon equation. It
does introduce a complication that to fully determine the solution at a fixed order in € one
has to include terms of higher orders, so it is not a very efficient algorithm.

Now we see why it is advantageous in this formalism to define the Wilson loop in
terms of f(z) rather than by the boundary contour X (6) (assuming of course that we are
interested in general contours, rather than a specific shape). First, a boundary contour
X (0) is not invariant under conformal transformations, which complicates a general clas-
sification of curves, whereas f(z) is invariant. Second, the spectral parameter deformation
is natural when starting with f(z), and then solving for the boundary curve X (#). The

4One can view ¢ also as an integration constant arising in the solution of the auxiliary problem.



inverse procedure, going from X (0) to f(z) and ¢, requires also to reparametrize the curve
in terms of the correct angle in the unit disc [17].% Lastly, turning on ¢ by a spectral de-
formation, which modifies f(z) by a constant phase, influences one part of the calculation
outlined above.

2.1 Perturbations around the circle

Our starting point is the circle with f(z) = 0. We label small deformations by f(z)
proportional to a small parameter ¢ and by their Taylor expansion around the origin as
in (1.6). Clearly the circle is invariant under the spectral deformation f(z) — €™ f(z).
The next simplest case is when f(z) is a monomial, namely f(z) = eapzpfz. The spectral
deformation shifts the phase of a,. The resulting generalized cosh-Gordon equation (2.1)
is independent of #, which means «(r,0) = a(r), and equation (2.3) implies that (35 is
a constant. Indeed we can absorb ¢ in z, which amounts to a shift of §. Therefore, the
spectral deformation is equivalent to rotations of the curve X () and the VEV of the Wilson
loop does not change. These choices of f(z) were studied in [19] and the exact regularized
area was found. The one-loop and two-loop expressions for such loops can be extracted
from the expressions in subsequent sections.

We now turn to study deformations with general f(z). The e-expansion of the Wilson
loop’s expectation value involves only even powers of e. Indeed flipping f(z) — —f(2)
induces X — X* in (2.4), which is a reflection in the (z!,2?) plane. Note that the VEV
of the Wilson loop at order €2 is a degree 2! polynomial in the Taylor coefficients ap and
ap. So to this order it suffices to consider f(z) which is a general polynomial with up to 2I
NONZETO .

The fact that there are no terms at order e implies that expanding X (6) to order e
contributes to the final answer only at order 2. More generally, any perturbative calcula-
tion (like (3.1) and (3.11) below) vanishes when one X (6;) is a deformation of the circle at
order €2 and all other X (0;) are undeformed circles. We therefore require the expression
for the curve X (6;) at order 2~

We tackle the problem by expanding X (6), a(z,z) and ($2(f) in power series in e,
which allows to solve the nonlinear equation (2.1) and invert the Schwarzian derivative
equation (2.4) perturbatively. The starting point is

a(z,2) =Y a®(z2),  o9(zz2) = —log(1 —1?), (2.7)
=0

Ba(0) = > 23 o), 8 (0) =0, (2.8)
=0

where the lowest order terms match those for the circle. Plugging (2.7) and (1.6) into (2.1)

5 An analytic solution for wavy circles was developed in [13] and a numerical approach for generic curves
in [18], but both are complicated.



gives differential recursion relations for (). The first three are

2
£a® = 4(1 — 12211/ N A St
8(a?
Lolh = (1(_)) 8(1 = )% f /e a® (2.9)
160 ((a?)2 + 30/
ca® = 10O MOV 3] s 2 RUg e (- @),

To determine the VEV at order ¢*, we only need to find a(?(z,2). Tt is useful to
represent the holomorphic function as [13]

() = —% (2G"(2) +3G"(2)) | (2.10)
where clearly
G(z) = —261;]9(]92_1). (2.11)

The solution of the linear differential equation for a(? is then

2G(Z2)W (2, 2) + 2G(2)W (2, 2)
1—z)?

ol (z,2) = [W(z,2) -

) (2.12)
1 + |Z’ - / =y
LT +TE) +2T'() + 2T'(3),
where the first line is a particular solution to the inhomogeneous equation with
1
Wi(z,z) = §z(\z|2 - 1DG"(2) - G'(2). (2.13)

The second line is a general solution to the homogeneous equation, which is fixed by
imposing the boundary condition that there are no poles for € — 0 in (2.3). The result is

ap|? p+q zq pa a
262 ‘ - 262 ar 2.14

p=2q= p+1

Equipped with a2 )(2,5), we can read off f2(f) in two equivalent ways. Using (2.3)
and expanding a® to order &2 gives

1 o= |a,|?
B2 (0) = —3Z|2”_| - (2.15)
p=2p

In the alternative approach, based on the periodicity of x, one can expand k(f) =
S0 €D (0) with /4(0)(9) = 1 and the Schrodinger equation (2.6) becomes

4 -/
, Lik=k"4+1iKk,

( (€”))
( (€”))

Lll-i( ) — 2% Im(6219€i<pf(€i6))ﬁ 2) + 6ﬁ§2)/{(1) ’ (2.16)
( (€”))

Lik®W = 2iTm(e2?e @ f(et kG 4 6ﬁ§2)/<;<2) + 6ﬁ§4) ,



and so on. The inverse of L on a basis of exponentials is given by
eike

Ck(k+1)°

—i6, k=0,

e (1+40), k=-1,

k+#0 —1,

Lytet* = (2.17)

and that allows to solve for k). The kernel is ker(Li) = ¢1 + CQG_iG, so the modes 0 and
—1 must not appear on the right-hand sides for the solution to be periodic. Indeed there
are no such terms in V', so we can solve the ﬁrst line. At higher orders, the requirement
of periodicity of k() imposes conditions on ﬁQ , such that there are no k = 0 —1 modes
on the right-hand side. Unfortunately, this does not completely determine B , order by
order, and constraints from the higher order terms are needed. Still, one can rederive (2.15)
above from these requirements.
We can now solve perturbatively for the shape of the curve. We take

X(0) = exp (w + f: elgV (9)) (2.18)

=1

and plug it into the Schwarzian derivative equation (2.4). The first few equations are

LogM) = 4Im( 201 £ () /e) Lag=g"+4¢,
3i .
Lag® = (9" = S (g™ = ig®'gM —12i57 (2.19)

Log® = g <(g(1)/)2 _ Z-g(z)/) — 3ig(Wrg@m o o1y <3(g(1)//)2 +ig® g )///)

Now we can use the inverse of Lo, which is
Z'eike
k(k2—-1)"

with k& = 0,41 would give non-periodic functions, but these powers

Lytei* = k#0,+1. (2.20)

L;l acting on e'*?
never occur on the right-hand side.

Let us apply the above procedure. Plugging (1.6) into the first line of (2.19) gives

o0
Log") = 4Im (e%aewf(ew)) = —2ie Z (apeipeﬂ'“” - dpe*ipefi“"> . (2.21)
p=2
Inverting Ly (2.20) gives X (0) to linear order in e

a e p +50 _.I_a e (;DQ-HP)

— QZ D= 1) . (2.22)

The Fourier modes in (1.3) at this order follow from the comparison with (2.18):

0, n=-1,0,1,
2eane'?
bn =19 nn2-1)" nz2, (2.23)
_Qea_ne n<-2
n(n?—1)



Let us record also the next term

S p(5p° + Dape® P49 — 4(4p —1)|ay|* — p(5p® + 1)age ¥+

2 (g) =
g7 (0) = P2(p? — 1)2(4p2 — 1)
n 4(p2 + 3pg + q2 + 1) (apaqei((p+q)9+2<p) _ dpaqe—i((p—‘rq)Q—i—Qcp)) (2 24)
o2 P -D(@-Dp+a)((p+q9?—1)

4apaqei(1’*q)9 — 4apaqe*i(p*‘1)9
p(p® —1)(¢* = 1) ’

from which we can similarly extract the e2-correction to b,. We have calculated also the
general expression for g(3)(9), but have chosen not to write it, as it is very cumbersome
and we explained in full detail the algorithm to evaluate it.

3 Expectation value of perturbed circle

We have two representations of the Wilson loop, in terms of the path as in (1.3) and in
terms of the holomorphic function f(z) on the string world-sheet. We now proceed to
evaluate the expectation value of the Wilson loop at one and two loops at weak coupling
in terms of the Fourier coefficients b,, and, alternatively, in terms of the Taylor coefficients
ap. The map between these coefficients has been derived in the last section.

3.1 One-loop order

The one-loop expression for the Wilson loop is given by the double integral

(W), = 16% 7{ doydoy 1(61,02),  1(61,02) = —Re(X(elg((:f‘)))_;(’();()ﬂg)”X ©2)],
(3.1)
To quadratic order in g(#), this is
1(61,02) = % G +26(i:;0)1(g_(29)2)_ 4(62) (3.2)
ei(01402)
+ g gy (9061 — 9(62))7 = 4(61)° = §(62)° + 2cos(6h — 02)9(61)3(62)]

For the perturbed circle we plug in the Fourier representation of g(6) (1.3) and expand
to fixed order in powers of b,, or alternatively e. We end up with a sum of many terms of

the form

ei’n1 01+in202

(€i91 _ ei@g)p ’ (33)
with varying ni, ns and p. If we specify a finite set of Fourier modes and combine all the
terms, the numerator factorizes and cancels the denominator. It is then trivial to do the
integral, by picking out the zero-mode.

Unfortunately this factorization is not evident when the Fourier numbers are left as

arbitrary variables n;. There are two approaches to that case, first one can evaluate the



result for many combinations of n; and try to fit it to a function of these integers. We
chose instead a recursive algorithm to calculate the integrals

» 1 ein191+in292
Anl,ng - 4 2 fdeldQQ m . (34)

For p = 0 this is simply A? = 00,n,00,n,- For p > 0, instead of performing the integrals,

ni,ne
we view them as formal objects satisfying the parity condition and recurrence relations,

arising from combinations of integrands with factorizable numerators

p
k 0
Agn,m = (71)1)‘4?12,%1 ’ Z ( ) Ail—i—p kno+k — Am,nz . (3'5)

For p = 2 this is solved by

1
2 _ 1)
Anl,ng - Z’nl - n2’527n1+n2 Cn1+n2 )

(3.6)

with arbitrary C,gl), which will cancel when we take the sum of integrals evaluating the
Wilson loop. Note that each of the integrals (for p > 0) is divergent, but the final expression
for the Wilson loop at a given loop order is finite, so the arbitrary CS) does in fact contain
these divergences.

One can proceed to higher orders in the g(f) expansion. At quartic order we find

1
Ay = gglm =zl (11 =n2)” = 4) apsns + oy (m —m2)” + i, (37)

where again C(® and C® cancel out in the end result. In terms of the Fourier coefficients
b, one finds to quartic order

A LA = 2 9 A 1)
+4n§n(n —Dbnl*+% > [35n,m,l>< (3.8)

n>m>1>1
x Imn (202 4+2m2 4-2n% +3lm~+3ln+3mn—3) (bpbmbibn rm1+0nbmbibpsmi1)
+5@ 11 =Bm—Bn+12m? = 512mn 4120 —6m3n—9m>*n® —6mn>+9lm?n

n,m,l

+9Imn® — 412 +im~+In—m?+8mn—n+3) (bpbmbibym—1+bnbmbibnrm—1) |,

with the symmetry factors

%, n=m=1, %, n=m=1,
st 1 p= =1, SP =1 = .y 3.9
.l 5, m=m or m=I, nml = Y3, m=m or m=l, (3.9)
1, otherwise, 1, otherwise.

~10 -



We can also express this in terms of the coefficients a, of the function f(z). Plug-
ging (2.22), (2.24) and the order €3 term into the last equation, we find

|ap|
W), == + A
*s I,Z:; (P - 1)
8 ApCgQyQgtr—p + QplgQrQgtr—
+ = Aet S plqlrlqtr—p + Aplqlrlqir—p
ngﬂ PETp(? = 1)g(¢? = Vr(r? = (g +r)((g +7)> = 1)

x [4p*(q+7)((g +7)? = 1) + p(—¢* + 263 + 12¢** + 2qr® — r* + ¢* + 8qr +1?)
— (q+7)(2¢" +3¢°r — 4¢*r? + 3¢r® + 2r* + ¢* — 5gr +1° — 3)] + O(Y),

(3.10)
with the same symmetry factor as above. It is easy to see that the order €2 term is an
alternative representation of the coefficient of the Bremsstrahlung function. At order ¢* one
could have had in principle any polynomial of degree 4 in a, and @, with up to four different
p’s, but most of those vanish. Instead, we find that they are all of the form ay, ap,ap,ap,,
with p; + pa — ps — p4 = 0. Note that all the ¢ dependence in (2.24) completely cancels in
this expression and it is ¢ independent, confirming the observation in [13]! As we discuss
in section 4, this independence is generally violated at order €® and above.

3.2 Two-loop order

A similar analysis can also be done at two-loops order by virtue of a compact formula [16]
which incorporates all two-loop Feynman diagrams for a curve in R?

_ ¥ Re((X (03) — X (62)) X (62))
<W>)\2 = m j{d@l d@g d¢93 |:8(91, 92, 93)](91, 93) |X(93) — X(92)|2
X(6) — X(62)2] A (1 ?4 2
x log X (05) — X (012 5 | 162 dfy dby 1(01,069)
2
B 64)1\ 1 / dby df dfs dbs 1(01,03)1(02,04) (3.11)
m 91>92>63>94

with (61, 62) from (3.1). The first integral is due to cubic interactions and ¢ is completely
antisymmetric in permutations of its arguments and takes the value 1 for 6; > 63 > 6.

The procedure we employ to evaluate these integrals is a generalization of the one-loop
case, but it is significantly more complicated and is explained in appendix A. Expand-
ing (3.11) in powers of the Fourier coefficients b,, gives integrals with all the X (6) factors
in (3.11) replaced by exponentials (and arbitrary powers of differences of exponentials in
the denominator), as in (A.1) and (A.8). If we consider the cases of a trivial denominator,
the integrals are convergent, and these serve again as the boundary conditions for recursion
relations for the integrals with arbitrary denominator, (A.5) and (A.10). As in the one-
loop integrals, there are ambiguities in solving the recursion relations which are solutions
to homogeneous equations, but they drop out from the final expressions. The complexity of
the recursion relations prevented us from finding closed-form solutions like (3.6) and (3.7),
but for any finite set of Fourier modes with mode numbers n;, we can solve the recursion
with the aid of a computer.
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At order €2 we know that the result should be determined by the Bremsstrahlung
function, and in particular should be proportional to the order € term in (3.10). To verify
this, we considered

f(2) =e(apzP 2 +a277%), with 2<qg<p<12. (3.12)

We used the algorithm in appendix A to find the result

W) A §Ooj ol O(eh) (3.13)
>\2 = — B — € . .
192 12 & p(p? - 1)

The functional form and numerical prefactor indeed agree with the two-loop order of (1.5).
At order €* the result should be quartic in ap, and a@,,, so we need consider f(z) with
at most four terms

f(z) = 6(%121)172 + apzszQ + ap3zp372 + ap4zp4’2). (3.14)
We computed the result for all such f(z) of degree no larger than 10
2<ps<p3<p2<p <12. (3.15)

We find that of all possible degree-4 monomials in a,, and a,,, the only non-zero contri-
butions come from terms of the form a,aqG,ap4q—r, with arbitrary p, g, r. This fits exactly
the pattern at one-loop order (3.10).

The fact that the allowed monomials contain an equal number of a and a immedi-
ately implies that there is no spectral parameter dependence in the final expression. We
conjecture that these properties extend beyond this range of p;.

Unlike (3.10), the numerical coefficients of these monomials are not finite degree ra-
tional functions of the p;. Indeed, already the simplest triple integrals in (A.4) includes
harmonic numbers, so we expect the coefficients to be expressible in terms of harmonic
numbers, but we could not guess a simple form.

Another difference from (3.10) is that these coefficients are actually not rational, they
include both rational pieces and 72 times rational numbers. It is easy to see from the
expressions in appendix A, that the triple integral in (3.11) (with its prefactor) is pro-
portional to 72, the square of the one-loop order is clearly rational, and the quadruple
integral includes both rational and 72 pieces. In fact, the 7¥ part of the quadruple integral
is easy to trace, and is related in a simple way to the one-loop integral, as follows.

The integrand of the quadruple integral is the same as the square of the one-loop inte-
grand, and as mentioned above equation (3.4), once one chooses a particular set of Fourier
modes, the numerator factorizes to cancel the denominator, leading to the integral (A.13).
The resulting expression there seems rational, and further divided by 647*, but positive
powers of m appear from degenerations in the coefficients n; (and it vanishes without those
degenerations). A factor of 7¢ comes only from full degeneration n; — 0, giving the mea-
sure factor 74/24 (which is divided by 647%). Since the one-loop answer is solely from the
zero-mode in the double integral and the integrands are the same, we find that the 7° part
of the last line in (3.11) is equal to —((W),)?/6.
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Combining with the square of the one-loop integral on the second line of (3.11), we get
the very simple expression for the rational part of the two loop integral

(Wha =5 (W) (3.16)
Note that this statement is true to all orders in €, so the difficulty is in calculating the
72 part in the two-loop VEV. Clearly the €? part in (3.13), which is just the two-loop
Bremsstrahlung function, is rational and is given by this recursion. Likewise, we expect
at k-th loop order to find terms proportional to 7°,--- , 7272% and all but the last term

would be related to iterations of the lower loop expressions.

4 Spectral dependence at higher orders in €

In the cases studied in [13] there was spectral dependence starting from order €®. As
shown in the previous section, there is no dependence at order €*, so here we address the
possible spectral dependence at order €8 and further patterns of spectral dependence at
higher orders.

It should be possible to repeat the full analysis in the previous section for order €® with
a bit more computing power, but we chose to do a partial survey by considering binomial
f(2), as in (3.12). Examining the cases with 2 < ¢ < p < 22 at one-loop order, we found
that there was indeed spectral dependence in some examples at order €%. The only such
dependence is of the form e*2*% and happens only for p = 2¢ or p = 3¢. Specifically, the
answer is a linear combination of terms of the form

|aq|6 |ap|2‘aq|4 |ap|4|aq|27
a2qa462“" a3q|asq| ag’ dgqag‘]aq\QeQ"p, (4.1)
a%q&46_2w, asqlasq| ag ‘p, agq&2|aq|26_2w.

At one-loop the coefficients are rational functions of ¢ and p, a bit more complicated
than in (3.10), and at two-loops (where we did a far less extensive survey) they are har-
monic numbers.

It is obvious that e?¥ would appear in terms where the number of a’s is two more
than a. But we see that there are no terms with e, which would require five a’s and one
a. Furthermore we see that in all cases the total sum of p and ¢ (weighted by degeneracy
and a negative sign for a) vanishes. We find then a pattern that generalizes the result at
order €* and could hold for general order. At order €2 we therefore expect only terms of
the form

Qpy -+ Op, g, * gy, 2=Dip 7 (4.2)
with the constraints "
—J

J
2<j<20-2, sz’—zqz'zo- (4.3)
i=1 =1

Clearly for [ = 2, one has j7 = 2 and no spectral dependence. For [ = 3 there are many
solutions, but if we restrict to binomials, so p; and ¢; can take only two values, we find
indeed only the solutions in (4.1).
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In the binomial examples we checked beyond this order and at order €, we have found
terms consistent with, among others,

_2 6 4i ~ By (2 4i 3 5 2
az,a.e”?, A5qa,laq| e™?, A5, a3,6""% . (4.4)

5 Strong coupling

One can also study perturbations of the circular Wilson loop at strong coupling, where it
is described by a classical string in AdS;. The VEV of the Wilson loop is given by the
regularized area of the string, which is expressed in terms of f(z) and a(z,z) in (2.2). As
mentioned before, this expression is independent of the spectral parameter ¢ to any order
in €, but given the expressions above, we can plug in the expressions for f(z) in (1.6) and
a?(z,%) in (2.12) to find the VEV in terms of a,’s.

This was done for a particular deformation of the circle in [19], based on the pertur-
bative algorithm of [13] reviewed above. Here this is repeated for arbitrary a, to quartic

order in €, giving

00 2
Areg = =27V — 81V e %
¢ pz:; p(p* — 1)

g0 Ay QG
— 64mV et 5(2)T ApQqQrQg4r—p pUqQrQgir—p
p>§>2 PO p(p? — D)g(q? = D)r(r2 =) (g +7r)((¢+7)2—=1)  (5.1)

X [pZ(q +7)((q+ r)2 -1) —Hqu(q2 +3qr +1r? + 1)

— g+ + =P+t ot = — g =),

with S;(,?q),r defined in (3.9). Note the similarities to (3.10), with the same denominators
and the only difference being the polynomial in p, ¢ and r in the numerator. In both
expressions this is a degree 5 polynomial symmetric in (g, r) with p of at most degree 2.

6 Discussion

In this paper we undertook to analyze the expectation values of deformed circular Wilson
loops in N' = 4 SYM to quartic order in the deformation parameter. We presented explicit
expressions for the expectation values at one-loop at weak coupling and at leading order
at strong coupling. At two-loop order we provided all details of an explicit algorithm that
calculates the VEV for particular deformations very efficiently.

As the stated goal of this project we have confirmed that the expectation value is
independent of the spectral parameter at this order in the deformation and the perturbative
orders that we examined. We expect this to hold to all orders in perturbation theory.

At higher orders in the deformation (€% and above), we found that generically there is
spectral dependence in the expectation value of the Wilson loop, so different Wilson loop
that are related to each other via this deformation, an exact strong-coupling symmetry, do
not share a VEV at weak coupling.
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Still, the pattern of spectral dependence as expressed in equation (4.2), which is the
pattern we conjecture to hold to any order in the deformation, is exceedingly restrictive
and simple. It is a striking result of our examinations that when representing the Wilson
loop in terms of the sigma-model (Pohlmeyer) representation, i.e., in terms of e f(z),
there is such a simple pattern of allowed terms in the expression for the VEV of the Wilson
loop at weak coupling. Furthermore, the one-loop expressions at order €* and at strong
coupling share a very similar functional form as rational functions of the orders of terms
in the Taylor expansion of f(z).

It is very natural that the result of integration requires the sum of the Fourier coef-
ficients to vanish. This precludes direct interaction between one very high Fourier mode
and several low ones, a natural structure limiting UV-IR mixing. It is more surprising that
similar structures arise, at weak coupling, in the calculation in terms of the Taylor coeffi-
cients of f(z). Their weighted sum also seems to vanish and the spectral parameter can
appear only in very specific combinations. This again can be thought of as avoiding UV-IR
mixing, though it is surprising that it survives from the string description to weak coupling.

The spectral independence at order €* and other structures are hints to hidden sym-
metries in the expectation values of Wilson loop operators, which presumably have to do
with all-loop integrability. A formalism exists for the all-loop integrability of the anomaly
of cusps in the Wilson loop and for dimensions of insertions into the Wilson loop, but not
for the question at hand [20-24], related to smooth Wilson loops. Perhaps there is a way
of recombining results for 3-point (and higher) correlators of insertions into the Wilson
loop that would prove our conjectures [8, 9, 25-29]. It would also be very interesting to
understand any possible connections to other discussions of all-loop Yangian symmetry of
smooth Wilson loops, as in [14, 15] as well as the TBA formulation of the problem in [30].

An obvious generalization of our calculation is to study Wilson loops not restricted
to R2. This can be done, since it is understood how to solve for the boundary curve for
open strings in the full AdSs [31]. Though there is no explicit solution of the string sigma-
model, as in the AdSs case, there is enough information to describe the boundary curve
from details of a classical integrable model.

The same AdS3 sigma-model describes also Wilson loops in ABJM theory restricted to
a plane, so the strong coupling analysis applies directly there as well (with the appropriate
redefinition of the coupling). This should capture the strong coupling limit of both locally
1/6 BPS [32-34] and 1/2 BPS [35] Wilson loops of this theory. It should be possible to
repeat our two-loop analysis for these loops and see what is the spectral dependence in the
two classes of loops and whether they are related to each other.

It may be possible to extend our strong coupling analysis beyond the leading order
and include the first string fluctuations, as was done for cusps in [36-38] and for circular
Wilson loops in [39-44]. It would be very interesting to see whether spectral dependence
(at order €%) appears in that calculation.
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A Two-loop integrals

In this appendix we present the details of the two-loop calculation, which amounts to
finding the Fourier representation of (3.11). Expanding the integrands in powers of g(0)
(see (1.3)) gives several types of basic integrals studied below.

A.1 Logarithmic integrals

The first set of integrals encountered in the expansion of (3.11) in powers of b, are

. i(n161+n292+n393) 1 2-9 0 — 0
p1.p2ps _ " € o8 ( cos(6r — 62))
BhiP2Ds — 52 df,d2dbs (61, 02,03) (&0 — ¢i02)p1 (¢i%2 — ¢ifa)p2 (eif3 — i1 )ps °
(A.1)

For vanishing p’s, the integrals B,Ol’lo,}?z,ng are quite simple. We perform the calculation for
real n; and take the limit to the integers at the end.

Expanding the antisymmetric symbol and integrating over 03 gives

2 0
1 / ﬂ'del/ 1 6, <6i(n191+n292) _ ei(n291+n102)) (261'71301 o 2€in302 +1— e?m’ng)
8m2n3 Jo 0

X log (2 —2cos (01 — 62)) .

(A.2)

The change of variables 61 = (u —v)/2, 02 = (u+v)/2 allows to integrate over u, resulting
in

i 0 Q(eingv _ 1)(627ri(n1+n2+n3) o efi(n1+n2+n3)'u)
. dv A3
812 J_or < ny +ng +n3 (83)
2mwing 1 2mi(ni+ng2) _ ,—i(ni+n2)v N1V __ ,iNgv
+ (e e ‘ )> c ¢ log(2 — 2 cos ).
ny + ng ng

~16 —



Now we can take the n; to be integer, noting that no poles arise even when the sums of n;
in the denominators vanish. The result of the v integration is then

’n(l’;l;“(;l‘TlL) , ni+no+nz3=0, ni+n2#0, n1#0, na#0,
_2Hl:11_1, ni+ne=n3=0, n;#0,

2’3}?2,% =93 _ Sign(nl)% 7 ni+ng=mns =0, ny #0, (A.4)
Sign(ng)nl% , no+mn3=mn; =0, ng#0,
0, otherwise.

Here H, =Y °_, 1/m are the harmonic numbers.

For positive py, p2, p3, we do not evaluate Bh1P21% by integration, but rather impose

the consistency and recursion relations

D1,P2,P3 _ (__1)\P1tp2+p3+1 pp1,p3,p2
nl’,ng’,ng - ( ]‘) an’,nl’,n:g I (A5)

pP1 p2 p3
Z Z Z b1\ (P2\(DP3 (_1)k1+k2+k3 BP1P2:P3 — g00,0
kq L ks n1+p1+ks—ki,ne+p2+k1—ko,nz+p3+ka—kz = T ni,nz,n3’

Je1=0 k=0 kz—0 2

The coefficients appearing in the calculation of the Wilson loop to quadratic order in
by, are Brll’f,;%%m. Restricting by parity symmetry to ny < ny we find that:

e For n1 < ny < njy+ 3 one can choose the coefficients B}lﬁ;%zm freely, and we set them to

zero for simplicity.

e The coefficients with ng > n; + 3 are generated recursively through equation (A.5) (with
the replacements ng — ng — 3, n3 — ng — 2)

1,2,2 _ 0,0,0 1,2,2 1,2,2 1,2,2
ni,no,ng _Bnl,ng—S,ng—Z — Pning—2,n3+2 + 2Bn1,n2—1,n3+1 + Bn1+l,n2—3,n3+2
1,2,2 1,22 1,2,2 1,2,2
- 3Bn1+1,n2—1,n3 + 2Bn1+1,n2,n3—1 - 2Bn1+2,n2—3,n3+1 + 3Bn1+2,n2—2,n3 (Aﬁ)
1,2,2 1,2,2  opl22 1,2,2
n1+2,n2,n3—2 + n1+3,n2—3,n3 2 ni1+3,n2—2,n3—1 + Bn1+3,n271,n372 .

At quartic order in the b,, we need the coefficients Bf{f’ém. Taking, without loss in

generality, n1 < ny we have

e The coefficients with n; < n9 < nj + 7 can be chosen freely and we set them to zero.
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e For n; + 7 < ny the coefficients are generated recursively from (A.5):

Bif%,ng _Bglo,m 7nz—4 32’14;;12—4 ng+4 +4Bif;i2_3,n3+3 _GBgf}i—mgw

+4By31ff2—1,n3+1 +3B31+1 na—5,n3+4 8B2’14—;-41,n2—4,n3+3 +QB?L’14—;-41,77.2—3,713+2

+ 1232’14441,71272,713“ - 1332’144}41 na—1n3 +4sz}4441,n2,n371 - 332}44}42,n276,n3+4
+24B§L714—;-42,n2—4,n3+2 36331+2 na—3,;ma+1 "‘932’14#42@2—2,713 +12B§z}4i42,n2—1,n3—1
- 632}4442,@ mz—2T 32714443,71277,7:,3 Tt 832’144}%,712 —6,n3+3 2432’14443@275,713 12
+45BEL714—;-43,n2—3,n3 _3632}44}43 na—2n3—1 +232’143r43,n2—1,n3—2 + 432144}%3,712@3—3
_4B?L’14—;—44,n2—7,n3+3 331+4 na—6,n3+2 +36B?L’14—;-44,n2—5,n3+1 _4532’144}%1,712—4,713
+ 2432714444,712 —2,n3—2 8327144;%1,112 —1,n3—-3" B’?L714~;>44,n2 n3—4 + 6‘82714445,n277,n3 +2

- 1232714#45,712 —6m3+1 932’14#45,@—5@3 +363214J’r45,n2—4,n3—1 - 2432’14445,712—3,713—2
+3Bi’14i45,n271,n3—4 - 4Bgl+6 na—7Tmz+1 1 13313:144;46,n276,n3 - 1232’144}46@275,%71

3,4,4 3,4,4 3,4 3,4,4
Bn1 +6 no2—4,n3—2 +8‘Bn1 +6,n2—3,n3—3 _3B 1+6 ng—2,n3— 4+Bn1+7 ng—"7,m3

3,4 3,4,4 3,4,4 3,4,4
—4B;) 1+7 no—6,n3—1 +GB7‘L1 +7,n9—5n3—2" 4Bn1+7,n2—4,n3—3 +Bn1+7,n2—3,n3—4 :
(A7)

A.2 Non-logarithmic part in two-loop interacting diagrams

Another class of integrals arising from the expansion of the first term in (3.11) in powers
of the Fourier coefficients b,,, are

. ein1€1+in292+in393
P1,P2,P3 —
Cn},né,ngza - 8 Q2 db1db2db3 8(91’ 02, 93) (ei91 — etb2 )p1 (ei92 — i3 )P2 (ei93 _ ei91)P3
(A.8)
The integral with all p’s vanishing is finite and evaluates to
(1
— ng+ng=ny=0, no#0
2
! + 0 #0
— ny+ng=ng=4U, n3
02710,;?2,713 =497 (A.Q)
1
— ni+no=n3=0, ny#0
ni
0 otherwise.

The other integrals are divergent, but as explained before, we expect the divergences
to cancel in the final expressions and we choose a “regularization” of them by requiring
the symmetry and recursion relations

P1,P2,P3 (_1)p1+p2+p3+10p17p37p2 _(_1)p1+p2+p3+10p3,p2,p1 — (_1)p1+p2+p3+10p27p1,p3

ni,n2,n3 n2,n1,n3 n1,n3,n2 n3,n2,ni
p1 b2 p3
§ § E p3 ( 1)k1+k2+k3 CP1:P2:P3 — (0,0,
ks ni1+p1+ks—ki,n2+p2+ki—kz,n3+p3+ka—ks ni,n2,n3 "
=0ko=
(A.10)
3,3,3

The relevant building blocks for the quartic order in by, are Cy} h, ns. We restrict to
n1 < ng < ngz thanks to the first line in (A.10).
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e The coefficients with ng—3 < ng and with ny —3 < n; are undetermined by the recursion
relations and we can set them to zero for simplicity.

e The coefficients with n3 > ny + 3 > nj + 6 are generated through (A.10) after shifting
n2—>n2—3, ng —ng—6

3,3,3 0,0,0 3,3,3 3,3,3 3,3,3
Cnl,ng,ng - Cnl ,n2—3,n3—6 + 30 ni n2+1 nzy—1 3On1 na+2,n3—2 + Cn1,n2+3 n3—3

3,3,3 3,3,3 3,3,3 3,3,3
Cn1+1 no—1,n3 — 60, ni1+1,n2,n3— 1+6Cn1+1n2+2n3 3 - 30, ni1+1,n2+3,n3—4

3,3,3 3,3,3 3,3,3 3,3,3
- 3Cn1+2,n272 n3 + 150 1+2 ng,n3—2 15Cn1+2 na+1,n3—3 + 30 1+2 na+3,n3—5

333 33,3 3.3 333
+ O s =3y T 60 5 0y 0y 1 — 150 1+3n2 Lng—2 T 150 s it naa

- 60213—&-33 no+2,n3—>5 0213—4—3;3 na+3,n3—6 07?1’13—4—?:1 no—3,n3—1 + 150313—51 na—1,n3—3

- 150313-1—?21 ng,n3—4 + 30313—1—34 na+2,n3—6 + 30313—1—?;) ng—3,n3—2 60313—3’) ng—2,n3—3
0213+35 na,ng—5 30313+35 na+1,n3—6 0213+36 na—3mz—3 T 30213+3% na—2,n3—4

- 302;3+736,n271,n375 + 0313+36 ng,ng—6 (A.11)

A.3 Two-loop ladder diagrams

The quadruple ordered integral in the ladder contribution to (3.11) decomposes into a
sum of

27 01 02 03 et(n101+n262-+n3b3+n4bs)
D1,D2
Dnl,ng,ng na / d01/ d92/ d93/ dfy 6101 ~ it iz (6’02 — 6’94) (A.12)

The simplest integral of the family

0.0 _ 1 627rin1

MLN2NE T (g ) (ng Fna+ng) (1 +netngtna)  ning (na+ng) (na+ngtng)
e2m’(n1 +ng2) 627ri(nl +n2+ns3)

+ —
nang (n1+ng2) (n3+n4) nsng(ne+ns) (n1+na+nsg)
e2mi(n1+na+n3+ng)

n4 (n3+nq) (ng+ns+mng) (n1+ng+ns+nyg)

(A.13)

is non-singular for any integer n;, with the appropriate application of L’Hopital’s rule, as
before. We define the others through the relations

p1 p2

_1\k1+k2 np1,D2 0,0
Z Z ( >< >( 1) Dn1+p1*k17n2+p2 ko,n3+ki,nat+ks Dn17"27n37”4' (A'14)
k1=0 ko=0

The ordered integrations (A.12) imply no parity for the integrals, which means that more
recurrence formulas are needed to cover all values of n;. We start with the solution for

D22
ni,n2,m3,ng -

e The coeficients with 0 <ng—n; <3 or 0 <no <1 are arbitrary constants.
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e The coefficients with 4 <ng—n; and 2 <nq are given by

2,2 0,0 22
ni,ne,n3,ng -~ "~ ni,na—2,n3—2,n4 ni,n2—2,n3,

n17n2—1 n3,na+1
+2Dn1+1 na—2,n3—1,n4+2 4DTL1+1 no—1,n3—1 n4+1+2Dn1+1 na,n3—1,ng

2,2 2,2
_Dn1+2,n272,n372,n4+2+2Dn1+2 na—1,n3—2,n4+1 Dn1+2,n2,n372,n4 .

e For ng—ni; <-—1 and 2 <ny we find

2,2 _ 0,0 2,2
Dnl,ng,ng,n4 Dn172 ng—2,n3,M4 _Dn172 ng—2,n3+2, n4+2+2Dn172 no—1nz+2,n4+1
2,2 2,2 2,2
_Dn1—2 ng,n3+2,n4 +2Dn1—1 n2—2n3+1,n4+2 4Dn1—1 no—1n3+1,na+1
2,2 2,2
+2Dn171 na,n3+1,n4 7Dn1,n272,n3,n4+2+2Dn1 ng—1,n3,n4+1"

e For ng—n; <-—1 and ny <—1 we find

2,2 _ 0,0 2,2 2,2
ni,n2,n3,ng Dn172 no,n3,ng—2 _Dn1 —2,n2,n3+2,n4 +2Dn172 no+1,n3+2,n4—1
2,2 2,2
_Dn1—2 ng+2,n3+2,n4— 2+2Dn1—1 ng,n3+1,n4 —4 n1—1,n2+1,n3+1,m4—1

2,2 2,2
+2DTL1—1 no+2,n3+1,n4— 2+2DTL1 na+1,n3,mg4—1 Dnl,n2+2,n3,n4—2 :
e Finally, the coefficients with 4 <nsz—n; and ny < —1 are given by

2,2
ni, TL2+1 n3,ns—1" “ni,no+2,n3,n4—2

D>? —pYo ,+2D>

n1,n2,n3,n4 n1,n2,n3—2,n4—

2,2
+2Dn1+1n2 n3—1,mng 4D ni+1ns+1nz—1,ns— 1+2Dn1+1n2+2n3 1,n4a—2

2,2 2,2
_Dn1+2,n2,n3—2,n4 +2Dn1+2 na+1,n3—2,mn4—1 Dn1+2,n2+2,n3—2,n4—2 :
The order \2e* depends also on the elementary integrals Dmmm,m1
e The coeflicients with 0 <ng—n; <7 or 0 <no <3 are arbitrary constants.

e The coefficients with 8 <ng—mn; and 4 <nqy are generated recursively by

4,4 _ 10,0 4,4 + 4.4 —6
ni,n2,n3,ne  “ni,ne—4,ns—4ns -~ ni,ne—4,n3,n4+4 ni,n2—3,n3,n4+3

+4Dn1 no—1,ns, n4+1+4Dn1+1 ng—4,n3—1,n4+4 16Dn1+1 ng—3,n3—1,n4+3

(A.15)

(A.16)

(A.17)

(A.18)

TL1 n2—2.n3,n4+2

+24D7‘L1+1 no—2,n3—1,n4+2 16DTL1+1 no—1,n3— 1n4+1+4Dn1+1n2,n3 1,n4

6Dn1 +2 ng—4,n3—2 77,4+4+24DTL1 +2,n2—3,n3—2,n4+3 36‘Dn1 +2,n2—2,n3—2,n4+2

+24D* —6D

n1+2 no—1nz—2n4+1

n1+2 ng,n3—2,n4 +4Dn1+3 ng—4,n3—3,n4+4

16Dn1+3n2 3,n3— 3n4+3+24Dn1+3n2 2.n3—3,n4+2 16Dn1+3n2 1,n3—3,n4+1

4.4
+4Dn1+3 ng,n3—3,n4 Dn1+4 ng—4, n3—4,n4+4+4Dn1+4 ng—3,n3—4,m4+3
4.4
6Dn1+4 no—2,n3—4 TL4+2+4D7L1+4 na—1,n3—4,n4+1 Dn1+4,n2,n3—4,n4 .
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e The coefficients with ng—n; < —1 and 4 <ns are generated recursively by

4.4 0,0 4.4
ni,ne,n3,ng Dn1—4 ng—4,m3,n4 _Dn1—4 no—4 n3+4,n4+4+4Dn1 —4.n9—3,n3+4,n4+3 (A2O)

4.4 4,4
_6D’n1—4 ng—2,n3+4,n4+2 +4DTL1—4 no—1,n3+4,n4+1 Dn1 —4.n2,n3+4,n4

4,4 4,4
+4Dn1 -3 n274,n3+3,n4+4 16Dn173 na2—3,n3+3,n4+3 +24Dn173 ng—2,n3+3,n4+2
—16D* +4D4 6D

n1—3,m2—1,n3+3,m4+1 n1—3,n2,n3+3,nq4 ni1—2,n2—4,n3+2,n4+4
4,4 4,4
+24Dn1 —2n9—3,n3+2,n4+3 36DTL1 —2n9—2,n3+2, n4+2+24Dn172 na—1,n3+2,n4+1
4.4 4.4 4,4
—6D” +4D > —16D"

n1—2,n2,n3+2,n4 ni1—1nas—4n3+1,n4+4 n1—1n2—3n3+1,n4+3
4,4 4,4
+24Dn1—1 no—2,n3+1, TL4+2 16Dn1—1 no—1 n3+1 na+1 +4Dn1—1 nz,n3+1 n4
DM 4Dk 6D ,+4D>*

ni,n2—4,n3,n4+ ni,n2—3,n3,n4+3 ni,n2—2,n3,n4+ ni,n2—1,n3,n4+1"

e The coeflicients with ng—n; < —1 and no < —1 are generated recursively by

DA _ poo _ pit 4D

ni,ne,n3,ng n1—4,ng,n3,ngs—4 ni1—4,n2,n3+4,n4 ni1—4,n2+1,n3+4,n4—1 (A21)
6Di14—4 no-+2,n3+4,m4—2 +4Dn1—4 no+3,m3+4,n4—3 Di’14—4,n2+4,n3+4,n4—4
+4Di14—3 na,n3+3,n4 16Di14—3 na+1ms+3,n4—1 +24Dn1—3 na+2,n3+3,m4—2
- 16D;4114—3 na+3,n3+3,n4— 3+4Dn1—3 nao+4,n3+3,n4—4 6Dn1—2 ng,n3+2,n4
+24D74L14—2 nat1ns+2,ns—1 36Di14—2 nat2,n3+2,n4— 2+24Dn1—2 na+3,n3+2,n4—3
_6D;LL1472 na+4,n3+2,m4— 4+4Dn171 na,n3+1,n4 16D;lz1471 nao+1,n3+1,n4—1
+24Di14—1 Mo+2.n3+1,n4—2 16Di14—1 na-+3, n3+1 n4 3+4Di14—1 Mo+d,na+1,na—4
+4D% —6DY , 4D iy

ni TL2+1 n3,ng—1 ni, n2+2 n3,ng— ni, TL2+3 n3,nge—3 -~ ni,no+4,n3,ng—4"

e The coeflicients with 8 <ng—mn; and ne < —1 are generated recursively by

4,4 0,0
Dn17n2,n37n4 ni,n2,n3—4,n4— 4+4D'ﬂ1 na+1,n3,n4—1 6Dn1 n2+2,m3,m4— 2+4Dn1 na+3,n3,n4—3

iin2+4n3 ng— 4+4Dn1+1 na,n3—1,n4 16Dn1+1 no+1lnz—1na—1

+24Dn1+1 no+2,mn3—1,n4—2 16Dn1+1 no+3,n3—1,n4— 3+4Dn1+1n2+4n3 1,n4—4
6Dn1+2n2 ng— 2n4+24Dn1+2n2+1 n3—2,n4—1 36Dn1+2n2+2n3 2n4—2

+24Dn1+2n2+3n3 2,n4—3 6Dn1+2n2+4n3 24— 4+4Dn1+3n2,n3 3,n4

_16Dn1+3n2+1n3 3,n4— 1+24Dn1+3n2+2n3 —3,n4—2 16Dn1+3n2+3n3 —3,n4—3

+4Dn1+3n2+4n3 —3,n4—4 Dn1+4n2 n3— 4n4+4Dn1+4n2+1 n3—4,n4—1

4.4
6Dn1 +4,n2+2,n3—4,n4—2 +4D’n1 +4,n2+3,mn3—4,n4—3 D’n1 +4,n2+4,n3—4,n4—4"

(A.22)
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