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on a trivial phase. Excitingly, we present evidence that this choice is non-
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particular value. Our proposal, if true, might therefore resolve the long-standing
AdS/CFT discrepancies between gauge and string theory.
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1. Introduction

Supersymmetric N' = 4 gauge theory is a conformal quantum field theory in four dimen-
sions. As such, standard lore says that it does not possess an S-matrix since there are no
asymptotic particles. Luckily this naive no-go theorem is wrong in two interesting ways.

Firstly, it turns out that an asymptotic ‘world-sheet’ S-matrix of this theory may
be defined, in the planar limit, in an internal space [1]. This is possible since planar
local composite operators may be interpreted as a one-dimensional ring on which eight
elementary bosons and eight elementary fermions propagate [2]. Furthermore, this S-
matrix appears to be two-particle factorized, since the particle model is integrable, at
one-loop and beyond [3]. For closely related earlier work, see [4] and references therein.
This allows us, under some assumptions, to largely construct the full S-matrix [5], up to
an a priori unknown phase factor, and find the spectrum of the theory [6]. This phase
factor is known to equal one up to three-loop order.

Secondly, it is very interesting to consider the set of all space-time on-shell n-gluon
amplitudes of the N' = 4 gauge theory. While these are clearly not scattering amplitudes of
asymptotic particles, they contain much physical information, and we can simply declare
them to serve as a surrogate ‘space-time’ S-matrix. Fascinatingly, much evidence for an
iterative ‘solvable’ structure in these amplitudes was discovered recently [7,8].

The factorized world-sheet S-matrix and the iterative space—time S-matrix
approaches are not uncorrelated. The conjectured ansatz for the all-loop gluon amplitudes
contains a to-be-determined function f(g), where

VA
g

(1.1)

is the gauge coupling constant. However, this function f(g) may be extracted from the
logarithmically divergent anomalous dimension of leading-twist operators in the gauge

9
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theory [9]. As such, it may in principle be derived from the diagonalization of the world-
sheet S-matrix. In this work we will call f(g) the universal scaling function of N = 4
gauge theory; it is also known as the cusp or soft anomalous dimension.

In practice, the comparison has so far been done reliably to three-loop order only.
The space—time based approach was completed in [8], and the world-sheet method was
exploited in [1]. The results agreed. The latter method was also successfully checked
against rigorously known anomalous dimensions of twist operators at two loops, and
brilliantly conjectured ones at three loops [10]. The conjecture was based on an intriguing
transcendentality principle, which allowed us to extract the answer from a hard QCD
computation [11].

(Clearly, one would like to go to higher loops, and ideally compare the full universal
scaling function. A four-loop computation by Bern, Czakon, Dixon, Kosower and Smirnov
using the iterative gluon amplitude approach is underway [12]®. Furthermore, in [14] it was
shown how to extract the universal scaling function from the Bethe equations which result
from the diagonalized S-matrix. Assuming a trivial (i.e. equal to unity) phase factor, an
all-loop equation determining the function was proposed. While the exact solution of the
equation remains unknown, it allows us to generate perturbative results to any desired
order with ease. In addition, the solution preserves the Kotikov—Lipatov transcendentality
principle [15] to arbitrary loop order.

However, one troubling issue is whether the phase factor is really unity to all orders in
perturbation theory. This leads to various vexing discrepancies [16, 17] with string theory
results in the context of the AdS/CFT correspondence [18]. In fact, the S-matrix [5, 19]
of string theory on AdSs x S° definitely requires a phase factor [20] as can be seen by
comparison to an integral equation describing classical solutions [21]. Furthermore, it was
argued that the S-matrix should possess a crossing symmetry [22], which then necessarily
calls for such a phase. In [23] it was shown that the known classical and one-loop part
of the phase factor on the string side satisfies crossing symmetry, and in [24] a crossing-
invariant all-order string phase factor was proposed.

In the weakly coupled gauge theory, the dressing phase could appear, at the earliest,
at four-loop order [25]. The leading (four-loop) effect on the scaling function was already
investigated in [14]. Here we will extend this analysis to all-loop order, and investigate
the effects of the dressing phase on the universal scaling function.

2. Integral equations for the scaling function

Let us start in this section by considering the effect of the dressing phase on the universal
scaling function. We first briefly recall the assumptions and main steps leading to an
integral equation for the scaling function of leading twist operators of N' = 4 gauge
theory in the large spin limit S — oo. Up to three loops, it is based on the asymptotic
Bethe ansatz

+\ L S = + 2/t

;) r, —xj 1—g*/xja;

— ] = . 2.1
G -l .

3 While finalizing our manuscript we were informed that this computation [13] has been completed.
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This ansatz was shown to properly work in the s[(2) sector relevant to twist operators up
to three-loop order in [1], and further tests were performed in [26]. It was constructed to
possibly describe gauge theory at four loops and beyond in [6], in analogy with an earlier
proposal for the su(2) sector [27].

The large-spin computation is similar to a thermodynamic limit for a spin chain Bethe
ansatz, as the number S of Bethe roots becomes very large, and their distribution may be
described by a smooth density. Note, however, that the actual length L of this spin chain
should remain quite short. Ideally it should be L = 2, but this is dangerous since the
Bethe ansatz is a priori only asymptotic [17,27,1,6]. A workaround was devised in [14],
where it was argued that the scaling of the anomalous dimension of the lowest state of
operators of finite twist-L is a universal function of the coupling constant g. This suggests
that it should coincide with the scaling function of twist-two operators®. For a similar
discussion, albeit at one loop, see [28].

Despite the similarity to a thermodynamic limit, the computation is quite subtle due
to the singular distribution of the one-loop roots [29]. The problem was solved in [14]
by splitting off the one-loop piece, and subsequently deriving an integral equation for the
non-singular fluctuations around it. It was found that the density of fluctuations &(t) is
determined by the solution of a non-singular integral equation of the general form

6(t) = ett—l {K(Qgt,O)—élf/ dt' K(2gt,2gt)6(t)]. (2.2)

0

The universal scaling function f(g) is then given by

flg)=8g¢* — 644" /OOO dto(t) hi2g8),

5o (2.3)

Here and in the following J,.(¢) denotes a standard Bessel function. Note that this
expression can be reduced provided that the kernel satisfies the property (it will always
be true in this paper)

K01 = 2.

(2.4)

The scaling function then simply takes the value of the fluctuation density at t = 0 [30]
f(g) = 164°5(0). (2.5)

For the above, particular Bethe ansatz (2.1) the kernel K (¢,t') = Ku(t,t) is given by
(m stands for main scattering)

Kooy = (t) Jo(t’g - jo(t) L(t) (2.6)

The inhomogeneous piece of the integral equation (2.2) with this kernel is thus

Kot 0) = 28

(2.7)

4 At four loops the asymptotic Bethe ansétze are only fully reliable at twist three, or higher, and we have to
assume the four-loop universality of the scaling function for the lowest state of twist operators. This universality
may only be rigorously proved for twist >2 at one loop [28], for twist >2 at two and three loops, and for twist >3
at four loops [14]. It would clearly be most welcome to more directly confirm universality from the field theory.
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For this specific kernel (2.6) derived from (2.1) the weak-coupling expansion of the scaling
function is

8 88 73
w(9) =8¢ — —7m?¢* + — 7% — 16 [ 7" —4¢(3)?) ¢
fm(9) =8y STY T ETY 30" C(3)" ) g

14175 3

136 883 8
S P
3742200 15

+4n( %77¥—éw%@f—40q$gaogm
3 - 5 TR C6)

~210¢(3)¢(T) — 102 c<5>2) e

7680089 ,, 47

6o 82, ,
05102007 19 ™ CB) = 1 mEB)C(5) = T0m¢(3) ¢(7)

+128(

— 34w2g(5)2——1176@(3)((9)——1092@(5)((7)+—4{(3)4) gt
T (2.8)

Here we can observe the Kotikov—Lipatov transcendentality principle [15]: we
attribute a degree of transcendentality k to the constants % as well as to (k).

The (-loop contribution to the universal scaling function f(g) for N = 4 gauge theory
has a uniform degree of transcendentality 2¢ — 2.

The function f,,(g) derived from the integral equation (2.2) obeys this rule [14]. A
rigorous proof to all orders in perturbation theory was given in [30].

Let us next generalize the universal scaling function to the case of an arbitrary weak-
coupling dressing phase. The only restriction is that the phase should merely modify
the gauge theory Bethe ansatz at four loops or beyond, as the Bethe ansatz (2.1) is
firmly established up to three-loop order [31,25]. The corrections of the higher-loop
Bethe equations which are consistent with current knowledge are

+\ L S - _ .t 1— 2 + -
(x_k) =11 S ¢ /o, exp (216 (u, uy)), (2.9)

= ¥ -1 2/t
T ry —x; 1= g% o x;

j=1
ik

where the dressing phase 6 is conjectured to be of the general form [20, 32, 25]

O(ug, uj) = Z Z Brrt1420(9) (@ (wr) Gra1120(wj) — ¢ (wj) Gryr420(ur)). (2.10)

r=2 v=0

The ¢.(u) are the eigenvalues of the conserved magnon charges, see [27]. The coefficient
functions £, 5(g) expand in powers of the coupling constant

o0

Br,r+1+21/ (g) = Z g2T+2y+2uﬂr(TrJ—rl—le—r|—%)y (211)

p=v

with 55{2 some numerical constants in the same notation as in [25]. We should eliminate
from the start the only coefficient ﬁg = 0 contributing at three loops. Note that in [14]
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only the leading four-loop correction
exp (Qié’(uk, u])) = exp (i 80 ¢° (qa(ur) qz(u;) — g3(ur) ga(uj)) + - - ) (2.12)

was treated. Thus the first constant in (2.10) is ﬁ23 =40.

The modified Bethe ansatz (2.9) with (2.10) may be treated in much the same fashion
as the simpler ansatz (2.1), see [14] for the details. In particular, the singular one-loop
distribution may be split off in the same way. In fact, for an arbitrary dressing phase the
general form (2.2) of the integral equation as well as the properties (2.5) and (2.4) remain
valid. What changes is the kernel (2.6), which generalizes to

K(t,t") = Kun(t, ') + Kq(t, 1) (2.13)

with the dressing kernel

oo o oo

2p+v
tt’ Z Z Z QQMH épp;;)ﬁin J2p+2u( ) J2p*1(t/)

p=1 v=0 p=v

2p+1+v+
+ B ) Jop(t) Taparsan(t) (2.14)
and the inhomogeneous term of the integral equation (2.2) receives additional

contributions

Kq(t,0) = (1) B Ta o (1), (2.15)

VOuV

Notice that as promised (2.4) still holds for (2.13), (2.14) and arbitrary constants 84,
and that therefore also (2.5) remains valid.

Equation (2.2) is still just as suitable for a perturbative small-g expansion if we use
the modified kernel (2.13) and (2.14) instead of (2.6). It was already stated in [14] that a
four-loop dressing phase (2.12) leads to the following O(g®) term in the scaling function

f(g):
flg) =" —16 (27" —4¢(3)* +88¢(3)) ¢* + . (2.16)

This violates transcendentality for generic 3. However, if § is a rational number times
¢(3) (or w3) transcendentality is preserved. It is straightforward to extend this analysis
to even higher loop order:

Interestingly, a study of the effect of the constants @(«Q in (2.10) reveals that
for arbitrary loop order tmnscendentality 15 preserved if and only if the degree of

transcendentality of Bf;;”li’;y is 2u + 1, independently of v and v. In other words

ﬁm should have degree of transcendentality 20 + 2 — r — s. (2.17)

A particularly curious case is § = 3 ((3), which cancels the term containing ¢(3)?,
and thus leads to the much simpler four-loop answer —(73/630) 7%16 ¢%. Beyond four

loops, one finds that one can always choose the ﬁf@ in many different ways such that all
terms containing zeta functions of odd argument are cancelled from the expansion (2.8).

What is truly remarkable, however, is that the constants 652 are uniquely determined if
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we impose a further restriction on them conjectured to hold for arbitrary long-range spin
chains compatible with gauge theory® in [25], cf equation (4.2) in that paper,

It —0  forp<rtv—1, (2.18)
or, in a different notation, Bﬁﬁ) =0 for / < r + s — 2. One finds to the first few orders®

) — +2¢(3),
$ — —20¢(5),

(2.19)
B8 — +210¢(7), 0] — +12¢(5), P) — —4¢(5),
) — —2352¢(9), B — —210¢(7), () — 4+84¢(7).
The expansion of the scaling function significantly simplifies as compared to (2.8):
8 88 73 887
:8 2__24 _46_16_68 32 8 10
folg) =89" =g g + zmg 630" I T T
136 883 7680 089
— 64— 0412 L o8 ——— = g2 ¢ 2.20
3742200~ ¢ T 340540200 ° (2.20)

The even-zeta terms, and thus the parts containing only even powers of 7, are unaffected.

However, (2.19) is not the only curious choice for the constants ﬂr(zs) in the dressing
phase (2.10). Another striking choice corresponds to doubling the just discussed special
constants, e.g. to the first few orders (2.19) becomes:

B = +4¢(3),

L = —40¢(5),

1) = +420((7), Pl =+24¢(5), B =-8¢(5),
BS) = —4704¢(9), ) = —420¢(7), A2 = +168((7).

Now the zeta functions of odd argument no longer cancel out. Instead, one finds to, for
example, seven-loop order

(2.21)

8 88 73
=8 2 2.2 4 o 46—16 6 4 32 8
flg)=8¢g"—gmg + =7y G0 T4CB)7 g

887 o 4 2 10
+ 32 (141757T +37T ¢(3) +40§(3)C(5))g
_64(136883 0 8

oy A0
srazo00” 157 CB) 5 m3)C)

+ 210¢(3) ¢(7) + 102 4(5)2) g*?

® This study applied to the su(2) sector of the gauge theory, but the phase is universal for all sectors [1,6, 5] and
thus includes s[(2).

6 Some of the coefficients appear in the expansion of the scaling function at higher orders than naively expected
from the expansion of the kernel (2.13) and (2.14). They are nevertheless fixed. For example, B?Eiz does not appear
at six loops as expected, but only at seven loops in f(g). But at this order it is fixed to 12 {(5) if we demand all
odd-zeta terms to cancel.
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¢ (3)% + 52

15

128 (M 124 AT 74 (3) ¢(5) + 7072 (3) ¢(7)

340540200~ 189
+ 3472¢(5)* + 1176 ¢(3) €(9) + 1092 ¢ (5) ¢(7) + 4 c(3)4) gt

= (2.22)

Remarkably, the alternating sum (2.22) is identical to (2.8) for the case of a trivial dressing
phase by multiplying all zeta functions with odd arguments by the imaginary unit i, i.e. the
replacement ((2n+1) — 1{(2n+1). After this operation, and in contradistinction to the
earlier case as discussed in [14], now all relative signs of the terms in (2.22) are identical,
but the terms are otherwise unchanged! A proof of this transformation will be given in
appendix B.

To wrap up the above results, we would like to mention that the scaling functions
fm(9), fo(g) and f(g) are part of a one-parameter family f,(¢g) interpolating between these
three choices. The general function is obtained by multiplying the constants in (2.19)
by an overall factor of (1 + k). The resulting universal scaling function f,(g) is the
same as the sign-synchronized scaling function f(g) in (2.22), but with the replacement
C2n+1) = V/rC(2n+1).

We see that there are very interesting and seemingly natural ways to deform the
scattering phase of [27,6] while preserving Kotikov-Lipatov transcendentality. We will
now argue in section 3 that the (conjectured) AdS/CFT correspondence, together with
(conjectured) integrability and a (conjectured) crossing-symmetric strong-coupling phase
factor, indeed appears to single out one of the above choices. We will continue in section 4
with the investigation of the kernels and scaling functions. There we will derive a closed
form for the very same constants and a concise integral expression for the summed dressing
kernel.

3. An analytic continuation of sorts
In the following section, we shall investigate the constants Bﬁﬁ) starting from string theory.

For perturbative string theory it is useful to write the dressing phase 6y, ; in (2.9) and (2.10)
as

uk}?uj Z Z Crs QT U, QS(UJ) q (uk) er(uj)) (31)

r=2 s=r+1
Here the excitation charges ¢.(u) are normalized as ¢.(u) = ¢" 'q.(u) differently
from (2.10). Consequently, the coefficient functions ¢, s and 3, ; are related by
crs(9) = 9776 s(9). (3.2)

The strong-coupling expansion of ¢, ¢ within string theory is non-trivial [20], [33]-[35]

Crslg Zcmg (3.3)
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A proposal for the all-order strong-coupling expansion based on available data [20], [33]-
[35] and crossing symmetry [22] was made in section 5.2 of [24]

1—(=1)+s r[: —3)|T[5(s — —1
’ 2(=2m)"T'(n —1) L5(s+7r—n+1)|T[5(s —r—n+3)]
This expression is formally 0/0 when setting n = 0,1 so we have to use a proper

regularization [24]: in these cases the correct expression is known from comparison to
classical and one-loop string theory data [20], [33]-[35]

_(_1\rts o .
0 g o UZEDT) =D
7 7 T (s+r—2)(s—r)

(3.5)

The expression for c£«18) is easily recovered from (3.4) through the limit ((n)/T'(n—1) — 1

when n — 1. For n = 0 we first set 7, s to some integer values with s > r. If s > r 41
the only singular term is 1/I'(n — 1) which guarantees ?) = 0. This explains the 041
term in (3.5). For s = r + 1, however, the term I'[3(s — 7 +n — 1)] diverges at n = 0. In

this case we can rewrite the expression with arbitrary n as

SO 2(n—1)¢(n) T(1 + %n) r(r—1)T(r—1+ %n)
L (2mrD(n+ 1)T(2—4n)  D(r+1-1in)

(3.6)

Here we can easily set n = 0 and obtain cf,?g 41 = 1 as required by (3.5).

In order to compare to gauge theory, we have to find an expansion of ¢, s(g) at weak
coupling according to (2.10). The main obstruction in the investigation of the function
¢r.s(g) is that the known expansion at strong coupling is merely asymptotic: for fixed r, s
and even n the sequence of coefficients c&f? terminates at n = s —r + 1 [24]. However, the
odd-n sequence does not terminate and grows factorially as

(n+2) 2
Cr75 o n
W = + O(n). (3.7)

Consequently, the series of c&f? is asymptotic and has zero radius of convergence around
g = oo. It is Borel summable, but the expression for the coefficients may be too complex
to perform the sum in practice.

In order to extrapolate to weak coupling, let us consider a simple model function first.
In [24] some similarities between the phase and the digamma function ¥(z) = 0, logI'(2)
were observed. This function has the following asymptotic expansion for large and positive
z

W(l+z) =logz+ Y z—z y = ——2 = (—1)"C(1 - n), (3.8)

where B,, are the Bernoulli numbers which can also be expressed through the zeta function
as B, = (=1)""'n¢(1 — n). Conversely, the expansion around z = 0 is

V(l+2)=—m+ Y &  &=—(-1)1L+k) (3.9)

doi:10.1088,/1742-5468,/2007 /01 /P01021 9
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with vg being FEuler’s constant. The curious observation is that the expansion coefficients
for large z and for small 2z are almost the same. They are related by

Cn = —Cn. (3.10)

In other words, we obtain the expansion coefficients by analytic continuation of the index
parameter n to negative values.

Could it be that a similar relation holds also for the expansion of the coefficients
¢r.s(g) at strong and weak coupling, respectively? Admittedly, this is a very wild guess,
but it turns out to be literally true. The expansion of ¢, ¢(g) at weak coupling is

(e 9]

Crs(g) = =Y gt (3.11)

n=1

In the following we shall not only provide indications for the mathematical correctness of
this statement, but also argue that it leads to a consistent physical picture.

As a first test, let us compute some c,(nf? with negative value of n. Straight evaluation
turns out to yield 0/0 in most cases and the expressions need to be regularized. We will
therefore use the same procedure as in the cases n = 0,1 and set r, s to their expected
values first. Afterwards we take the analytic continuation of (;572 for the expected value

of n. In this way we obtain, e.g.
Ay =0, &) =-4¢@3). (3.12)

The absence of a n = —1 contribution translates via ¢ = (r+s—n—1)/2 to the absence of
a ¢ = 5/2 contribution, where ¢ represents the number of loops in gauge theory. In general
all contributions for odd negative n should be zero to guarantee absence of contributions
at fractional orders. In that case the expansion coefficients at weak coupling would be
ﬁ(f) — —C(T+S_2£_1). (313)

r,s 7,8

The first non-trivial contribution appears at”
B =4¢(3). (3.14)

This is encouraging for several reasons: firstly, it influences anomalous dimensions starting
from four loops. Currently, we know Bég = 0 for ¢/ = 0,1,2 only, so this is perfectly

consistent with available data from gauge theory. Moreover, 6;33) is the first allowed
contribution according to (2.18). In addition, the value 4((3) has transcendentality 3 in
the counting scheme of [15]. This is precisely the right transcendentality required for a
uniform transcendentality of the scaling function [14]. Finally, the value (3.14) agrees
precisely with the first in the series of sign reversing constants (2.21)! Let us now rewrite

" A curious observation is that the leading contribution to the function 23 = ¢(3) \*/10247° + - .- resembles
the value 3¢(3)A\%/5127* [36] of a certain X-shaped diagram [37] to a circular Maldacena-Wilson loop [38] (the
conjectured value A\*/4! in [37] is almost true). If a contribution proportional to ¢(3) survives in the sum over
all diagrams at this order, it would imply that the ladder approximation [39] is not complete. This may seem
unlikely, as this approximation yields a consistent strong-coupling result [39,40]. However, it is not yet excluded
either that non-ladder contributions have a mild, but non-vanishing effect.
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the coefficients in a form more convenient for negative n. We use the identities
T

(-2 =20m)  es(r L) and (=2 = s

(3.15)

and obtain for integer r, s a new form for the coefficients
) (1= (=1)"*)cos(3mn) (—1)* 7 "¢(1—n) T2 —-n)T(1—n)(r—1)(s—1)
PTG -—n—r=s)]TB—n+r—s)|T3B—n—r+s)|T3(1—n+r+s)]
(3.16)

The factor cos(37n) makes it apparent that n must be even and that there are no
fractional-loop contributions. Furthermore the factor 1/I'[3(5 —n — r — s)] imposes the
lower bound —n > r+ s — 3 for the loop order ¢ = (r+s—n—1)/2 > r+ s — 2 consistent
with (2.18). As we discussed already in section 2,

B ~C2+20—1—5), (3.17)

this is precisely what is required for a uniform transcendentality of the scaling function.

Being convinced of the physical plausibility of the proposal, we shall now investigate
the equivalence of the weak-and strong-coupling expansions for the choice r = 2,s = 3.
The proposed weak-coupling expansion is

coag) ==Y chy gt (3.18)

with
(2 _ A=D)"CEn+1) D) (20 — 1)
2 T)Pn+1)T(n+2)T(n+3)

(3.19)

We shall write ((1 4 2n) using its series representation

NOEDY A=) (20 = DL 2n)! (g/k)" (3.20)

1 k=1 (n—=1nl(n+ 1) (n+2)!

The sum over n can now be evaluated explicitly to

1 1+ 1622 1— 422

cas(9) =Y haslg/k), hos(z) = —— + ——— K(4iz) —

— Blaiz),  (321)

z 6723
where K and E are the elliptic integrals of the first and second kind, respectively®. The
function hg 3, some partial sums as well as the series expansion of ¢y 3 are displayed in
figure 1.

It is now possible to connect to strong coupling. The expansion of the function hs 3
at large positive z is

_ 8 1, 3log16:) 5 5log(162) L
31z A7 22 822 51224 204874

ha3(2) (3.22)

8 We use the convention that the modulus appears in a squared form as (4iz)? = m.
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Figure 1. Left: plot of hos(z) with asymptotic value 8/3w. Right: plot of the
partial sums in co3(g) with weak coupling expansion up to radius of convergence

9=73

Zeta function regularization® of the sum yields

S haslo/k) = g | stz s+ %5 ) _¢(=1)

3 g
R NN B I e S S )

dr g2 8t ¢? 512 ¢gf 20487 gt
4 1 3¢(3) 15¢(5)

— - 4 — —
I7 370 T 129 16737 | 2048754"

o0
= Zcé@gl_”. (3.23)
n=0
Here the sum over k™ is regularized to ((—n) while the sum over k"log(k) yields
—('(—n). We have verified the perfect agreement of the expansion with the strong-coupling
coefficients cgng to order g—!% leaving little room for error. In appendix C we present a
proof of this statement to all orders. In the proof we observe some exponential corrections
of the type O(e™7) to the series. These corrections are not unexpected because the series
is asymptotic. A plot of the partial sums and asymptotic strong-coupling expansion of
o3 is given in figure 2.
We have also confirmed the same agreement for other values of (7, s): we can always
replace the (1 + 2n) in ¢, by a new sum and write ¢, ¢ in terms of a function h, 4(z)
without odd-zeta terms!'®

cra(g) =Y hralg/k). (3.24)
k=1

9 Zeta function regularization is closely related to Euler-MacLaurin summation. However, the latter has to be
adapted to deal correctly with terms k™ log(k) in the expansion of h, see [40]. We thank S Frolov for providing us
with this reference.

10 This form of the phase may be suggestive of the presence of bound states [41] (or in general larger multiplets [42])
in intermediate channels during the scattering process. For instance, the dispersion relation as well as other
characteristic quantities of a bound state of k particles is typically obtained by replacing g — g/k in the expressions
for a single particle.
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2 4 6 8 10 12 14

Figure 2. Left: plot of partial sums in ¢y 3(g) with asymptotic strong-coupling
expansion. Right: we have plotted zcy 3(1/x) instead to improve the view of the
strong-coupling behaviour.

The series in g can now be written formally as the hypergeometric function
_ 2coslzm(s —r —1)|]0(r+s—2)

hyo(2) = rs=2 Po(g: b —1622 2
s(2) T —DT(s—1) z 4F3(@; b; —1627) (3.25)

with arguments @ = [3(r+s—2),2(r+s—1),1(r+s—1),3(r+s)] and b=r s, r+s—1].
This hypergeometric function can be evaluated to the general form using elliptic integrals

Prol) | Qrol)

RTS 2 .
2 T e K(4iz) + Frs() E(4iz). (3.26)

7-‘-Zr+572

hys(2) =

Here P, (@, R are some polynomials of degree (r + s — 3)/2 with rational coefficients. The
polynomials P and R have special factors for all values of r, s, namely P(z?) ~ z20=2)
and Q(2?) ~ (1 + 162?). As in the above case of (r,s) = (2,3), we use zeta function
regularization to evaluate the sums (3.24) at strong coupling''. We have further expanded
some of the functions (3.25) at strong coupling and they fully agreed with the proposal
in [24] upon zeta function regularization in all cases tested (all pairs of r, s with s < 10
to 20 orders). In appendix C we will finally show for general (r,s) that ¢, s(g) at large g

yields the first two orders c&?s) and cﬁls) in (3.5) which are known from perturbative string
theory [20, 34].

It is therefore fair to claim that the strong-coupling expansion (3.3) and the weak-
coupling expansion (3.11) describe one and the same function ¢, ;(g) for all (r, s). However,
we should stress that the weak-coupling expansion is more versatile than the strong-
coupling one: the functions h, ; have singularities at g = ii, and thus the coefficients
¢r.s(g) have singularities at g = iik for all positive integers k.'? Consequently, ¢, (g)
has a finite radius of convergence around g = 0, and the weak-coupling series defines
the function unambiguously. In contradistinction the strong-coupling expansion is merely
asymptotic and does not fully define the function.

' The polynomial P generates even-loop orders in string theory, while Q, R generate the odd ones. Its coefficients
are thus directly related to the coefficients 7"

2 The singularities arise from the elliptic integrals in (3.26) and therefore appear to be related to a degeneration
of the complex tori defining the kinematical space for the bound states in [41,42].
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4. Magic kernels

Now we will return to our study of the integral equation for the fluctuation density in
the presence of a perturbative dressing phase 6 # 0. As noted in section 2, there appears
to exist a very special choice for the constants @EQ in (2.10) such that the odd-zeta
contributions to the scaling function based on a trivial phase § = 0 (fu(g), see (2.8))
either cancel (fo(g), see (2.20)), or synchronize their relative sign w.r.t. the even-zeta
contributions (f(g), see (2.22)). The constants of the latter case appeared to differ from
the ones of the former case by a factor of two. Let us now prove these statements, and
derive the relevant set of constants ﬂr(zs)

An observation of central importance for this section is that the simplified scaling
function fy(g) may be obtained from an effective kernel much simpler than (2.13) and
(2.14). One just needs to decompose the ‘main scattering’ kernel (2.6) into two parts

Kt t) = Ko(t, ') + K1 (t, 1), (4.1)

which are even and odd functions, respectively, under both ¢ — —t and ¢/ — —t'.
Explicitly these functions are

ot 1) = LD HE) = 1 So(t) H(#)
. A | (4.2)
f(l (t, t/) _ t"Jq (t> JO(;)__;QJO(t) Jl(t )

It turns out that the component Ky is responsible for all odd-zeta contributions to f,,. If
we eliminate it and set K = K in (2.2) we obtain just the same functions 64 and fy(g),
see (2.20). Note that again (2.4) remains true under this symmetrization, and (2.7) holds
with Ky — K.

We can use this observation to obtain an almost closed expression for the dressing
kernel. We start from the integral equation with a purely even kernel (4.2)

t N & S
o(t) = [Ko@gt, 0 —1g [Tt Katzgt.20) afo(t')], (13)

et — 0

which leads to fy(g). Replacing Ko by K — K1, using K, (t,0) = 0, and substituting ay
once into the ensuing second convolution only, we derive the relation

Fo(t) = et —1

{Km@gt,o) + K(2gt,0)

— 44 / dt’ <Km(2gt, 29t) + K.(2gt, 2gt’)) &o(t’)] (4.4)
0

with the function _f(c

K (t,t) =44 / dt" Kq(t,2gt") o 1
0 e -

7

~

Ko(2gt",t). (4.5)

Now (4.4) is just the original integral equation (2.2), but with the kernel K = Ky+K..
Therefore we can interpret K. as a dressing kernel to generate the simplified dressing
function fy(g). In fact, it agrees precisely with the expansion of the general dressing
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kernel (2.13) and (2.14) using the first few coefficients found in (2.19)! The expression for

the dressing kernel K., allows us to derive a closed expression for the constants @EQ leading
to cancellation of odd-zeta contributions. The details of this derivation are presented in
appendix A; the final result is

(r4+v+p) _1\rtptl (7“ B 1)(7“ + 21/) 2M +1 2M +1
Btz — (1) 2+ 1 p—r—vt1 h— C(2p+1). (4.6)

Surprisingly, these coefficients agree, up to a global factor of %, with the ‘analytic

continuation’ of the conjectured strong-coupling dressing phase constants (3.13) and
(3.16)! The results of the previous section then suggest that the correct crossing-invariant
choice of constants is just twice (4.6). Of course, these constants agree with those in (2.21).
The corresponding kernel for the integral equation (2.2) of the universal scaling function

flg) is, cf (2.6), (4.5)
K(t,t) = Kn(t,t') + 2 K.(t,1). (4.7)

What does this imply for the universal scaling function? We ‘experimentally” observed
in section 2, to rather high order, that the doubled constants (4.8) lead to sign reversals in
those odd-zeta terms which do not have the same relative sign as the even-zeta terms in
the original proposal (2.8). Up to this minor modification, the associated scaling function
agrees with the one based on a trivial phase. We will present a proof of this statement in
appendix B.

It is interesting to investigate the analytic structure of the three candidate scaling
functions. In each case one would like to find the locations of all singularities in the
complex g-plane, and determine whether they correspond to poles, branch points, or are
of essential type. The convergence properties of the weak coupling expansion series are,
in particular, clearly related to the singularity with smallest |g|.

The integral form of the dressing kernel K. allows us to derive conveniently the first
few orders in the expansion of the scaling function. The analytic expression is given (2.22).
Beyond 20 orders, however, the analytic calculation slowed down substantially due to an
exploding number of partitions for the odd-zeta contributions. This complexity can be
reduced by reverting to a numerical computation. We were able to produce all three
scaling functions fi.(g), fo(g) and f(g) up to 50 loops, O(g'*), at 1000-digit accuracy
(needed for intermediate steps). A plot of these three functions is shown in figure 3.

We have then used the quotient criterion to investigate the convergence properties of
the series. Our results indicate that the radius of convergence in g is i in all three cases.
The related singularity is situated at g = j:i or, put differently, at A = —72. The accuracy
of this result was very high and the position matches with the singularity of the function
in (3.21). The exponents of the singularity f ~ (A 4+ 7%)* appear to be a = +1, +§, +%
for the three functions fi,(g), fo(g) and f(g), respectively. We were not able to produce
a very accurate result in this case; we expect it to be accurate within a few per cent.

In conclusion, the final proposal for the, hopefully correct, expansion coefficients of
the dressing phase (2.10) and (2.11) is

. vt P =D +20) (bl (2
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-1 -0.5 0 0.5 1

Figure 3. Top to bottom curves: plot of the scaling functions fu,(g), fo(g) and
f(g) with g = 3/x.

The resulting universal scaling function f(g) in a weak-coupling expansion was presented
in (2.22) to the first few orders. Its convergence properties seem to indicate a singularity
at A = —? with exponent +3.

The strong-coupling expansion of the scaling function f(g) remains to be evaluated
within the Bethe ansatz framework. A comparison to available data [43,44] from string
theory would constitute an important test of our proposed dressing phase. The leading
order at strong coupling based on the AFS phase [20] (which is consistent with our
proposal) indeed agrees [45] with an explicit string theory calculation [43]. Conversely, in
the case of the undressed function f,(g), the integral equation is troublesome and leads
to a fluctuating solution [30]. Hopefully the situation is improved by the correct dressing
phase in order to find agreement with string theory.

5. Conclusions and outlook

In this paper we have derived an expression (2.10), (2.11) and (4.8) for the complete
weak-coupling expansion of the dressing phase 6 in the Bethe ansatz [6] of planar N' =4
gauge theory. It is based on a crossing-symmetric proposal in section 5.2 of [24] for
the strong-coupling expansion of the dressing phase in conjunction with some curious
structures of cancellations and replacements when a dressing phase modifies the scaling
function fi,(g) based on a trivial phase, as originally derived in [14]. Whether or not our
proposal describes the AAS/CFT system accurately, we have shown that there exists a
natural expression for the dressing phase which appears to interpolate between currently
known spectral data at weak and strong coupling. We are hopeful, but have not shown,
that any alteration of our proposal is likely to violate the transcendentality principle in
gauge theory and/or crossing symmetry in string theory as well as leads to potential
contradictions with the available data. In that sense our proposal lends support to an
exact interpretation of the AdS/CFT correspondence [18], at least in the case of N' = 4
gauge theory in the 't Hooft limit and free IIB superstrings on AdSs x S°.

The dressing phase 6 is given as a multiple expansion in excitation charges and the
coupling constant. The radius of convergence w.r.t. the 't Hooft coupling A around A = 0
is |[A\| < 72, The singularities are situated at A\ = —n?z? for all non-zero integers n.
Consequently, perturbative gauge theory appears to unambiguously define the phase
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and its analytic continuation. Note, however, that we have not succeeded in summing
over the modes r, s of 3, (g) or even studying the analytic structure of the phase 6 in
general. Conversely, the strong-coupling expansion of the phase can merely be asymptotic
because A = oo is an accumulation point of singularities. The asymptotic string expansion
proposed in section 5.2 of [24] seems to be in perfect agreement with our proposal, but it
is not sufficient to uniquely define a complex function.

Two methods of testing our coefficients come to mind: the first is a direct computation
of the scaling function f(g) at four loops. Until recently, it was known up to three loops
[7,8], see also [10], but with methods based on the unitarity of scattering amplitudes it is

within computational reach [12,13]. Our prediction 553?3 =4 = 4(¢(3) leads to a four-loop
contribution to the universal scaling function

F@) =16 (o 0+ 46E2) ¢ 4o

A~ —3.01502 x 1070 4+ ... (5.1)

The final outcome of the four-loop calculation by Bern, Czakon, Dixon, Kosower and
Smirnov [13], which was performed in parallel and completely independently from our
analysis, is

flg) =+ —64x (29.335 £ 0.052) ¢ + - --
=+ —(3.0192 £ 0.0054) x 107N + -+ .. (5.2)

The perfect agreement between the two numbers provides further confidence that our
proposed dressing phase correctly describes the asymptotic spectrum of anomalous
dimensions in planar N’ = 4 gauge theory. At the least it ascertains that the dressing
phase is non-trivial starting from O(g®), and that the constant for the first correction

in [14] takes the value § = 5553?2 = ((3). Note, however, that we have to assume the
exact universality of the scaling function, i.e. that it is exactly the same for twist-two (as
assumed in [13]) and for higher-twist (as required for the asymptotic Bethe ansatz).

A computation of the function f(g) to even higher loop orders would provide more
stringent tests of our proposal. Given the remarkable success of unitarity-based methods
in [7,8,13] we do not dare call this impracticable. However, some yet-to-be-discovered
iterative structure is likely to exist if our comparably simple integral equation holds
true. With many perturbative orders available an extrapolation to strong coupling
may be attempted and compared to string theory results [43,44] via the AdS/CFET
correspondence. Such an analysis was indeed performed in [13] using the KLV [46] and
Padé approximations. It is based on their independent guess of the function f(g) in (2.22)
and how to obtain it from the earlier proposal (2.8) by synchronizing all signs. Strangely,
their approximations, based on using the first seven or eight terms for example, appear
to indicate that (2.22) is about 5% away from the expected strong-coupling value of [43].
Non-coincidence of the values would be rather puzzling with regard to the discussion at
the end of sections 4 and 3. Would it imply that f(g) at strong coupling does not describe
the string states in [43,44]7 Are there some non-perturbative corrections? To that end,
it would be worth investigating whether an adapted scheme which takes into account all
singularities at A = —n27? and their accumulation at A = oo can produce an extrapolation
of f(g) closer to the expected string theory values [43, 44].
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Another way of testing the proposal involves local operators of small classical
dimension. A gauge Bethe ansatz modified by a dressing phase changes the anomalous
dimensions A of all operators in all sectors. For example, in the su(2) sector we would
find for the length L = 5 operator Tr X2 Z% + - - - (this case is actually equivalent to the
sl(2) twist = length three operator Tr D* Z3 4 - - -) to four loops

115
A:5—|—8g2—24g4—|—136g6—16(7+2ﬂ§2)g8+-~-. (5.3)

For the specific case of constants (4.8) we then have
115
A=5+8g2—24g4+136gﬁ—16(7+8g(3))g8+---. (5.4)

Intriguingly, this predicts the appearance of a non-rational term in the four-loop
anomalous dimension of a finite length operator! Such contributions are impossible if
the dressing phase is trivial, i.e. if # = 0. They are certainly not excluded, and a prior:
even likely, from the point of view of perturbative field theory. This would then also rule
out the all-loop ‘BDS’ ansatz originally proposed in [27], and as a consequence also its
finite-length description through the Lieb—Wu equations of the Hubbard model, cf (68)
in [47]. It also eliminates the Hubbard Hamiltonian as an exact candidate for the su(2)
dilatation operator [47]. However, a gauge theory dressing phase (2.10) whose constants
preserve transcendentality for twist operators, such as in the specific suggestion (4.8),
would have the following intriguing property affecting operators of finite length and spin.
Up to (at least) wrapping order, the BDS ansatz would give the correct ‘rational part’
of all anomalous dimension matrices, and the Hubbard Hamiltonian would emulate the
‘rational part’ of the su(2) dilatation operator to (at least) wrapping order.

An interesting question concerns the computation of anomalous dimensions beyond
wrapping order. The simplest case is the four-loop anomalous dimension of the Konishi
field, i.e. the su(2) length L = 4 operator Tr X? Z? + - -, or, equivalently, in sl(2) the
lowest spin S = 2, length L = 2 operator Tr D? Z2 + - - .. If we, a priori ‘illegally’, apply
the asymptotic Bethe ansatz (2.9) and (2.10) we find the four-loop result

705 9
A=4+12¢%— 48" + 336 ¢° — 16 (T+§ﬁ§?§> AR (5.5)
Recall that 5533) = 0 is the ‘BDS’ case with dressing phase # = 0. With our conjecture (4.8)
we then have instead
705
A=4+12¢>—48¢" +336¢° — 16 (T + 18C(3)) [ (5.6)
However, as opposed to (5.4), this result is much less certain. It would only be true if our
asymptotic Bethe equations turn out to be exact. Conversely, recall that the Hubbard
model [47] yields for this state

A=4412¢%—48¢" +336¢° — 16 x 318 ¢° + - - -. (5.7)

Could it be that the Hubbard model still properly yields the ‘rational part’” of fields even
beyond wrapping order? This might then result in

A=44+12g% —48¢* +336¢° — 16 (318 + 18¢(3)) ¢® + - - -, (5.8)
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but, in the absence of a yet-to-be-constructed rigorous Bethe ansatz for the finite system,
this is of course a quite unfounded speculation.

Of course, there are more general questions: it would be very valuable to find a
closed form for the proposed dressing phase 6 and to prove its correctness. Likewise,
the exact integrability of the planar AdS/CFT model still lacks a rigorous proof. Are
the Bethe equations at finite coupling and finite length exact or is there a more
fundamental description of the planar spectrum of which the Bethe equations are
merely some limits? For instance, the exactness may be flawed by certain terms which
are exponentially suppressed at long states [48]. The ‘covariant’ approaches started
in [49,47,50] may provide an answer to this question as well as recover the dressing
phase from a more fundamental (and simpler) description. Other promising approaches
are the thermodynamical Bethe ansatz (see [51]) and Baxter equations (see [52]).

It is curious to see that in our proposal the deviations from a trivial phase start to
contribute to anomalous dimensions at four loops, which is a rather high perturbative
order. If true, this might indicate that intuition gained from some perturbative
computations, even if they extend to two or three loops, may be deceiving. For instance,
a non-zero value for ﬁg = 473 leads to a four-loop breakdown of weak-coupling BMN
scaling [2] in N' = 4 gauge theory. This possibility was discussed by several authors in
the past in order to reconcile discrepancies between gauge and string theory structures
at, respectively weak and strong coupling. See in particular [53,17,27,54,33,55]. Our
proposal suggests that this is indeed the case. The assumption of [2] that the BMN limit
leads to a dilute gas with weakly interacting particles is not compatible with our phase.
It should be noted that the perturbative dispersion relation obtained in [56] is indeed
compatible with our proposal. However, it cannot be translated directly into anomalous
dimensions of local operators as suggested in [2, 56].

The same applies for the spinning strings proposal [57]: the weak-coupling expansion
in the effective coupling constant X' ~ X\/J? leads to terms of the type (\')*J? which
diverge in the limit of large spin J. The investigation of spinning string solutions from
the gauge theory side started in [58] will therefore fatally break down at the four-loop
level. Nevertheless, the proposals [2,57] have been of tremendous importance to initiate
the study of stringy and integrable structures in A/ = 4 gauge theory.

Finally, it is worth pointing out that 5, 3(g) = O(g°) is reminiscent of the findings [59]
within the plane wave (BMN) matrix model [2]. Also there, a non-trivial dressing phase
was observed starting at the same order. The main difference is that the coefficient ﬁ§3§
for the BMN matrix model is rational while ours is a rational multiple of ((3). This may
potentially be related to the fact that the matrix model has only finitely many degrees of
freedom while A" = 4 SYM is non-compact.
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Appendix A. Expansion of the magic kernel

In this appendix we present a weak-coupling expansion of the magic kernel K. in (4.5)
leading to an expression for the coefficients ﬁﬁﬁ) of the dressing phase.
A useful integral representation for the even and odd parts was found in [14]:

1
f(o(t,t’):/ dA X Jo(At) Jo(At)),
0
1
f(l(t,t’):/ dAAX Jy (M) Jy(At).
0

With their help, we may calculate K. to be
"

00 1
k=g [T [Cannon aeegr) G
0 0 -

1
X / dAQ /\2 J()(/\Q 2 gt”) JO()\Q t,)
0

- _42 g2+ 1) (2p) Z% Mt ) = 1=n)l(i—1—n)

x / A A2 T (A ) / Ao A2 Jo(Ag t) (A.2)
0

where we have first expanded the Bessel functions with argument \; 22 ¢gt” in ¢ and then
executed the t” integration. The two remaining parameter integrals in the last line may
be found from a standard formula. In the first integral the power of A; in front of J;(At)
is always even, and in the second one the power of Ay in front of Jy(Aat') is always odd.
Both integrals therefore yield finite sums of Bessel functions:

! - (m — 1) m! & om O\ 2k ! _
/Od/\ﬁ\f Jl(/\lt):_wz(_l)k(m—k)TJQ’“(t)/O Ao A2 Ji (Mg t)

ey () e o

=1

On substituting these into (A.2) we can cancel the factors which depend on n but not on
k,l. We re-order the n, k,[ sums to find:

Rt ) = =5 S0P+ 1) )
k+H<p+1
x> (—1)FT2R) Ja(t) (21— 1) Ty (t)
5 1
Xn:kl( +1-K)n+1+E)(u—1l—n)(p+1—1—n) (4.4)
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The sum over n can be done in closed form:

—1

-

1
ngl n+1l—k'n+1+k)!(p—1-n)(p+l—-1-n)
1 2p+1 20+ 1
_(2u+1)!(,u+1—k’—l) (M+1+k‘—l)' (A.5)
Collecting results, we get
4 k+I<p+1
K.(t,t) = ttlz g2utt Z Joi(£) Jar_1 ( )(_1)u+k+l
kl>1
(Qk‘) (20 -1) 2+ 1 2+ 1
T \pr k=) g1 h—g)CBrED (A-6)

This is precisely of the form of a kernel stemming from a non-trivial dressing phase 6, as
we can see by comparing to (2.14)! We can even read off the constants ﬂﬁﬁ):

(r+v+p) _1\r+p+l (T B 1)(T + 21/) 2,“/ + 1 2M + 1
ﬁr,r+1+2u - ( 1) 2'“ + 1 T . + 1 U—v C(2M + 1) (A7)

Finally, instead of using the integral representation (A.1), we may also cast the two

kernels Ko, K; in the form of infinite sums'3

[e. 9]

N 2
Ko(t, t/> = ﬁ ;(2” + 1) J2n+1(t) J2n+1(t/),
2 o0
Kt 1) = — ;(271) Jon(t) Jon(t))
It follows that
. 2 >0 [o@)
K.(t, t/) - t ; ;(_1)k+lc2k+1,21+2(9) Jox(t) J2l+1(t/) (A.8)

with the coefficient functions

¢rs(g) = 2 cos Bﬁ(s —r— 1)] (r—1)(s—1) /000 dt Jr—1(2t?ei)_<]s;)1(29t)' (A.9)

We can use this form to present an alternative proof. We firstly expand 1/(e’ — 1) into a

geometric series and secondly rescale the integration variable ¢ by ¢ such that the integral
will manifestly depend on the ratio g/n only

cra(g) =Y healg/n),
hys(g/n) = 2cos BW(S —r— 1)] (r—=1(s—1) (A.10)

< / "L exp(—tn/g) Jra (20) Jea (21,

13 This result was first obtained by Serban [60].
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The integral can now be performed and yields precisely the hypergeometric function
derived earlier in (3.25).

The discussion of the strong-coupling behaviour of the dressing phase is tantamount
to an analysis of the strong-coupling limit of the integrals ¢, s(¢). In appendix C we
present, by way of example, the full expansion in the case (r,s) = (2,3). We also show
that (A.10) reproduces the AFS phase [20] as well as the Hernandez—Lépez correction [34].

Appendix B. Flipping odd-zeta contributions

Here we show that the replacement of the kernel Km — K’m + QKC leads to the simple
replacement ((2n + 1) — i¢(2n + 1) in the scaling function fu,(g) — f(g).
Let
t

o) = 5 (B.1)

For any kernel K (2gt,2gt') and any function f(t) we define the product
(K # f)(t) = / at' K (2gt,291) =(t') £(£). (B2)
0

The integral equation may be written as

o
k —

5(t) = 2(t) ((f(o + K.)(2gt,0) — 4g ((f(o + K, + K.) 2) (t)) . (B.3)

In the following we need not consider the internal g dependence of the kernels. Within
the radius of convergence of the iteration the solution of any Fredholm equation of the
second type is the resolvent

5(t) = 2(t) > (—4g*)" ([(Ko + K1 + K) )" P)(t). (B.4)

n=0

Here P(t) = (Ko + K.)(2g1,0) and K.(2gt,2gt") = 8¢*(K; * Ko)(2gt, 2gt'). The Fredholm
resolvent must have the form

o(t) = =(t) Z (—4g%)" M (Wa KO)(t) (B.5)

n

because the dressing kernel K. consists itself of KO, K, which are convoluted by the star
operation (and it also carries the appropriate extra power of the coupling constant). By
n we denote a string built of 0,1 with total length n, and W, is the corresponding string
of Ky, K, acting on the potential K by the * product defined above in (B.2). The n,, are
numerical coefficients. The integral equation (B.3) determines these numbers uniquely:
We substitute (B.5) into the equation and pick the O(g?"+?)) terms. All words are
assumed independent; in particular the four double iterations of an arbitrary word W,:

Wo0m, Woin, Wion, Wiin. (B.6)
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This yields the four equations

10,0,n = ~To,n;

No,1,n = —Mn

Mon = —Non — 277@7

7]1,1,@ - _771,@‘
The first two equations may be summarized as

Nom = —Mm (B.7)
from which it follows that the third equation is:

T,on = +770,Q- (B8)

Recursively, these equations imply that all the n coefficients are merely signs. Second,

(B.8) implies that the operation of appending K after K is the only one that induces a

sign flip as opposed to the iteration of the main scattering kernel K, = Ko+ K, alone (in

that case the second term in the rhs of (B.9) would be absent so that 7y, = =7, t00).
Next, let

E={t": le Ny}, O = {1 e Ny}, (B.9)

denote the even and odd powers of ¢, respectively. In order to obtain the scaling functions
at weak coupling we will eventually expand the kernels Ky 1(2¢t,2¢t') in the coupling

constant; Ko (K 1) is even (odd) in both arguments, respectively. Let us consider any one
term in the expansion of a kernel convoluted on a power of ¢ by the star product. We
observe the graded structure

Ko:E— &% c(2m)t*,
O — &t s c2m+ 1)1,
Ki:&— Ot C(2m+1)3
O — O 27 ¢(2m) 2+,

(B.10)

The first integral in a chain of convolutions always acts on an element of £ because the
potential is even. Likewise, the energy integral adds a final convolution on the even kernel
Ky(0,2¢gt). The contribution of a word W, to the scaling function thus contains one

odd-zeta function for each beginning and each end of a K, string in K, *WQ*KO. In
particular, if there are m such strings, the word gives a contribution with 2m odd-zeta
functions. X

Finally, the equations (B.7) and (B.8) say that each creation of a K string induces
a sign change as opposed to the iteration of the main scattering kernel on its own. Our
result is: the scaling functions for both cases contain terms with 2m odd-zeta functions.
The relative sign of such terms is (—1)™.

Note that the absolute sign of the terms with odd-zeta functions cannot easily be fixed
without explicit computation. Words with n insertions of K; pick up a factor (—1)" from
the ¢ expansion relative to those with K, alone. Presumably, words with the minimal
number of K; kernels give the dominating contribution: K; starts at O(g?), thereby
restricting the number of ways one may choose the powers in the various kernels in a
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chain, that is reducing the number of similar terms. If this is so, the iteration of the main
scattering kernel should indeed produce a factor of (—1)™ for a term with 2m odd-zeta
functions relative to the leading purely even part. Consequently, the dressing kernel ought
to align all signs.

Appendix C. Strong-coupling expansion

In this appendix we give an exact derivation of the strong-coupling expansion of ¢ 3(g).
We modify a technique developed in [61] for the discussion of the ground state energy of

the half-filled Hubbard model.
According to equation (A.10),

c23(g) =4 /000 dy Jl(zgy)f@gy) e =3if (;—7;) (C.1)

with
11 1 13
"(2) =4z — 4z oF 1 —2,5:25277 ) — — oF1 | =, 553,272
f(Z) z Z 2 1( 2727 3R ) 222 1(2727 V2 )

f(z) =222 (1 —5F (—%, %;2;2,72)) )

We want to use the residue theorem to express the sum as a contour integral. For any
holomorphic function f(z)

YeSin /4g e 1 f’(i”) (C.3)

sinh?(4rgz)  (4mg)? 4q

because the terms in which the derivative does not fall on f(z) cancel out**. The integral
is thus written as

eng) = 00 [ LO) [ X2 () g (A he)) )
’ 27 Jo sinh®(4mgz) ¢ sinh?(4mgz) 27277 ' '

The region encircled by the contour C' contains all the points in/4g up to n < 4¢g/e and
f(2) must be holomorphic on it. Let € > 0 be infinitesimal. We shall consider integration
over the closed contour, see figure C.1

C=CiUC,UC3UCLUCs,

Cr = (1/e)e’®,

Cy=[-1/e,—1 —€]U[+1 4+ ¢ +1/¢],
Oy = (=1 + ™) U (+1 + ™) |
Cy=[-14¢€ —€ U[+e,+1 — ¢,

05 = €€i[0’ﬂ s

Note that the hypergeometric function in f(z) has singularities at z = +1 and we shall
deform the standard cut on the interval [—1, 1] such that it lies below the contour Cj.

' The original article [61] uses a simple sinh in the denominator. This would lead to an alternating sum of
residues, though.
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Figure C.1. Contour C and its decomposition (C.5).

Let us first consider the integral over the large semicircle C';. Here we have
fz) =1+ 0(1/z2) (C.6)

and for large enough 1/e we find (neglecting corrections in ¢)

dz f(z) dz o
82/7:2 2/7: th(drg/e) = g = <) g. 7
™ o sinh2(47rgz) i o sinh2(47rgz) gcoth(dmg/e) =g €239 (C.7)

The first term in f(z) leads to no singularity on the real axis and can be integrated
straightforwardly over the remaining contours

) 16mg? dz 22 ® 16mg?dz 22 1 0(22;)3
m—oo | o, ucsucucs Sinh” (4rgz) —oo sinh*(4mgz)  12g g
For very small z the remaining hypergeometric function goes as
11 4
Fil—=,2:2:272) ~ — C.9
241 ( 27 27 3R ) 312 ( )
so that the semicircle C5 at the origin contributes
16mg? dz 22 11 4
—/ .7?7222171(——, —;2;22) =—— =) (C.10)
o, sinh(4mgz) 272 3 ’

Since the integrand is an even function of z, the other three pieces add up to the real
part of an integral along the positive semi-axis only:

dz 22 11
H(g) = —167 2/ ——— oF ——,—;2;2_2)
(g) 9 CoUC3UCY sinh2 (47rgz) 2 ( 22

* dz2? 11
= —32ng° Re/ —— F(—=,=;2:277). C.11

g o sinh®(4mg2) ? 1( 2°2 ( )
The real part of the hypergeometric function is easily read off from its one-parameter
representation

11 . 4 min(z,1) - —
Re,F, —5,5;2;2 = dt V1 —12V/1 — 2272, (C.12)
0

™
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In H(g) we readily estimate the contribution from z > 1 to be of order O(e™?) due to the
suppression by 1/sinh(4mwgz)%. The remainder is

1 2 z
H(g) = —12892/ dfiz/ dtVI—2VI— 222 + O(e™). (C.13)
o sinh*(4mgz) Jo

To deal with these integrals we successively

e expand /1 — 2 into a series in ¢

V1—1t2=—

(C.14)

e calculate the ¢ integral in each term

L(m+3)
2m 2.—9 __ \/_ 1+2m
/ dtt7" V1 — 22~ =1 Tt 2 : (C.15)

e cvaluate the z integral. Here we may extend the range to the whole positive semi-axis
since the error is again seen to be O(e™9)

Pode gt g gt oy _ AT@m +4) ((2m + 3) -
/0 sinh?(4mgz) /0 sinh?(4mgz) +0(e™) = (8 g)2m+4 +0(e™).
(C.16)
On collecting terms:
o D(m =) T(m+3)T(@2m+4) ((2m +3) -
Hig) = mZ:O Fim+1)T(m+2) w2(8mg)?mt2 +0(e™)
_ & M+
N ; (20 T = 1) TG - Tha—m) ¢ 797
= i o g + O(e7). (C.17)

The second line is obtained by using some identities of gamma functions and setting
n = 2m + 3. In conclusion:

(2) oo
0 1 €23 m) 1-m _
2a(9) = g+ ey —> + Hlg) = d_elig" " + O(). (C.18)

m=0

We proved the correctness of the strong-coupling expansion coefficients cﬁ?) from

equation (3.4) (see also (3.23)) for the case (r,s) = (2,3). The role of the zeta function
regularization used in the main text is simply to dispose of the terms of order O(e™7) that
become visible in this proof.

The argument presented in this appendix should remain applicable for generic values
of (r,s). We hope to return to this general case in future work. We can, however, perform
the analysis for the first two orders. By Euler-MacLaurin summation (or zeta function
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regularization), the leading two orders of ¢, 4(g) take the form
) = / heo(1/2)dz, ) = C(0)hyu(o0). (C.19)
0

In fact, one can show that the above argument yields the same answers. The integral of
h,s in the form (3.25) can be performed in closed form for all (r, s)
0 8(r —1)(s — 1) sin[m(r — s)]

Crs = n(s—r—1D(s—r+1)(s+r—3)(s+r—1) — Ortls (C.20)

and one obtains full agreement with the AFS phase (3.5) [20] using that r, s are integers
with r > s+ 1. For the next order one can use the representation (A.10) of h,s(z) at
z =00

chls) = ((0)2 cos Ew(s —r— 1)} (r—1)(s—1) /000 % 1(21) Js_1(21)
2cos[zm(s —r —1)]

m(s—r)(s+r—2)

1
= —CoS |:§7T(8 —r— 1)] (r—1)(s—1)
1= (=) (r—1)(s—1)
T (s—r)(s+r—2)"
This is again in full agreement with the HL phase (3.5) [34].

(C.21)
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