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Abstract

We derive and investigate the S-matrix for the su(2|3) dynamic spin
chain and for planar A'=4 super Yang—Mills. Due to the large amount
of residual symmetry in the excitation picture, the S-matrix turns out to
be fully constrained up to an overall phase. We carry on by diagonalizing
it and obtain Bethe equations for periodic states. This proves an earlier
proposal for the asymptotic Bethe equations for the s1(2|3) dynamic spin
chain and for N'=4SYM.

1 Introduction and conclusions

In general, computations in perturbative field theories are notoriously intri-
cate. Recently, the discovery and application of integrable structures in
planar four-dimensional gauge theories, primarily in conformal A" =4 super
Yang—Mills theory, has led to drastic simplifications in determining some
quantities. In particular, planar anomalous dimensions of local operators
can be mapped to energies of quantum spin chain states thus establishing
some relation to topics of condensed matter physics. The Hamiltonian of
this system is completely integrable at one loop [1,2] and apparently even
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at higher loops [3,4], cf. the reviews [5-7]. This remarkable feature shows
promise that the planar spectrum might be described ezactly by some sort
of Bethe equation. Bethe equations at the one-loop level were given in [2].
At higher loops some similarity of the exact gauge theory result [3,4,8] with
the Inozemtsev spin chain [9] being observed and Bethe equations for the
su(2) sector up to three loops were found in [10]. They were then general-
ized to the other two rank-one sectors, su(1]1) and s((2), in [11]. All-loop
asymptotic Bethe equations for the su(2) sector with some more desirable
features for N'=4SYM were proposed in [12]. Putting together all these
pieces of a puzzle, asymptotic Bethe equations for the complete model were
finally proposed in [13].

Bethe equations have since proved very fruitful for the study of the
AdS/CFT correspondence [14] and certain limits of it involving large spins
[15,16]. On the string theory side of the correspondence integrability has
been established for the classical theory in [17] and evidence for quantum
integrability exists [18,19]. The results for spinning strings [20] and near
plane wave strings [21] have led to new insights into the correspondence, see
the reviews [5-7,22, 23] for details and further references.

The Bethe equations for A'=4SYM mentioned earlier have many desired
features and they seem to work, but it is fair to say that their origin remains
obscure. At the one-loop level the Hamiltonian involves nearest-neighbour
interactions only. One can therefore resort to the well-known R-matrix for-
malism to derive and study the Bethe equations. At higher loops the interac-
tions of the Hamiltonian become more complex: Their range increases with
the loop order [3]. Moreover, the length of the spin chain starts to fluctuate,
sites are created or destroyed dynamically [4]. These types of spin chains
have not been considered extensively and there is no theoretical framework
(yet); the higher-loop Bethe equations are at best well-tested conjectures.
The situation improved somewhat with the proposal of [11]. By applying
the asymptotic coordinate space Bethe ansatz [24], one may extract a two-
particle S-matriz from the perturbative Hamiltonian. Assuming factorized
scattering, this S-matrix is, like the R-matrix, a nearest-neighbour opera-
tor. At this stage one can therefore revert to the familiar framework. The
resulting asymptotic Bethe equations turn out to reproduce the spectrum
accurately [11].

The perturbative S-matrices for all three rank-one sectors, su(2), su(1|1)
and sl(2), were derived in [11] up to three loops. The S-matrix in the
su(2) sector coincides with the all-loop conjecture of [12] which can be read
off directly from the asymptotic Bethe equations. Corresponding all-loop
conjectures for the other two rank-one sectors were set up in [13]; they have
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a similarly concise form. All these rank-one sectors can be joined into one
larger sector with su(1,1|2) symmetry for which an all-loop S-matrix was
also conjectured. This conjecture agrees with the Hamiltonian derived in [4]
up to three loops in the subsector where both results apply.

It is the purpose of the present investigation to find the complete
S-matrix for planar A'=4 SYM. This will allow to put the asymptotic Bethe
equations conjectured in [13] on a solid footing and hopefully give us a
better understanding of the asymptotic Bethe ansatz as well as the inte-
grable structures in gauge theory in general. The partial results mentioned
here as well as the resulting Bethe equations suggest that also the com-
plete S-matrix might have a simple form valid to all perturbative orders.
A major problem that one has to deal with in finding the S-matrix is that the
complete spin chain is dynamic [4], its length fluctuates. In the excitation
picture this might appear not to be a problem as the number of excitations
is preserved, but even there one finds flavour fluctuations which may appear
problematic [13].

An important property of S-matrices is their symmetry. Often they can
be constructed from symmetry considerations and a few additional prop-
erties. Also the S-matrices appearing in sectors of planar N'=4SYM are
largely constrained by their symmetry. A somewhat unusual feature of these
particular S-matrices is that the representations in which the excitations
transform obey a dispersion relation [25]. This can be related to the fact
that the Hamiltonian is part of the symmetry algebra and not some central
generator as for most spin chain models. For instance, in the su(1|2) sector
the all-loop form of the S-matrix has manifest su(1|1) symmetry. The full
symmetry algebra of N'=4SYM is psu(2,2[4). The S-matrix in the excita-
tion picture, however, is manifestly invariant only under a residual algebra
which preserves the excitation number. In this case the residual algebra is
psu(2]2)? x R, cf. [5]. The excitations transform in a (2|2) representation
under each psu(2|2) factor. Both factors share a common central charge ¢
which takes the role of the Hamiltonian. To be precise, we will introduce
two further unphysical central charges related to the dynamic nature of the
spin chain.

For the construction of the S-matrix it turns out to be very helpful that
the algebra splits into two (equal) parts: The complete S-matrix can be con-
structed as a product of two S-matrices, each transforming only under one
of the subalgebras. Moreover, as the particle representations of both subal-
gebras are isomorphic, it is sufficient to construct only one S-matrix with 44
components instead of (42)%. We can therefore work with a reduced set of
(2|2) excitations and an S-matrix transforming under the reduced algebra
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su(2]2). Incidentally, this coincides with the S-matrix of the maximally com-
pact sector of N'=4SYM which is the su(2|3) dynamic spin chain investi-
gated in [4].

As a first step towards the S-matrix, we investigate the residual algebra
in Section 2 and find a suitable representation for the excitations. On the
one hand, the representation (2|2) is almost the fundamental of su(2|2), but
it requires a trivial central charge C' = :l:%. On the other hand, the central
charge of su(2|2) represents the energy and we know that it is not quantized
in units of % To circumvent this seeming paradox we enlarge the algebra by
two central charges 9, &.1 This is indeed possible and allows for a non-trivial
(2|2) representation with one free continuous degree of freedom. We con-
struct this representation subsequently. The two additional central charges
can be related to gauge transformations which act non-trivially on individ-
ual fields; nevertheless they must annihilate gauge invariant combinations
of fields and therefore we can return to su(2|2) as the global symmetry.

Having understood the representation of the symmetry algebra, we con-
struct the S-matrix as an invariant permutation operator on two-excitation
states in Section 3. Astonishingly, the S-matrix is uniquely determined
up to an overall phase. This fact may be attributed to the uniqueness of
N =4SYM. An unconstrained overall phase is a common problem of con-
structive methods. In fact, the model in [4] leaves some degrees of freedom
which are reflected by this phase [13]. We then study the properties of the
S-matrix and find that it naturally satisfies the Yang—Baxter equation. This
is a necessary condition for factorized scattering and integrability. Assum-
ing that integrability holds, we outline the construction of eigenstates of the
Hamiltonian.

In Section 4 we perform the nested Bethe ansatz [26] on this S-matrix.
This leads to a completely diagonalized S-matrix which can be employed
for the asymptotic Bethe equations. We then study the symmetry proper-
ties of the equations and the remaining phase. It is also straightforward to
“square” the S-matrix and obtain Bethe equations for N'=4SYM, cf. Sec-
tion 5. We can thus prove the validity of the conjectured asymptotic Bethe
equations of [13] (up to the unknown abelian phase and under the assump-
tion of integrability). Among other things, this represents a further piece
of evidence for the correctness of the conjecture for the three-loop planar
anomalous dimensions of twist-two operators [27]. The conjecture was based
on an explicit three-loop computation in QCD [28] and a lift to N =4SYM

'The letters J,M,£,9,6,¢,PB, 8 of the \mathfrak alphabet correspond to
J,R,L,Q,S,C,P, K.
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by means of “transcendentality” counting. They were subsequently repro-
duced in the asymptotic Bethe ansatz for the s[(2) sector [11]. The derivation
of the latter required a relation to hold between the S-matrices of rank-one
sectors; here we can identify the group theoretical origin of this relation.

The only missing piece of information for the complete S-matrix is its
abelian phase. Its determination is prevented here because it is neither
constrained by representation theory nor by the Yang—Baxter relation. A
frequently employed constraint in two-dimensional integrable sigma models,
see e.g., [29], is a crossing relation for the S-matrix whose existence remains
obscure here. Furthermore, the pole structure of the S-matrix might lead to
some constraints. The results in Appendix D concerning a curious singlet
state represent some (failed) attempts in this direction; it is not (yet) clear
how to make sense of them.

A possible direction for future research is to perform a similar investiga-
tion for the S-matrix of the IIB string theory on AdSs x S°. The classical
diagonalized S-matrix elements can be read off from an integral representa-
tion of the classical spectral curve in [30] and the proposed Bethe equations
for quantum strings [18,13]. Clearly, the actual non-diagonalized S-matrix is
important as the underlying structure of the Bethe ansatz, cf. [31] for some
results in this direction. Due to the AdS/CFT correspondence, one might
expect the S-matrix to have the same or at least a very similar form and an
explicit derivation would be very valuable. Unless there are more powerful
constraints here, we should again expect an undetermined phase. The phase
can be determined perturbatively by comparison to spinning string states,
cf. [16] and the reviews [22,7]. Some leading quantum corrections to these
states and methods to deal with them in the Bethe ansatz have recently
become available [32]. A somewhat different approach (for a somewhat dif-
ferent model) might also lead to Bethe equations for quantum strings [33].

Another possible application for the current results is plane wave matrix
theory [15,34]. This theory leads to a very similar spin chain model [35],
which is however not completely integrable beyond leading order [36]. Never-
theless, it has an su(3|2) sector and the present result about the two-particle
S-matrix certainly does apply. This S-matrix satisfies the YBE, factorized
scattering is thus self-consistent. The important question however is whether
the multi-particle S-matrix does indeed factorize; is the su(3|2) sector of
PWMT integrable?

Finally, we should point out that the current analyses are justified only
in the asymptotic region: At high orders in perturbation theory there are
interactions whose range may exceed the length of a spin chain state, the
so-called wrapping interactions [4,10,12]. The asymptotic Bethe equations
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should only be trusted up to to this perturbative order which depends on the
length of the chain (which itself if somewhat ill-defined in dynamic chains).
Unfortunately, it is very hard to make precise statements because wrap-
ping interactions are practically inaccessible by constructive methods of the
planar Hamiltonian (and four-loop field theory computations are somewhat
beyond our current possibilities). Nevertheless when considering the finite- N
algebra, they should be incorporated naturally [37]. It is very likely that
the asymptotic Bethe equations receive corrections, either in the form of
corrections to the undetermined phase in an effective field theory sense or,
preferably, by improved equations. The thermodynamic Bethe ansatz may
provide a suitable framework here [38].

2 The asymptotic su(2|2) algebra

In the following we introduce the spin chain model. We then consider asymp-
totic states of an infinitely long spin chain and investigate the residual sym-
metry which preserves the number of excitations of states.

2.1 The su(2|3) dynamic spin chain model

In [4] a spin chain with su(2|3) symmetry and fundamental matter was
considered. This spin chain arises as a sector of perturbative U(N) N =4
super Yang—Mills theory in the large-N limit. The spin X at each site can
take one out of five orientations, X € {Z, ¢!, p?| !, 1?}. The first three are
bosonic states, the remaining two are fermions; in a N'=1 notation they
represent the three scalar fields and the two spin orientations of the gluino.
A generic state ’W> is a linear combination of basic states, e.g.,

W) =+|Z¢'ZZ¢°Z ... ¢") + #|p P22 Z) 4 (2.1)

Such a state represents a single-trace gauge invariant local operator. The
spin chain is closed and physical states are cyclic, they must be invariant
under cyclic permutations of the spin sites taking into account the statistics
of the fields. This corresponds to cyclicity of the trace in gauge theory.

The states transform under a symmetry algebra su(2|3) which is a sub-
algebra of the superconformal algebra psu(2,2[4) of N =4SYM. The gl(1)
generator of this algebra is associated with the energy, we shall call it the
Hamiltonian; in N'=4SYM it is related to the dilatation generator. Thus,
finding the spectrum of this operator is physically interesting, it contains
the planar anomalous dimensions of the local operators in the su(2|3) sector.
A family of representations of su(2|3) on spin chain states was constructed
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in [4]. The family was parametrized by the coupling constant g related to

the ’t Hooft coupling constant by

2 _ L _ gx%MN
82 8m2

g (2.2)
At g=0 the representation is merely the tensor product of fundamental
representations. The deformations around this point can be constructed
in perturbation theory. This was done in [4] up to fourth order for all
generators and up to sixth order for the Hamiltonian. The constraining
property of the representation was that the generators must act locally on
the spin chain with a maximum range determined by the order in g. At
a finite value of g, the action is therefore long-ranged. The action is also
dynamic, the generators are allowed to change the number of spin chain
sites L: the length L fluctuates.

2.2 Asymptotic states

Let us define a vacuum state composed from only Zs. We shall start with
an infinitely long vacuum

0y =|...22...2Z...). (2.3)

In fact, physical states have a finite length and are periodically identified.
As pointed out in [11], it is however sufficient to consider periodic states on
an infinite chain to obtain the correct spectrum up to a certain accuracy.
This is what will be called the asymptotic regime. We might then consider
a generic asymptotic state as an excitation of the vacuum, such as

!Xl ce Xl/é>1 = Z ePIML | QIPKTK
n <. <nKg
ni ng
bl !
x|...ZZ...X.. X . X' ZZ...). (2.4)

The superscript “I” of the state implies that we have screened out all vacuum
fields Z. Here “I” refers to the first level of screening; later, at higher levels,
more fields will be screened. The excitations X € {¢!, $?| ¢!, %} have the
same order with which they appear in the original spin chain. The subscript
k=1,..., K of an excitation indicates that X}, carries a definite momentum
pi along the original spin chain.

In (2.4) we have assumed that the excitations are well-separated, nj <
nk+1, so that the range of interactions is always smaller than the minimum
separation. Then the interactions act on only one excitation at a time
which is a major simplification; this is our notion of asymptotic states. Of
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course also the states with nearby excitations are important, but for the
determination of asymptotic eigenstates and energies their contribution can
be summarized by the S-matrix which will be considered in Section 3.

2.3 The algebra

The spin chain states transform under the full symmetry algebra su(2|3)
and so do the asymptotic states. However, the number of excitations, K,
is not preserved. It is only preserved by a subalgebra of su(2|3), namely
su(2(2), let us therefore restrict to it. This algebra su(2|2) consists of the
su(2) x su(2) rotation generators R%,, £¢3, the supersymmetry generators
0%, 6% and the central charge €. The non-trivial commutators are

[%alhgc] - 653& - %58367
[£95,37] = 633% — 16337,
b b b b
{Daa76 5} = (5(1204,84—5%% a—i—éaégf@i, (25)
where J represents any generator with the appropriate index. For later

convenience we enlarge the algebra by two central charges? P, & [39] to
su(2]2) x R?

{2%, 9%} = ePenB,
{6%,8"5} = e 8. (2.6)

These shall have zero eigenvalue on physical states and thus the algebra on
physical states is effectively su(2|2). The extension is necessary because the
representations of su(2,2) are too restrictive for the excitation picture.

The enlarged algebra psu(2|2) x R3 is a contraction of the exceptional
superalgebra 9(2, 1; ¢, R) with ¢ — 0. The triplet of central charges 8, 8 and
¢ is the contraction of the sp(2, R) factor while the rotation generators R, £
form the s0(4) = su(2)? part. See Appendix A for details of this construction.

2.4 The representation

Let us represent su(2|2) on a 2|2-dimensional space. We label the states by
‘¢“>I and ‘1/JO‘>I. These should be considered single excitations (2.4) of the

2Central extensions of Lie superalgebras were investigated in [40]. The psu(2|2) algebra
constitutes a special case with up to three central extensions. I thank F. Spill for pointing
out this reference to me.
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level-I vacuum ‘O}I in (2.3). Each su(2) factor should act canonically on
either of the two-dimensional subspaces®

Ry 69) = dg|¢e)’ — Log|ec),
£%|w) = 3w — Loglu). (2.7)

The supersymmetry generators should also act in a manifestly s1(2) x su(2)
covariant way. The most general transformation rules are thus

Q%[0 = adl|v),
Q% [9°) = be®Pey|gPZ ),
6“a‘¢b>1 = ce%eqp ‘wﬁZ’>I,

&%) = d62|e™). (2.8)

For the moment we shall ignore the symbols Z* inserted into the states.

We find that the closure of {Q, 6} = ... (2.5,2.6) requires ad —bc=1. The
central charge is then given by

¢y = clx) = Lad + be) |x) (2.9)

where |X>I is any of the states ’¢a>l or }¢O‘>I. For su(2|2) we should further-
more impose {Q,Q} = {6, 6} =0 which fixes ab=0 and c¢d=0. The two
solutions to these equations lead to a central charge C'= :l:% and correspond
to the fundamental representations of su(2|2). This would lead to the model
introduced in [41] which is the correct description of gauge theory at leading
order, but not at higher loops.

In order to find more interesting solutions with non-trivial central charge
we relax the condition {D, Q} = {G, G} = 0 and allow for non-trivial central
charges 3, R. Closure of the symmetry algebra requires the action of the
additional generators to be

P|X) =ab|XZT),
R|X) =cd|XZ7). (2.10)

Of course we are interested in representations of the original su(2|2) algebra
and not of some enlarged one. Therefore we are bound to constrain the
action of P and R to zero. For this representation we are back at where we
started and there is only the fundamental representation. The improvement
of this point of view comes about when we consider tensor products. Then,
only the action of the overall generators 3 and & must be zero leaving some
degrees of freedom among the individual representations.

3The su(2) algebra generates a compact group whose unitary/finite-dimensional repre-
sentations cannot be deformed continuously.
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2.5 Dynamic spin chains

To match the representation to excitations of the dynamic su(2|3) spin chain
[4], we note that ZT should be considered as the insertion of a field Z into
the original chain; likewise Z~ removes a field. Let us consider an excitation
with a definite momentum on an infinite spin chain

n

}X}I:Zeim\...Zz...jc...zz...) (2.11)

When we insert or remove a background field Z in front of the excitation
we obtain

n+tl

. L
+p\l
25Xy =) T[22 X..ZZ...)

n

_— !
= PFP| L ZZ. X, ZZ...), (2.12)
n

i.e., we can always shift the operation Z to the very right of the asymptotic
state and pick up factors of exp(Fip)
|ZEa) = T | a2, (2.13)

The action of 3 on a tensor product gives

K K
Pl xx) =Pla. . xxz), P=Yaby [[ e  (214)
k=1 I=k+1

and should vanish on physical states. Physical states are thus defined by the
condition that the central charge P vanishes. On the other hand we know
that physical states are cyclic, they have zero total momentum. Indeed
P =0 coincides with the zero momentum condition provided that we set
arbr, = a(e”* —1). Then the sum telescopes and becomes

P=a) (e -1 J] e™ =0 (H e PE — 1> : (2.15)
= k=1

k=1 I=k+1

The first term is the eigenvalue of the right shift operator. When we set
crdp = B(e'Pk — 1) we obtain the same constraint from a vanishing action of &

K
/X Xe) = (H e'Pk — 1) A X Z) (2.16)
k=1
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We can now write the action of 3, & in (2.10) as
Bl =a|ztX) —a|xzh),
flay =plz-x) - glazo). (2.17)

Note that this reveals their nature as a gauge transformation, 3 generates
the transformation ¥ — « [Z, ¥]. Similarly, £ generates a somewhat unusual
transformation ¥ +— 3 [Z7,¥], which removes a field Z. Of course, physical
states are gauge invariant and therefore should be annihilated by P and R.

2.6 Solution for the coefficients

Next we solve the central charge in terms of the momenta and obtain

K
C=) Cp Cp= j:%\/l + 1683 sin? ($py).- (2.18)
k=1

The central charge is the energy and consequently we have derived the BMN-
like energy formula [15] up to the value of the product a3 which should play
the role of the coupling constant.* To adjust to the correct coupling constant
for N'=4SYM and the one used in [4] we set 3= g?/2a. We introduce new
variables xZ, x;, to replace the momenta p; and solve®

. 2 .
@ 4 el i
ag =V, bp=-——= (@ —x;), o= = dy=—— (a2 — ).
VeTy (i ) 2ax,; Vi (= )
(2.19)
For a hermitian representation we should choose
k| = |izy, — izf |2, |l = Vg2/2. (2.20)

The condition agdy — bicp = 1 for the closure of the algebra translates to

2 2
+ g — g .
2 -z, - = =1. 2.21
k 2x: k 2x,, ( )

Finally, the momentum and central charge are given by

1Dk .’I,': 1 ) . - 1
(& :;, Ckza‘l‘%i_%i:—ﬂl}k +Z$Uk —5. (222)
k k k

“This derivation of the energy formula should be similar to the one in [42].
5The parameter ~y; corresponds to a (momentum dependent) relative rescaling of |¢a>
and |1/1a> whereas a corresponds to a rescaling of Z.
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The physicality constraint ‘B|¢> = R‘LT/> =0 is the zero-momentum
condition
. K €T
1= =]]=%. (2.23)

Interestingly, the dispersion relation (2.18) admits two solutions with
a given momentum but opposite energies. This is a common feature of
relativistic quantum mechanics: the two solutions can be interpreted as a
regular particle and a conjugate one propagating backwards in time. The
conjugate excitation can be obtained from a regular one by the substitution
af s —g%/22F (or by aif s ¢ /22 which inverts the momentum as well).
We might solve (2.21) by [12]

2

o = o(ug + D, x(u) =tu+ Juy/1-2¢2/u?, u(z)=z+ g— (2.24)
x

This may appear to yield only the positive energy solution, it is however not
possible to exclude the negative energy solution rigorously: In general z*
are complex variables and the negative energy solution will always sneak in
as the other branch of (2.24). The branch cut may only be avoided in the
non-relativistic regime at g ~ 0, where the perturbative gauge theory and
the underlying spin chain are to be found.

It seems that the appearance of conjugate excitations is related to the
puzzle observed in [43]: the su(2) sector of N =4SYM does not have a
direct counterpart in string theory, but it is merely embedded in a larger
su(2) x su(2) sector representing the isometry algebra of an S3. This larger
sector has excitations corresponding to a second su(2) which are related to
the original ones by the map z + g?/2x. The reason why the conjugate
excitations do not appear in gauge theory is related to perturbation theory.
They would have a non-vanishing anomalous dimension —2 at g = 0 which
is in conflict with the perturbative setup. An interesting application of the
conjugate excitations is presented in Appendix D where a peculiar composite
of a regular excitation and its conjugate is investigated.

3 The S-matrix

So far we have concentrated on asymptotic states (IR) and discarded the
contributions from states with nearby excitations (UV). The latter become
important when considering eigenstates of the central charge € alias the
Hamiltonian. Luckily their inclusion can be summarized in the S-matrix of
the model.
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3.1 Sewing eigenstates

The symmetry algebra acts on the asymptotic states (2.4) as a tensor prod-
uct representation: all excitations are treated individually and do not influ-
ence each other. This can however be true only in an asymptotic sense; there
are additional contributions from the boundaries of the asymptotic regions
where excitations come too close. When interested in the exact action of
the algebra we must take these into account. This is achieved by sewing
together the asymptotic regions in a way compatible with the algebra, e.g.,

) = al . X ) b (XX Y A (3.

Here the left-hand state is some asymptotic state, the middle one represents
contributions with nearby excitations k,! and in the right-hand state the
momenta of the excitations k,[ are interchanged. There may be various
linear combinations of different flavours X', X’,... which we do not specify
here. Clearly, the exact algebra transforms the coefficients a, ¢ independently
according to the asymptotic rules in Section 2.4. In addition, b must be
adjusted so that it yields the correct contributions to the boundaries of the
asymptotic regions. This relates b to a and b to ¢ and therefore a with c.
This means that asymptotic states can be completed to exact states in a
unique way compatible with the algebra. In particular, the coefficients of
all asymptotic regions, a,c in the example, are related among each other.
As soon as this relation is known, it is no longer necessary to consider the
non-asymptotic contributions.

The completion of asymptotic states can be performed by the S-matrix.
The S-matrix S,{,l is an operator which interchanges two adjacent sites of the
spin chain at level 1. The affected sites are labelled by their momenta py, p;
which are exchanged by S,Id

Skl 2. s ) (3.2)
The consistent completion of this asymptotic state is then
w) = a<| 2. 4 non-asymp. + Sh| .. XA >I>. (3.3)

The requirement for asymptotic consistency is that the S-matrix commutes
with the algebra, [J; + 31, S| = 0, where Jj, is a generator of su(2[2) x R?
acting on site k.

3.2 Invariance

Let us now construct the S-matrix by acting on the state ‘X1X2’> with
all possible combinations of spins X, X’. We demand the exact invariance
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under su(2[2) x R?
[31+32,81,] = 0. (3.4)

The commutators with the central charges €, ‘3, R are automatically satis-
fied. From commutators with the kinematic generators ‘R, £ the S-matrix
takes a generic form determined by ten coefficient functions A1o = A(z1,x2)
to Lio. The form is presented at the top of table 1. Remarkably, invariance

Table 1: The dynamic su(2|2) S-matrix

Shol6teh)" = Ar|oy"0)) + Bralog'ol)' + jCueeasluguiZ"),
Stalus)' = Duafud™u!)' + Bl u!)! + §Fen|ogot2+)
S| d9l) = Gralvet) + Hio|ogu?),
Shlwgeh) = Kialug ) + Lia|obug)".

+ —
Ly — X
_ Q0 %2 1
A]_Q — S12 — T
Lo — Iy

0 Ty — ] <121—92/2x2_:vf x;—xf>
5 1—g2/2z52] 25 —a7 )’

2 + +
271 1 T3 —x
01225?2977 2,

— YT —
aryx] 1—g¢2/2z5 2] x5 — ]

_ 0
Do = =575,

1—g%/2z5a] x5 — 371_)
+ I

Eip=-5% (1-2
12 12 ( 1 —g2/2:1;§inr T, — ]

+ —\ (ot — — —
Q0 200(z3 — @y ) (@) — 7)) 1 Ty — Ty
Fip = =57
T+ R T
Yoy175 T 1 —g?/2x5 2] x5 —x)
+ +
Gro — SO Lo — Iy
12 — P19 —— T
Lo — Ty
Jr
0 71 L2 — Xy
Hyp = 19 — —= +
Y2 1:2 _$1
Jr
_q0 2T — X
K12_512 — T
1 .132 *Il
To — X
_ q0 L2 1
L1z = Sty +
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under the dynamic generators 0, & leads to a unique solution up to an unde-
termined overall function SP,. To obtain the solution is straightforward but
somewhat laborious; we merely state the final result at the bottom of table 1.

One may wonder why this S-matrix is uniquely determined. It inter-
twines two modules and one should expect one degree of freedom for each
irreducible module in the tensor product. Intriguingly, it appears that the
tensor product is indeed irreducible. This may be the case because both
factors are short (atypical). Their tensor product on the other hand has
8|8 components which is the smallest typical multiplet. Note that the usual
symmetrizations cannot be applied here, because both factors transform
in distinct representations labelled by their momenta pi. In verifying the
invariance of the S-matrix, the following identities have proved useful

+ + — —
L1 — Xy _ Ty — Ty

1—g2/2e72;  1—g2/2z )

+ - _ .+ - 2 + _ .+
Ty =Xy —X) +T7 g T — gy
¥+ = ot —to— 1 12/90—
)y xy — ) T, 2z xyxyxy 1—g%/227 ;)
2 +,..+ -t — =t ot
Blg__1+ g T] Ty —2x] Ty + ] Ty T] — Ty
0~ Fo— = 2 /90— = +
ST 2] x] 23 2, 1 — ¢?2/2z7 5 Ty — T
+ — 2
Elg_acg—xl g
0o~ .- + 9.t t—
Sty xy —x] 2z 2] x5 s
+, .+ +,.— — = ot ot
T] Ty — 22wy + T Ty T] — Ty (3.5)

1—g%/2x] x5 zy — )
They can be derived from the quadratic constraint (2.21) between ™ and 2.

Let us compare to the results in [13] for the S-matrix in the su(1|2) sector
of N=4SYM. The S-matrix has manifest su(1|1) symmetry as explained
in [25] and we obtain it by restricting to the spin components a, b, o, 5 = 1.
Then only the elements A, D,G, H, K, L in table 1 are relevant and the
S-matrix agrees with [13,25].

3.3 Properties

We have already made use of the invariance of the S-matrix in its construction

(31 + 32, S1,] = 0. (3.6)
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It however obeys a host of other important identities. First of all, it is an
involution

SLSt =1 (3.7)

assuming that the undetermined phase obeys S%(z1,72)S%(z2,71) = 1. We
have also verified that it satisfies the Yang-Baxter equation®

5{23{35‘53 = 5535{35{2- (3~8)

This is very tedious and we have made use of Mathematica to evaluate (3.8)
on all three-particle states. Note that the appearance of Z* in table 1 can
lead to additional phases due to (2.13), e.g.,

+
Shy|o1ats)’ — |atr Z ) + - = i—i o3 Z ) - (3.9)
3

It is also worth considering the g = 0 limit corresponding to one-loop
gauge theory. Here all the particle representations have central charge C' = %
and transform as fundamentals under su(2|2). When we set a = O(g), it is

easy to see that

ug — Ul 1
S = Py S} P 3.10
12{920 12912 ug—ul—i+u2—u1—z’ 12 (3.10)
where P is a graded permutation of the spin labels a, b, a, 8 and P}, inter-
changes the spectral parameters uy,us. This agrees with the well-known
S-matrix in the fundamental representation of su(2|2). We recover the model
found in [41].

3.4 Eigenstates

A generic eigenstate ‘W> of the spin chain can now be represented by a set
of numbers {zi,...,zx} and a residual wave function ‘lI/I> This residual
wave function is given as a state of a new inhomogeneous spin chain with
only four spin states {¢!, #?| 9!, 1?} such that spin site & has momentum
pr = p(xy) along the original spin chain. The eigenstate is

w) = S'|w'). (3.11)

Here S' is the multi-particle S-matrix at level I. In the case of infinitely many
conserved charges, the set of momenta is preserved in the scattering process,

5M. Staudacher has confirmed that the YBE is satisfied at the first few perturbative
orders in g.
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i.e., only the momenta can be permuted. Indications that this might be true
were found in [4,44]. The S-matrix can thus be written as

si= 3 st (3.12)

TESK

The S-matrix Sy interchanges the sites and momenta of the spin chain |£PI>
according to the permutation 7. If the S-matrix factorizes, it can be written
as a product over pairwise permutations of adjacent excitations

Sr= 1] sk (3.13)
(kDemr

Due to the YBE (3.8) this product can be defined self-consistently. Let us
therefore assume that the S-matrix factorizes and that the Hamiltonian € is
integrable. An indirect verification of this assumption is that the resulting
Bethe equations indeed reproduce several energies correctly [13]. This solves
the problem of finding asymptotic eigenstates ‘W> of the infinite spin chain.

4 Diagonalizing the S-Matrix

The previous solution for the infinite chain is complete, but it requires a
residual wave function ‘WI> to be specified. In other words, we have replaced
the level-0 wave function ‘Ll/> by a set of parameters {z1,...,rx} and a
level-1 wave function ‘lI/I> We can now try to repeat this process and rep-
resent the spin chain |W1> by a set of parameters {y1,...,yx } and a level-II
wave function |#™). This is the so-called nested Bethe ansatz [26].

4.1 Vacuum

We start by choosing a level-II vacuum state consisting only of ¢'s

)" = [o1... 0k (4.1)

For any permutation 7, the S-matrix S! yields a total phase S. times a
vacuum of the inhomogeneous chain with permuted momenta

SHOY! = SH0), [0)) = [@hay -+ Dhery) - (4.2)
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The total phase is given by a product over two-particle phases

S7I1- = H SLI(xlﬁml)? SI’I(:U]ﬁxl) = A(Q}k,iﬂl)

(k\h)er
- _ o+
X, —X
= So(:vk, l’l) % (4.3)
T — Iy

4.2 Propagation

Now let us insert one excitation which might be of type 1!, 1?2 or ¢2. If it
is of type ¢! or 12, an action of the S-matrix shifts this excitation around.
If it is of type ¢2, however, the S-matrix can shift it around, but it can also
convert it into one excitation of type ¢! and 1?2 each. Subsequently, these
two will be propagated by the S-matrix on an individual basis. Therefore
¢? is a non-elementary double excitation whereas !, 12 are the only two

elementary excitations of the vacuum ‘O>H.

A generic one-excitation state is given by

K
)" =Y ww) |ot v k) (4.4)
k=1

with some wave function ¥ (y). For this wave function we make a plane
wave ansatz in the inhomogeneous background which is determined through
the x;s

k—1
Te(y) = f(y, ) [ S™ (w, 20). (4.5)
=1
Here S™1(y, ;) represents the phase when permuting the excitation past a
background field and f(y, xx) is a factor for the combination of the excitation
with the background field.

We demand compatibility of the wave function with the S-matrix. This
means that SI merely multiplies the state by the previous S. in (4.3) and
permutes the momenta

K
oIl oIl oIl o I
Sel)” = Salv Ve %) = 2 Trk (W) [br0r) - Uy - By -
k=1
(4.6)
with
k—1
Sp7r,k(y) - f(y7 xﬂ'(k)) H SILI(yv xﬂ'(l))' (47)
=1
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To solve this problem, it is sufficient to consider a spin chain with only two
sites

[0 = Fly,20)[650b) + F(y, 22)S™ (y, 1) [o1us),
) = Fly,aa)|[0sod) + Fly, o) ST (g, m) [oded). (4.8)
We thus demand
Slaolp)! = M@y, @a) [ (4.9)

which amounts to

Fly,m1) K(21,22) + f(y,22) ST (y, 1) G, 22) = f(y, 22) A1, 22),
fly, 1) L(z1,22) + f(y, 32) S (y, 1) H(z1,22)
= f(y,acl)SH’I(y,xg)A(xl,xg). (4.10)

These two equations are solved by

Y-y Yk
Sy, ap) = =5 fly,ap) = ——. (4.11)
- Ty Yy—

4.3 Scattering

For a two-excitation state we make an ansatz of two superimposed plane
waves

K

e = S By W) [6F . vg ) ok (4.12)

k<l=1

This solves the compatibility condition S}r‘w%wg >H = S,Ir‘w‘f‘wg >£FI except
when the two excitations are neighbours. We should also consider a state
with one excitation $2Z% which can undergo mixing with the previous state

K
62,2 0) = > Wy W(y2) f(yr, vz, 7)1 - 2T o). (4.13)
k=1

Here, f(y1,y2,xk) represents a factor which occurs when two excitations
reside on the same site. A generic two-excitation eigenstate must be of
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the form
|21 = [ugeg)" + 26t 2 )" + Sthluvy) (4.14)
with an su(2) symmetric S-matrix
Shlutvg)" = Mialugv?)" + Nialuguf)". (4.15)
Again we impose the compatibility condition
Sp|w') = Syt (4.16)

which is trivially satisfied when the two excitations are not neighbours. To
solve the relation exactly we need to consider only a two-site state

01 = Flyr,20)f (g2, 22)8™ (g, 20) [0 05)!
+ Flyn, 21) f (g2, 20) f (g1, v, 1) (a5 fa5) 20|62 pd 2H)!
+ fy1,2) f (y2, ©2) S (y1, 21) S™ (y2, 21) £ (y1, ya, 72) 5aﬁ’¢%¢33+>1
+ My, y0) f(y2, 1) f (g1, 22) Sy, 1) [0505))!
+ N1, y2) f(y2,00) f (g, 22)S™ (g, 20) [ g’ (4.17)

and the state ‘WH>
solution of (4.16)

_ where z1 and x3 are interchanged. We find the unique

u i i
12 = — ST )
yi+9%/2y1 —y2 —g*2y2 +i vr —va i
2 2
291 —yo — 2 V] — U
Np=-UYT/ =9 /% _  w-v (4.18)
i+ 97 2 =y — g7 2y +i v —wvati
where the new spectral parameter vy is related to y; as
g2
Vg =Yg+ =— 4.19
o (4.19)
The factor for two coincident excitations in (4.13) is
- _ o+ — .+
a T — T Y1y — T, T Y1 — Y2
fy1>y27$k =— & k T
( ) v: ozt Y1y2 y1+9%/2y1 —y2 — g%/2y2 + i
(4.20)

In Appendix C we will present an alternative notation for wave functions
which is somewhat more transparent and should naturally generalize to more
than two excitations.
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4.4 Final level

The level-1 S-matrix S5 has the standard form of a su(2) invariant
S-matrix with spectral parameters vy =y + %. It is therefore clear that

the remaining elements of the diagonalized S-matrix are”

Sy, ) = —=M(y1,y2) — N(y1,92) = 1,

2 i

w1 —y2 — g°/2ys — wy — V2 — 3

STLI (1 ) = 5 2 = 2,
w1 —Y2—g*/22+5 wi—v2t3g

wy — wg +1

N

SIH,HI( (421)

wi,wz) = .
wp, —wy —1

Eigenstates of the Hamiltonian are now determined through a set of main

parameters {z1,...,zx1} as well as several auxiliary parameters
{y1,...,ygu} and {wi,...,wgm}. The spin chain picture has completely
dissolved.

4.5 Bethe equations

Bethe equations are periodicity conditions for a state of the original spin
chain. As the length fluctuates, we cannot define the period, but if we also
impose cyclicity this is not a problem. The generic Bethe equations for a
diagonalized S-matrix S4B (1:]?, mlB) read

I KB

1= JT1II s%' =), (4.22)
B=01=1
(B.l)#(Ak)
Here K4 is the number of excitations of type A € {0, I, III}. So far we
have not introduced the quasi-excitations of type 0: These are sites of the
original spin chain and they do not carry an individual momentum param-
eter for this homogeneous spin chain. They only scatter with excitations of
type I defining the wave function of a homogeneous plane wave
xh -
SI’O(azk, )=k — e, (4.23)
Lk
Imposing a Bethe equation at level 0 implies that sites can be permuted
around the chain without a net phase shift. This operation is a global
shift and invariance is equivalent to the zero-momentum condition (2.23),

"Note that the excitation of type II is fermionic. For the diagonalized S-matrix we shall
use the convention that scattering of two fermions introduces an additional factor of —1.
Hence ™M =1,
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i.e. the physicality constraint ‘,]3‘W> = ﬁ‘@> = 0 in Section 2.5. Clearly, the
S-matrix satisfies the involution condition
1
SAB(f o)=L (4.24)

SPAGP )

from which the remaining matrix elements can be read off. The asymptotic
yg+9
Yk

Bethe equations are summarized in table 2. Here v, = and xf are

related by (2.21).

In order to understand the number of excitations K4, we first of all
1,,2
convert all fields ¢? into zpz;f’l . Then we follow through the earlier nested
Bethe ansatz and find

N(Z)+ N(¢") + N + N(W?) =p+2q+2r — s=r1 + 2ry — 13,
N(¢') + N@') + N(@?) + N(¢*) =q+2r — s =7y + 14,
N (') + N(4?) + 2N (¢?) =2r—s =73+ 21y,
KNG LN =r—s =i
(4.25)

Here, [p, qQ;r+ %(SD; s] are the Dynkin labels of the state when the Dynkin
diagram is O—O—X-0O and [7"1; ro + %5D; r3;T4 + %6D] are the Dynkin labels
when the diagram is O-X-O-X. These are related by p=ri,q =19 —
r3 —rq; S = r3;r = rs + r4. Note that the highest-weight state in a multiplet
is determined using the Dynkin diagram O-X-0O-X.

The derived Bethe equations agree with the equations conjectured in [13].
To see this, we first eliminate the flavours 1,2, 3 to restrict to the su(2|3)

Table 2: Asymptotic Bethe equations for the dynamic su(2|3)
spin chain

KU o+
l
1 == H )
=17
2o\ K o —x\ K2 —y
_ k 0 k< k_—
1= <+> H (S (l‘[,l’k) — +> H T )
Zp =1 Ly — Xy Ji=12%, — Yl
I#k
I 11T 3
Koy —af K op —wy + 4
1=1] =,

I=1Yk — %) [=1 Vg — W] — 3

11 ) 111 .
1 flf_[wk—vl—i-%K Wy — Wy — 1
=1 W — v — 5 =1 Wk —wy+1

14k
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sector. Then we trade in all Bethe roots of type 7 for Bethe roots of type
5 by means of the duality transformation. Finally, we identify flavours I,
IT, IIT with 4,5, 6, respectively. In other words, the Bethe roots x,u, y, v, w
correspond to x4, ug, x5, Us, Ug.

4.6 Symmetry enhancement

Superficially, the Bethe equations in table 2 look as though they originate
from the Dynkin diagram O-X-O, i.e., a spin chain with su(2|2) symmetry.
However, the full symmetry algebra of the considered spin chain is su(3|2)
by construction. This means that some of the symmetry must be hidden.

Symmetries in the Bethe equations are represented by Bethe roots at
special positions, conventionally at co. Indeed, one can add a Bethe root
T — oo (flavour I), y,v — oo (flavour II) or w — oo (flavour III) to any
existing set of Bethe roots. If the original set satisfies the Bethe equations,
the new set does so as well, because the scattering between these special

excitations and any other excitation is trivial, S = 1.

Symmetry enhancement for the Bethe equations in table 2 works as fol-
lows: one adds a Bethe root y = 0 and removes a quasi-excitation of type 0
at the same time. In the Bethe equation for zy, the effect of adding y =0
and removing a quasi-excitation cancels. In the Bethe equation for a wy,
the scattering with y = 0 is trivial, because v = % = 0. The equation
for some other g is not modified due to the absence of self-scattering terms
for fermions. Finally, in the equation for y itself, the net scattering with
all ;s is equivalent to the zero-momentum condition (2.23). The latter is

effectively the Bethe equation for the (removed) quasi-excitation.

In conclusion, the Bethe equations have a hidden su(2|3) symmetry. This
however requires that the physicality constraint holds. One can also derive
the S-matrix and Bethe equations assuming that the residual symmetry at
level T is su(1|2). This avenue is considered in Appendix B.

4.7 Abelian phase

We have solved the asymptotic spectrum of the s1(2]3) dynamic spin chain
[4] up to the overall function Sp(zg,z;). The analysis of a similar class of
long-range spin chains in [36] has produced a suggestive generic form for this
function. Clearly, it does not necessarily have to apply to this particular spin
chain, but it is worth contemplating the possibility. Here is summary of the
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results of [36]: the overall factor is
1—g*/2xfa,

S i 3o 2i0 ) 426

So(z, xr) =

with the dressing phase

[e.e] o
O =>_ Y Brslg®) (qr,k sl — ds,k qr,l)- (4.27)

r=2 s=r+1

and the r-th moment of the k-th excitation

1 i i
Grk = —7 <($W1 — (xk)H) . (4.28)

The coefficient functions (3,5(g), 7 > s, can be chosen freely, but the structure
of the algebra generators imposes some constraints: Compatibility with the
range of the interactions requires 3,s(g%) = O(g?*=2). Compatibility with
gauge theory Feynman diagrams imposes the more restrictive constraint
Brs(g?) = O(g?"+25=4). Finally, the coefficients 3., with odd r + s violate
parity. The author believes that all these coefficients can be realized by the
underlying su(2|3) spin chain. In the analysis of [4] only the first, £23(g?)
can be seen at O(g*).

In [36] two further sequences of parameters related to propagation and
mixing of charges were identified. Here, these degrees of freedom are fixed by
the structure of the algebra, cf. (2.24), and the inclusion of the Hamiltonian
in the algebra. Finally, we note that (2.24) is not the correct map for
the Inozemtsev spin chain [9], cf. the appendix of [12]. This proves that
the Inozemtsev spin chain cannot be an accurate description of the su(2)
sector of planar N'=4SYM beyond three loops which remained as a logical
possibility after [10]. Conversely, we cannot guarantee that the spin chain
of [12] is the correct (asymptotic) description at starting from four loops;
proper scaling in the thermodynamic limit may be violated in other ways or
even integrability might break (although the latter does not seem likely).

5 Generalization to psu(2,2|4) and N =4 SYM

In N =4 super Yang-Mills, there are (8|8) types of level-I excitations [15].
These transform under the residual algebra psu(2|2)? x R? [5].8 The genera-
tors of the bosonic subalgebra su(2)* are £, 0%, £, R, the fermionic generators

8 A very similar algebra appeared in the study of mass-deformed M2 branes [45,34]. It
would be interesting to find out if there is a deeper connection. Also the residual algebra
su(2]2) x R? for the su(2|3) sector of N'=4SYM appears to play a for M5 branes [34].
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are 2,6, Q, &. The dotted algebra relations are the same as for the undot-
ted ones (2.5,2.6) with the central charges shared among the two algebras
(€, 8, P) = (¢, &, P). The set of (8]8) = (2]2) x (2|2) excitations now trans-
forms under each extended psu(2|2) x R? subalgebra as (2]2) in Section 2.4.
The (8|8) composite fields are of four types: (¢¢) is a quartet of scalars, (¢1))
and (1¢) are two quartets of fermions and (¥¢)) is a quartet of covariant
derivatives.

We can now apply these results for the algebra, S-matrix and Bethe equa-
tions to N'=4SYM. Due to invariance under each factor of the residual
symmetry, the S-matrix should be

SiiSiy
A
with some overall undetermined phase Sy(xg,z;), c.f. the remarks in Sec-
tion 4.7. Similarly, the asymptotic Bethe equations can be composed from
those in table 2. Here, the main Bethe roots xf are shared among the two

sectors, but the auxiliary Bethe roots yi,w; are duplicated 9, wr. The
complete Bethe equations are as in [13].

SN=*4= (5.1)
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Appendix A A contraction of 9(2, 1;€)

The exceptional superalgebra 9(2, 1; €) consists of three triplets of su(2) gen-
erators J%, J%g, J% and an octet of fermionic generators 3¢, The 5u(2)3
generators commute canonically
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[3%; 3%] = 053" — 053°%- (A1)
The fermionic generators transform in the fundamental representation of
each su(2) factor

|:J :| a e %5830&7
|:J i| ~cae _ %5330&7
30,3 = 5;305“ — Lagede, (A.2)

Finally, the anticommutator of the fermionic generators is
{3aﬁc7~def} — O“,_:ak Be cf e+ 5€ad&ﬁ/~c ch + ,Ygad Be cé‘j (A3>

The Jacobi identity requires o + 8 + v = 0 and a rescaling of J**¢ leads to
a rescaling of («, #,7). The parameter of 9(2, 1;¢) is given by € = I or any
other of the six quotients made from two of the coefficients «, 3,y

We now derive the algebra in Section 2.3 as a contraction of the algebra
given before. First of all we identify two of the su(2)s

I% =R%, I =4L%. (A4)
The third su(2) will be contracted, we split up the generator J%, as follows:
=P, Jh=-3h=-c'e, Fi=-¢c'A (A.5)

The fermionic generator yields the supersymmetry generators
I =eQf,, 39 =Me, (A.6)

Finally, the three constants of the exceptional algebra are adjusted to
(2, 15¢)

a=—-1—¢ =1 ~v=c¢ (A7)
Sending € — 0 leads to the commutation relations in Section 2.3.

Appendix B Alternative notation with su(1]|2) symmetry

The manifest symmetry of the Bethe equations is su(1|2), i.e., the residual
symmetry at level I appears to be su(1]2) and not su(2|2). In fact, we can
work with su(1]2) as the manifest symmetry of the S-matrix and thereby
avoid the effects of a fluctuating length. Let us outline this picture here.

We first define the two bosonic excitations as ¢ := ¢! and y := ¢?Z+.
Then the multiplet (¢|!,4?|x) transforms in a typical representation
(1|2]1) of su(1|2). This representation is like the one discussed in Section 2.4
but the index a is restricted to the value 1. There is no complication from
a fluctuating length as in (2.8) for Q% transforms ¢ = ¢! to ¥ and ¢°
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to e*P¢?Z+ = Py, Similarly, &, transforms between (¢| ¢!, ¥?|x) in the
opposite direction. The spin chain becomes static. Note that for an exci-
tation with central charge C' = —I—%, the representation splits in two parts
(1/2|0) and (0]0]1), i.e., a fundamental and a trivial representation. This is
the common breaking pattern for typical representations of su(2|1).

To understand the possible degrees of freedom of an invariant S-matrix
one should investigate the irreducible representations in the tensor product
(1/2]1)? [46]. There are three irreps which could be described by the symbols
(1/2]1/0]0), (0|2|4|2]|0) and (0]0|1]|2|1). The S-matrix thus acts on selected
representatives as

Sia ‘¢1¢2>I = Sl |¢2¢1>I,
5{2 |¢1a 26}>I = _5%2 ’¢2a¢1ﬁ}>17
Sly }><1X2>I =S5 |X2X1>I, (B.1)

the action on the other states is determined through su(1]2) invariance.
From symmetry arguments alone the three factors SfQ are independent.
It is, however, very likely that they are interrelated by the Yang—Baxter
equation (3.8).

In the main text we have used invariance under su(2|2) x R? to relate the
coefficients and found

+ —
1 _ g0 T2 — Ty
512_512 — )
Lo — Ty
2 _ @0
Sty = Sias
2/9,.+ 2 /9,.— - o+ ot -
3 — gv 9/2352—9/2951: 0 Lo T3 Ty — Ty (B.2)
12 202 /905 — g2 /227 2ot oy xy — ol '
g 2 — 9 1 2 L1 Lo 1

It is straightforward to see that this S-matrix agrees with table 1. For the last
line in (B.1, B.2) one should note that y = ¢?>Z7 requires the introduction
of factors of exp(ip) =z /z~ due to shifts of Z* (2.13).

Spin chains with the same symmetry group and the same type of represen-
tation have been investigated in [46,47]. The expressions (B.2) for the eigen-
values of the S-matrix however do not agree with the expressions in [46,47].
Also the Bethe equations for the same model in [48] are incompatible with
our equations in table 2. The results in [46-48] are certainly correct and
it seems that (B.2) is an exceptional solution of the YBE. The existence of
such a solution might be attributed to the fact that the representation of
the excitations is correlated to the momentum by (2.18), see also [25]. The
distinction to the su(1|1) case in [25] appears to be that we cannot use an
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arbitrary dispersion relation, but only (2.18) is valid. It would be useful to
understand the derivation with manifest su(2|1) symmetry better.

Appendix C Using generators to construct level-II states

In Section 4.1, 4.2, 4.3 we have determined the diagonalized wave functions
of two level-II excitations. Here we will present an alternative notation
which easily generalizes to more than two level-II excitations. This ansatz
makes use of the supersymmetry generators (2%1); to create an excitation
¥® from the vacuum of ¢'s

11 1
Q1)K [0)" = ag|o] ... vp ... oK),
11 I
Q)7 )|0)" = axar ot ool ok,
11 1
(Q%)(Q%1)k|0) = arbre®|pl ... 12T ... k) . (C.1)
The advantage of this notation is that various factors from the algebra, such
as ag, br, will be absorbed into the application of the symmetry genera-

tors. The single-excitation state in (4.4) will now be written in a slightly
different way

K o0 ((y) — a0 bk
eyt = 3 T Peor W) TP 0) (e oy ) = T 8™ (g m).
k=1 L — Tg =1

(C.2)

Being somewhat sloppy about the terms at k =0, K we can rewrite the
one-excitation state as

K

) = S ww) (@ )F + @) 10)" (C.3)

k=0
Here we have introduced the dressed generators

@ )F = " (a%) (c.4)
1k_$z:—$2: 1)k- .

The formula (C.3) can now be interpreted as follows: the level-1I excitation
y is permuted along the level-I chain using the scattering phase S™! until
it is between z and xpy1. At this point it can be joined with the vacuum
either to the left by (Q1); or to the right by (Q%1){ .
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It becomes straightforward to write the two-excitation state as

K
gy = 1S W (y) (1) [(Q%1) (2705 +2(2°0); (%)),

k=0
K
+ (@) @ D)0+ D L‘—’k(yl)‘f’l(?ﬂ)((ﬂal)E
k<l=0
+(Qa1);+1) ((Qﬁl);Jr(Qﬁl)j;l)\ofI. (C.5)

Here, we have to make sure that the two excitations y1, yo do not cross when
they are joined with the vacuum. This leads to the slightly asymmetric form
of the first term which should be understood as a chain-ordered version of
the second term. Now the two asymptotic regions are joined by

257 = sl ) + Sthlusus)t. (C.6)

There is no term for two coincident excitations anymore, the correct factor in
(4.20) has been distributed among the two asymptotic regions. The level-I1
S-matrix is

S|t = Mua|ws )" + Nia|uhu ). (C.7)

It should be clear how to generalize this framework to more than two exci-
tations.

Appendix D A singlet state

In this appendix we construct and investigate a composite excitation which
transforms as a singlet of the symmetry algebra. We have no direct use for
it, but its existence appears exciting.

D.1 The state

Considerations of the manifest symmetries su(3) and su(2) suggest that the
singlet must be composed from the two building blocks eab|¢‘f¢gZ+Z+Z+>I
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and sa/g‘wf‘wg Z+Z+>I. To obtain the relative coefficient we demand invari-
ance under the fermionic generators in (2.8) and find

_|_
15,)' = — (il_ - ) eap|$ISZTZTZNY denpluei 22T (D)
1

%. Also the central charges €, %3, 8 annihilate this state. It is
1

clear that one of the excitations is not physical, it has a negative central
charge which balances the positive central charge of the other excitation.
This composite of the two excitations might be interpreted as a particle—
antiparticle pair. One could also say that one of the components is a creation
operator while the other is an annihilation operator.

with x%t =

For N'=4 SYM, the invariant combination essentially consists of two
covariant derivatives. Their total anomalous dimension is —2 which cancels
precisely their contribution to the classical dimension.

D.2 Scattering

We can scatter the compound with any other excitation X. Remarkably,
the compound stays intact and the scattering phase is independent of the
type of excitation. We find

+ot ot ot 2 /9=t
xg X Tq —x] 1—g°/2x5 2]

SlaSly| As110)! =
13512 s 12) rzxy v —x] 1—g2/2x5x]

2
X 50(583,561) SO (l'?,, or > ’112X3> (D2)

Note that this is not symmetric under the map of :vf — #. This is okay
1

as the compound 1;5 is not symmetric under the interchange of x; and xs.
In fact, trying to interchange the components of 115 is not well-defined due
to divergencies in the S-matrix.

We can also represent the state by means of diagonalized excitations.
Then it is composed from the excitations (K°, K, K, K1) = (2,2,2,1).

We can obtain trivial scatterlng for all but the main excitations by settmg

zf = # When we then set y; =z and

1
we obtain the same phase as in (D.2).

w=u, v = u+2,vg é,

Y2 = 5=

1

For the complete N'=4 SYM model we can construct a similar invari-
ant state from the excitations (K, K™, K™ KT KT K = (0,1,2,2,2,1).



THE SU(2/2) DYNAMIC S-MATRIX 975

ioa i .

; 5, U2 =U— 25 For 312 we
have to choose between xiﬁ and #. Setting as above 11 = Qij and ¥ = x|
1 1

Here, in addition we must set w = u, v1 = u +

the overall phase is

+_ .+ 2 /97—t 2

I Ty —x7 1—g9°/2x5x

Shohprta)' = (oI =)
xy —xy 1—g° 252,

2
X SO(.T;J,,:E;[) SO (933, 2g$> ‘112X3>I- (D-S)
1

This particular choice is most likely the correct one because the first term
in the scattering factor matches the function f123 obtained in the context of
crossing symmetry [49].

References

[1] L.N. Lipatov, Ewolution equations in QCD, in: ‘Perspectives in Hadronic
physics’, eds. S. Boffi, C. Ciofi Degli Atti and M. Giannini, World Scientific,
Singapore 1998.

[2] J.A. Minahan and K. Zarembo, The Bethe-ansatz for N' =/ super Yang-Mills,
JHEP 0303 (2003), 013; hep-th/0212208; N. Beisert and M. Staudacher,
The N =/ SYM integrable super spin chain, Nucl. Phys. B670 (2003), 439;
hep-th/0307042.

[3] N. Beisert, C. Kristjansen and M. Staudacher, The dilatation operator of
N =4 conformal super Yang—Mills theory, Nucl. Phys. B664 (2003), 131;
hep-th/0303060.

[4] N. Beisert, The SU(2/83) dynamic spin chain, Nucl. Phys. B682 (2004), 487;
hep-th/0310252.

[56] N. Beisert, The dilatation operator of N =4 super Yang-Mills theory and
integrability, Phys. Rept. 405 (2004), 1; hep-th/0407277.

[6] N. Beisert, Higher-loop integrability in N =/ gauge theory, Comptes
Rendus Physique 5 (2004), 1039; hep-th/0409147; K. Zarembo, Semiclas-
sical Bethe ansatz and AdS/CFT, Comptes Rendus Physique 5 (2004), 1081;
hep-th/0411191.

[7] J. Plefka, Spinning strings and integrable spin chains in the AdS/CFT corre-
spondence, Living. Rev. Relativity 8 (2005), 9; hep-th/0507136.

[8] B. Eden, C. Jarczak and E. Sokatchev, A three-loop test of the dilatation
operator in N'=4 SYM, Nucl. Phys. B712 (2005), 157; hep-th/0409009.

[9] V.I. Inozemtsev, On the connection between the one-dimensional s=1/2
Heisenberg chain and Haldane Shastry model, J. Stat. Phys. 59 (1990), 1143;

V.I. Inozemtsev, Integrable Heisenberg-van Vleck chains with variable range
exchange, Phys. Part. Nucl. 34 (2003), 166; hep-th/0201001.



976
[10]
[11]

[12]

[13]

[14]

[15]

[16]

NIKLAS BEISERT

D. Serban and M. Staudacher, Planar N = 4 gauge theory and the Inozemtsev
long range spin chain, JHEP 0406 (2004), 001; hep-th/0401057.

M. Staudacher, The factorized S-matriz of CFT/AdS, JHEP 0505 (2005),
054; hep-th/0412188.

N. Beisert, V. Dippel and M. Staudacher, A novel long range spin
chain and planar N =4 super Yang-Mills, JHEP 0407 (2004), 075;
hep-th/0405001.

N. Beisert and M. Staudacher, Long-range PSU(2,2/4) Bethe ansaetze
for gauge theory and strings, Nucl. Phys. B727 (2005), 1; hep-th/
0504190.

J.M. Maldacena, The large N limit of superconformal field theories and super-
gravity, Adv. Theor. Math. Phys. 2 (1998), 231; hep-th/9711200; S.S. Gubser,
L.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical
string theory, Phys. Lett. B428 (1998), 105; hep-th/9802109; E. Witten,
Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998), 253;
hep-th/9802150.

D. Berenstein, J.M. Maldacena and H. Nastase, Strings in flat space
and pp waves from N =/ Super Yang-Mills, JHEP 0204 (2002), 013;
hep-th/0202021.

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, A semi-classical limit of the
gauge/string correspondence, Nucl. Phys. B636 (2002), 99; hep-th/0204051;
S. Frolov and A.A. Tseytlin, Semiclassical quantization of rotating superstring

in AdSs x S°, JHEP 0206 (2002), 007; hep-th/0204226.

G. Mandal, N.V. Suryanarayana and S.R. Wadia, Aspects of semiclassical
strings in AdSs, Phys. Lett. B543 (2002), 81; hep-th/0206103; I. Bena, J.
Polchinski and R. Roiban, Hidden symmetries of the AdSs x S° superstring,
Phys. Rev. D69 (2004), 046002; hep-th/0305116.

G. Arutyunov, S. Frolov and M. Staudacher, Bethe ansatz for quantum strings,
JHEP 0410 (2004), 016; hep-th/0406256.

N. Berkovits, Quantum consistency of the superstring in AdSs x S® back-
ground, JHEP 0503 (2005), 041; hep-th/0411170.

S. Frolov and A.A. Tseytlin, Multi-spin string solutions in AdSs x S°, Nucl.
Phys. B668 (2003), 77; hep-th/0304255; N. Beisert, J.A. Minahan, M.
Staudacher and K. Zarembo, Stringing spins and spinning strings, JHEP
0309 (2003), 010; hep-th/0306139; S. Frolov and A.A. Tseytlin, Rotating
string solutions: AdS/CFT duality in non-supersymmetric sectors, Phys. Lett.
B570 (2003), 96; hep-th/0306143; N. Beisert, S. Frolov, M. Staudacher and
A A. Tseytlin, Precision spectroscopy of AdS/CFT, JHEP 0310 (2003), 037;
hep-th/0308117.

C.G. Callan, Jr., HK. Lee, T. McLoughlin, J.H. Schwarz, I. Swanson and
X. Wu, Quantizing string theory in AdSs x S°: beyond the pp-wave, Nucl.
Phys. B673 (2003), 3; hep-th/0307032; C.G. Callan, Jr., T. McLoughlin and
I. Swanson, Holography beyond the Penrose limit, Nucl. Phys. B694 (2004),
115; hep-th/0404007.



THE SU(2/2) DYNAMIC S-MATRIX 977

[22]

[26]

[27]

[28]

[31]

A.A. Tseytlin, Spinning strings and AdS/CFT duality, hep-th/0311139, in:
‘From fields to stings: circumnavigating theoretical physics’, eds. M. Shifman,
A. Vainshtein and J. Wheater, World Scientific, Singapore, 2005.

1.J. Swanson, Superstring holography and integrability in AdSs x S° hep-
th/0505028.

H. Bethe, Zur Theorie der Metalle I. Eigenwerte und FEigenfunktionen der
linearen Atomkette, Z. Phys. 71 (1931), 205; B. Sutherland, A brief history
of the quantum soliton with new results on the quantization of the Toda lattice,
Rocky Mountain J. Math. 8 (1978), 413.

N. Beisert, An SU(1/1)-invariant S-matriz with dynamic representations, hep-
th/0511013, in ‘Quantum theory and symmetries’, eds. V.K. Dobrev, Heron
Press, Sofia, Bulgaria, 2006.

C.-N. Yang, Some exact results for the many body problems in one dimen-
ston with repulsive delta function interaction, Phys. Rev. Lett. 19 (1967),
1312.

A.V. Kotikov, L.N. Lipatov, A.I. Onishchenko and V.N. Velizhanin,
Three-loop universal anomalous dimension of the Wilson operators
in N=4 SUSY Yang-Mills model, Phys. Lett. B595 (2004), 521;
hep-th/0404092.

S. Moch, J.A.M. Vermaseren and A. Vogt, The three-loop splitting functions
in QCD: the non-singlet case, Nucl. Phys. B688 (2004), 101; hep-ph/0403192;
A. Vogt, S. Moch and J.A.M. Vermaseren, The three-loop splitting functions
in QCD: the singlet case, Nucl. Phys. B691 (2004), 129; hep-ph/0404111.

A.B. Zamolodchikov and A.B. Zamolodchikov, Factorized S-matrices in two
dimensions as the exact solutions of certain relativistic quantum field models,
Ann. Phys. 120 (1979), 253.

V.A. Kazakov, A. Marshakov, J.A. Minahan and K. Zarembo, Classi-
cal/quantum integrability in AdS/CFT, JHEP 0405 (2004), 024; hep-
th/0402207; V.A. Kazakov and K. Zarembo, Classical/quantum integrability
in non-compact sector of AdS/CFT, JHEP 0410 (2004), 060; hep-th/0410105;
N. Beisert, V.A. Kazakov and K. Sakai, Algebraic curve for the SO(6) sec-
tor of AdS/CFT, Commun. Math. Phys. 263 (2006), 611; hep-th/0410253;
S. Schafer-Nameki, The algebraic curve of 1-loop planar N =4 SYM, Nucl.
Phys. B714 (2005), 3; hep-th/0412254; N. Beisert, V. Kazakov, K. Sakai
and K. Zarembo, The algebraic curve of classical superstrings on AdSs x S°,
Commun. Math. Phys. 263 (2006), 659; hep-th/0502226.

A. Das, J. Maharana, A. Melikyan and M. Sato, The algebra of transi-
tion matrices for the AdSs x S® superstring, JHEP 0412 (2004), 055; hep-
th/0411200; G. Arutyunov and S. Frolov, Integrable Hamiltonian for classical
strings on AdSs x S°, JHEP 0502 (2005), 059; hep-th/0411089; L.F. Alday,
G. Arutyunov and A.A. Tseytlin, On integrability of classical superStrings in
AdSs x §°, JHEP 0507 (2005), 002; hep-th/0502240; A. Das, A. Melikyan
and M. Sato, The algebra of flat currents for the string on AdSs x S° in the
light-cone gauge, JHEP 0511 (2005), 015; hep-th/0508183; L.F. Alday, G.



978

32]

[36]

[37]

NIKLAS BEISERT

Arutyunov and S. Frolov, New integrable system of 2dim fermions from strings
on AdSs x S°, JHEP 0601 (2006), 078; hep-th/0508140; G. Arutyunov and
S. Frolov, Uniform light-cone gauge for strings in AdSs x S°: solving su(1/1)
sector, JHEP 0601 (2006), 055; hep-th/0510208.

S. Frolov and A.A. Tseytlin, Quantizing three-spin string solution in
AdSs x S°, JHEP 0307 (2003), 016; hep-th/0306130; S.A. Frolov, LY. Park
and A.A. Tseytlin, On one-loop correction to energy of spinning strings in S°,
Phys. Rev. D71 (2005), 026006; hep-th/0408187; 1.Y. Park, A. Tirziu and
A.A. Tseytlin, Spinning strings in AdSs x S®: one-loop correction to energy
in SL(2) sector, JHEP 0503 (2005), 013; hep-th/0501203; N. Beisert, A.A.
Tseytlin and K. Zarembo, Matching quantum strings to quantum spins: one-
loop vs. finite-size corrections, Nucl. Phys. B715 (2005), 190; hep-th/0502173;
R. Hernéndez, E.Lépez, A. Perianez and G. Sierra, Finite size effects in fer-
romagnetic spin chains and quantum corrections to classical strings, JHEP
0506 (2005), 011; hep-th/0502188; N. Beisert and L. Freyhult, Fluctuations
and energy shifts in the Bethe ansatz, Phys. Lett. B622 (2005), 343; hep-
th/0506243; S. Schéfer-Nameki, M. Zamaklar and K. Zarembo, Quantum
corrections to spinning strings in AdSs x S° and Bethe ansatz: a compara-
tive study, JHEP 0509 (2005), 051; hep-th/0507189; N. Beisert and A.A.
Tseytlin, On quantum corrections to spinning strings and Bethe equations,
Phys. Lett. B629 (2005), 102; hep-th/0509084; S. Schéfer-Nameki and M.
Zamaklar, Stringy sums and corrections to the quantum string Bethe ansatz,
JHEP 0510 (2005), 044; hep-th/0509096; N. Gromov and V. Kazakov, Dou-
ble scaling and finite size corrections in SL(2) spin chain, Nucl. Phys. B736
(2006), 199; hep-th/0510194.

N. Mann and J. Polchinski, Finite density states in integrable conformal field
theories, hep-th/0408162, in ‘From fields to stings: circumnavigating theoreti-
cal physics’, eds. M. Shifman, A. Vainshtein and J. Wheater, World Scientific,
Singapore, 2005; N. Mann and J. Polchinski, Bethe ansatz for a quantum
supercoset sigma model, Phys. Rev. D72 (2005), 086002; hep-th/0508232.

H. Lin and J. Maldacena, Fivebranes from gauge theory, Phys. Rev. D74,
(2006), 084014; hep-th/0509235.

N. Kim, T. Klose and J. Plefka, Plane-wave matriz theory from N =4 super
Yang-Mills on R x S3, Nucl. Phys. B671 (2003), 359; hep-th/0306054; T.
Fischbacher, T. Klose and J. Plefka, Planar plane-wave matrix theory at the
four loop order: integrability without BMN scaling, JHEP 0502 (2005), 039;
hep-th/0412331; T. Klose, Plane wave matriz theory: gauge theoretical origin
and planar integrability, PhD thesis.

N. Beisert and T. Klose, Long-range GL(n) integrable spin chains and plane-
wave matrixz theory, J. Stat. Mech. 06 (2006), P07006; hep-th/0510124.

B.I. Zwiebel, N =4 SYM to two loops: compact expressions for the non-
compact symmetry algebra of the su(1,1/2) sector, JHEP 0602 (2006), 055;
hep-th/0511109.



THE SU(2/2) DYNAMIC S-MATRIX 979

[38]

[39]

[40]

[49]

J. Ambjgrn, R.A. Janik and C. Kristjansen, Wrapping interactions and a
new source of corrections to the spin-chain/string duality, Nucl. Phys. B736
(2006), 288; hep-th/0510171.

W. Nahm, Supersymmetries and their representations, Nucl. Phys. B 135
(1978), 149.

K. Iohara and Y. Koga, Central extensions of Lie superalgebras, Comment.
Math. Helv. 76 (2001), 110.

F.H.L. EBller, V.E. Korepin and K. Schoutens, New exactly solvable model
of strongly correlated electrons motivated by high-T, superconductivity, Phys.
Rev. Lett. 68 (1992), 2960; cond-mat/9209002.

A. Santambrogio and D. Zanon, Ezact anomalous dimensions of N'= /4 Yang-
Mills operators with large R charge, Phys. Lett. B545 (2002), 425; hep-
th/0206079.

J.A. Minahan, The SU(2) sector in AdS/CFT, Fortsch. Phys. 53 (2005), 828;
hep-th/0503143.

A. Agarwal and G. Ferretti, Higher charges in dynamical spin chains for SYM
theory, JHEP 0510 (2005), 051; hep-th/0508138.

C.N. Pope and N.P. Warner, A dielectric flow solution with maximal supersym-
metry, JHEP 0404 (2004), 011; hep-th/0304132; I. Bena and N.P. Warner,
A harmonic family of dielectric flow solutions with maximal supersymmetry,
JHEP 0412 (2004), 021; hep-th/0406145.

A.J. Bracken, M.D. Gould, Y.-Z. Zhang and G.W. Delius, Solutions of the
quantum Yang-Bazter equation with extra nonadditive parameters, J. Phys.
A27 (1994), 6551; hep-th/9405138.

A.J. Bracken, M.D. Gould, J.R. Links and Y.-Z. Zhang, New supersymmetric
and ezactly solvable model of correlated electrons, Phys. Rev. Lett. 75 (1995),
2768; cond-mat/9410026.

M.P. Pfannmiiller and H. Frahm, Algebraic Bethe ansatz for gl(2,1) invari-
ant 86-vertex models, Nucl. Phys. B479 (1996), 575; cond-mat/9604082;
P.B. Ramos and M.J. Martins, One parameter family of an integrable spl(2/1)
vertex model: algebraic Bethe ansatz approach and ground state structure,
Nucl. Phys. B474 (1996), 678; hep-th/9604072.

R.A. Janik, The AdSs x S® superstring worldsheet S-matriz and crossing sym-
metry, Phys. Rev. D73 (2006), 086006; hep-th/0603038.



