ournal of Statistical Mechanics: Theory and Experiment

An IOP and SISSA journal

Integrability and transcendentality

Burkhard Eden and Matthias Staudacher

Max-Planck-Institut fiir Gravitationsphysik, Albert-Einstein-Institut,
Am Miihlenberg 1, D-14476 Potsdam, Germany
E-mail: beden@aei.mpg.de and matthias@aei.mpg.de

Received 17 October 2006
Accepted 26 October 2006
Published 24 November 2006

Online at stacks.iop.org/JSTAT /2006/P11014
doi:10.1088/1742-5468,/2006/11/P11014

Abstract. We derive the two-loop Bethe ansatz for the s[(2) twist operator
sector of N' = 4 gauge theory directly from the field theory. We then analyse
a recently proposed perturbative asymptotic all-loop Bethe ansatz in the limit
of large spacetime spin at large but finite twist, and find a novel all-loop
scaling function. This function obeys the Kotikov—Lipatov transcendentality
principle and does not depend on the twist. Under the assumption that one may
extrapolate back to leading twist, our result yields an all-loop prediction for the
large spin anomalous dimensions of twist 2 operators. The latter also appears as
an undetermined function in a recent conjecture of Bern, Dixon and Smirnov for
the all-loop structure of the maximally helicity violating n-point gluon amplitudes
of NV = 4 gauge theory. This potentially establishes a direct link between the
worldsheet and the spacetime S matrix approach. A further assumption for
the validity of our prediction is that perturbative BMN (Berenstein—Maldacena—
Nastase) scaling does not break down at four-loop level or beyond. We also
discuss how the result gets modified if BMN scaling does break down. Finally,
we show that our result qualitatively agrees at strong coupling with a prediction
of string theory.
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1. Introduction and main results

There is mounting evidence that planar N/ = 4 gauge theory might be ‘exactly solvable’.
For example, it was recently proposed that higher loop maximally helicity violating (MHV)
n-point gluon amplitudes should be iteratively expressible through the (regulated) one-
loop amplitudes [1,2]. On the basis of sophisticated two-loop [3,1] and three-loop [2]
computations, a conjecture for the all-loop MHV n-point gluon amplitudes M,, in 4 — 2 ¢
dimensions was formulated in [2]:

M,, = exp f: al (fO®e) MM (Le)+CY +EP ()] (1)

=1
Here E,(f)(e) vanishes as ¢ — 0, C') are finite constants, and M,(ll)(ﬁ €) is the (£ €)-regulated
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one-loop n-point amplitude. At € = 0 we have lim._g a. = ¢g*> where ¢* is defined as
2 _ Fu N A

) (2)

812 82’

and A is the 't Hooft coupling. Finally, the f()(¢) are generated in the ¢ — 0 limit by the
function

flg)=4>_g*" r0). (3)

This function is in fact related to the large spin anomalous dimension of so-called leading
twist operators in the gauge theory [4]. Alternative names are ‘soft’ anomalous dimension,
and ‘cusp’ anomalous dimension. The simplest representatives of N = 4 twist operators
are found in the s[(2) sector:

Te(D*Z5) + - - - (4)

Here D is a light-cone covariant derivative, Z is one of the three complex scalars of
the N/ = 4 model, s measures the spacetime spin, and the twist L is to equal to, in
this sector, one of the so0(6) R-charges. The leading twist is L = 2. The dots in (4)
indicate that the true quantum operators are complicated mixtures of states, where the
s covariant derivatives may act in all possible ways on the L fields Z. Mixing with
multi-trace operators is suppressed in the planar theory. The function f(g) is obtained
by considering the large spin s — oo limit of the anomalous scaling dimension of the
quantum operators (4), which is expected to scale logarithmically as

A = s+ f(g)log(s) + O(s"). (5)

We will call f(g) of (3), (5) the scaling function. Note that the scaling structure in (5) is
a highly non-trivial structural property of the exact finite s expression for A = A(s, g).
Individual Feynman diagrams contributing at intermediate stages of the perturbative
calculation of A certainly contain higher (k > 1) powers log"(s). The one-loop O(g?)
contribution to A was first computed in [5, 6] for all s, and indeed behaves as in (5). The
O(g") two-loop answer was found in [7,8], and the O(g®) three-loop one, inspired by a
fully fledged computation in QCD [9], in [10]. Again, the result indeed scales as in (5),
and the state of the art up to now has been [10]

f(g):492—§7T294+%7T4g6+---. (6)

Fascinatingly, this agrees via (3) with the three-loop n = 4 calculation of (1) by Bern et
al [2].

There is also mounting evidence that planar N' = 4 theory might be ‘ezactly
integrable’. This means that the spectral problem, i.e. the spectrum of all possible scaling
dimensions {A} of the N' = 4 gauge theory, is encoded in a Bethe ansatz. This was
established for the complete set of possible operators of N' = 4 theory at one-loop
level [11,12]. It was then conjectured, on the basis of two- and three-loop computations
in the model’s su(2) sector, that integrability extends to all orders in perturbation theory,
and, one hopes, to the non-perturbative level [13]. This was subsequently backed up in
various studies [14]-[19], and culminated in a proposal for the asymptotic all-loop Bethe
equations of the theory [20], further supported by [21]. Here ‘asymptotic’ means that
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the ansatz of [20] is only expected to correctly yield the anomalous dimension up to,
roughly, O(¢g?%72), where L is the number of constituent fields (not counting covariant
derivatives) of the quantum operators considered!. Very recently a proposal was made for
circumventing the asymptoticity restriction for the su(2) sector by relating the dilatation
operator, whose eigenvalues are the dimensions A, to a Hubbard Hamiltonian [22]. It
would be exciting to also ‘Hubbardize’ the s[(2) sector of twist operators.

Let us stress that ‘solvability’ and ‘integrability’ are distinct concepts. The latter is
a rather precise but narrow concept referring to the spectral problem of the gauge theory.
It means that the spectrum is described by one-dimensional factorized scattering of a
set of appropriate elementary excitations. Equivalently, it means that there is a Bethe
ansatz. Exactly solving the Bethe ansatz, in a given situation, is rarely easy, and actually
generically impossible. Integrability allows one to prove that there will never be a ‘plug-in’
formula for the spectrum of NV = 4 gauge theory!

On the other hand, ‘solvability’ is a significantly less precise concept. Nevertheless,
there is much evidence that in N/ = 4 gauge theory many quantities beyond the scaling
dimensions allow for a precise mathematical description. We have begun our discussion
with the conjecture (1), which clearly contains more than just spectral information.
Another example is provided by coordinate space correlation functions of more than two
local composite operators. Certain intriguing iterative structures were e.g. noticed in
four-point functions some time ago [23]-[25]. At the time of writing, the precise relation
between the observed solvable structures and the integrable structures is somewhat
reminiscent of the well-known paradox of the chicken and the egg.

Recall that a three-loop s[(2) Bethe ansatz for gauge theory was conjectured in [18]
by taking inspiration from the integrable structures appearing in string theory [26], and
indeed reproduced (6). We will further back up the conjecture of [18] by calculating
in section 2 the two-loop S matrix of the s[(2) sector directly from the field theory.
An alternative two-loop derivation, using algebraic methods, was recently presented by
Zwiebel [19] (actually, for the bigger sector su(1,1|2)).

It is amusing to note that (6) is thus reproduced by three completely independent
procedures [10, 18, 2], none of them completely rigorous. However, the various approaches,
including their assumptions, seem to be completely independent. So (6) is very likely to
be correct!

In this paper we will apply the asymptotic all-loop Bethe ansatz of [20] in order to
compute all further perturbative corrections to the expression (6). Strictly speaking, the
asymptotic ansatz does not apply to leading twist L = 2; see above. We will however
argue that the scaling function (5) is universal in that it describes the behaviour of the
lowest state of any s[(2) operator as long as L < s. For a very recent discussion of this
point, at the one-loop level, see [27]. Our argument for the validity of our scaling function,
as regards the leading twist operators, is therefore based on two assumptions: (1) that
it is indeed correct to pick L sufficiently large to stay in the ‘asymptotic’ regime of the
Bethe ansatz, while keeping L < s, and (2) that the Bethe ansatz of [20] indeed describes
the gauge theory, for sufficiently ‘long’ operators, at four-loop level and beyond. The first
assumption is very likely to be true, while the validity of the second is, at the time of

! In the case of twist L = 2 operators the asymptotic ansatz actually works to O(g°) instead of the naively
expected O(g?) because of superconformal invariance [18, 20].
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writing, much less clear. However, our computation might actually help to decide this
issue; see below.

As a highly non-trivial check of our procedure, we will prove that the anomalous
dimension A is indeed of the expected scaling form (5) to all orders in perturbation
theory. We will find the scaling function to be given by the integral representation

o) =162 =164 [~ ara( 2290, 7

where the fluctuation density &(¢) is determined by the solution of the integral equation

o(t) = - [Jl(ffggt” 2 [T W R VI )| )

with the non-singular kernel

Ji(t) Jo(t') — Jo(?) Jl(t')‘
t—t

K(t,t) = (9)
The functions Jy(t), Ji(t) in the above equations are standard Bessel functions.

We have been unable to find an explicit solution of the integral equation. It would
be quite interesting if this could be achieved. It is however straightforward to obtain the
weak coupling expansion of the fluctuation density &(¢) by iterating (8). Using (7) we
then obtain the perturbative solution of the scaling function f(g). To e.g. four-loop order
one has

flg)=49" —4¢(2)g" + (4¢(2)* +12¢(4)) ¢°
— (4¢(2)* +24¢(2)¢(4) — 4¢(3)* +504(6)) g + -+ - (10)

Using the fact that ¢ functions of even argument may be expressed as products of rational
numbers and powers of 7, this may be simplified to

flg)=4¢g - 2ng" + La'¢® — (B 7°—4¢(3)%) ¢*+---. (11)

As a further non-trivial check of our procedure, and thus the validity of (7), we shall
find that f(g) obeys the Kotikov—Lipatov principle of maximal transcendentality [7], which
was actually used in [10] in order to extract, even at finite spin s, the N' = 4 dimensions
from the QCD calculation of [9]. When applied to the large s limit, the principle holds
that the sum over all the arguments of the products of zeta functions appearing as
additive terms at a given loop order ¢ always adds up to 2/ — 2; see (10), and (81)
below.

It would be exciting if the four-loop prediction (11) could be tested by a field theoretic
computation, perhaps by way of extending the results of [2] to higher order. Incidentally,
even if field theory fails to reproduce (11), we will gain crucial knowledge on the integrable
structure of the gauge theory; see section 3.4. The reason is that we are able to predict
how transcendentality will break down if it breaks down. The e.g. four-loop term in the
scaling function f(g) in (11) would then get modified to

—(ge ™ —4¢(3)° +85¢(3)) ", (12)
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where 3 is an a priori unknown number?. Furthermore this number would then show up in
the four-loop anomalous dimensions of all operators of the A/ = 4 theory; see section 3.4.
In particular, it would manifest itself in the four-loop dimensions of operators with a large
R-charge J, and would in fact induce a perturbative breakdown of BMN scaling [28]. The
argument may also be turned around: proving that (11) holds as stated would establish
that § = 0, and would therefore be indirect proof that BMN scaling holds up to the
four-loop level.

Finally, there is a prediction from string theory [29,30], assuming the AdS/CFT
correspondence, for the strong coupling g — oo behaviour of the scaling function f(g):

fstring(g) =2 \/ig - % 1Og(2) + O(;)a (13)

where 2v/2¢g = VA/m; of (2). The leading O(g) = O(v/\) piece is obtained from a
classical string spinning with a large angular momentum s on the AdS space [29], while
the O(g") = O(\Y) term is the first quantum correction obtained in [30].

On the other hand, performing the strong coupling limit for our scaling function as
defined from the integral equation (8) with (7), (9) (see section 3.5) we do vindicate the
O(g) asymptotics predicted from string theory: the leading contribution to o is of order
1/g* and eliminates the first term on the rhs of (7). However, our analysis is currently
not precise enough to decide whether or not the subleading O(g) term matches (13). We
hope to present a more complete solution of the strong coupling problem in future work.

2. The factorized two-loop sl(2) S matrix

In this preliminary chapter we will recall the Bethe ansatz for the s[(2) sector of
N = 4 twist operators (4) at one-loop level [12] and beyond [18,20]. We will then derive
it at two-loop level by Feynman diagram computations, successfully checking part of the
conjecture of [18]. A complimentary two-loop approach was recently accomplished by
Zwiebel [19], who worked out the full (even non-planar) dilatation operator of the bigger
su(1, 1]2) sector by algebraic means, and also demonstrated the emergence of the two-loop
two-body S matrix of [18].

The Bethe ansatz is obtained through the diagonalization of an integrable spin chain,
whose Hamiltonian is equivalent to the dilatation operator. For a general introduction
to this technology see [31]. The states of the spin chain are represented by removing the
trace from the gauge theory states. With sy + so +---+ s,_1 + s, = s, one has

¥ ((D"2)(D22)... (D" 2)(D*Z)) — |si, s, spsr), (14)

corresponding to a chain of length L. The s; are the spins of the chain, and can, if s is
sufficiently large, take on any value due to the non-compact character of the s[(2) sector.
The Hamiltonian of the chain acts on this state space. Anomalous dimensions A are then
related to the energies F(g) (i.e. the eigenvalues of the Hamiltonian) through

A=L+s+g*E(g). (15)

2 The alert reader will notice that transcendentality could still be preserved if 3 turned out to be a rational
number times ¢(3). The important point is that our calculation leads to a detection mechanism for BMN scaling
violation. If a future field theory calculation finds 8 # 0, BMN scaling breaks down.

doi:10.1088,/1742-5468,/2006/11/P11014 6
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Recall the one-loop Bethe ansatz for sl(2), corresponding to a XXX_ 1 nearest

neighbour spin chain where the subscript indicates a non-compact spin —% representation

of sl(2):

w2\ ppmesw =i
(im) g S (16)

J#k
The cyclicity constraint and the one-loop energy Fy := E(0) are

s

Ty gy
g Uk — (i/2) -t d Eo ; u%+(1/4)' (17)

For a pedagogical derivation of these expressions from the Hamiltonian, using the
coordinate space Bethe ansatz, see [18]. A rigorous proof, for any representation of s[(2),
may be found in [33].

The conjectured asymptotic all-loop Bethe ansatz for s[(2) [20] is then obtained by
‘deforming’ the spectral parameter u, where the deformation parameter is the Yang—Mills
coupling constant g:

2

uil:xi—l— J

9 18
2 2t (18)
It reads
L s — _
(ﬁ) I & N Ml i 5 k=1,...,s (19)
Ty Sray —ay 1= g2 2xpw]

J
J#k

with the new cyclicity constraint and the asymptotic all-loop energy F(g) being given by

ﬁ%zl and E(g)zi(é—é). (20)

k=1 k=1

It generalizes a three-loop Bethe ansatz first proposed in [18]. Very recently, much
additional support of the ansatz was obtained in [21]. It should be noted, however, that
we still cannot currently prove that the ansatz (19), (20) really diagonalizes the gauge
theory at four-loop level and beyond. The reason is that we do not know how to fix
possible ‘dressing factors’ (see [21] and references therein).

Directly proving the higher loop ansatz from the gauge field theory is hard. For all
loops it will certainly require ideas that go far beyond ‘summing up Feynman diagrams’.
To illustrate the complexity we will nevertheless derive the Bethe ansatz at two-loop level
by traditional methods. Actually, we will be able to find the S matrix, and we will succeed
in checking two-loop factorization of the three-body problem. This is, according to [32],
a strong test for integrability. Completing the proof would require us to demonstrate the
factorization of the s-body problem for arbitrary s, which we have not attempted to do.

doi:10.1088,/1742-5468,/2006/11/P11014 7
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2.1. One-loop Bethe ansatz and three-body factorization

The s[(2) sector contains composite operators built from only one complex scalar field Z
of the N' = 4 SYM set of fields and the Yang-Mills covariant derivative D,. The operators
are taken to carry symmetric traceless irreps of the Lorentz group. We may project all
indices onto the complex direction z = (z; + izs)/v/2, which guarantees symmetrization
while the trace terms automatically vanish.

Single-trace operators of this type have a natural description as spin chains: each field
Z is interpreted as an empty site which may be occupied by any number of derivatives
D,. The spin chain Hamiltonian

L
HO =3 1O (21)
i=1

involves a nearest neighbour interaction HEO) that cyclically acts on all sites of the chain
of length L. Alternatively, one may consider the asymptotic case, i.e. an open chain of
infinite length. The Hamiltonian can transfer derivatives and it is conveniently expressed
using matrices containing amplitudes for such processes.

The one-loop Hamiltonian was worked out in [34]: let us denote the number of
derivatives on two adjacent sites as {s1, sa}. Then

0

Y ({51, 52} — {s1,82}) = h(s1) + h(s2).
1 (22)
0
HO ({51, 80} — {51 — d, 5o+ d}) = T
where h(k) is the kth harmonic number. The matrix elements refer to a basis in which
{s1, s2} is divided by s1!s5! in order to account for the indistinguishability of the derivatives
at each site.

The Bethe ansatz rests on the observation that the derivatives D, behave like particles
(or ‘magnons’) whose motion is governed by a discrete Schrodinger equation. Let us assign
a position x; and a momentum p; to each magnon. One constructs a wavefunction for
each magnon number s:

s=1: Z\P(O)(m) |z1),
1

s=2: Z \I/(O)(l'l,l'g) |ZE1,ZE2>, (23)
r1<x2

s=3: Z \P(O)(xl,xg,xg) |z, 29, 23) . ...
z1<x2<73

Here |z7) denotes a state with a magnon at position x; etc. The Hamiltonian reshuffles
these ‘kets’ as it can shift magnons. On the other hand, the kets form a complete set of
states whose mutual independence one may use to transform the Schrodinger equation

H(O) Z \I/(O)(I'l,l'g,...) |I1,l‘2,...> = E(O) Z \I/(O)(l'l,l'g,...) |I1,l‘2,...> (24)

Ty ST T ST

into a difference equation on the wavefunction W(®). We find e.g. for only one magnon
20O () = 0Oz — 1) = 0O (2 + 1) = EO 0O (). (25)

doi:10.1088,/1742-5468,/2006/11/P11014 8
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This can be solved by Fourier transformation:
GO (z1) = i1 E© = 45in? (%) (26)

The one-magnon problem thus defines the dispersion law, i.e. the dependence E(p) of the
energy on the momentum of the particle. It is an essential assumption of the Bethe ansatz
that the dispersion law for several magnons is simply a sum over the contributions of the
individual pseudo-particles given by (26).

For two magnons the arguments of the wavefunction PO (21, 22) should obey 1 < x9
in order to avoid overcounting. Since the one-loop Hamiltonian is a two-site interaction,
the plane wave solution remains valid when the separation of the magnons is greater than
or equal to two. The corresponding difference equation looks in fact like two copies of (25):

2 \Ij(o) (33'1, .CIZ'Q) — \II(O)(.Tl — 1, .CIZ'Q) — \II(O)(.Tl -+ 1, 1'2)
+ 2 \I/(O)(I'l, l‘g) — \I/(O)(l'l,l'g — ]_) — \I/(O)(l'l,l'g + ].)
= "M (E9(p1) + EO(p2)) WO (21, 25). (27)

It is a special feature of the Hamiltonian (22) that this equation remains valid when
x1 = x93 — 1. However, we do find a new equation when z; = x5 [18]:

%\IJ(O)(ZEl, l‘g) — \I/(O)(I'l — 1, l‘g) — %\IJ(O)(‘Il — ]_,ZEQ — 1)
-+ %\IJ(O)(.CI?l, .1172) — \IJ(O)(l'l, To + 1) — %\IJ(O)(JH + 1,33'2 -+ 1)
= ¢*M (E (p1) + B (p2)) WO (1, 25). (28)

A simple plane wave does not obey this equation, but we can solve this using an ansatz
of the form

\Ij(o) (xla .I'Q) — eip1:t1+ip2x2 + S(O) (pQ,pl)@inerple. (29)

The physical intuition behind the last formula is that the particles may scatter by
exchanging their momenta; the second plane wave is related to this, whereby the factor
S©) is called the scattering matriz. It can be determined from (28):

eiP1tiv2 _ 9eip1 | ]

(0) _
SW(p2, 1) = eip1+ips _ pipz 4 17

(30)

Note that the two plane waves in (29) (with straight and flipped momenta, respectively)
are independent as functions. Equation (28) therefore yields two conditions, although
they are equivalent in this case.

For three magnons one writes an ansatz involving a wavefunction W (z, xy, 23)
subject to 7 < x9 < x3 and proceeds to set up difference equations. As before, the
magnons do not feel each other when z; + 1 < 25 < 3 — 1. One might expect special
behaviour when z1 = x5 — 1 or 3 = 25 + 1, but due to the structure of the Hamiltonian
this actually does not yield any new conditions. Thus it remains to investigate the cases

(1) T = To < T3, (11) T, < Ty = T3, (111) 1 = To = I3. (31)

doi:10.1088,/1742-5468,/2006/11/P11014 9
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We write an ansatz which straightforwardly generalizes the two-magnon formula (29):
0 — pip1@itipazati (0) Jip1z1+ipsza+i

\I;( )($1,1‘2,5E3) = eP1T1 P22 HIp3Ts 4 513261171381 ip3r2+ip2xs

+ Sé?éeipszripleripsxs + Ség)leimleripstriple

0 ‘ : 0 : ‘

+ S§1)261P3:t1+1p1x2+1p2x3 + S?()2)1e1p3x1+1p2$2+1p1x3' (32)
If 21 = x5 < x3, the difference equation can be separated into three independent pieces
according to which momentum multiplies x3 in the exponentials. The case r3 = x5 > 11

obviously allows for a similar distinction w.r.t. x;. Five of the resulting six equations are
independent, so that one may solve

132 = (p37p2)

55(1)3 = (p27p1)7
231 = SO (py, p1) SO (ps, p1), (33)
312 = (p3 p1) S0 (p3,p2),

5321 = S (p27p1) S (p?npl) S(O)(p37p2).

This solution persists when all three magnons coincide, which is again a non-trivial
consequence of the structure of the Hamiltonian. We see that the scattering remains
non-diffractive, i.e. the momenta are unaltered while they may be exchanged between
the magnons. What is more, the three-particle S matrices factor into two-particle
processes.

2.2. Bethe ansatz and three-body factorization at two-loop level

The original Bethe ansatz described in the last section may be generalized to higher
orders in perturbation theory [18]. To this end one writes a perturbation expansion of
all relevant quantities, namely the Hamiltonian, the ingoing wave and the S matrix. The
central topic of this section is deriving the two-loop correction to the S matrix in the
s[(2) sector directly from the NV = 4 field theory, and checking three-body factorization
to two-loop level.

In the appendices A and B we derive the two-loop Hamiltonian for one, two, and three
magnons from a graph calculation using N' = 2 superfields [35] and the SSDR scheme
(supersymmetric dimensional reduction) [36]. The supergraph formalism is preferable
because it minimizes the number of Feynman integrals; for the present purpose the N' = 2
formulation is superior to N/ = 1 supergraphs. We end up with a manageable calculation
involving about twenty graphs. SSDR is the best suited regulator since it allows one to
treat superfields in a version of dimensional regularization?.

We attack the problem of calculating quantities with open indices by tensor
decomposition and employ the QCD package Mincer [37] to evaluate the resulting scalar
integrals. The package uses 4 — 2e-dimensional vectors so that we explicitly have to
symmetrize and take out trace terms. This makes the computer algebra very awkward so
that we have limited the scope of the present work to low magnon numbers. The method
was detailed in [38] by one of the authors. We will draw heavily upon this reference in the

3 At the current loop order the scheme cannot lead to ambiguities arising from the e tensor.

doi:10.1088,/1742-5468,/2006/11/P11014 10
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appendices*. Appendix A reviews the renormalization of two-loop two-point functions in
dimensional regularization. In appendix B we introduce operators D, Dy which generate
the singular parts of the one- and two-loop two-point functions and we show that the
second anomalous dimensions are matrix elements of the combination Dy — 1/2 D%, thus
reproducing the two-loop effective vertex given in [13], where the renormalization of the
dilatation operator in dimensional regularization was first discussed. Finally, the D; are
constructed from the supergraphs and the two-loop Hamiltonian is worked out for one,
two, and three magnons.

In this section we display the Hamiltonian as it arises from Dy — 1/2 D? alone. One
can introduce into it a number of gauge parameters which do not appear in the difference
equations defining the wavefunction and the S matrix. This freedom is (more than)
sufficient for making the Hamiltonian Hermitian and for making the sum of all elements
in each row or column disappear, as was the case for the one-loop dilatation operator.
In appendix B we also give another set of transfer rules which includes the contribution
of a term —1/4 [Hg?,?—{fﬁ)], which is needed when the dilatation operator is required to
reproduce the O(g?) remixing of the sl(2) sector operators. This term cannot be made
Hermitian by the aforementioned gauge transformations and thus from the point of view
of the Bethe ansatz it is perhaps best omitted. It is interesting to note, however, that the
commutator term does not change the S matrix, while it seems to make redundant any
wavefunction renormalization in the Bethe picture.

The disconnected pieces of the two-loop combinatorics do not influence the
Hamiltonian. The connected two-loop graphs can stretch over three adjacent sites. The
basis elements below denote the number of covariant derivatives at these three sites; we
have explicitly indicated a factor 1/(s;!ss!s3!) with which they were rescaled.

Spin 1. Basis: {{1,0,0},{0,1,0},{0,0,1}}:
_% 1 =

(2) _ 3
H,7 (1) = r =5 1

3
L=

1
2

Spin 2. Basis: {3{2,0,0},{1,1,0},{1,0,1},3{0,2,0},{0,1,1},2{0,0,2} }:

~L 111 1 1

32 16 2 2 4 16

3 _5 2 _ 1 _1

16 2 16 4 4

1 1 =3 0 1 1

H@)(Q) _ 2 2 2
! 1 T 6 17 1
2 16 16 16 2

-1 _1 23 5 13

4 4 16 2 16

-1 1 _1 1 19 _15

16 4 2 2 16 32

* The calculation of the two-loop anomalous dimension of the twist 2 operators [8] uses similar techniques; it is
more fully automated but renounces on the use of supergraphs.
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fpz’n 3. Balmsis: {%fs,o,o},%{2,1,0},%{2,0,1}, +{1,2,0},{1,1,1},2{1,0,2}, {0, 3,0},
5{0’2’1}’5{0’1’2}’6{0’073}}

85 115 1 4 1 _1 71 -1 _1 _ 1
288 144 2 72 4 16 216 6 24 54
1209 1 20 _ 1 _1 19 -1 _7 _1
48 96 24 4 4 24 6 48 24
1 39 9 _1 1 -1 _ 1
2 1 32 0 16 2 0 2 4 16
3 29 0 - 17 1 00 _ 1 _1  _1
8 24 48 16 2 48 12 6 6
-1 _1 13 2 _T 1B 0 23 -1 _1
2 4 4 16 16 2 16 16 4 4
H(3) =
-1 _1 1 1 9 _ 39 0 0 1 1
16 4 2 2 16 32 2
TL 41 0 215 0 0o 91 215 41 TL
216 72 144 144 144 72 216
- _1 1 -1 17 0 09 247 29 3
6 6 2 12 16 48 48 24 8
- _7- _1 1 _1 1 19 2 _209 L
24 48 4 6 4 24 24 96 48
-+ 1 1 1 1 _1 7 43 115 85
54 24 16 6 4 2 216 72 144 288

Let us now focus on the Bethe ansatz. The spin chain Hamiltonian up to two-loop level
is

0) @) gyuN
H=> H"+g@H +.-, ¢ =2N (34)

82

and it has energy eigenvalues £ = F© 4 ¢2E®) 4 .... The wavefunctions of the form
‘11(33'1, T, .. ) = \D(O)(ilfl,l'g, .. ) + g2 \11(2)(]71,33'2, .. ) + - (35)

are contracted on the kets |1, z,...) defined in section 2.1.
For one magnon we may scale away ¥, The Schrédinger equation

DM W)Y WO ) ) = B Y 0O () ) (36)

xr1

leads to the difference condition

10O (@ —2) + 20O (2, — 1) = 3T (2)) + 20O (z; +1) = L O (2, — 2)
= ED 0O (zy) (37)
which can again be solved by Fourier transformation:
GO (z1) = i1 E® = _8sin® (%) (38)

Hence the solution of the two-loop one-magnon problem yields the correction to the one-
loop dispersion law (26) for the magnon energy E(p) = E© (p) + ¢ E@(p) + O(g*). It is
identical to that of the su(2) [15] and su(1]1) [18] sectors, and consistent with the proposed
all-loop dispersion law of [16]:

) = ({1 sans(3) 1),

doi:10.1088,/1742-5468,/2006/11/P11014 12
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The lowest order of the two-magnon problem was discussed in the last section. The
two-loop part of the Schrodinger equation reads

ZH(O Z \I/( 33'1,]72 ’33'1,33'2 +ZH Z \Il 5171,33'2 ’33'1,33'2>

1<z z1<x2
r1<x2
+ (E(Q)( )+ E 2) Z o l‘l,l'g) |21, 22). (39)
r1<x9

The resulting difference equations are perhaps not particularly illuminating. We will
rather comment on how to solve the system: the interaction length of the two-loop

Hamiltonian Hz@) is 3. The two magnons must therefore behave as free particles when
r1 < x5 — 2. Thanks to the special form of H§2) the same difference equation still holds
when x; = x5 — 2. The cases of interest are thus

(1) €Ty = T — 17 (11) Ty = T2, (40)

which both lead to new equations. In order to satisfy both conditions we must allow for
a correction not only to the S matrix but also to the ingoing wavefunction. Let

w(p17p2) = (1 + g2 5x1,x2 f(pljp2))eip1x1+ip2x2' (41)
The wavefunction renormalization (‘fudge factor’) is local. We write the ansatz
U(x1, x2) = ¥(p1,p2) + S(p2,p1) ¥(p2, p1), § =80 4+45® (42)

whose expansion in the coupling constant defines W(® W),

Case (i) gives a condition relating f(pi1,p2) to f(p2,p1). Substituting this into (ii)
makes the fudge factors disappear from the equation so that we can solve for the S
matrix:

8 sin(%) sin(252) sin%) (sin®(%) + sin’())
(sin(#522) + 2i sin(&) sin(%))?

SO (pg, py) = — (43)

This result nicely confirms the conjecture for the two-loop S matrix of the sl(2) sector
n [18].

The wavefunction renormalization f is not fully determined. It is tempting to assume
it to be symmetric under the exchange of pi, ps since the magnons are indistinguishable.
In this case we find

f(p1,p2) = sin? (]?2 ) + sin (p;) — % sin? (Z%) (44)

The alternative choice for the two-loop Hamiltonian from appendix B yields f(p1,p2) =0
if f is symmetric.

The discussion of the two-loop three-magnon scattering combines elements of the one-
loop three-magnon case with the two-magnon situation described in the last paragraph.
We write for the ingoing wave

¢(p17p27p3) - (1 + g2M ( 5x1,x2 l(p17p27p3> + 5x2,x3 T(p17p27p3)
+ 6381,382 6;182,383 u(ph D2, pg)))elp1$1+1p2$2+lp3$3 (45)

doi:10.1088,/1742-5468,/2006/11/P11014 13
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and make the ansatz

U (1, 22, x3) = Y(p1, P2, P3) + S132V(P1, D3, P2) + S213 V(P2, P1, P3) + Sas1 V(2. D3, D1)
+ Ss120(ps, p1, p2) + Ss21 V(ps, P2, p1), (46)
Sijk = Sz]k ? SZJQIZ

As might be expected by now, the free situation must arise when z; + 2 < xy < 3 — 2,
but in fact nothing changes when xy +2 = x5 or x5 = 3 — 2. We thus have to discuss the
cases

1) I1+1:ZL‘2<ZL’3—1,
11) 33'1:33'2<33'3—1,

i) o+ 1<xy=a3—1,
iV) r1+ 1 < a9 = 23, (47)
V) 1+ 1l=x9 =231,
vi) @z =19 =3 — 1,

Vll) x|+ 1= To = I3,

In the first four cases only one z has disappeared, whereby one may use the functional
independence of the various exponential factors to organize each difference equation into
three separate constraints. Cases (i) and (ii) are equivalent to a two-magnon problem
with positions x; and x9: one may solve (i) for three conditions relating [(p;, p2, p3) to
l(p2, p1, p3) etc and then substitute the three equations into (ii). This eliminates the left
fudge factor [ from the equations. Likewise, we can use (iii) to eliminate the right fudge

factor r from (iv). We are left with six equations on the five SZ(JZIZ matrices. A unique
solution exists:

132 = 5@ (ps, pa),

213 = 5(2 (p 1),

231 = 5(0 (p2,p1) S 2)(]93,]91) + S (pa, p1) SO (ps, p1), (48)
Séi = 5O (p3,p1) 5P (3, p2) + 5P (p3,1) S (b3, p2).

321 = ( ) (p?npl) S (p3, p2) + SO (P2, p1) 5(2)(193,]91) S(O)(pg,pz)

+ S (p27p1) SO (p37p1>8( )(P3ap2)-

In other words, the complete S matrix S = S 4 ¢? S@ factors into two-particle processes
also at two-loop level.

Once knowing that HZ@)(3) reproduces a two-magnon problem when only two
arguments coincide, it is natural to put [(p1,p2,p3) = f(p1,p2) = 7(ps,p1,p2) and so
on. With these identifications the cases (i) and (iii) reduce to the condition on the two-
magnon fudge factor f found earlier. Of our remaining cases, (v) is empty while the last
three all lead to one and the same condition on the ultralocal fudge factor u. There is
not enough information at this loop order to solve for u—again, one may speculate that
it should be chosen so as to make the ingoing wave symmetric when all three positions
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coincide. The solution is then similar to (44) if the two-loop Hamiltonian is as defined in

this section, or it vanishes for the alternative choice of H§2) from appendix B.

In conclusion, our analysis confirms the possibility of extending the s[(2) sector Bethe
ansatz to the two-loop level. It proves the functional form of the two-loop S matrix
conjectured in [18], and it shows that the three-magnon S matrix factors into two-particle
blocks.

3. The asymptotic all-loop large spin limit

3.1. One-loop large spin limit

Consider the one-loop Bethe equations (16), (17) in the large spin limit s — oo. This
problem was solved in great detail in the context of Reggeized gluon scattering for the
very similar case of a non-compact sl(2) spin = 0 representation, i.e. for an XXX,
Heisenberg magnet, in [39]. The changes required to treat our present case of non-compact
s[(2) spin = —% are minor. Here we will proceed in a slightly different fashion as compared
to [39], where methods involving the Baxter ) function are employed. The reason is that
the higher loop generalization of the Baxter function is not yet known. We will therefore
directly work with the one-loop Bethe equations (16), (17), which nicely turn into a
(singular) integral equation in the large spin limit. Our method will then be extended to
the asymptotic all-loop equations (19), (20) in the next section. Interestingly, the effective
higher loop integral equation will turn out to be non-singular.

Much intuition may be gained from the fact that the twist L = 2 case is, at one-loop
level, explicitly solvable for arbitrary spin s; cf appendix C. Studying this solution one
finds that the Bethe roots are all real® and symmetrically distributed around zero. The
root distribution density has a peak at the origin (in particular, there is no gap around
zero) and the outermost roots grow linearly with the spin as max{|ux|} — s/2. We
therefore introduce rescaled variables @, and a density po(%) normalized to 1:

Ug

b
— —q with p(u Z do (u — —) and thus / po(a) = 1. (49)

5 5

We now take the usual logarithm of the Bethe equations (16) and multiply either side by
—i:

: ug + (1/2) i
_1Llog(m)—27rnk—1ZlogUk_u]+l (50)

J#k

The integers ny reflect the ambiguity in the branch of the logarithm, and may be
interpreted as (bosonic) quantum mode numbers. In the case of twist L = 2 there is
only one state. Its root distribution is real and symmetric under u < —u. All positive
(negative) roots have mode number n = 1 (n = —1). In the case of higher twist L > 2

5 Tt may be shown that, in contrast to the case for the su(2) spin = % Heisenberg magnet, the roots of the
s[(2) spin = —3 Bethe equations are, for all L and s, always real. We thank Kazakov and Zarembo for a
discussion of thls point.
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there is more than one state®. However, for the lowest state the root distribution is again
real symmetric with n = sgn(u). Since s is assumed large, and u, = O(s) for nearly all
roots, we furthermore expand (50) in 1/u:

L 1
— =27y —2 ) . (51)

In this large s limit the rescaled Bethe roots condense onto a smooth cut on the interval
[—b,b] on the real u-axis. We may therefore take a continuum limit of (51) which yields,
using (49),

0=2re(a)—2 ][bda’ Po() (52)

5 u—u’

where €(@) = sgn(a). In particular, the dependence on L in (51) drops out: the lowest
state leads to the same large s root distribution, and therefore energy, for arbitrary finite
twist L.

The singular integral equation (52) is easily solved by inverting the finite Hilbert
transform with standard methods. The solution for the rescaled one-loop root density is
then found to be

1 1++vV1—4u? 2
oo(u) = — lo —:—arctanh<\/1—4ﬂ2), 53
pO() T gl_m T ( )
1

where we have set the interval boundary to b = 3, as obtained from the density
normalization condition. The result (53) of our procedure agrees with the Baxter @
approach of [39].

Our derivation is closely modelled after the discussion of [40]; in particular, we refer
the reader to appendix C of that article. There the ‘spinning strings’ solutions of (16),
(17), where both s and L are large and of the same order of magnitude, O(L) = O(s),
were studied. The difference is that in this case the lhs of (51) is not negligible. The
ensuing potential L/u on the lhs of (51) opens up a gap [—a, a] of the root distribution
in the vicinity of « = 0. The resulting density for the lowest state therefore has compact
support on two cuts [—b, —a] and [a,b] and is expressible through an elliptic integral of
the third kind (see equation (C.8) in [40]). One easily checks that when L — 0 the
gap disappears, i.e. a — 0, and the elliptic density, after rescaling the roots in [40]
by @ — (s/L)u in order to adapt conventions, simplifies to the expression (53), with
b— 5.

I?Iowever, the one-loop anomalous dimension as obtained in [40] does not reproduce
the expected logarithmic scaling of (5) upon taking the limit s/L — oo. Instead, it
behaves like ~log?(s); cf (E.1) of [40]. This is a classic order-of-limits problem. Assuming
s, L large with s/L finite, and subsequently taking s/L — oo does not yield the same
result as taking s large while keeping L either finite or, at least, L. < s. For a very recent,
quite extensive discussion of this fact see [27]. For a recent study of some of the fine
structure of the spinning strings limit see [41].

% The reader might find it instructive to consult table 2 of [18], where a complete list of the three-loop spectra of
the first few states of the s[(2) sector may be found.
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The correct result is obtained by a careful derivation of the expression for the energy
in the continuum limit s — oo. From the right equation in (17) we find, using (49),

1oz po(t)
Ey= - di ———————. 4
07 5 /1/2 uﬂ2+(1/432) (54)

Therefore, as opposed to the case for the limit of [40] (see the expression in (C.4)) it is
nonsensical to use the unregulated expectation value [ dupy(a)/a? for the energy. The
correct expression (54) is actually related to the resolvent G(u), which is defined for
arbitrary complex values of @ barring the interval [—1/2,1/2] (this integral is not of
principal part type) as

G(u) = / v da’ y, (55)

through
5 .
Ey=>G (i) . (56)

Note that this further distinguishes the large spin limit from the ‘spinning strings’ limit,
where the resolvent generates the full set of commuting charges [42]. One then finds
from (53) that

G(u)=1ilo 57
(W) =ilog A —rm 4 (57)

Using now (56) and taking s — oo we find
By = 4 log(s) + O(s°). (59)

which is the well-known correct result, as may also be checked directly from the exact
finite s result £ = 4 h(s), see (C.4).

3.2. Asymptotic all-loop large spin limit

Let us now generalize the analysis of the previous section to the higher loop case. We would
therefore like to compute the corrections to the one-loop density (53) and energy (58) as
generated by the deformed Bethe equations (19), (20). Compelling arguments for its
validity to three-loop level were presented in [18] (in particular the equations reproduce
the conjecture of [10] based on the QCD calculation [9], and they agree with [2]). Their
all-loop form was conjectured in [20]. See also [21].

We begin by rewriting the asymptotic all-loop Bethe equations (19) with the help
of (18) in the following fashion:

s . N\ 2
(uk + (1/2))L (1 +92/2(x,;)2)L B H up, —u; —i (1—=g*/2xfx;
up — (1/2) 1+ g2/2(x)? 1 Uk +i\1-— gQ/Qx,;xj
J#k
k=1,...,s. (59)
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Let us again take a logarithm on both sides of the equations, and multiply by i:

s/2

. L+ g%/2(x, )? -
2L arctan(2 L1 —— | =2 -2 t — U,
arctan(2ug) +1L log (1 25 iy, E arctan (uy — u;)

j=—s/2
J#0

8/2 2 + -

1— 2rx;
> log (Jﬁ) (60)

j==s/2 I E0 T

J#0

Here we have also relabelled the s roots u; such that the index k runs over the set
k=+1,42,...,4+s/2. We have furthermore chosen, for convenience, to employ a different

choice for the branches of the logarithms as compared to (50). Whereas in (50) the branch
cuts run through u;, = 0 and u;, = u;, in our alternative choice in (60) the arctan functions
are analytic at u; = 0 and u, = u;. This replaces the ‘bosonic’ mode numbers ny of (50)
by ‘fermionic’ mode numbers 7. For the lowest state (the only one for L = 2) we have,
for even s,

L23ew) ﬂnk::iLiﬁ,”,ig. (61)
To avoid confusion: we are still focusing on the same states, and just chose to change the
description.

Let us now proceed in close similarity to the computation of the thermodynamic
antiferromagnetic ground state of the Heisenberg magnet (see e.g. [33]). In order to have
a uniform spacing between the indices of all roots it is convenient to define k' = k —e(k)/2
such that

e =k +

L—2 1 3 1
i = K+ = (k) fork’:ia,i—...is .

62
27 Y 2 ( )

As s — oo we introduce a smooth continuum variable x = k’/s. The excitation density
may now be defined as p(u) = dz/du. We divide (60) by s, use (62), replace the sums by
integrals, and, finally, take a derivative w.r.t. u. Note that we do not rescale u by 1/s.
Then (60) becomes

L 1 iLd, (1+92/2(x(u))2)

sut+i s du 14+ ¢?/2(xt(u))?

:27Tp(u)+2g(L—2)5(u)—2/_bdu %

+ 2i /bdu’p(u’) % log (1 — QZi E §x+EZ’;) : (63)

It is convenient to split the density p(u) into a one-loop piece po(u) and a higher loop piece
a(u): p(u) = po(u) + ¢g*a(u). Let us, accordingly, also split off from (63) the one-loop
contribution

L 1 5/2 po(u/)

2T /
S 2 + (L= 2d —2 [

-_— 64
P e e (64)
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while the higher loop (two-loop level and beyond) part of (63) becomes

0227?6(u)—2/00 Q)

~ (u—u)?+1

21 [¥/? d 1—g2/2z% (w)a (u')

- d !/ / _1
e L o (= <)

Y d 1— g%/2x™( u)x* )

2 du’ lo 65
- 1/_00 o )du g(1—92/2x (u)z (65)

We have dropped the second term on the lhs of (63), as 1t is easﬂy seen to be suppressed
to leading order in the large s limit. This reflects the independence of the large s scaling
behaviour of the lowest state on the twist L even beyond the one-loop approximation, as
long as L < s. We have also extended the range of integration of the second and fourth
integrals in (65) from +s/2 to £oo, to be justified below.

As a consistency check of our procedure let us rederive the one-loop solution of the
previous section from (64). There we used rescaled variables @ = u/s, and a rescaled
density po(u) = s po(u) such that du py(u) = du po(u). Using the large s expansions

1 1 ~ 1
1 1 1 P 1
sTE—oEre ol )+§(u—u)2+o(?)’ (67)
where P indicates a principal part, we find from (64)
- i 'M
0—47r6(u)+2][bd Gt (68)

which is, since €(u) = 246(u), precisely the derivative of the one-loop singular integral
equation (52). Note that the L dependence has indeed again dropped out. We therefore
find the same one-loop result as in the previous section. It should be stressed that, even
though the kernel in (64) is of difference form, and the interval boundary values tend to
+00, it is incorrect to solve this equation by naive Fourier techniques.

Luckily, however, applying a Fourier transform leads to progress with the higher
loop equation (65). The reason is that the higher loop density fluctuations &(u) are
concentrated in the vicinity of u = 0, i.e. o(u) # 0 iff |u| < s/2. This may be verified for
twist L = 2 operators by using the exact one-loop solution of appendix C, and numerically
solving the linear problem of computing the higher loop corrections to the roots of the
Hahn polynomials from the Bethe equations (19). We were thus indeed entitled to replace
the integral boundaries +s/2 by oo in the second and fourth terms on the rhs of (65).
The ‘scale’ of the fluctuations &(u) is set by the third term on the rhs of (65). Let us
calculate it, using po(u) = po()/s, with po(u) given by (53):

2 R D 10g(1—g?/2x+<u>x—<u'>>

7 |, ) gy e\ T @ e (e (w)

__EOO1 g_QT/S/Qd/ (/)g 1 1 B 1 1
e \2) LT e [y T (e ey

r=1

-2 (33) [Fa+ =l o
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where we have only kept the leading contribution. Note that only the first, » = 1 term in
the expansion of the logarithm contributes to this result, and we have used, cf. (55), (56),
the relation

s/2 ) ) 1 s/2 ) ) 1
d — d s 4.
/_5/2 o) T / Yl Ty T

1 Fi _Fi
_SG(28)+ _28E0+ : (70)

which is valid to leading order at large s. It is now clear from (58) that Ey/s ~
4 log(s)/s sets the scale of the density fluctuation o(u) in (65). We therefore define
o(u) =—(Ey/s)o(u), ie.
E
p(u) = po(u) — g° ?0 o(u). (71)

To this leading order, the density fluctuation does not change the density normalization
f_bb dup(u) =1, ie. f_bb dupg(u) = 1+ - since lim, .o, Ey/s = 0; see (58). Then (65)
becomes

0= 21 0(u)
) (;d%) [x1<u> " 1<u>]
+ 2 / T o) 2 1og (1 —9/ 2x+(“)x(“/)) . (72)

ou 1—g%/2z= (u)zt(u)

We now introduce the Fourier transform () of the fluctuation density o(u):

G(t) = e /2 /_00 due ™ o(u), (73)

(e 9]

— 00

where we have also included a factor e */2 for notational convenience. Fourier transforming
e”/2 [ duel™ x equation (72) we find, after some calculation (see appendix D),
Ji(v2gt oo .
0=2r6(t) —2me " 6(t) — 2me™ M +4mg*te™ / dt' K(V2gt,vV2gt)6(t),
V2g 0
(74)

where the four terms in (74) correspond, respectively, to the four terms in (72), and the
kernel K is given in terms of Bessel functions by

- 1 Ji(vV2gt) Jo(V2gt) — Jo(vV2gt) Ji(vV2gt
K(\/igt,\/ﬁgt'): 1(\/_9 ) 0(\/_9 ) 0(\/_9 ) 1(\/_9 ) (75)

V29 t=t

Note that the Fourier transform only diagonalizes the ‘main’ scattering term in (72),
i.e. the kernel 1/((u — u/)* 4+ 1). So we are still left with an integral equation. However,
the higher loop equation (74) is, in view of (75), and in contradistinction to the one-loop
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equation (52), non-singular. It may be rewritten in the form (8) stated in the introduction.
Finally, the all-loop energy is found from (20) to be

E(g) = s / //22 du p(u) <x+i(u) _ xl(u)) .
= Fo— g° Ey /OO du o (u) (x+i(u) _ xi(u)) . (76)

oo

to leading order in s. In terms of the Fourier transformed density (t), cf (73), this
becomes (see again appendix D)
E(g) = Ey <1 —4g° / dta(t)
0

Jl(ﬁgt)) n (77)

V2gt

with Ey = 4 log(s) + ---. Notice that, in line with general expectations, we have just
shown that the Bethe ansatz of [20] indeed leads to the logarithmic scaling behaviour (5)
to all orders in perturbation theory, in agreement with general expectations; see e.g. the
discussions in [10,39,27]. In view of (5), (15), (58) this indeed yields our proposed
conjecture for the all-loop scaling function f(g) announced in (7). The proposed scaling
function as found from the Bethe ansatz possesses further remarkable properties, to which
we will now turn our attention.

3.3. Weak coupling expansion and transcendentality

The Fredholm form of the higher loop integral equation (8) or (74) is ideally suited for the
explicit perturbative expansion of the scaling function f(g) of (5) to high orders. Both the
inhomogeneous first term and the kernel of (8) have a regular expansion in even powers
of g around g = 0. We may therefore also expand the transformed density (t) in even
powers of g and solve (8) iteratively:

1 ¢ 1 1 ¢
5(t) = = —g* (= —((2 78
s =377 (57 +36@ 77) + . (78)
where we have used the following representation of the Riemann zeta function:
1 < det”
1)=— . 79
== [ 5 (79)

Furthermore, the expression for the scaling function (7) may also be expanded in a Taylor
series in g*:

o dtt o dtt3 o dtt
:42—44/ 62/ 42/
flg)=4g s a1 9 i 1T ¢(2) o1 + (80)

We again use (79) and we find to e.g. six-loop order

flg)=49"—4¢(2)g" + (4¢(2)* +12¢(4)) ¢°
— (4¢(2)° +24¢(2)C(4) — 4¢(3)* +50¢(6)) ¢°
+ (4¢(2)" +36¢(2)°C(4) — 8¢(2)¢(3)* +100¢(2)¢(6)
— 40¢(3)¢(5) +39¢(4)* +245((8)) g
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— (4¢(2)° +48¢(2)%¢C(4) — 12¢(2)%¢(3)* + 150 ¢(2)*¢(6)
— 80¢(2)C(3)¢(5) + 114 ¢(2)¢(4)* +490¢(2)¢(8) — 18¢(3)*¢(4)
— 210¢(3)¢(7) + 345 ¢(4)¢(6) — 102 ¢(5)* + 1323 ¢(10)) g2 +---. (81)

It is easy to go to much higher orders if desired (we have expanded to 20-loop order ¢°).
It is seen that the ¢-loop O(g?*) contribution to the anomalous dimension is a sum of
products of zeta functions. What is more, the arguments of the zeta functions of each
product always add up to the number 2¢ — 2. This is a test of the ‘transcendentality
principle’ of Kotikov, Lipatov, Onishchenko and Velizhanin as spelled out in [7,8,10],
and we see that our Bethe ansatz is consistent with this principle’. Finally it is also seen
that the numerical coefficients in front of each zeta function product are integers®.

Note that the expansion (81) may be written more compactly when expressing the
zeta functions of even arguments through powers of 7 times rational numbers:

flg) =44
~ 2 g
+ i—é i g6
— (g —4CB)%) ¢°
+ (151825 T — §W2 ((3)* - 40§(3)€(5)) g"

- (312162828030 m? — 1% ' ¢(3)* — 43_0 7 ((3)¢(5)

= 210¢(3)¢(7) = 102¢(5)°) ¢**

+ - (82)

Clearly each 7 contributes one ‘unit’ of transcendentality. This however obscures the
integer nature of the numerical coefficients (cf footnote 8).

It is instructive to investigate whether the (BMN scaling-preserving) ‘AFS’ dressing
factor [43,18,20] for the (approximate; see [44]-[46]) string®’ Bethe ansatz (19), (20) is
compatible with the transcendentality principle. Possible (BMN scaling violating) gauge
dressing factors are briefly treated in section 3.4.

The AF'S ansatz leads to a modification, at three-loop level and beyond, of the integral
equation (8)

6(t) = ! - K'(V2gt,0) — 2 ¢ / mdt’K'(\/igt, V2gth), 6t |,  (83)

el — 0

" To be more precise, here we have tested a weaker form of the transcendentality principle of [10]. The stronger
form applies to the finite s case, and states that the indices of certain harmonic sums add up to 2¢ —1. We suspect
that our all-loop Bethe ansatz is also consistent with the stronger version; see also [18]. Our finding certainly
supports this, as the weaker principle is a consequence of the stronger one. It would be exciting to fully prove the
latter from the L = 2 finite s Bethe equations (19), (20).

8 Actually, with our convention (2), higher terms beyond the order we have printed in (81) develop powers of 2
in the denominator. We however checked up to order ¢%° that our scheme does indeed yield integer numbers in
front of the zeta functions if g is rescaled as ¢ — /2 g, which is the Lipatov et al convention.

9 Our motivation here is not so much string theory as such (in particular we investigate the dressing factor at
weak coupling, while its original design demands strong coupling), but rather the fact that such dressing factors
are known to naturally appear in certain variant, asymptotically integrable spin chains [47]. While these studies
were done for compact magnets, it is likely that they may be generalized to the non-compact case of interest in
this paper. The variant models tend to violate the Feynman rules of the gauge field theory, which is our main
motivation for investigating whether they preserve the transcendentality principle.
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where the modified kernel K’, see appendix D, reads
K'(V2gt,V2gt") = K(V2gt,vV2gt) + V29 K(V2gt,v2g1), (84)

with

i) = 120 JO(;;)__tiO(t) i Rt,0) = 20, (85)

The dressing factor then modifies the scaling function f(g) — f(g)+ df(g) in the following
fashion:

5f(g) =0x g
O><g4
— 4¢(3 )96
+ (377 (3)+2OC(5)>98
— (B7'CB)+ B aC(5) +105¢(7) —4¢(3)%) ¢g"°
+ (g7 6<<3>+§—87r4 (5>+357r ¢(7) —8¢(3)* + 588¢(9)
— 27%¢(3)* - 36¢(3)¢(5)) ¢*

We see that the integrable modification of the long-range Bethe ansatz of [20] by the
‘stringy’ AFS [43] dressing factor wviolates the transcendentality principle!®, as now the
arguments of the Riemann zeta functions no longer add up to 2/ — 2.

3.4. Breakdown of BMN scaling and the scaling function

Here we will demonstrate interesting connections between BMN scaling [28] on the one
hand and our Bethe ansatz method for the scaling function on the other. It is by now
rather firmly established that BMN scaling in perturbative gauge theory can only break
down, at four-loop level or beyond, through a dressing factor of the general type just
discussed; see in particular [47,21]. This happens in e.g. the plane wave matrix model;
see [48].

Let us sketch the quantitative derivation of this effect, restricting ourselves for
simplicity to four-loop level, where its detection might still be within reasonable reach
of sophisticated field theory methods, perhaps along the lines of [2].

The first modification of the asymptotic Bethe equations of [20] which is still consistent
with current knowledge on the integrable structure of NV = 4 gauge theory would lead to
the following correction of the higher loop Bethe equations (19):

+\ L S oar —xt 11— g?2x s
(5) =22 2 ) (57)
T, Pl ey 1 —g?/2z; x;

J#k

10 For the gauge theory ansatz the transcendentality principle is a consequence of scaling: the arguments of
the potential and kernel in (74) are V2gt,+/2gt so that the order in g is linked to the total power of ¢ and ¢’
which defines the level of transcendentality. The string theory ansatz (83) breaks the pattern only because of the
presence of the extra v/2¢g in front of K’ in equation (84). Initially this introduces a mismatch by one unit; by
iteration the effect fans out higher up in the perturbative expansion.
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with
0? (up, uj) = exp(i 3 9° (qa(ur) gs(u;) — gs(ur) ga(uy)) + -+ +); (88)

see [43, 20,47, 45, 21] for details', and the definition of the charges g, (u). The dots indicate
further terms which might affect the five-loop level and higher levels.

A non-zero value for [ leads to ‘soft breaking’ of BMN scaling: the two-excitation
problem can be solved exactly [11], because the momentum constraint implies uy = —u;.
For spin chain length L = J, where J is the BMN R-charge, the different states are
distinguished by the Bethe roots u;, = 3 cot(wn/(J +1)). The higher order corrections
similarly come out in terms of trigonometric functions. The string spectrum A — J is
reproduced by Taylor expanding in 1/J when n is small:

A—J=2+8¢’ (”%)2—1694 ("%)4%496 (”7”)6

~ 32048 ("—f)g 512 gsg (”%)6 S (89)

The dots stand for higher orders in g2 and, at any given order, terms subleading in 1/.J.
We see the emergence of the effective coupling constant g?/.J? in the first four terms of the
last formula, while the last term has ¢®/J7, so that it diverges in the BMN limit g, J — oo
with g/J fixed.
The modified Bethe ansatz (87) requires replacing the kernel in (75) by
/
K (V2g 11, V3 I1]) — K (Vg i V2g |¢]) + 2. (v3g) 202 AN

g

The third term on the rhs of (72) becomes

_ (%;_u) Lﬁl(u) + xl(u)} - 04" % q3(u) + -, (91)

or, after Fourier transforming (cf third term in (74)),

—2me™" <J1(\/§gt) +28¢ Jg(\/igt)> +-- (92)

V2g
This modifies the four-loop O(g®) term of the scaling function (82) to
—(ge ™ —4¢(3)" +85¢(3)). (93)

Note that transcendentality is violated unless 3 is a rational number times ((3) (or 7).

A particularly curious case would be = %C (3), which would lead to the much simpler

16
four-loop answer —g= 7°.

Note that such a modified Bethe ansatz would also change the anomalous dimensions
of all operators in other sectors. For example, in the su(2) sector we would find for the

1 The detailed argumentation which allows us to draw this conclusion is actually rather subtle and requires
putting together various results. The main steps are: (1) the three-loop Bethe ansatz is solidly known; (2) the
structure of the four-loop Bethe ansatz is also known, up to the term involving 8 in (87), in the su(2) sector [47];
(3) the multiplicative modification affecting the su(2) sector as in (87) must also multiplicatively affect in the
same fashion the s[(2) sector, as first conjectured in [18] and later proved in [21].
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o O o o
U1 o J

1 2 -2 -1 1 2

Figure 1. The density of Bethe roots at weak (left) and strong coupling (right).

length L = 5 operator Tr X? Z3 + - - - (this case is actually equivalent to the sl(2) twist 3
operator Tr D? Z3 + - - ) to four-loop level

E(g)=4—-6¢"+17¢g" — (22 +88) ¢ +---. (94)

It would be very interesting if the modification were non-rational’?. Incidentally, we see
that G # 0 would also rule out the Hubbard Hamiltonian as a candidate for the su(2)
dilatation operator beyond three-loop order; cf equation (68) in [22].

3.5. Strong coupling expansion and string theory

The Fourier transformed integral equation (74) does not lend itself to strong coupling
analysis due to the oscillatory nature of the kernel (75). We rather return to the
configuration space integral equation (72).

The two diagrams in figure 1 give a series of plots of the root density for progressively
higher values of the coupling constant. The left picture shows the weak coupling regime;
the graphs depict the root density at v/2¢g = 0, 1 /4,1/2,1, respectively. The V2g =0
distribution is the tallest peak. It is given by the Fourier back-transform of the first term
in (78):

1

T -
4 cosh?(mu)’

oo(u) = (95)

All other curves are numerical solutions of (72). Augmenting the coupling constant makes
the peak around u = 0 become wider and flatter.

In the second diagram we plotted 2¢%c(u/(v/2g)) for v2g = 1,4,16,64. With
increasing coupling the graphs rise; they develop peaks at +1 while the middle parts
tend to 1/m. On undoing the scaling we would nevertheless recover the tendency seen
at weak coupling, i.e. the support of the root density roughly stretches to the interval

12 Clearly the Bethe ansitze [20] proposed so far also lead to a transcendentality principle at weak coupling: if we
assign, in accordance with the meaning of the word, transcendentality degree 0 to rational or algebraic numbers,
then weak coupling dimensions of operators carrying finite charges (i.e. without taking limits of large R-charges
or large spin quantum numbers) are always of zero degree in the currently proposed ansétze. On the other hand,
zeta functions do appear naturally in individual higher loop Feynman diagrams, and, from this point of view,
might well appear in high order contributions to anomalous dimensions.
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[—v/2g, v/2g] within which the density tends to
1
C 2mg?’

Ooo (1) (96)
Note that the constant function o(u) = 1/(2mg?) is an exact solution of (72) if the
support is extended to the entire real axis (likewise o(t) = 6(¢)/g* is a solution of (74)).
Furthermore, 0., (u) would exactly cancel the leading O(g?) contribution to the scaling
function (77), thus yielding the O(g) asymptotics expected from string theory.

Numerically, we could confirm the cancellation of the O(g?) part of the scaling function
up to an error of a few per cent, but reliable predictions for subleading terms remained
out of reach. It is indispensable to understand the strong coupling regime by analytic
means. We hope to clarify the issue in future work.
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Appendix A. Two-point functions in the sl(2) sector

A.l. Perturbative CFT in the dimensional reduction scheme

We shall restrict our attention to leading N (planar) two-point functions of single-trace
operators in the sl(2) sector. For any given spin chain with length = twist L there are
many distinct operators differing in the total number of derivatives and their positioning
on the sites of the chain.

Renormalization must be done in such a way as to unmix these states and to make
their correlators finite. The theory is then seen to be conformally invariant; for example
the two-point function of a renormalized primary operator of spin s has the form [49]

(%) Ty (212) - - v (12)

(P(1)P(2)) = e ,

(A.1)

where
Tyly

Sy (x) =N — 2 (A.Q)

)
is the inversion tensor, and the p and v indices are separately made traceless and
symmetric. Knowledge of any one term in the product of inversion tensors is sufficient for
reconstructing the full correlator. In [38] we considered the term with no n symbol, because
we were interested in a minimal set of graphs (trace terms are potentially more divergent
and there are also a few Feynman diagrams which always carry at least one power of 1 on
dimensional grounds). In the present work we wish to construct the asymptotic two-loop
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dilatation operator in the s[(2) sector. The task is greatly simplified by focusing on the
pure trace terms, because these obviously cannot exist between operators of different spin.
This property becomes important when subtracting out disconnected parts.

As before, we use N' = 2 superfields and regularize by SSDR (supersymmetric
dimensional reduction) [36] in xz-space. This amounts to doing the superalgebra as in four
dimensions, while the underlying scalar propagator is modified as in standard dimensional
regularization:

(20)22)) = - (w)" w=-pg  DHZZE) =), (A3)

although we suppress the mass scale x throughout the paper'. The tree level correlators

of operators of length L and spin s thus contain the z-space structure
NL77§2

(A2 (a2,) =+

and a whole series of terms with x5 with open indices, which may be recovered by
appealing to conformal invariance.

In order to extract the one- and two-loop anomalous dimensions we must keep track
of the leading and subleading order in the € expansion of the bare correlators:

X(L,s) = (A.4)

_ 1
(0;0;) = X(L,s) {(Tom’ +eTiy)+9° (Am'j P AlOij) (27,)°

1 1
+yg' (Amj =t Aoy -t A20ij) (27)% + - } (A.5)
where the Yang-Mills coupling constant is dressed by'*
2
s GyuN
_ A6
g = (A.6)

and the fractional powers of 22, arise from the integration measure in the Feynman graphs
defining the one- and two-loop contributions.

Consistency of ' = 4 as a conformal field theory grants that Ty, Ayq, Ay are
simultaneously diagonalizable. In a diagonal basis {O;} they obey

Ay =TT, Ay = STTT,. (A.7)

Here I'y is also diagonal and contains the one-loop anomalous dimensions 7y ;.
The divergences are removed by introducing Z matrices of the form

1
Z:R+g28—|—g4(01€+00)+~-~ (A.8)
where R is diagonal and has as its entries the Z factors for the individual operators
2114 222i | 214
Zi=1+¢="+ 4 ' : A9
T 2€+g(4e2+4e)+ (8.9)

13 Our discussion of the renormalization of conformal correlators in z-space using the SSDR scheme is built upon
the works [17, 50, 38].

4 We deviate from the convention in [38] by a coupling constant rescaling so as to be more in line with the
literature.
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while B, C' have zero on the diagonal. The Z factors and the anomalous dimensions are
determined from the bare two-point functions by imposing

F=27(00)Zz (A.10)
where F'is again diagonal and is defined by the renormalized two-point functions
fi = X(L,8)|e=o (a0i + g% ari + g* azs) (a3y) ™ 770 20 4 (A11)

To be more precise, we demand that both sides be equal at each order in ¢ up to positive
powers of €. The resulting system of equations does not completely fix C7, Cy, so that
we limit our scope to the determination of R, B, ag;, a1;, V1i, Y2;- We may thus drop the
constant part Ay of the ¢g* two-point functions from our analysis.

A.2. Graphs

We exploit the N' = 2 superfield formalism in order to minimize the number of Feynman
diagrams. For a quick review of the essentials of the formalism and expressions for the
graphs we would like to refer the reader to [38], where two-loop two-point functions of
operators of length 3 are discussed. Our notation and conventions are in fact borrowed
from that work; in particular, the article contains a list of graphs upon which we draw
here. However, in [38] the (x,25)® term of the two-point functions was used, so that some
graphs could be omitted because they always come with 7,;.

At order g%, we additionally have to take into account a graph F' (see figure A.2) in
which a free vector line goes from the connection in D, on the left end of the two-point
function to that in D; on the right (the Feynman gauge vector propagator is proportional
to n). Correspondingly, there is an O(g?) graph consisting of the same free line paired
with the divergent one-loop graph Gy. On the other hand, we do not need to consider
the combination of the free vector line with the ‘BPS-like’ O(g?) integral By since this
configuration stays finite. Next, in [38] we were able to drop the product Gy * By as Gy
only has a simple pole (in z-space) while the part of By without 7 is a contact term also
when there are partial derivatives on the outer legs, i.e. it is always O(e). Terms in By
which involve 7,; are finite, i.e. O(1), so that in the present context the product Gy * By
becomes relevant.

With respect to the genuine two-loop integrals there are not many changes: the
finiteness of some terms which we dropped from graph (G3 remains guaranteed and hence
we may take over the simplified sum G5+ G4 given in formula (61) in [38]. The ‘BPS-like’
graphs behave in the same manner as By: the part without 7 is a contact term and the
other parts are finite. They can still safely be omitted.

A first difference is that graphs Gy and G1; start to contribute: before, the poles
from these graphs cancelled in the sum over all diagrams within each class; this is not the
case in the new situation. We point out an error in formula (55) in the original version
of [38]: two parts of the integral were added with a wrong relative sign. The cancellation
of the associated poles in the calculation of [38] can be verified for both ‘halves’ on their
own so that the mistake did not show. The correct expression for G1q is

GIO = (12)[8,,145%23 + T]IWD?,4/4 — (1 — (12)(1_2_))%138”24]. (A12)
But there are also three genuinely new graphs (see figure A.1).
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‘S Oavava | 2

Figure A.1. Additional graphs at order g*.

v

» » » » »
» » » » »
L4 L4 L4 v L4

GOa ®0

Figure A.2. Graphs defining the one-loop dilatation operator.

Like in the pictures in [38] we have omitted free matter propagators. Point 1 is on
the left and point 2 on the right of the graphs. The connection carries the indices p and
v there, respectively, while the connection at 1’ has index p. The lines are split only for
convenience of drawing—the notation 1’ in Gz does not refer to a new point. It was
introduced in order to distinguish the two vector propagators joining the cubic vertex
from the left.

After the evaluation of Grassmann and SU(2) integrations we find

C116 - (12) [_nltu/4]7 (Al?))
Gi7 = 77/”,/2, (A.14)
Gis = i[(0r — 01 )y Nup/4 — (01 — B2)p M /4 + (O — Do) mp/4]. (A.15)

In the same way as graphs G, G in [38] occur together, we may add G and its mirror
image (G1¢ into G1; because their combinatorics are equal:

Gy + G + Gre = (12) [—0,130,23 + My (013 — Oa3) - (O1g — Oaa) /4
+ N (Oha + Oaa) /4 + -] (A.16)
(The dots indicate omitted finite terms.)
The rest of the calculation proceeds along the same lines as before (appropriately
adapted to the new tensor component), i.e. the reconstruction of the Fourier transform

of integrals with open indices from projections with the total momentum ¢ and the 7
symbol, which are built into Mathematica and evaluated by the Mincer package [37].

A.3. The length 3, spin 3 mixing problem

As an illustration of what has been said before we re-examine the mixing of the length 3
operators:

{s1,82,83} = Te((D*Z2)(D3Z) (D3 7)) (A.17)
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at leading order in N. In particular, the spin 3 mixing problem involves the operators
B=1{{3,0,0},{2,1,0},{1,2,0},{1,1,1}}. (A.18)
The one-loop logarithms and the constant order Ty of the tree level correlators are
diagonalized by choosing the directions
O =1{1,3,3,2},
K=A{1,-1,-1,-2},
V, ={2,-9,-9,24},
Vo ={0,1,—-1,0}

(A.19)

relative to the basis B. Note that Vi, )V, have identical first anomalous dimension and
therefore the eigenspace may be spanned by any two independent directions. We have
made a splitting into an even and an odd part under reversal of the trace; as a consequence
V, decouples from the other operators. Renormalization in the MS scheme outlined above
yields the anomalous dimensions

7@207
2 4
K = 4 — 67
! g2 15 ! 4 225 (A2O)
=9 5 —9 5
215 4225

MW =9 3 9 75>

up to terms of O(g%). The individual Z; are given by the anomalous dimensions in the
standard way. As explained above, the system does not entirely determine the C' matrices,
while we can fix B:

0 0 0 0
g |2 O vl (A.21)
I O S A '

0 0 —-315a O

The parameter « is not calculable from our system of equations because the anomalous
dimensions of Vi, Vs, are degenerate. We may put it to zero, bearing in mind that an
arbitrary remixing of the two operators is possible.

The anomalous dimensions and the entries of B are independent of whether we
calculate the (7.:)® terms as outlined in this paper or the (z. z:)® part of the correlators
as in [38], although now in MS.'

The operators V; and Vs, are conformal primaries of spin 3. The numerator of their
renormalized two-point functions should contain three powers of the inversion tensor
.z =1 — 22,05/ 22, and correspondingly we find that the normalization of the (x, 3:2)3
terms differs by —8 from that of the (1,s)® part. The operator K is a first derivative of
the primary Kg [38]. The normalizations of the two terms in (K K) are indeed consistent
with being derivatives of a common spin 2 two-point function; similarly for the protected
operator O = 1/3D3{0,0,0}. In conclusion, in this example renormalization works in
the same way for these two components of the tensor structure. Conformal invariance is
manifest.

15 Tn [38] we deviated from the strict M S prescription by choosing the basis B in an ¢ dependent way, so that T}
became diagonal as well. This had the advantage of decoupling the protected operator O.
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Appendix B. The dilatation operator and renormalization

B.1. Matrix elements of the dilatation operator in dimensional regularization

Suppose there are linear operators Dy, Do

D1 O; = (% Di14j + DlOij) O;, (B.1)
D, 0; = (612 Das i + % D2lz‘j) 0y, (B.2)
such that
(0:05)2 = ((D10:) Oj) 0 = (% Dy Ty + (Do To + Duy Tl)) K (B.3)
ij

N _ 1 1
<Oz Oj>g4 = <(D201) Oj>go = (6—2 DQQ TO + E (Dgl T() -+ DQQ T1)> . (B4)
ij

The eigenvectors of Di; constitute the aforementioned diagonal basis O;. In this frame
Dy, = —TI'y, by which token the pole part of D; is the negative of the one-loop dilatation
operator.

We will now consider the epsilon expansion of equation (A.10) order by order in g*
up to O(e). For the rest of this section we assume the operators to be eigenvectors of D;.

We may take X (L, s) out of our system of equations: any set of renormalization factors
that renders finite the bare correlators without the X (L, s) factor remains a solution on
multiplication by X (L, s) because the latter is not singular in e.

From the constant part at ¢° we immediately identify ag; = to;;. At O(g?) the epsilon
expansion yields simple logarithms, simple poles and a constant part. From the first two
sets of terms and the diagonal of the third we learn that

while the off-diagonal part of the constant term constrains B but is not sufficient to fix
it completely; hermiticity of the two-point function on the lhs of (B.3) halves the number
of independent equations. (This places constraints on Dig. Similarly Ds; is constrained
by the hermiticity of the lhs of (B.4).)

At O(g?) there are a number of conditions to solve: the double pole and the double
logarithm in the epsilon expansion of (A.10) yield two equations implying that

202; = Dy = %sz (B.6)

while the log(x%,)/¢ terms give nothing new. The diagonals of the simple logarithm and
simple pole parts lead to

Yoi = 2211 = —2(Darii — Digii Divai)- (B.7)
The rhs of the last equation is actually the action of a combination of Dy, Dy:

1 - 1 -~

. (Da1ii — Dioii Di1ii) = ((Dz 5 Df) Oi) . (B.8)

The off-diagonal entries of the simple logarithm part depend on B and those of the simple
pole part on B and (. The matrix | cannot yet be fixed uniquely, but we now have
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enough equations for computing B. The resulting matrix equation is the off-diagonal part
of

BDll - DllB = —2 (D21 - %(Dll DlO + DlO Dll) - i(Dll DlO - DlO Dll))- (Bg)

Remarkably, the last term in this expression does not contribute on the diagonal, because
Dy, is diagonal. Hence the matrix

Dy = =2(Da1 — 5{ D11, D1o} — (D11, D)) (B.10)

has 79, on its diagonal and it determines B through (B.9).
It was shown in [51] that the two-loop dilatation generator acts in precisely this way:
suppose that the dilatation operator has an expansion

A:1+Q2A1+94A2+"'. (Bll)
We want to solve the eigenvalue problem

AO+¢@BO+--)=(14¢T1+¢'Ta+--)(O+¢*BO+---). (B.12)

Here I'y, 'y are diagonal matrices containing the anomalous dimensions of the individual
operators, and the lowest order remixing of the operators is named B. The dilatation
operator acts on the vector of operators O as a linear map

AO=D0, AO=D,O. (B.13)

Once again, we choose the basis for the operators to be the set of eigenvectors of Dy, so
that A; O = D; O =T'; O. The eigenvalue problem at order g* yields

exactly like Dy from (B.10). Note that the diagonal of B remains undetermined—it
corresponds to trivial operator rescalings and may be put to zero.

We have thus identified the matrix elements of the two-loop dilatation operator from
the renormalization procedure in dimensional regularization. The next section addresses
the construction of the dilatation operator itself.

B.2. The one-loop dilatation operator

In the planar limit the combinatorics for the two-point functions (X ) has the following
features:

o At tree level, we find a cyclic sum over, say, site 1 in X joining site ¢ in ). All other
lines are parallel.

e At loop level, the interaction is between adjacent sites. It can occur at any site in
each part of the tree level configuration.

The O(g?) contribution to the correlator (X ))) originates from the N' = 2 supergraphs
(see figure A.2) where, of course, the underlying Feynman integral is the same in Goa, Gop.
It was called Gy in [38] and is one-loop divergent. The ‘BPS-like’ graph By is finite.
The third structure F' simply has a free vector line; it involves no loop integration. The
configurations Gy,, G, occur with the gauge line emanating from any of the four end
points; likewise, F,, F, must be joined by the opposite constellations.
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It is natural to interpret the one-loop interaction as a sum over a two-site
‘Hamiltonian’ shifting over all sites in X, which is then contracted on Y much as in
the tree level correlator. The combinatoric factors for the Feynman graphs can be found
by looking at the correlator

Fi(s1, 89, 83,84) = (Te(T* D Z D2 2)(1) Te(D* Z D Z T)(2)) (B.15)

at leading order in N (i.e. N?), which is in a manner of speaking the one-loop interaction
excised from the full correlator (X' V). We find a —2 for the ‘disconnected parts’ Gy, Fp
and a 1 otherwise. The disconnected diagrams can be attributed to the two-site interaction
to their left or to their right, so that we scale by 1/2 in order to avoid overcounting.

If the interaction connects sites 7,7+ 1 in X to 7,5 + 1 in ), then the other fields in
the operators are joined by parallel free lines:

1227 5! 3 2, (k—€)

(s, s2) = 074055 1119 = —0s, s, Am?(22,)(2+1=0

o (B.16)

where the omitted terms contain z, or xz. The key observation is that the X (L, s) term
in the complete correlator can only exist when all free lines have the same spin at both
ends [34]. Coupling between sites with different spins is only possible where the interaction
is; since we want no x5 with free indices the interaction can at most ‘transfer’ a derivative
from one of the two sites to the other. In particular, it must conserve the total spin.
Let us normalize by the inverse of the tree level. This will simply remove all the free
lines and scale down F7:
0 _ 7 !
M= Falss sie 55, 5520) I1(sj, 57) (841, 8541)

(B.17)

where F} is Fy with the overcounting corrected and the group factor N2§? stripped off.
Without any derivatives, the graphs Goa, Goy, Fu, F, are absent while By = Of(e),

whence Fl(O, 0,0,0) — 0. When the total spin is not zero, Hgo)(s) is conveniently given
as a matrix:
At spin 1 we can have

{Si75i+1}7{sj7sj+1} S {{170}7{071}} (B18)

and our set of graphs produces

HO@1) = -1 (_11 _11) (B.19)

€

At spin 2 we have the basis'6

{Si75i+1}7{5j75j+1} € {%{270}7{171}7%{072}} (BQO)
and the rules for transferring derivatives are
SRR [ 10 0
1 2 2 2
HOQ) =-—=(-1 2 -1 |+(-% 0 -4 (B.21)
“\-1 -1 3 0o 0 3

16 The normalization of the basis elements reflects the fact that several derivatives at the same site are
indistinguishable.
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At spin 8 the basis elements are

{Si75i+1}7{sj7sj+1}E{%{370}7%{271}7%{172}7%{073}} (B22)
while the derivatives may be transferred according to
Tl -5 =3 1 0 0 0
I I
el -5 -1 5 -1 3 2 2 3
1 _1r _q1 1 0 0 0 1
3 2 6

The pole part of these rules accurately reproduces the result of [34]: the diagonal entries
are h(s;) + h(s;+1) where h(n) are the harmonic numbers, and the off-diagonal entries
are —1/d where d counts the number of transferred derivatives. The finite part could
doubtlessly also be fitted: we observed that the contribution from By apparently always
equals that of F,, F}, which is trivial to compute. Graphs Gy,, G, contain only a one-loop
integral, so that a result can be obtained in closed form. In contrast, at the two-loop level
this is not easy due to the complexity of the integrals. Consequently, we limit the scope
of this work to the first few cases obtained by direct calculation.
The one-loop dilatation operator is defined as

Dy=) M, (B.24)

i.e. the ‘Hamiltonian’ runs over all sites in an operator X', mapping it to a sum of terms
with a new distribution of the derivatives over the sites in the chain. By construction,

(D1 X) P)go = (X V). (B.25)

We conclude the section with two remarks. First, the definition of HEO) in (B.17) is
necessarily asymmetric because we have normalized from the right. Correspondingly, the
constant parts of the transfer rules are not symmetric matrices. On the other hand, the
pole part is symmetric, because in terms of complete two-point functions the matrices
Ty and I'y must be simultaneously diagonalizable. Second, it should be stressed that the
X (L, s) terms are by far better suited to the construction of the interaction Hamiltonian
H; than for example the terms with no traces considered in [38]: those allow non-vanishing
free lines between D' Z(1) and D3*Z(2) for unequal spins s; # s,, and the interaction
need not conserve the total spin either. While the pole part of the one-loop dilatation
operator is correctly obtained in this picture, we found it problematic to consistently
subtract out disconnected parts at two-loop level.

B.3. The two-loop dilatation operator
In analogy to (B.15) we try to read off the operator D, from the O(g*) contribution to
Fy(s1, 50, 83, 84, 85, 86) = (Te(T* D Z D2 Z D% Z)(1) Te(D Z D Z DS Z T¥)(2)). (B.26)

In doing so we should remember that matrix elements of the two-loop dilatation operator
were defined by several terms; most prominently v, came about as a matrix element of
the combination Dy — D?/2-see equation (B.7) and the comment after it. We fall on
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the renormalization scheme of [13]: the two-loop effective vertex has to be corrected by
subtracting the square of the one-loop vertex. Explicitly, we take out

1p?= —ZH(O ZH(-O)

Z H(O H(O +3 Z % +H(0 Hz—i—l +H IH(O %(Hi-i-l) )
+1<g

(B.27)

(The derivation of the dilatation operator presented here is ‘asymptotic’ in that it assumes
the existence of disconnected pieces.) The first term in the last formula corresponds to
the situation where the two one-loop Hamiltonians do not overlap, and thus all terms are
disconnected. If both pairs {i,i + 1},{j,7 + 1} are outside our ‘window’ F», they will
simply cancel disconnected parts that we do not see in the excised part. Likewise, if only
one of HEO), H§O) touches the excised part, we would see an order ¢? contribution, which
we need not consider. Thus the cases of interest are (we put the left of F, at position 7)

@) HOHD, ) HOHD, i) HHD, (B.28)

whose relevant ¢* diagrams may be directly subtracted from the set of graphs in F». The
second term in (B.27) is unfortunately not amenable to this treatment: by way of example
we do not have a diagram that identically equals two consecutive contributions of G,.

Our strategy thus starts by setting up an operator .J; from the g* graphs in F} with the
subtraction of disconnected parts described in the last paragraph, whereas the overlapping
part of (D1)?/2 will be dealt with later on. To avoid overcounting we have to rescale
contributions with free lines: in complete analogy to the one-loop case we scale down, by
a factor 1/2, such graphs that connect two matter lines but leave the right or left line free.
Note that no rescaling is needed when the free line is the central one; this situation is
particular to exactly one position of the Hamiltonian. Configurations with two free lines
can be arbitrarily shifted between the three positions within the Hamiltonian because
the dilatation operator will involve a sum over positions. In order to compensate for
overcounting we choose to scale by 1/4 if the interaction is concentrated on one of the
outer lines, and by 1/2 if it is on the central line. We define

1

(s, 85) (8541, 8541) (8542, Sj12)

Ji = Fy(Si, Si1s Siv2s S, 41, Sj42) (B.29)

with F being F, after the appropriate modification of the set of graphs and once again
after omission of the group factor N3§%.

The connected part in (B.27) can be derived from the transfer rules for derivatives
given in the last section. Recall that according to equation (B.10) the matrix elements of
the two-loop dilatation operator also contain the term —i(Dan — D19D11), when the
dilatation operator is made to reproduce the O(g?) remixing B. By splitting the one-loop
transfer rules into a pole part Hﬁ‘? and a constant piece H((]Oi), we can construct this term as

an operator in much the same way as the connected part of D?. Note that —i[Hg?)i, H(()?J)-]

has no disconnected part since H(lo) and Héo) commute when they do not overlap.
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Finally, the full two-loop dilatation operator takes the form

l
Dy=3  H|e, (B.30)

with the two-loop Hamiltonian

H?zﬁ—é@0&>+HmMH+Hmﬂm L))

—LAHOH) +HE wwﬁ4mﬂw)+7meMl<M° HY)).
(B.31)

The Hamiltonian Hz@) has in fact a non-vanishing 1/¢* part, but the second-order poles
are distributed over the matrices in such a way that they drop out in the sum over all
positions. The transfer rules below and in the main text describe the 1/e part.

In this appendix we give the transfer rules corresponding to the full Hamiltonian
including the terms in the last line of (B.31). These come from the commutator

~1/4 M HD).

Note that this term is anti-Hermitian, so that the transfer rules cannot be transformed
into symmetric matrices. In the main text we omit the commutator term, since in the
context of the Bethe ansatz it is preferable to have a Hermitian Hamiltonian. In any
case, the exact resolution of the mixing is not easy to obtain in the Bethe ansatz picture
which projects out the descendants. Surprisingly, the formulae below do apply to the
length 3, spin 3 mixing problem although they were derived for longer chains for which
disconnected pieces have to be subtracted.

The explicit bases and two-loop transfer rules up to spin 3 are:

Spin 1. Basis: {{1,0,0},{0,1,0},{0,0,1}}:

-3 1 =

@) *
HP) =1 -2 1
]_ _

1
2

N[

1 3
2 4

Spin 2. Basis: {3{2,0,0},{1,1,0},{1,0,1},5{0,2,0},{0,1,1},3{0,0,2} }:

19 17 1 1 _1 _1
32 16 2 2 4 16
21 9 29 1
% —1 L % 0 -3
3 1 _3 1 1 _3
(2) _ 4 2 2 4
H; (2) = 1 1 0o -6 L 1
4 1 6 16 4
1 29 9 21
B 0 1 16 4 16
1 1 _1 1 17 _19
16 1 2 2 16 32
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fpz’n 3. B?sis: {%{:13,0,0},%{2,1,0},%{2,0,1}, 2{1,2,0},{1,1,1},2{1,0,2}, £{0,3,0},
5{0’2’1}’5{0’1’2}’6{0’073}}

25 11 _1 ar 1 _ 1 s N S
288 18 2 144 4 16 216 6 24 54
43 _ 63 3 _1 149 _ 1 1
72 32 1 2 0 3 144 0 16 72
_5 1 43 1 17 _3 _1 1 _3 _ 7
6 32 2 16 1 3 2 8 18
91 5 81 11 1 191 1
144 4 0 16 16 4 72 0 0 18
7 21 29 21 1 29 7
H 2)(3) _ T2 0 16 16 3 16 6 16 0 24
B _T _3 _3 1 17 _ 43 _1 _1 1 _5
48 8 4 2 1 32 3 2 6
_ 1 19 0 19 0 0 __ 1031 19 19 1
216 144 18 144 18 144 216
1 1 11 191 81 5 91
18 0 1 0 16 0 72 16 1 144
1 1 1 149 3 63 43
72 6 8 0 0 1 144 2 32 72
1+ 1 1 _1 _1 _1 s e 1 25
54 24 16 6 1 2 216 144 18 288

Appendix C. Explicit solution for twist 2

The one-loop Bethe equation (16) may be recast as a second-order difference equation for
the Baxter @) function Qs(u):

T(u) Qu(u) = (u + %)L Qulu+1) + (u _ %)L Qu(u—1), (1)

where Qs(u) is a polynomial of degree s in the variable u, whose algebraic roots are the
Bethe roots {u},

Qs(u) = Cy H (u— ug), (C.2)

i.e. the solutions of (16), and Cj is a, for our purposes, irrelevant normalization constant.
For twist L = 2 the excitation number s has to be even, and the Baxter equation (C.1) is
exactly solvable in terms of a hypergeometric function:

Qs(u) = 3Fo[—s, s+ 1,2 —iu;1,1;1] with Ty(u) =2u* — s> — s — L. (C.3)

The hypergeometric series terminates if s is an even natural number, and therefore
generates the explicit polynomial solution of the twist 2 Baxter equation!”. The roots
are all real and their distribution is even, i.e. the Q4(u) in (C.3) are actually polynomials

in u?. Therefore the cyclicity constraint in (17) is automatically satisfied. The energy is
found from (17), (C.2) to be

Bo=2i g Q. (ut 2)] S A(U(s+ ) — (1) = 4h(s). (CA)

u

Here h(s) = >7_, 1/j are the harmonic numbers, which may also be expressed through
the logarithmic derivative of the gamma function ¢ (s) = d/dslogT'(s). In practice, the
roots are easily found with a root finder. For example, with Mathematica one may define

17 The details of the solution (C.3) were worked out by Virginia Dippel (unpublished) by adapting the method
of [39] to the present case. The polynomials (C.3) belong to the family of so-called Hahn polynomials [39].
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Hahn[s_, u_] :=
Expand [HypergeometricPFQ[{-s, s + 1, 1/2 - I u}, {1, 1}, 11]

and generate a table of all Bethe roots up to spin s, with an accuracy of k digits,
utable[s_] := Table[Flatten[NSolve[Hahn[2 t, ul] == 0, u, kJ]], {t, 1, s/2}]

This is suitable, without further refinements, for finding the Bethe roots up to spin s ~ 70
with an accuracy, if desired, of hundreds of digits.

Appendix D. Fourier transforms

D.1. The gauge theory ansatz

In this appendix we find the Fourier transform of the fourth term on the rhs of (72), in
which the density o(u’) is integrated against the kernel:

| 220t () ()
¢ /20 () x+<u'>) | (>

K(u,u") =10, log (
The definitions used in the last formula are

u:x(u)—l—%(u), z(u) :g(1+ 1_2u—g22>’ (D.2)

uF=u £ -, rE(u) = z(u®). (D.3)
The branch cut of the square root is defined by the principal branch of the logarithm. In
the following we parametrize using
ot =1 —iu=—iu", W =3+iu=iu, (D.4)

which obey the relation

(a%)? = a* (D.5)
because both @, 4~ have positive real part. Further, let
2g%)\?
and
1 1 1
Ki(u) = —, Kiu:—(l—f). D.7
0 ( ) ui y(ui) 1 ( ) \/59)\ y(ui) ( )

Since we are, in this paper, exclusively interested in symmetric densities, we will consider
a u' < —u' symmetrized version of the kernel. Our principal equation is

g / AN [0, (K () — K (u) (K5 (i) + Kg (o))
0, (K (u) — K () (K () + K7 (u))]

i (020w () /20 (w) ot ) )
=g 0l ((1 ~ P f2a (u) e () (1 1 /20 (u) x(u/))) ' (D)
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To prove this, we first do the parameter integrals on the left-hand side:

A ' o
[ = sy + ().
1 - <
/d)\ W = log(\) — log(y(a) +y(a')), (D.9)

1 -
[ a3 = o) — Tos(1 + ().

Here we rely on (D.5) to simplify. Next, we change back to the original variables u*. We
express the roots in terms of u, x(u) using the second relation in (D.2) in the form

Y (D.10)

and finally eliminate u in favour of z(u), g> by the first relation in (D.2). In a last step
we collect all terms into one logarithm and factor the argument. As long as g is small
this will not shift the logarithm by some multiple of 7; one may check that the Fourier
transform below commutes with the Taylor expansion in g.

Next, we observe

Kf(u) = / dt e v te ™2 T (V29 1), j=0,1 (D.11)
0
and hence

K (u) + K (u) = / dte'te 2 J.(v2g M [t]),

J

o (D.12)
30, (1 () — K (u) = [ dee™ e (g0 ).
Summing up, we have shown that
£ o (U2 L2 ) (L2 ) ()Y
' (1—g?/22=(u) et (u)(1 + g*/2 2~ (u) 2~ (u'))
:gQ/ dtei“t/ dt’ et t|e IHED2 [0 (\2g |t], V29 |t]), (D.13)
where
1
f((t,t’):/ dAA A [Jo(At) Jo(AE) + Ji(At) Ji(At)]
0
_ L) H{) = Jo(t) S(H) (D.14)
t—t . .
We conclude that for symmetric o(u’)
e't/Q/ dueit“/ du’ K (u,u’) o(u')
:27r92\t]e|t/ at' K (v2g [t Vg |t)) {elt’lﬂ/ du' 'Y a(u’)}
—2rgt e [ AR (gl VEg i) o(t). (D.15)
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where we have used (73). Now, (t') is an even function if o(u’) is. We may thus reduce
to the positive half-axis, which yields the final form of the last term in (74).
One has, similar to formula (D.11),

/Ooo dt eFiut o=t/ Jj%igtt) - (‘/ﬁj)“ (ai (1 + ¢1+292/(ﬂi)2) )_j, j>1.

(D.16)

From this one can easily derive the following pretty result for the Fourier transforms
Gr(t) of the eigenvalues g,.(u) of the commuting operators of the integrable magnet. The
expression [16]

o0 =25 (s~ ) A

turns into'®

NN —itu _ V2 T e Jro1(V2g1)

In particular, using this result for » = 2 we obtain the expression (77) for the energy E(g)
in Fourier space. As a further corollary we find the Fourier transform of the third term
on the rhs of (72), as stated in (74):

—00

o2 [ gy e-itel 1 L WO S(vV291t))
/md 30, (ﬁ(u) +x(u)) ; T (pay

D.2. The string dressing factor

In order to include the dressing factor for the ‘string Bethe ansatz’ [43,20], as needed in
the discussion at the end of section 3.3, we replace in equation (72) the kernel K (u,u')
from the gauge theory Bethe ansatz by

(1 —g*/227 (w) 2~ () (1 — g*/227 (u) 2™ (')
(1= g?/22+(w) a*(u))(1 = g* /227 (u) 2~ (v'))

which will again be needed in a v’ «» —u' symmetrized form. In view of the analysis in
the last section, the question arises of whether this expression can also be written as a
one-parameter integral over pairs of the form K (u) K;*(u'). As we shall see shortly, this
is indeed the case.

Quite clearly we have to deal with two distinct pieces, namely the part involving
0, u and that with 0, u’. In the first case, the expression is explicitly symmetrized in v’
whereas 0, u on the whole is also even with respect to the integrals on the half-axis that
we may expect to find. We are led to look for combinations involving K (u) + K (u)
and likewise in u’. We remark that under the Fourier transform, 0,u < —t0;. The
differential operator can thus be incorporated at no expense. Surprisingly, the KSE alone

Ky(u, ) = —8, (u— ') log ( )2 . (D.19)

8 These expressions were first obtained by Didina Serban (2005, unpublished).
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suit our purpose: in the same fashion as before we may demonstrate that

L @ ) e ) )
3 O 1g((l—g?/w( Y (@) (1~ f2a (W) <u'>>) * )

o0 . c0 .
_ _g2/ dtelut/ dt/ elu t
—00 —00

1
x 2[t| Oy e—“'“")/?/ AA X Jo(V2g X [t]) Jo(V2g M [E]). (D.20)
0

For the second piece we must try K (u) — K (u) and similarly for «', because the simple

derivative in u is odd while the extra power of u’ forces antisymmetrization on the log
factor. In a beautifully symmetric way we can realize the term as a parameter integral
this time over antisymmetric combinations of only Kj:

L= @ e (@) 2 ) e @)
g dul log ((1 ~ 2w (@) (1 - /2 (u) x(ul))) o )

:_gQ/ dteiut/ dt/eiu’t’

X 2 [t| Oy e~ (H1HIED/ / dAAN X JL(V2g\ [t]) L (V29N |E)). (D.21)

In the right-hand sides of the last two formulae the derivatives can either fall upon the
exponential or on the Bessel functions. Accordingly, we reproduce the Fourier transformed
gauge theory kernel K and an additional piece V2 ¢ K defined as

1
Rt1) = —2 / AN [0 Jo(M ) Jo(M ) + By Ji (M) Jr (ML)
0
A /
{Lt) Jolt) = Jo(t) ()] D22)
(t—t)(t+1)
Here one should first do the parametric integration in both terms separately and then

differentiate and simplify.
Equation (D.15) is replaced by

e_|t/2/ due_itu/ dU/,Ks(uyul) O-(U/,)

~ 2 g2 el | A (R (Vaglt], V2gle]) + Vg K (Vagltl Vgl 6(2).
(D.23)
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