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Abstract

Motivated by the desire to relate Bethe ansatz equations for anomalous
dimensions found on the gauge-theory side of the AdS/CFT correspondence
to superstring theory on AdSs x S°> we explore a connection between the
asymptotic S-matrix that enters the Bethe ansatz and an effective two-
dimensional quantum field theory. The latter generalizes the standard ‘non-
relativistic’ Landau-Lifshitz (LL) model describing low-energy modes of
ferromagnetic Heisenberg spin chain and should be related to a limit of
superstring effective action. We find the exact form of the quartic interaction
terms in the generalized LL-type action whose quantum S-matrix matches the
low-energy limit of the asymptotic S-matrix of the spin chain of Beisert, Dippel
and Staudacher (BDS). This generalizes to all orders in the ‘t Hooft coupling
A an earlier computation of Klose and Zarembo of the S-matrix of the standard
LL model. We also consider a generalization to the case when the spin-chain
S-matrix contains an extra ‘string’ phase and determine the exact form of
the LL 4-vertex corresponding to the low-energy limit of the ansatz of
Arutyunov, Frolov and Staudacher (AFS). We explain the relation between
the resulting ‘non-relativistic’ non-local action and the second-derivative string
sigma model. We comment on modifications introduced by strong-coupling
corrections to the AFS phase. We mostly discuss the SU(2) sector but
also present generalizations to the SL(2) and SU(1|1) sectors, confirming
universality of the dressing phase contribution by matching the low-energy limit
of the AFS-type spin-chain S-matrix with tree-level string-theory S-matrix.
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1. Introduction

To demonstrate the AdS/CFT duality one is to establish a direct relation between the spectrum
of the N = 4 SYM gauge-theory dilatation operator and the spectrum of quantum string
energies in AdSs x S°. There are strong indications that both spectra are described by
solutions of certain spin-chain-type Bethe ansatz. In the simplest bosonic sector of the gauge
theory, the SU (2) sector, the spin chain is a long-range extension of the ferromagnetic XXX ;»
model [1-5]. Its Hamiltonian is known explicitly up to three loops; beyond this order the spin
chain is defined by the Bethe ansatz [3-6]

el = ]"[S(pk, Pii b, (.1
JF#k
i . U —u;+i
S(prs pji &) = Si(px, pj; 1) e Perih), S = —J (1.2)

up —uj—1i

Here p; (j = 1,..., M) are momenta of excitations which at one loop reduce to those
diagonalizing the XXX , monodromy matrix (i.e. magnons) and u ; are their rapidities related

to p; by [3]
1 py
;= u(pji ), u(p;)\)zzcotg,/l+?sin2§, (1.3)

where A is the ‘t Hooft coupling. S(px, pj; A) is a phase shift [4] due to magnon scattering
which one may try to interpret as a two-particle scattering matrix of an integrable two-
dimensional field-theory [4, 7-9] whose fundamental excitations correspond to the spin-chain
magnons. The momenta p; = p;(A, L, M) satisfying (1.1) are also subject to the quantization
condition Z/iw:r pr = 2mm encoding the fact of cyclicity of the trace of the corresponding
gauge-theory operators. Then, the energy of the spin-chain state or the anomalous dimension
of the corresponding operator is given by

M
E:Z(,/l+n srn2 5 —1) (1.4)
j=1

The factor S; in (1.2) is the standard Heisenberg model phase shift which enters also the
asymptotic (large L) BDS gauge theory Bethe ansatz [3]. An extra phase 6 (common to all
sectors [10, 11]) is expected to be present in the exact ansatz which, according to the AdS/CFT
correspondence, should match the conjectured Bethe ansatz on the string-theory side [6, 12].
The precise structure of this phase (which at weak coupling should start from 3-loop A? terms
[6, 13, 14] and at strong coupling should include quantum string L}\ corrections [15-17]) is
a key open problem at the moment [10, 18-21]. In addition to showing that S with correct
dressing phase 6 does come out of the AdSs x S string theory of [22], one is also to provide
a string-theory derivation of the dispersion relation (1.3), (1.4) containing the ‘discreteness’
factor sin’ "’ ; important steps in the latter direction were recently made in [10, 23, 24].5

To understand how the Bethe ansatz (1.1) may be related to string theory one may try to
directly associate with it a two-dimensional action describing magnon interactions. At leading

3 On the gauge-theory side, the history of derivation of the square root formula /1 + 2 smz ” for ‘magnon’ energy
starts (in the small p limit, sin 5 L 5) with [25]. All-order arguments for the validity ot the iormula with full sin? 2
were given in [26] (see equation (62) there) and in [27] (where sin® appedred at intermediate steps of the derivation
of the BMN relation). More recently, (1.4) was derived [28] using a matrix model obtained by s-wave truncation of
SYM theory on §3. An interesting geometrical picture found in [28] apprears to provide a link to a related discussion

on the string side in [23].
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(1-loop) order in A the effective 2d action describing the ‘low-energy’ part of the spectrum of
the ferromagnetic XXX, model is the non-relativistic Landau-Lifshitz (LL) action. It can
be found by taking the continuum limit in the coherent state path integral representation for
the Heisenberg model [29, 30]. The S-matrix of the LL model on an infinite line does match
[8] the leading term in the small-momentum expansion (i.e. u; — %cot %’ — pL,') of the
S)-factor in (1.2). The same LL action appears as a ‘fast-string’ limit of the classical string
action on R x S3 [30-32]. One can also reconstruct higher order in A terms in a generalized
effective LL action by matching the energies of the Bethe ansatz states with their field-theory
counterparts [31, 33-37].

Our interest in this generalized LL action is due to the fact that it may serve as a bridge
between quantum string theory and the generalized Bethe ansatz (1.1). We expect that the
large L = J limit of a quantum effective string action will be related to an effective LL action
that reproduces the spin-chain S-matrix®.

Here we will not address in detail the relation to quantum string theory, concentrating as
a first step on the correspondence between the scattering phase entering the spin-chain Bethe
ansatz and the generalized LL model that reproduces it as its S-matrix. We shall demonstrate
that a low-momentum form of the BDS S-matrix S; in (1.2) is the same as the quantum
S-matrix for an LL-type action with a particular quartic interaction term, thus generalizing to
all orders in A the S-matrix relation [8] between the Heisenberg model and the standard LL
action. The fact that (a limit of) the BDS S-matrix can be interpreted as a quantum field theory
S-matrix is non-trivial, indicating the existence of a two-dimensional field-theory description
behind the asymptotic gauge theory spin chain.

We shall also show that including the AFS [6] phase in (1.2) leads in a similar way of
matching the S-matrices to a non-relativistic field-theory model with quartic interaction vertex
that matches exactly the one extracted (using the approach of [31]) from the classical string
action on R x S. This may not be too surprising, given that the AFS Bethe ansatz was obtained
by discretizing [6] the classical R x S° string Bethe equations of [32], but this relation may
help to relate the quantum deformation [15, 19, 20] of the AFS phase to world-sheet quantum
corrections in a more direct fashion. In the same spirit, we shall discuss the non-relativistic
limit of the AFS-type scattering matrix proposed in [5] for the SL(2) sector and find that it
coincides with the tree-level scattering matrix of classical string theory on AdS; x S'. This
lends strong support to the idea that the dressing phase relating the ‘gauge’ and ‘string’ Bethe
ansitze is universal [10] for all sectors of the theory.

This paper is organized as follows. In section 2, we shall first review the structure of the
generalized LL action for the SU (2) sector, first in the SO(3) invariant form and then in
the complex scalar form found by expanding near the vacuum state. We shall also discuss
the definition of the theory on an infinite line (as required for computation of S-matrix), the
role of 2d UV cutoff and its relation to the spin chain. In section 3, we shall illustrate how to
compute the tree-level and 1-loop corrections to the 2-particle S-matrix for the generalized LL
model containing the all-order kinetic term and few higher derivative interaction terms. We
shall follow mostly the same methods as used at the leading order in A in [8].

In section 4, we shall start with the spin-chain scattering phase in (1.2) and find its
low-energy limit in which one keeps only the leading in momentum term at each order in
expansion in A. We shall consider separately the BDS and AFS ansitze and in the latter case
we emphasize the new features introduced by the presence of non-trivial corrections to the
phase in (1.2). Then in section 5 we shall reconstruct the exact (all-order in A) quartic vertex in

6 It is important to emphasize that quantum corrections computed by quantizing the large-J limit of a classical action
need not necessarily be the same as the large-J limit of corrections found from the quantum effective action.
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the generalized LL action and show that the resulting quantum field-theory S-matrix matches
exactly the low-energy limit of the BDS spin-chain scattering phase.

In section 6, we shall comment on a generalization to larger (compact) sectors containing
SU (2) sector. In section 7, we shall discuss a relation between a non-relativistic LL-type
action reconstructed from the S-matrix of the AFS ansatz and string theory action on R x S°,
on AdS; x S' and the fermionic action [53] obtained by truncation of the full superstring
action [22] to two fermionic fields corresponding to SU (1|1) sector. We shall show that the
corresponding tree-level string S-matrices matches the low-energy, strong coupling limit of
the AFS-type S-matrix in the SU (2), SL(2) and SU (1]1) sectors, respectively. We shall also
explain that a specific non-local structure of the quartic interaction term in the LL action has its
origin in the elimination of the negative-energy modes when passing from a second-derivative
to a non-relativistic first-derivative action.

Section 8 will contain some concluding remarks. In appendix A, we shall present the
results for the quartic interaction vertex in the LL actions corresponding to the SU(1|1)
and SL(2) spin-chain sectors described by the BDS-type Bethe ansatz. In appendix B, we
shall give some details of the small momentum expansion of the leading quantum correction
[15, 19] to the AFS phase.

2. General structure of the effective Landau-Lifshitz-type action

The LL-type action we will be interested in appears in the description the low-energy modes
of the ferromagnetic SU(2) gauge theory spin chain. Its derivation from the spin-chain
Hamiltonian involves several steps [31, 34]. First, the quantum-mechanical path integral is
expressed in terms of spin coherent states parametrized by a unit 3-vector 7, at each site
a = 1,...,J.7 The resulting (discrete) action contains a WZ-type (Berry phase) term [29]
linear in the time derivative of /i, and a Hamiltonian part >7_ [A(11441 — n,)? + O(A%)]. One
then considers the large-J region and takes the continuum limit by truncating away all but
the low-energy spin wave excitations of the periodic chain; only the leading lowest-derivative
terms are kept at each order in A. It turns out then that A combines with powers of J into
an effective parameter i = % which manifests the existence (at least in the first few orders
of expansion in A) of a scaling BMN-type limit. Furthermore, J then appears in front of the
action, implying that for fixed X the large-J limit is the same as the semiclassical limit, with
1/J corrections playing the role of quantum corrections to the classical LL model.

2.1. O(3) invariant n-field action

The resulting action has the following structure (dy = 9;, 9| = 9, n=1),

2 do N .
S= J/dt/ 55 L= C(n) - it —H(01n), (2.1)
0
00 A k
H=Hy+ ) Hu. Hox ~ (ﬁ> (3P n*+- -+ 37" n*),  (2)

k=2

where J is the total spin equal to the spin-chain length L and 6’(n) is the same as a monopole
potential on S, i.e. dC = €'/*p; dn; A dny. The general form of the ‘kinetic’ part H, can be
found [31, 33] from the continuum limit of the coherent state expectation value of the leading

7 7 represents two ‘phase-space’ variables of the ‘classical spin’ U*G U = 7. On the string side 7 corresponds to the

two transverse modes of a ‘fast’ string on R X $3.
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spin—spin part of the gauge theory dilatation operator [2, 41] (assuming consistency with the
BMN limit which is also implied in (1.1) and (1.2)

B, . B, "
Hy = qii(\/1 — X3} — 1), =5 (2.3)
The ‘2-loop’ [31], ‘3-loop’ [35, 36] and ‘4-loop’ [37] terms in H are
Hy = 3_1291512(317’)4, 2.4
by ->\2 -\2 - 42-12 -
He = & [b1(017)(377)” + ba(171077) " + b3(917)°], (2.5)
= ->\4 - > 4> > 5> - -\2 -
Hy = A*[c1(877)" + c2(817)? (07107 71) + 3(171977) (9171)* + ¢4 (8771) " (9171
+es @) (77)” + co(9171077) (0171)? + ¢7 (1) ] (2.6)

The known coefficients consistent with the leading terms in the gauge-theory dilatation operator
[2, 41] and thus with the BDS ansatz (i.e. (1.1) with S = §) are [31, 36, 37]

3 7 23 3

ap =73 by=—-3, bh=-%, b3=7, (2.7
_ 111 _ 267 _ _ 59

€5 = 096> 1= T 32768° Ci—C+e3+c = —55z. (2.8)

While the coefficients a; and b, appear to be non-renormalized when going from small to
large A region, the coefficients b,, b3 and at least ¢5 and ¢ are, in fact, functions of A [15, 36].
They have unequal values at A — 0 and A — o0, i.e. they are found to be different from
the BDS coefficients in (2.7) when one starts from the ‘string” AFS Bethe ansatz (which
includes a non-trivial phase 6 [6] in S in (1.1). The ‘string’ values that agree with the classical
string-theory predictions are [31, 36, 37]

_ 2 _13 _ 119 _ 323
by = 2 by = 16° €5 = 3096° 1= T 3768 2.9

2.2. Complex scalar form of the action

One may solve the constraint 72 = 1, i.e. n3 = /T — nyn, (s = 1, 2) and express the action
(2.1) in terms of the two independent ‘magnon’ fields n; whose fluctuations describe deviations
from the ferromagnetic vacuum 7 = (0, 0, 1) representing the gauge-theory BPS state trZ”.
As already mentioned, since J appears in front of the action (2.1) defined on a circle of
radius 1, the large-J expansion for fixed A and fixed length of the string represents quantum
loop expansion of the LL. model. Keeping also the excitation number of a magnon state
fixed, these 1/J quantum corrections to the energies of the LL states then match finite-size
corrections computed directly from the Bethe ansatz [35, 36, 42].

Our aim here will be to compute the magnon S-matrix from the LL. model and to compare
it to the spin-chain scattering phase S in (1.2). For this purpose, a different limit is appropriate,
in which the LL model is defined on an infinite line [8]. This can be accomplished by taking
J — oo while keeping the ‘t Hooft coupling A and the magnon momenta fixed®. As follows
from the structure of (2.1), (2.2), rescaling the spatial coordinate

J

X =—o, o € (0,2m), (2.10)
21

8 Similar limit was considered in [7] and in connection with the antiferromagnetic state of spin chain [38—40].
Recently it was emphasized also in [23, 24].
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and making the field redefinition [35]

ng = 2+/1 — 22z, ¢ = z; +1z2, (2.11)

we can rewrite the LL action (2.1) as a ‘first-order’ action for a complex scalar ‘magnon’

field ¢
J
S= [ dr[| dx{o*[id, — (/1 =132 —1)]¢p — V(p, ")}, 2.12
[ [ axtatio - )6 — V. 69} 2.12)
- A
X

(2.13)

2n)*

Here V contains terms of all orders in powers of ¢ and its spatial derivatives and depends only
on A and not on J:

o0
V=VitVet---, Vay ~ Y 350K (4% )" (2.14)
k=1
The dependence on J is now only in the length of the spatial direction and thus J — oo
corresponds to a theory on an infinite line (provided we also scale the quantum numbers
of modes on a circle so that momenta p; = Z”Jmk stay fixed in the limit).

Explicitly, the leading quartic interaction term V, originating from the first three terms in
‘H in (2.3) and (2.4) has the form (¢’ = 9,¢)

Vi = 191%\/1 = RotIgI* — 1191* (0" /1 — R3¢ +c.c.) + s illo'|
+ L R2[202b1 + 1) |9 1P| 1P + ba (@™ + c.c)] + O(RY), (2.15)

or, expanded in X to ‘4-loop’ order,

X
Vs = Z(<;s*2q>’2 +c.c.)
72

1
-3 [§|¢|2(¢~"¢* te.c) +4lp[ ("¢ +c.c.) +61¢"PIp> — 4ay |¢/|“]

T3
- [%|¢|2<¢<‘”¢* fee)+ §|¢|2<¢<5>¢’* ree)+ §|¢|2<¢<4>¢“* rec)

1 1 -
+51¢1¢" > — 5 @bi+ by)|¢'1*1¢" > — sz(¢>”2¢/*2 +c.c.)] +O0(RY). (2.16)

The action (2.12) has manifest U (1) symmetry and ‘hidden’ O (3) symmetry (which was
explicit in (2.1). Since we expect this action to describe an integrable field theory, the quartic
interaction term may effectively determine all higher order terms (modulo field redefinitions):
the S-matrix should factorize and thus should be obtainable from bubble graphs with quartic
interactions only, just as in the leading-order LL action case discussed in [8].

2.3. Infinite line limit and small momentum expansion

In section 3, we shall first consider the tree-level 2-particle S-matrix for the action (2.12),
(2.16) and then also compute the first few terms in its loop expansion. We shall find that
the results for the choice of coefficients in (2.7) and (2.8) match the low-momentum limit of
the small A expansion of the BDS S-matrix in (1.2). Then in section 4 we shall consider the
opposite problem of reconstructing higher order terms in (2.15) and (2.16) by starting with a
low-momentum limit of the full BDS S-matrix.
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To prepare for this discussion, it is important to clarify the nature of limits we will be
taking and also the role of the 2d field theory cutoff in this context. To consider the S-matrix,
we should ignore the periodicity condition in the spatial coordinate and define the field theory
on an infinite line. Formally, it may seem that this can be achieved by sending J in (2.12)
to infinity but this ignores the presence of a hidden UV scale in the problem. An indication
of a need for a spatial scale can be seen, e.g., from the fact that x in (2.12) does not have the
standard length dimension (X and J should be dimensionless).

Let us go back to the spin-chain picture and consider the limit in which the number of
sites J is sent to infinity while the periodicity condition is not imposed. In that case we get
an infinite 1d lattice whose spacing may be denoted as a. For a finite number of points J of
a periodic chain of length L the step of the lattice is a = % The limit we are interested in is
when both L and J are sent to infinity with a kept finite. More precisely, it is the dimensionless
product ap where p is a one-dimensional momentum (with canonical mass dimension) that
should be kept finite. The momenta of magnons on a circle are p; = 2”% = ZZ# and they
remain finite provided n; is also scaled to infinity together with J.

Next, if we take a continuum limit a — O of the spin-chain Hamiltonian on an infinite
lattice (using that 71,,, — n, = an’ + %0271” + - -, etc) the result will differ from (2.12) by a
rescaling x — a~'x. Then 9, will be replaced by ad, and there will be a factor of % in front of
the action (coming from the integration measure). Higher derivative terms will be suppressed
by higher powers of a; most of them can be ignored assuming that one keeps only the leading
in a term at each order of expansion in 1. Note that the presence of the UV cutoff factor % in
front of the action is natural on power counting grounds: the standard loop expansion of the
leading-order LL action contains linear UV divergences [42, 43]. One may choose to ignore
all power divergences using, e.g., the zeta-function or dimensional regularization prescription
as in [8].” Then a will play the role of an effective coupling or an effective 2d Planck constant
that counts loop order.

If we ignore all power divergences then the field-theory S-matrix will involve only
dimensionless products (ap, ap’) of the scale a and momenta. In the continuum limit, it
is natural to expect that it will match the spin-chain S-matrix only in the region when momenta
are small compared to the cutoff. Indeed, in the small momentum expansion both p and p’
are small compared to the cutoff scale a~',i.e. ap — 0, ap’ — 0 but their ratio p/p’ is fixed.
Taking this limit can be formally implemented by scaling a to zero while assuming that A (ap)?
is kept finite. This does not necessarily mean that A is taken to be large: this means only that
one wants to keep the leading in ap — 0 expansion term at each order in expansion in A, i.e.
the limit of small ap is taken before the limit of small A.

The momenta p; in the spin-chain expressions (1.2), (1.3) are dimensionless,
corresponding to the choice of a = 1, i.e. of unit step of the lattice. Then p; in (1.3) should
stand for ap; if we want p; to have canonical mass dimension. Taking a — 0 corresponds to
uniformly scaling all momenta to zero, so that

Lot Jis tgm o (L, /1+ * lap?+ ] 2.17)
= = cot — — sin? — — — .
) 2 72 2 ap a2 P

We shall discuss such an expansion of the spin-chain S-matrix (1.2) in section 4.

Let us mention also the analogy of this limit of the spin-chain S-matrix with the BMN-type
scaling limit in the Bethe ansatz equations (1.1). Suppose we take the large length L = J > 1
limit in (1.1) by rescaling at the same time the momenta so that the lhs of (1.1) stays finite,

9 Such a prescription that ignores all power divergences appears to be necessary in order to match the BDS S-matrix
(see section 5). It is also consistent with the expected conformal invariance of the dual string theory, predictions of
which we should eventually match by starting with a properly modified AFS ansatz.
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Pr = %, i.e. B,/{ will be finite in the limit. Then u(p) in (1.3) that enters the scattering phase
(1.2) will become

(2.18)

and thus

i(p") —i(p)+iJ!

a(p) —a(p) —iJ =" @19

Si(p',p) = Si(p/,p) =

There is then a direct analogy with the discussion above with the role of @ played by J !,
assuming that we keep only the leading term in the J~! expansion at each order in the small
A expansion. This is formally the same as keeping A = % fixed while taking J to be large.
Expanding S| (p’, p) in powers of J~! will be analogous to the small momentum expansion
or quantum loop expansion in the corresponding effective field theory. The Bethe ansatz
equations (1.1) make sense of course only for the theory on a circle, implying that at leading
order in J~! one has e’ = 1, i.e. B,’( =2+ O(J~H.10

One may wonder if it is possible to extend the matching between the two-dimensional
field-theory S-matrix and the spin-chain S-matrix by keeping all the higher derivative terms in
the kinetic term (71,,, — 71, = 2sinh %ﬁ v+¢) but still replacing the lattice sum by an infinite
integral and 7, (¢) by a continuous field 7 (¢, x) (with J assumed to be taken to infinity so that
the theory is defined on an infinite line). In this case the kinetic term in (2.3) or in (2.12) will
be replaced by its ‘discreet’ counterpart [36]:

ady

i9, — | /1 — 4 sinh? —1}. (2.20)

The corresponding dispersion relation is the same as for the spin-chain magnons: v =
V1+4ksin*> 2 — 1. Moreover, the range of momenta is restricted to (—Z, Z), so that the

loop integrals should be automatically finite for a finite cutoff a. One may ?heil try to fix the
quartic interaction in the corresponding analogue of (2.12) so that to match the spin-chain
S-matrix beyond the small a or low-momentum limit. We will not attempt to do this here.
One conceptual issue is that if one does not use the small a expansion, it is not clear how
to reinterpret the BDS S-matrix as a sum of bubble graphs in field theory, following the LL
example of [8]. One possibility is that the resulting action may be considered as a quantum
effective action, whose tree level S-matrix should then match the exact spin-chain S-matrix
in'!,

L/pk—1/pj+i
Upk=1/pj—i’
and then use it in the Bethe ansatz equations like (1.1) with ¢!t/ on the lhs The main observation was that the
resulting Bethe ansatz is the same as the limit of the Heisenberg model Bethe ansatz in which the (dimensionless)
momenta p; are taken to be small compared to 1. Indeed, the resulting solutions for low-energy modes found from
the two Bethe ansitze are then the same in the large-J limit (up to order 1/J? terms).

' This interpretation may be useful in order to make contact with string theory: presumably, such action may be
derived by taking large-J limit in the quantum string effective action for a string moving on $3 part of AdSs x §°,
just like the classical LL model followed from the classical string action [30, 31]. We shall return to the discussion
of related issues in section 7.

10 1n [8] the logic was to start with the LL model on a line, derive the corresponding quantum S-matrix
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3. Field-theory S-matrix

The quadratic part of the action (2.12) resembles the action for the positive-energy part of
a massive relativistic scalar field in two dimensions. Indeed, the classical solutions in the
free-field limit are!?

d (ot d oo
px.1) = / —_fﬂape“‘“ﬂ“‘f”, ¢*(x.1) = / %aie‘”""‘” 3.1

wp =e(p) — 1, e(p) =+/1+Aip2. (3.2)

In the quantum-theory [a,,, a;,] = §(p — p'). The interaction term V in (2.12), however,
depends only on spatial derivatives implying that the S-matrix is not expected to be relativistic-
invariant. A possible approach to finding a similar action from string theory is to solve for
half of modes at the classical level [30, 31] or effectively to integrate them out at the quantum
level (see section 7).

To compute the S-matrix corresponding to (2.12) we follow the same steps as in case of
the leading-order LL action in [8]. The crucial simplifying point is that the propagator can be
chosen as the retarded one, D(x, t) ~ 0(t), i.e.

D(w, p) = -

where!3

S EE—— (3.3)

w— w, +ie

This implies that the 2-body S-matrix is a sum of bubble diagrams with Vj in (2.14) as vertices.
. . . . Nt ..

Let us consider the 2-body scattering process with the initial state |pp’) = apa,,|0) (initial

particles being 2 magnons with momenta p, p’), and the final state as |kk') = a,ia,i,|0). The
2-body scattering matrix is

(kK'|S|pp') = (kK'|T e/ 4% pp). (3.4)
As usual, the translational invariance of the action implies momentum conservation, i.e. that
(kk'|S|pp') is proportional to 8 (k* + k'* — p* — p'*). In two dimensions, the energy and
momentum conservation allow the two particles to only exchange their momenta, so that the
energy—momentum conservation delta-function becomes

S(wp +wy —wx —wp)d(p+p —k—k')y=K(p, p)s.(p, p', k. k'), (3.5)
/ / !/ / ! 1
3, =8(p—Kk)d(p —k)+d(p—Kk)d(p" — k), K(P,P)=m- (3.6)
dp T Ay

Using (3.2), we get

, Ae(p)e(p) At 1. , ,
K(p.p)= = -1+ A(p*+ p* + pp)
pe(p)—pe(p) p-—p 2
1"' / /. /. Iy
+ gkz(ﬁp +pp” +3p7p? —pt—pH+ 0(13)] : (3.7)
One finds that
(kK'|S|pp')y = S(p', p)S.(p, P, k. k'), (3.8)

where the ‘kinematic’ factor K (p, p’) is included into the 2-body S-matrix S(p’, p).

12 We are using a different normalization of creation operators than in [8] and thus some subsequent formulae differ
by factors of 27.

13 1f one rescales the time coordinate and thus wp by X then wp =/ p*+m? — m?, m? = 1/X. This normalization
corresponds to extracting one power of A from the spin-chain energy, so that the Heisenberg model energy does not
have an overall A factor.
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3.1. Leading-order tree-level term

Starting with the interaction term in (2.15) and (2.16) and computing the leading-tree-level
contribution of the quartic vertex we obtain the following expression,

k k

.= —i(kk'| V4| pp")
p/ \P

= —i[\/1+}:(p’—k/)2+\/l+X(p/—k)2+\/1+)~\(p—k’)2
+,/1+X(p—k)2—\/1+Xk/2—\/1+Xk2—\/1+xp/2—\/1+xp2]
— 2ia A2 pp'kk’
— §X3pp/kk’[<2b1 +b))(p+ p)(k + k') = 2by(pp’ +kk)]+ O(RY), (3.9)

where for generality we kept the exact form of the square root terms in (2.15). Expanding in
A we get

—i(kk'| V4| pp') = iX(pp’ + kK') + %[p“ +p kK — Ak + KPP+ p)
— 40+ k) (p + p') + 6(k* + k) (p? + p?) — 16a1kk pp']
+ 1%73{ - %(pé +p O+ KO+ K0 +5(p7 + pP)(K +K7)
+ ;[(k +K) (P + pP) + (p+ PH(K +K7)]
- 14—5[<k2 +K)(p*+ p™) + (P + PP K+ K]
— %(Zbl + b)) pp'kk' (p + p )Yk + k') + by pp’kk' (pp’ + kk’)} +00Y. (3.10)

Taking into account the relations between p, p’ and k, k¥’ implied by momentum conservation
(3.5), (3.6) we find the following contribution of the four-point vertex

—i(kK'| V4| pp') = 2ikpp’ —ik? [pp (p*+p? - (E - 2a1> pzp&]

1. 1
+ iASpp/ [3(p4 +p™) — S5 +2b1 + b)) pp' (p* + p'?)

+(10—2b1+b2)p2p/2]+0()14). (3.11)

Multiplying this by the kinematic factor in the delta-function (3.7) we obtain the leading terms
in the tree-level 2-particle S-matrix

S(p', p) =1+ See(p . p)+- -+, (3.12)
corresponding to the action (2.12), (2.15)

/ 2ipp’ - (1
Slree(p’p)Z—/{1+)upp <——+al>
p—p 4

_1~2 / 2 2 l_ _ ’ 73
8)L pp' | (AT +2by +by)(p~+ p )+2( 9+2by —by)pp' |+ O(A7)¢.
(3.13)
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The comparison with the gauge Bethe ansatz allows one to fix the 2-loop coefficient a; and
two of the three 3-loop coefficients—b; and b,. Indeed, for the values in (2.7) we get
@ _ 2ipp’  Lip?p? L, ip?p”(p*+ p”* — pp)
Siree = -+ A - — A -
p=pr p-p 4p—=p"
and this is the same S-matrix that comes out of the expansion of S; in (1.2) and (1.3) in small
momenta py = p’, p; = p at each order in expansion in A (see (4.3). We thus generalize the
result of [8] that the leading ‘1-loop’ term % in (3.13) which is the tree-level S-matrix of
the standard LL model is the same as the small momentum expansion of the phase shift S|
(1.2) of the Heisenberg spin-chain model to the next two orders in small A expansion.

In the case of the LL model that originates from string theory and matches the predictions
of the ‘string’ Bethe ansatz that includes the particular AFS [6] dressing phase 0 in (1.2), the
coefficients in equation (2.2) are given by (2.9) [31, 36] (i.e. a;, b; are the same while b, is
smaller by 1) one finds instead

2ipp' £ ip?P? 5 ip?p2 (P +p?)
p—p p-7 8(p—p")
As expected, the ‘gauge’ (3.14) and ‘string’ (3.15) S-matrices differ starting at 3-loop order.
Expression (3.15) follows indeed from the small A expansion of the phase-shift factor of the
AFS ansatz (see (4.13).

We have also repeated the above computation including the A* terms in (2.6) and checked
that the resulting S-matrix for the values of ‘4-loop’ coefficients in (2.8) and (2.9) is again in
agreement with the next-order O (1®) term in (3.14) in the small momentum expansion of the
BDS and AFS S-matrices (1.2), (1.3) given in (4.1) and (4.13).

+ 0%, (3.14)

+0(%). (3.15)

3.2. 1-loop correction: order )\ term

Let us now consider the 1-loop correction to the above tree-level S-matrix (3.13) following
the same steps as in the leading-order ‘1-loop’ LL model case in [8]. One may try to compute
subleading in small momentum expansion term at each order in small A expansion. Here we
shall consider the leading correction to the first two 0% and O(A!) terms in (3.13). While
we will be expanding in A, it is useful to keep the A-dependent corrections to propagator before
expanding in A.'* At this order, the correction to the scattering matrix is (as mentioned before,
kinematical constraints require that p = k or p = k’; we consider explicitly only the diagram
with p =k, p' = k')

(P+P)/r+q

; dwd +p +p
K e [deds (pHpt, \p(PEP _,
(2m)? 2 2
P 1
(P+p)/r—4
+ 7 +p 2
X V pvp/ap P +‘I»p P —q (316)
2 2
+ /
D<p P +q> =7 - -
2 3(@p +@p) + O = O (g + €

= = = , 2 72 n' 4 ~ .
w+%(172+17/2)—?—;(P4+P’4)—%(%+q) + 5 (BE +q) +0(R) +ie
3.17)

14 This takes into account the diagrams with extra insertions of the 4-derivative term in the kinetic part of (2.12) into
the internal lines.
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g / (p+p/)2 1}:‘2 /
V=1A|:p +T—q2 +?[2q4+3qz(p—p)2
7 w9 21, i
- g(p4 +p'" — Epp’(p2 +p?) — 1 =p’p 2] +00%) (3.18)

where o is the energy of the virtual particle with momentum ¢ and we used (2.16) witha; = %
The integral over w is easily done, and expanding the propagator in A we find that the O (1°)
contribution to the scattering amplitude (3.8) is (ignoring 3, factor) [8]

272
_H_ PP —. (3.19)
(p—p)
Here we divided by a symmetry factor of 2 and included the leadmg 5+ term from the
kinematic factor (3.7).
At the next order in A there are two contributions:
_ ix2 dqpp+(”+p) o o Toa o
0= [ S e A AURTA T
9 , 21 ,
—5pP' P+ P = p'p 2] (3.20)
and
2 rd 4 (p+p) 2\2 +p 4 +p 4
(ii):l_/q(pp 2‘]) Pt — (224 g) — (222 —4) |
8 2 (qz _ M) 2 2
4
(3.21)

Evaluating the two integrals ignoring the power divergences by using the dimensional
regularization prescription f dgq* =0 (¢ =0,1,2,...)as in [8], we obtain
5 2,02 2+/2 - 272 2+ /2+ /
452P P (P P ). i) = 252 PP P P pp).
p—r p—pr

Adding them together (while dividing by a symmetry factor of 2) and including the delta-
function factor in (3.7) we finally obtain the next to aleading-order term in the small momentum
expansion of the 1-loop contribution to the S-matrix of the generalized LL model (2.12).
Adding this 1-loop correction to the tree-level expression (3.19) we get

(i) = (3.22)

p’r? s PP
n2
(p=r) (p—p)
This expression agrees with the next-order term in the expansion in momenta of the S-matrix
in the BDS and AFS Bethe ansitze in (4.1) and (4.13).

Furthermore, we can follow [8] and consider higher loop ‘bubble’ graphs and show that
their contributions form a geometric series as in the case of the leading-order LL action. We
shall postpone the details of this until section 5, where we will construct the all-order scattering
matrix.

Slree+1—loop(py P/) = - + O()LZ) (3.23)

4. Small momentum expansion of S-matrix of BDS and AFS Bethe anséitze

Let us now determine explicitly the low-energy form of the spin-chain S-matrix in (1.2).
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4.1. BDS case

Starting with the S-matrix of the BDS ansatz, i.e. with S} in (1.2) and (1.3)

;o) —u(p)+i
Seps(p’, p) = W) —up) =1

1 p| N~ - A
u(p):zcotz 1+4)\sm25, )»:W, 4.2)

we may expand it in small momenta, and then also expand in A

.1

2i / 2.2 i2/2 2+10 /+ 72
Seps(p'. p) = 1 + pp/_2 pplz_pp(p 1/71; p)+0(p4)
p—p (p—0") 6(p—p)
5 ip2p/2 2p3p/3 ip2p/2(p4+ 16p2p/2+p/4) p
+ A - — = = 3 +0(p")
p—pr (—p) 6(p —p)
e [117217’2(192 —pp'+p?  pp°
4(p—p) 2
ip2p/2(p6_3p5p/+12p4p/2 _32p3p/3+12p2p/4_3pp/5+p/6) g
_ o~ +0(p°)
16(p — p)
5 i2/2 4_3/+2/2_ /3+ 4 5
H3[19 p*(p pglz p 1/7) pp +p )+O(p8)i|+0()»4). 4.3)
p—r

To compare with the S-matrix of the effective Landau-Lifshitz model (2.1), (2.3) with the
dispersion relation (3.2) we are to consider a particular resummation of part of the terms in
expansion (4.3). We shall first keep only the leading term in small momentum expansion at
each order in A and then resum the series in A. This will determine the tree-level S-matrix
of the corresponding LL model. We can then also keep certain subleading terms in small
momentum expansion that will combine into the geometric series (as in the leading-order LL
model case in [8]). In this way we get

zlpp/ B ZPZPIZ
pe(p)) —p'e(p)  [pe(p’) — p'e(p)I?

e(p) =+/1+ip? 4.4)
2ipp’

where e pe) Yepresents all leading terms in p at each order in A.

The reason for this particular structure can be understood by noting that taking p small
apd keeping only the leading in p term in the expansion of the A sin’ g term in u(p) in (4.1)
gives

Seps  — Seps(p/,p) =1+

cey

1 -
u(p) — ; 1+Ap2, 4.5)
”(P’) - M(P) +1 & 1+ pe(p’i)IT[;’e(p)
BDS = L w(p) =1 BDS o (4.6)

" pe(p)—pe(p)

Then (4.4) follows upon expansion in small momenta with e(p) kept fixed. This limit is
thus formally equivalent to taking p — 0 while keeping Ap? fixed. As was mentioned in
section 2.3, this limit is reminiscent of the BMN-type scaling limit with small p expansion
corresponding to 1/J expansion (note that the structure of the LL action (2.1) is indeed
consistent with this scaling limit).
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While the first two terms (4.4) in the small momentum expansion of Sgps (4.6) at fixed
e(p) are the same as in Sgps, the higher order terms are different. This is clear already at the
leading order in A, i.e. at the level of the Heisenberg model versus the standard LL model. We
have from (4.6) leads to

. +ip_p/, 2 / 22 72 2 3.3
Sepsh > O = — L2 — 1 2P PP PP gpt, @.7)
1—% p—p (p—p) (p—1"r)

where the order p3 term is different from the similar one in the first line of (4.3) by
ipzp/z(pz + 10pp’ + p/Z) B 2ip3p/3 _ ipzp/z
6(p —p')? (p—p" 6(p—p)
This difference has its origin in the small momentum limit, which replaces % cot % with L on the

effective field-theory side. Interestingly, after extracting the kinematic factor (3.7) proportional
to # this difference is represented by a local vertex which may thus be interpreted as a

(4.8)

contribution of a local counterterm one may add to the leading-order LL action'>.

4.2. AFS case

In the case of the ‘string’ Bethe ansatz of AFS [6] the scattering matrix (1.2) contains a
particular dressing phase:

) o0 X r
Sars = Spps €, Oars =2 (Z) [4r+1(P)ar (P)) — gr1 (P ()], 4.9)
r=2

where

po— r—1
2sin((r — 1)) J1+4asin? £ —1

r—1 Asin%

q,(p) = (4.10)

To match quantum string-theory results, the phase in (1.2) must receive modifications at
subleading orders in strong coupling expansion [15].

The general expression for the phase is given by a double sum of the charges g, [11, 15, 10]
with coefficients having a non-trivial [15, 19-21] dependence on A:

res—1
2

oo oo }\”
O, p;2) =2 cr() <Z> 95 (P)a: (") — a5 (PN (P)]. (4.11)

r=2 s=r+l

Here

Crs ()") - 8s,r+l + st (412)

1 1
—=drg + —_b K
NG (V)2

4 (r—=1D(s—1)

and a,; = - Yo o oy 3 for r + s = odd and zero otherwise [19]. The relation between the
general Bethe ansatz (1.1) with the phase (4.11) and the AFS ansatz should be understood as
a statement that the coefficients ¢, at large A reduce to §; ,+ 16

15 One choice for such a counterterm is 7’4, which will have one less power of A compared to the 2-loop term in
(2.4). A more natural alternative would be the term /"> coming out of subleading term in expansion of sinh® term
in (2.20). Strangely, the required coefficient of such a counterterm (5/6) happens to be different from that following
from (2.20).

16 To say that AFS ansatz is a strong coupling limit of the general string ansatz is not precise as A enters not only in
¢y but also in the expressions for u; and g,.
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Let us first ignore the subleading terms in (4.12) and consider small momentum expansion
of the AFS S-matrix (4.9) in the same way as we did above in the BDS case. Expanding in
small momenta and then in A we obtain

, 21 / 2 2.2 1 2 /2( 2+10 /+ /2)
Saes(p' p) =1+ 0 - PP PP AP 4 0ph)
p—p (p—p) (p—p")
+X[1P2P/2 B 2p3p/3 B ipzp/2(p4+ l6p2p/2+p/4) +0(p6)]
p—pr (p—p)? 6(p —p')?
2202 ” 373
_X2|:1PP(P +p%)  pp +0(p7)]
8(p—p) 4
B c 2 20 4 14 B 5 2 ..2¢..6 16
+,\3[1” pP(pt+p )+0(p3)}—x4[ ip*p*(p°+p )+0(p10):|
16(p — p’) 128(p — p’)
=5 [ 7ip?p2 (0" + p*) 5
5 12 6
S LR SR 0! 0. 4.13
[ 25600 — 1) +0(p)[+0R) (4.13)

This expression is different from the expansion in (4.3) starting with the 3-loop A? terms.

As in the BDS case, we may collect all the leading-order terms in small momentum at
each order in A, and then sum up the expansion in A. The result may be again interpreted as a
tree-level S-matrix of an effective field theory.

Given that the ‘string’ Bethe ansatz was constructed by starting with the strong-coupling
region, here it may be more appropriate to view this low-energy limit as'’

p—0, Ap? = fixed, (4.14)

i.e.as p — O with A ~ p~2 — oco. Since A is then effectively taken to be large this suggests
that in this limit quantum string % corrections to the phase in (4.12) may be ignored. Indeed,
as we shall find in section 7.2, this low-energy, strong coupling limit of the AFS S-matrix
is in perfect agreement with the classical S-matrix of the LL-type model originating in a
‘non-relativistic’ limit from the string sigma model on R x S°.

Taking the limit p — 0 with Ap? = fixed in (4.9) and (4.10) as in (4.5) and (4.6) we get

r—1
—1

ar(p) = p [%} : (4.15)

P

. > — Ule(p’) — 11\
Oars — Oars = (p'le(p) — 11— ple(p) — 1D Y (M” ) X][ef” ) ]) . @16
r=2 pp

Thus

_ — 1[e(p’) — 1

Oars = (p'le(p) — 11 = ple(p) — 1]) pr[,eip[)e( ) ]Eeﬁ’[z( PG ]_ g @1
so that
Sars — Saps = Spps €%, (4.18)
< 1+e’ilzy/’e . ! — 11— /_1 —1 /—1
Sars(p'. p) = _p (pi,,; @ exp [l(p le(p) le/ ]i[fe(fp))— 1]])[5(27;_ 1i[e(p) ]]

pe(p)—p'e(p)
4.19)

17 Here p stands, of course, for both p and p’.
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Note that like ——22
pe(p')—p'e(p)

Ap?) so that the leading term in the small momentum expansion is then

in (4.6) the phase f5fs scales linearly with momentum (at fixed

Sars = 1+ (Sars)iee + -, (4.20)
(Gars)nee = 2ipp' i(p'le(p) — 11 — ple(p") — 1D[e(p) — 1[e(p) — 1]
BT pe(p) = ple(p) hpp' = le(p) = 1le(p) — 1] '
(4.21)

The expansion of (S ags)yee in powers of X then reproduces all the leading in small momentum
terms at each order in A in (4.13). An equivalent form of (4.21) is

2iF (p, p)

———nrs (4.22)
pe(p’) — p'e(p)

(SAFS)tree =

where
F(p.,p") = pp'+ 5[pe(p) — p'e(p)1Bars
=2""(App' —le(p) — Nle(p)) — 1D[1 + 1(pp’ — [e(p) — 1[e(p)) — 1D)].
(4.23)

By analogy with the BDS case one could expect that the expression in (4.19) may be possible
to put into a ‘ratio’ form similar to (4.6), i.e. that the subleading terms in (4.20) should form
geometric series

1+ iF(p,p)
S _ pe(p)—p'e(p)
S = —1 e (4.24)

pe(p)—=p'e(p)
This, however, does not follow from (4.19). Moreover, the expression in (4.19) or in (4.20)
cannot be trusted beyond the leading term (S AFS )tree Which scales as first power of momentum.

The reason is that the corrections to the phase (4.11), (4.12) which we ignored produce
extra terms in the exponent in (4.19) that scale as quadratic and higher power of momenta.
Indeed, in our low-energy limit (4.14) g, in (4.15) scales as p” and so the leading (AFS) term
in the phase (4.11), (4.12) scales linearly with p. The subleading terms ignored in the AFS
approximation (4.19) then scale as higher powers p?, p?, ... and thus potentially contribute
to the terms indicated by ellipsis in (4.20).

It could happen that for a special choice of the coefficients in (4.12) we could indeed end
up with (4.24). It is possible to test this conjecture at the level of the first subleading term in
(4.24) using the explicit value of the coefficients a,, in (4.12). One finds (see appendix B) that
the coefficient of the corresponding order p? correction to the phase depends on odd powers
of our fixed parameter ﬁ D,

. i ,
85ars = =32 p*p (P — )+ (4.25)

i.e. it explicitly involves /2, while F in (4.23) contains only integer powers of A. This non-
analyticity resulting from the first quantum correction to the phase has of course the same
origin as that found in [15, 17]. It implies that the first subleading correction in (4.20) may not
agree with the conjecture (4.24).'® Thinking of the LL action as a low-energy approximation
to an effective quantum 2d string action (which contains string o’ ~ \/LX corrections) one may

18 1t appears, however, that a more definitive statement requires knowing all higher order corrections. While the
particular +/A dependence of the first correction to 6 leads to /A-dependent corrections to (4.19), a resummation of
the full series may change this dependence.
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be able to reproduce (4.25) and similar corrections starting with (2.12) and (2.16) where b,
and other higher coefficients in (2.2) are actually functions of A,

ki
by(XN) =byg+ —=+---, (4.26)
Vi
interpolating between the weak coupling (2.7) and strong-coupling (b2s = —2—25) (2.9) values

[15, 36] (cf (3.13).

The expression for (Saps)iee (4.21) is more complicated than the corresponding one for
(SEDS)iee (4.6). For that reason in the next section we shall use the BDS case to illustrate
how to reconstruct an LL-type field theory model that reproduces such an S-matrix. We shall
return to the AFS case in section 7.2 where we will show that (4.22) is precisely the S-matrix
corresponding to the four-point vertex in the ‘non-relativistic’ limit of the classical string
theory on R x S3.

5. All-order Landau-Lifshitz-type action corresponding to BDS S-matrix

We have seen that the generalized LL action (2.1)—(2.6) defined on an infinite line leads to
the S-matrix which is the same as the leading terms in the small momentum expansion of
the magnon S-matrix that enters the gauge-theory BDS or ‘string’ AFS Bethe ansétze. The
matching depends on the proper choice of the coefficients of the interaction terms in the LL
action: with the ‘gauge-theory’ choice (2.7), (2.8) we found that equations (3.14) and (3.23)
match the respective terms in (4.3), while for the ‘string-theory’ choice (2.9) we found that
the ‘3-loop’ term in (3.15) matches the corresponding term in (4.13). Equivalently, matching
onto BDS or AFS S-matrix could be used to fix (part of) the coefficients (ay, b1, b2, ¢s, ¢7, .. .)
in the LL action.

We may then turn the problem around, i.e. follow the standard field theory logic and try
to reconstruct the low-energy effective field theory which will be consistent with a particular
small-momentum limit (4.4), (4.6) of the BDS S-matrix to all orders in expansion in A. The
same can be done also in the AFS case and thus may be important for understanding of how a
similar S-matrix may be originating from quantum string theory.

The low-energy limit Sgps (4.6) of the BDS S-matrix implies the dispersion relation (3.2),
so that we shall assume that the effective action corresponding to Sgps has the structure (2.12),
where the interaction part V' is to be determined.

Quite generally, a 2-body S-matrix fixes the on-shell value of the quartic vertex in V.
The assumption that this field theory is integrable (implying factorization of the multi-particle
S-matrix) determines the on-shell values of the interaction terms with higher number of fields
in terms of the quartic one'’. Some of the relations constraining them stem also from the
S0 (3) symmetry of the 7i-field LL action which is spontaneously broken to U (1) symmetry
of the action constructed from the on-shell vertex for the magnon fields ¢, ¢*.

The above discussion suggests that the leading non-trivial term in (4.4)

- 2ipp’
(SBDS)lree pe(p/) — p’e(p) (51)
or in Sgps in (4.6) may be interpreted as a tree-level field-theory S-matrix. A non-trivial
consistency check that Sgpg can indeed be interpreted as a quantum S-matrix of an interacting

field theory of LL type is that higher powers of W”;,g(m (coming from the expansion of

Sgps in (4.6) in powers of momenta with e(p) kept fixed) are the same as loop corrections

191 particular, this means that the value of the coefficient b3 in (2.5) is fixed by the values of by, by, and similar
relations should hold at higher orders in derivative expansion.
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to the S-matrix of a two-dimensional field theory with the interaction vertex determined from
(5.1). More precisely, these higher order terms should represent the contributions of bubble
graphs with several insertions of this quartic vertex.

This is what we are going to show below, thus generalizing the relation [8] between the
low-momentum (or ‘continuum’) limit of the Heisenberg chain S-matrix and the S-matrix of
the quantum LL model to the BDS case, i.e. to all orders in A. As a result, we will find an
effective two-dimensional field theory behind the low-energy limit of the BDS S-matrix.

5.1. Tree-level four-point interaction vertex

Dividing (5.1) by the exact kinematic factor coming from the momentum conservation delta-
function (3.7) we conclude that, up to the use of momentum conservation constraints, the
exact on-shell four-point vertex should be given by

/

2pp
e(ple(p)’
Here the leading term in the expansion in A is indeed consistent with (3.11). More precisely,
the quartic term in the effective action (2.12) written in momentum representation with the
four fields put on-shell has the form

Von—shell(pa P/) == IX (52)

/ dpdp'dk dk'V(p, p's k, k'YK (p, p))8+(p., p', k, KNayayaiay, (5.3)

where a,, is the Fourier transform of the on-shell field ¢ (3.1). The vertex V(p, p’; k, k) should
be symmetric under the interchanges p <> p’, k < k’, and also under (p, p’) < (k, k') to
ensure the reality of the above expression. To extend the vertex off shell, we shall assume
that the action has the same structure as at lowest orders (2.15) and (2.16), i.e. the interaction
terms should involve only spatial derivatives. There are many possible off-shell extensions
of (5.2) consistent with symmetries of (5.3); they will lead to actions differing only by field
redefinitions. The simplest possible choice for the off-shell vertex is a (p, p’) < (k, k')
symmetrization of (5.2):

, , iApp’ iAkk’
V(p, pik, k') = —+ —. 5.4
e(ple(p’)  e(k)e(k’)
Expanding this in A we obtain
V—IX( ’ ’ _1”2 /a2 72 /(1,2 2 73
= iA(pp’ +kk') 2A [pp'(p~+ p) +kk' (k" + k)] + O(X7). (5.5)

The A2 term here appears to be different from that in (3.10), though the two agree on-shell (i.e.
the 22 terms in (3.11) and in (5.2) are the same). As we shall explain below, this is a reflection
of a different choice of an off-shell extension.

In coordinate space (5.4) corresponds to the following term in the Lagrangian in (2.12)
and (2.14):

Vi=-i||¢p-—=—xp| +cc.|. (5.6)

Again, the order A? term in the expansion of (5.6) is different from its counterpart in (2.16).
It may seem puzzling how the two actions can be related by a field redefinition given that the
interaction terms do not involve time derivative while the kinetic term does. The way how
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it works happens to be a peculiarity of first-order two-dimensional field theories. Consider a
field redefinition ¢ — ¢ + §¢ with

8¢ = —3h(@"G° +209'¢" + ¢ ¢"). (5.7)
This produces the following leading-order change in the Lagrangian in (2.12)
5L = —i (<i> - %icp”) 8¢ +c.c.+ 0(¢9). (5.8)

The key observation is that the time-derivative term drops out since it can be written (using
integration by parts) as a total derivative:

—ip*8¢p +c.c. = ﬂi(dz(b*z — ¢%9™). (5.9)
4 dr

The remaining term £¢"*8¢ + c.c. gives an extra A* contribution to the 4-vertex which is
precisely the difference between (5.6) and (2.16). As expected, (5.8) and thus this remaining
spatial derivative term vanishes on-shell, i.e. the two actions give the same tree-level S-matrix.
One may wonder which is an SO(3) invariant action (2.1) for the unit vector 7 which
leads to the action (2.12) with the vertex given in (5.6). As follows from (2.15) and (3.9), the
natural quadratic in 7 term (2.3) in (2.1) produces a non-trivial contribution to the four-point
amplitude that should be subtracted from (5.4) in order to determine the contribution that
comes solely from the ‘interaction’ 72* terms in this action. The resulting ‘interaction’ vertex

is then

ixpp’ N irkk'

e(ple(p’) e(k)e(k’)
+e(p—k)+e(p—k)—e(p) —e(p) —ek) —e(®)]. (5.10)

It is not immediately clear how to write down explicitly the all-order 71* term which is consistent
with such a vertex and also generalize the known terms in (2.4) and (2.6); one may need to
use some field redefinitions to simplify it.

As already mentioned, the off-shell form (5.6) of the interaction vertex (5.4) is obviously
not unique: in section 7.2 we shall present an alternative to (5.6) in which non-local factors
are distributed symmetrically between the 4 fields in the vertex and which will be related to
a simple scalar action with a 2-derivative kinetic term whose non-relativistic limit is the BDS
LL model.

V= +ife(p' — k') +e(p’ —k)

5.2. Loop corrections to field-theory S-matrix

Let us now consider quantum corrections to the 2-particle S-matrix using the vertex (5.4) and

the same LL-model propagator as in (2.12) and (3.3), i.e. D(w, p) = m Let us start
with the 1-loop contribution, i.e. (3.16) now with the vertex (cf (3.18)
.z 5 ((prp') 2
, pEp p+p ixpp' (== —q
U(p,p/;q)EV<p,p, TR A >= / p+P’( ) p+p') '
e(P)e(P ) E(T — q)e(T +q)
(5.11)
The energy (w) integral in the 1-loop graph receives contribution from a single pole; it yields
d Up, p'; TP
I = —i/ = _ W piaf . (5.12)
2 e(p)+e(p)—e(T +q) —e(T —q)+1e

Note that at large g the vertex U (¢) approaches a constant value while the denominator in (5.12)
scales as v/Ag (the propagator of first-order theory scales linearly with inverse momentum)
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implying the absence of power divergences but a potential presence of a logarithmic divergence
(this is the same behaviour as, e.g.,. in the Thirring model). Indeed, expanding the integrand
at large g we get?

s sir G =) = (0)
I =— —1 ol-)]|. 5.13
‘ 1/ 2mq [zﬁ cmer) ) T\ e

This discussion was under an implicit assumption that A was kept finite while one integrated
over the momentum. If instead we first expand the integrand in A and then do the integration
over ¢ separately at each order in A we get power divergences but no logarithmic divergences.
Similar result was previously found in [36] in the discussion of quantum corrections coming
from quadratic in fluctuations terms in the generalized LL. model (2.1), (2.3). To match the
BDS S-matrix (which is essentially perturbative in 1) we need to adopt this second prescription
and also to drop all power divergences (using, e.g., the dimensional regularization as in [8] as
we already did at low order in X in (3.16). Equivalently, this means that we should omit this
‘unphysical’ logarithmic divergence of the integral in (5.12) and (5.13).

To evaluate the finite part of the integral we note that, interestingly, the denominator of
the integrand in (5.12) has two zeros, regardless the value of the coupling constant 1, at

q*=1(p-p) (5.14)

They correspond to simple poles. Only one of them contributes to the evaluation of the
integral, independently of the choice of a contour. The residue at the relevant pole yields

-
_ =P re(ple(p’)
fipoe = [U <p’ P )} pe(p) — ple(p)’ 61

where from (5.11) and (5.2) we get

p—7r 2%ipp/
Ulp ps = = Von- , ). 5.16

<p P ) ) e(p)e(p,) on shell(p P ) ( )
In addition to the contribution of the residue at the pole at finite distance, there is also a
contribution from the contour at infinity in the complex ¢ plane. To evaluate it let us set
g = Re' and pull out a factor of -, while expanding the rest of the expression in large R.

. e’
We obtain then for the contour integral

2w iy Y ’ 2
- d R 1 A
ﬁ/ dy__Re” —< PP_ —1) ol sam
x 27 1+ AR2eV | 2 \e(ple(p) R
The 0(%) terms contain convergent integrals, so that after taking the R — oo limit they

vanish. The remaining term which should be formally added to the pole contribution in (5.15)
gives the logarithmically divergent contribution, i.e.

I :[U(p p"p_p/ﬂz M lepe(p) + i ( App' —1>2log(2R\/i)
: 0T pe(p’) — p'e(p) 27/ \e(pe(p)) ‘

(5.18)

As we have already discussed above, this logarithmic divergence, i.e. the contribution of the
contour integral, should be omitted assuming that the BDS S-matrix and thus the corresponding
LL model should be understood perturbatively in A.

20 Somewhat surprisingly, the coefficient of the logarithmic divergence happens to have a non-analytic dependence
on A (cf [36]).



Asymptotic Bethe ansatz S-matrix and Landau-Lifshitz-type effective 2d actions 13149
P COCE
p’ k’

Figure 1.

Dividing by the symmetry factor 2, and multiplying by the kinematic factor in (3.7) we

thus find the following 1-loop contribution to the 2-particle field-theory S-matrix
T—1 / 2,2
%(Il)ﬁn Lepelp) 2 (5.19)
pe(p’) — p'e(p) [pe(p’) — p'e(p)]

This matches exactly the second term in (4.4), i.e. the term in the small momentum expansion
of SBDS in (46)

One can extend this computation to higher loop bubble graphs (figure f1) as in [8].
Omitting again logarithmic divergences (or all power divergences if one first expands in A as
discussed above) we finish with the following n-loop contribution to the 2-particle scattering

’ n+l 1 ’ n
_ ., P—D A" e(p)e(p)
(Undin = [U <p’ P )} [Pe(p/) - p/e(p)] ' ©:20)

Dividing by the symmetry factor 2" and multiplying by the kinematic factor from (3.7) we
finish with the following generalization of (5.19)

1 ile(pe(p) ipp' m
_(In)ﬁn ; ;
" pe(p’) — p'e(p)

= (5.21)
2 pe(p’) — p'e(p)

Summing up all these bubble diagram contributions gives (as at leading order in X [8]) a simple

geometric series and thus we finish with the following field-theory S-matrix:

pe(p’) — p'e(p) +ipp’

pe(p)) — p'e(p) —ipp"

This is indeed exactly the same as the low-energy limit of the BDS S-matrix, i.e. Spps in

(4.6). It may be viewed as a generalization to all orders in A of the standard (‘1-loop’)

Landau—Lifshitz model S-matrix obtained in [8].

It is worth stressing that it was not a priori clear that the result of this calculation should
yield (the low-energy limit of) the BDS S-matrix. This conclusion rests on a number of details,
in particular, on the structure of the quadratic term as well as of the quartic vertex in the LL
action, making the agreement non-trivial. In appendix A, we shall generalize the construction
of the quartic vertex in the BDS-related LL action to the SU (1|1) and SL(2) sectors.

The above discussion may be repeated also in the AFS case by starting with the 4-vertex
consistent with (4.22) which we shall explicitly determine in section 7.2. Loop corrections to
the S-matrix of such an LL model produce again a geometric series combining into (4.24).%!
However, expression (4.24) does not naturally follow from the AFS S-matrix (4.19) (see
comments at the end of section 4); the important issue of the relation between the low-energy
limit of the exact string S-matrix and the quantum S-matrix (4.24) of the LL model with
tree-level AFS vertex remains to be clarified.

S(p’, p) = (5.22)

2! Since the vertex corresponding to (4.22) scales with momentum in the same way as in the BDS case here again
we shall get a formal logarithmic divergence of 1-loop integral which should be discarded in the LL framework.
Similar divergences should be automatically cancelling only in the full superstring calculation where both positive
and negative-energy modes will be propagating in loops and also contributions of other bosons and fermions will be
included.
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6. Comments on larger sectors

In the previous sections, we have constructed a field theory whose loop expansion reproduces
the BDS S-matrix. A natural question is whether a similar field theory exists for larger sectors.
Here we shall make few comments on the case of sectors including the SU (2) sector.

6.1. S-matrix of the Landau—Lifshitz model for the SU (1]2) sector

Let us consider, for example, the SU(1]2) sector (containing gauge-theory operators built
out of two chiral scalars and one component of gaugino [44]) where the leading-order LL
Lagrangian is give by [45, 46] (cf (2.1) and (2.3)

X
L= —iUj0U; — iy Doy — Sl = YY) IDU P + DIy Dy, 6.1

where D, = 9, —iC,, C, = —iU9,U; and |U, |> + |U,|*> = 1. Expanding near the vacuum
configuration U; = 1, U, = 0 (i.e. 7 = (0,0, 1) for i = U*aU) and ¥ = 0 and rescaling
the spatial coordinate by J as in (2.10) we obtain the following action to quartic order in the
fluctuation fields ¢ and i which generalizes (2.12) to the presence of a complex fermion field:

/dt/ dx[ (la,+ xa>¢ w( —lxa)w Vi(o, ¢*, ww)} 6.2)

= Z[(¢*2¢~2 +c.c) =29 |12+ [(@'¢* — pp™) Y'Y +c.c.]] + %(M* — PP )Y Y.
(6.3)

Here we followed the previously used notation for ¢, ¢* in (2.11) and the notation for the
fermions in [45, 46]; to make the signs in the respective kinetic terms in (6.2) the same it is
sufficient to interchange ¢ with ¢* or ¥ with 1.

The time-derivative-dependent interaction term in (6.3) can be converted into a spatial
derivative one by a field redefinition. More precisely, following the logic outlined in
equation (5.8) combined with the transformation ¢ — ¢+ %qu/f ¥ replaces the time derivatives
in (6.3) with spatial derivatives. The resulting V4 can be simplified to

by
= (¢*2¢”2 +c.0) +2(Y Y pd™ +c.c)l. (6.4)

The solutions to the free fermion equations of motion may be chosen as

w (.X [) _f_b eflw],t+ipx, '(ﬁ(.x,t) — b* lwpt ipx (65)

| =

with w, being the same as in (3.2) and {b,, b*,} = 8(p — p’) (this choice assures the positivity

p» p
of energy). Then the fermionic propagator is the same as the bosonic one (3.3).22

In addition to the bosonic vertex (2.16) that we had in the SU (2) sector, now we have also

a 2 boson—2 fermion vertex shown in figure 2(a), where the dashed line denotes the fermion.

Suppose we are interested in the bosonic sector of the S-matrix where the in and out particles

are bosons as in the SU(2) case. The tree-level scattering matrix is then the same as in the

SU (2) sector, while at 1-loop level we could get an additional contribution from the fermionic

loop in figure 2(b). However, this contribution vanishes since, like the bosonic propagator,

22 As already mentioned, an alternative way to make the analogy with the free bosonic theory manifest is to switch

AR VR
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Figure 2. (a) Elastic scattering of a bosonic and fermionic magnon; (b) potential fermionic
correction to the scattering of bosonic magnons.

the fermionic propagator is also retarded (see also [8]). This argument extends also to higher
loop contributions.

We conclude that the bosonic sector of the S-matrix of the SU (1|2) LL model is exactly
the same as that of the SU (2) LL model. This appears to be in agreement with the structure
of the corresponding Bethe ansatz S-matrix.

6.2. Absence of mixing of magnon S-matrices

The decoupling observed in the previous subsection for the all-loop scattering of bosons and
fermions is not restricted to the SU (1]2) sector. It is possible to see that in the context of the
LL-type models, all larger sectors containing SU (2) have the same property: the quantum LL
S-matrix with external states from the SU (2) sector is simply that of the quantum SU (2) LL
model.

There are two essential ingredients which lead to this type of decoupling. First, the
scattering of magnons is flavour-diagonal. In the case of either the ‘gauge’ or ‘string’ Bethe
ansatz the magnons are associated with simple roots of PSU (2, 2|4) and scatter following its
Dynkin diagram [5]. As a consequence, a field theory realizing the magnon scattering should
have a very particular form of the 4-field interaction terms. Since the magnons are associated
with the nodes of the Dynkin diagram, we may assign to them Abelian conserved charges.
Each term in the magnon Lagrangian is neutral with respect to these charges; thus each term
must contain an equal number of magnon fields and their complex conjugates (in particular,
cubic vertices are prohibited).

Second, the magnons around the ferromagnetic ground state of any spin chain are non-
relativistic. Therefore, it is always possible to choose the vacuum of the field theory describing
them in such a way that it is annihilated by holomorphic fields. Hence all propagators are
retarded: (¢*(¢, x)¢(t', y))|y<; = O.

It follows then that at the tree-level there is no term in the effective field-theory Lagrangian
which corresponds to annihilation of some type of magnon and pair-production of a different
kind of magnon. Instead, all terms describe elastic scattering (as in figure 2(a), showing the
scattering of a boson and a fermion). Also, loop contributions containing different sorts of
magnons than those on external legs vanish. The conclusion is that magnon scattering in each
unit rank sector does not receive corrections from other sectors.

It is worth mentioning that if the magnons were charged under more than one Cartan
generator, then cubic vertices would be allowed in the effective field-theory action, and, in
spite of the propagators being retarded, there could exist, e.g., anon-trivial fermion contribution
to the scattering of bosons.

This pattern is obviously different from what is found in analogous string-theory second-
derivative sigma model computations, where loop diagrams involving all states provide non-
trivial contributions to diagrams with external states from the SU (2) sector (and, in fact, to all
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unit-rank sectors). These contributions are crucial, in particular, for the cancellation of 2d UV
divergences and presumably for obtaining the complete dressing phase 6.

7. The relation to string theory

Our motivation for reconstructing the field theory whose scattering matrix reproduces the
asymptotic S-matrix of the spin chain (1.1) is the expected close relation of this S-matrix
with string theory in AdSs x S°. The field-theory action we discussed above is a Landau—
Lifshitz-type non-relativistic action which is first order in time derivative. At the same time,
the AdSs x S° string action expanded near the point-like string moving along the S° geodesic
has a two-dimensional relativistically invariant kinetic term [49, 25] and the interaction terms
which are not relativistically invariant [12, 13, 50, 51].

To relate such a second-order action for ‘BMN magnons’ to first-order LL-type action
(2.12) for ‘spin-chain magnons’ it is necessary to eliminate half of the modes in the former
action—the negative-energy modes. It is also necessary to eliminate time-derivative terms
from the interaction part.

A general systematic procedure (not assuming the expansion of 7 near the (0,0, 1)
vacuum) for relating the classical string action on R x S to generalized LL action (2.1)—(2.5)
was presented in [31]. It was based on the ‘fast-string’ expansion (i.e. it assumed that the
time derivatives of ‘transverse’ string profile 7 are small compared to spatial ones) and on
performing field redefinitions to eliminate time derivatives from the interaction terms. This
determined the exact quadratic term in the action and also few leading coefficients a;, by, b,, b3
in (2.4) and (2.5) (see (2.7) and (2.9). The ‘string’ values of these coefficients are indeed
consistent with the string AFS-type Bethe ansatz [36].

While directly extending the approach of [31] to determine the coefficients of higher order
terms in the corresponding effective LL action appears to be complicated, expanding near the
vacuum 7 = (0, 0, 1) and concentrating only on the quartic interaction vertex one is able to
fix its exact form as we shall do in section 7.2.

We shall find that it matches exactly the vertex extracted from the tree-level part of the
low-energy limit of the AFS S-matrix (4.22). This may be expected, given that the AFS Bethe
ansatz was obtained by discretizing [6] the classical R x S° string Bethe equations of [32], but
it gives a hope of more direct understanding of the correspondence between quantum string
corrections and the structure of string S-matrix (cf also [9]).

Below we will first explain how one can relate the LL. model with first-order kinetic term
and the vertex of the type of (5.6) and (5.2) or its AFS analogue to an interacting 2d action with
a relativistic kinetic term. We shall then see that there is indeed a close connection between
the string sigma model action on R x S* and the LL action of the type (2.12), (5.6), which
generalizes the leading-order classical correspondence described in [30, 31] to all orders in A
(but only for quartic interaction terms).

7.1. A model scalar field theory

Let us start with an illustrative example of an effective massive two-derivative field theory
obtained, for example, by expanding the string sigma model around some semiclassical
solution??. Such an effective action will naturally have a kinetic term with two space and two

23 It may have two possible origins. First, we may think of integrating out all string fields except few which will
appear in the effective action. Such an action would necessarily exhibit divergences which should disappear once
quantum effects of the modes present in this action are also included (the total quantum string theory is expected
to be finite). This action should not be interpreted in the Wilsonian sense, as the remaining fields may be equally
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time derivatives and thus, unlike the LL-type models, will contain both positive and negative-
energy modes. As already mentioned, the latter should be eliminated in order to bring it to
the LL form. Below we will describe how this can be done and as a result reproduce some
characteristic features of the LL actions discussed in the previous sections.

One such feature is the occurrence of inverse powers of e(p) = /1 + Ap? in the quartic
vertex. While the precise structure of the vertex depends on the details of the effective action,
the presence of inverse powers of e(p) appears to be directly related to the elimination of the
negative-energy modes.

Let us start with a generic complex scalar Lagrangian,

L=—¢*(87 — 82 +m*)¢p — Va(@)¢*(21)¢* 22 (z3)p(za) +---.  (1.1)

Here the ellipsis denote terms involving more than four fields (which are presumably fixed by
the integrability of the theory). 3 collectively denote space and time derivatives acting on
the field at position z; = (f;, x;).2

Given action (7.1) we may compute the corresponding tree-level S-matrix by solving the
corresponding classical equations with the free in-field boundary condition. The free field can
be decomposed into the positive- and negative-energy modes

¢ =0+, (1.2)

which will then enter also the nonlinear solution and thus the resulting S-matrix. Since we
will be interested only in the 2-body S-matrix, i.e. in the quartic vertex, we may formally use
the decomposition (7.2) directly in the action.

The kinetic operator can be factorized as

3> — 9> +m*=—D,D_ (7.3)

D4 (0) = 10; F e(idy), e(idy) = /m? — 92, (7.4)

so that D,¢_ = O(¢*), D_¢, = O(¢>). Suppose we consider diagrams where only ¢, and
¢ appear on external lines and ask which field theory with first-order kinetic term D_ would
reproduce the same S-matrix. To arrive at such action from (7.1) we may supplement the
decomposition (7.2) by a field redefinition

$s = v/ D=(0). (1.5)
Then (7.1) expressed in terms of ¢_. becomes
r e ) Va(@?)
L =¢.(id, — /m? — 82)¢, —
o.(i " ) VD_(3D)D_(0®)D_(3®)D_(d@)
X (2P (22)$, (23)$, (z4) + terms containing §_, ¢ . (7.6)

At the tree-level ignoring the dependence on ¢ _, (13*_ means consistently truncating the S-
matrix to the sector of the positive-energy modes. The first two terms in (7.5) then give a

massive as those which have been integrated out at the first stage. Rather, this may be viewed as a way to exactly
account for the quantum effects of some of the fields while treating others as classical. Alternatively, we may think of
this effective action in the usual 1PI sense. Then all fields are allowed to propagate in the loops so that this effective
action should be free of 2d UV divergences. As usual, the exact quantum 2d S-matrix is then the tree-level S-matrix
of such an effective action.

24 While generically non-local, the quartic interaction term typically can be expanded in series of local operators of
increasing dimension. An exception is the case in which some of the world-sheet fields which have been eliminated
are massless around the chosen background.
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first-order action that resembles the LL actions discussed above (cf (2.12). However, there is
an obvious difference in that the interaction term may contain time derivatives.

To address this issue let us note that the truncation to positive energy modes implicitly
assumes that the resulting action is to be used in the low-energy regime (w < m), where the
excitations of the field ¢ can be thought of as non-relativistic. It is therefore reasonable to
expand the D_ factors in the interaction vertex in (7.6) in % Then we can further eliminate
the time-derivative-dependent terms in the vertex using field redefinitions (as in the relation
between the string sigma model and the LL action in [31]), i.e. using that on the free equations
of motion i3, ¢, = e(id,)d,. Equivalently, we may just replace i, by \/m? — 92 in the quartic
interaction term. We then finish with the following effective Lagrangian for ¢,

L~ ¢, [id, — e(id)], — Vi, 7.7
v Va[—ie(i8”). 8]
4 =
4\/e(ia,$”)e(ia§2>)e(ia;3’)e(ia§4>)

b @S ()P, (23)hs(zs).  (1.8)

Comparing this to the on-shell vertex (5.2) written in an equivalent symmetric form
pp’ +kk'
Ve(ple(phe®e®)’
we observe its close similarity with the vertex (7.7) extracted from the BDS S-matrix provided
we choose Vy in a remarkably simple local form
4
V4@ oc [3092 + 39 ]_[ 8Pz — 2). (7.10)

i=1

V(p, p'sk, k') =ix (7.9)

There is still a difference in the structure of the kinetic terms in (7.7) and in (2.12): apart from
the replacement of m?> by A~! (and a rescaling of 7) here we are missing the subtraction of
—1 in the dispersion relation (3.2). This can be easily fixed by applying a field redefinition
¢ = e "G, where ¢, will now be a ‘slow’ field. This mimicks the ‘fast string’ expansion
(based on isolating the fast angle variable) done in relating the LL action to string theory action
in [31] (see also [47, 48]). Then

—¢* (37 — 37 +m*)p = 2imP* 0,6 — §* (3] — ) (7.11)

¢ (i9, — Jm?2 — 3D, = pi[id, — (Jm? — 92 — m)] . (7.12)

and so the transformation from the relativistic to non-relativistic theory can be viewed as a
standard non-relativistic expansion.

7.2. Relation between string sigma model on R x S3 and the AFS S-matrix

Let us now turn to string theory and explain how the above action appears in the context of
the discussion of [31]. There one started with the classical string action on R x § 3 with the
metric ds? = —dr? + [da + C(n)]* + dn dn, performed 2d duality « — &, and then fixed the
‘uniform’ gauge: t = 1,& = \/ixa, ie. py = \/LX = const.”” The resulting action then takes

25 The choice of the isometry direction « in fixing the uniform gauge corresponds to a particular choice of a charge
that is assumed to be distributed homogeneously along the string to match the spin-chain picture [31]. In the gauge
used in [31, 48] that isometry direction corresponded to the total spin J = J; + J» in the SU (2) sector, while in the
uniform gauge used in [58] the corresponding charge was single spin component J; (i.e. @ was the angle in one of
the three rotation planes).
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the form (2.1); after the redefinition (2.10) of the world-sheet coordinate 0 — x = %U the
string Lagrangian [31] takes the J-independent form (S = [dt foj dx L)

L=C 1 1(8‘)2 1+):(8‘)2 +X(8‘ 0,1)? (7.13)
=C, A 7 (07t Tg (@7t - 0:10)°. .
Expanding (7.13) near 7 = (0, 0, 1) and using (2.11) we get for the terms quartic in fluctuation
field (cf (2.12) and (2.16)
L =i¢*d¢ — 1¢*(0} — 19])¢ + 1[¢** (¢ — X¢"*) +c.c.]
+3@7 TP — T + 00", (7.14)
We can now apply to this action the procedure from the previous subsection to read off the
quartic vertex in the corresponding ‘non-relativistic’ action.
The first step is to replace the time derivatives in the quartic interaction term in (7.14)

with their expression following from the free equations of motion (the result is the same as
doing field redefinitions and ignoring higher than quartic terms):

a9 — —ile(idy) — 1]¢, e(id,) = /1 — 192 (7.15)

The resulting quartic vertex (5.3) is then easily found from (7.14) in momentum representation:

174(P, p/v k: k/)
Ve(pe(phekye®)’

Vi =(pp' +kk') —[e(p) — 1le(p) — 11 = [e(k) — 1[e(k") — 1]
1 . ~
+ E(KPP’ — [e(p) — 1le(p) — 1D (Akk" — [e(k) — 1][e(k") — 1]). (7.17)

V(p, plik k) =i (7.16)

Upon multiplication of this by the energy—-momentum delta-function in (3.5) and (3.7)
(allowing us to set k, k' to p, p’ or p’, p) we then reproduce precisely the ‘tree-level” part of
the low-energy AFS S-matrix in (4.22) and (4.23):

Ale(ple(p”)

Vip, plk, k) ——E 7 s (ppl kK = (SS9PY s (p. pl kK 7.18

(p,p )pe(p,)_p,e(p) +«(p. p ) = (String ) o0+ (25 P ) (7.18)
2iF(p, p')

(S92 e = (7.19)

~ pe(p) — ple(p)’

Following the procedure of the previous subsection, the resulting non-relativistic effective
Lagrangian corresponding to (7.14) is (cf (7.7) and (2.12)

L =¢*[id, — (/1 = %32 = 1)]p — Vu(®) + O(¢°), (7.20)
vl (Game) [(Daste) 5 (samme) | o)
T3\ Vet <0, <(i0,) e

1 (e(iax) - 14)*)2 +X( 3, ¢*>2 (e(iax) - 1¢)2 i ( 3, ¢>2
8|\ VeGoy Ve(id,) Je(id,) Je(id,) ‘
(7.21)

Expanding (7.20) in powers of spatial derivatives one can check that it agrees (modulo field
redefinitions like that below (5.6) with the leading terms in the LL vertex (2.16) for the ‘string’
value of the coefficient b, in (2.9).
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V4 in (7.21) is the ‘string’ or AFS analogue of the exact off-shell BDS field-theory
vertex (5.6). To make the analogy with (7.21) more explicit we can represent the on-shell
BDS vertex (5.4) in a more symmetric form (equivalent on-shell to (5.6)

5 1 % 5, 2
(Va)BDs = 1 |:<W¢ ) (\/m¢> +c.c.i| ) (7.22)

This is simply one of the terms present in (7.21). It is then also clear which is the analogue of
the scalar action (7.14) that would lead to ‘non-relativistic’ action (7.20) with such a quartic
term:

1 - X
Lgps = i¢p*8,¢ — 5¢>*(a,2 — 102 — Z(¢>*2¢’2 +c.c)+ 0(@%). (7.23)

Omitting here the quadratic term with two time derivatives leads to the standard (leading order)
LL action. Since this affects only the quadratic terms, this relation is perfectly consistent with
the fact that the BDS ansatz is the minimal (and natural) generalization of the XXX, spin
chain, affecting only the dispersion relation. The interaction term in (7.23) is invariant under
time-dependent U (1) rotations, so we can also put the kinetic term in (7.23) in the standard
relativistic form by applying the rotation ¢ = e ¢ that induces instead a mass term (cf (7.11)

1 - A ,
Lpps = —Ew*(af — 297 — 1)p — Z(g0*2g0 24cc)+ 0. (7.24)

This ‘BDS’ action (7.23) has obviously quite different structure from (7.14) that follows from
string theory.

7.3. Strings on AdSs x S', AFS-type S-matrix in the SL(2) sector and the universality
of the dressing phase

An important conclusion of the previous subsection is that the tree-level ‘2-magnon’ S-matrix
following from the string action on R x S is indeed the same as the low-energy limit of the
AFS Bethe ansatz S-matrix (4.22) in the SU (2) sector. This provided a direct relation between
the classical string theory and the low momentum limit of the AFS ansatz. An obvious question
is whether this relation can be extended to other sectors. The SL(2) sector is of particular
interest: a successful comparison would give a non-trivial check of the suggestion [5, 10] that
at the classical level in string theory the dressing phase o> = el’*s is universal to all sectors
of the theory.

The construction of the low momentum limit of the BDS-type scattering matrix in the
SL(2) sector proceeds as in section 4 and we postpone the details to appendix A.4. Assuming
that the dressing phase is universal, equations (A.20) and (4.17) imply that the ‘tree-level” part
of the low-energy AFS-type S-matrix in the SL(2) sector (i.e. the counterpart of (4.22) and
(4.23) in the SU (2) sector) is

2 2
(5L e = i [(p —p)— L] + i0ars
pe(p’) — p'e(p)
ipp’ N7
=———————[1+e(ple(p’) — App'l. (7.25)

pe(p’) — p'e(p)
In the spirit of the previous subsection, this expression should be compared to the world-sheet
tree-level scattering matrix of ‘magnons’ (small string fluctuations near the BMN vacuum in
the parametrization (2.11), i.e. the S' geodesic) on AdS; x S'. We shall compute the latter
below.
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It is worth emphasizing that the notion that the dressing factor ¢ is universal has a

meaning only under the assumption that the vacua in the various sectors are chosen to be the
same?®. This means, in particular, that to extract the relevant vertex it is necessary to use the
uniform gauge [31, 58] as in our discussion of the SU(2) sector (i.e. t = t, p, = const, or
a = JLXG = \/LK’ where o now is the coordinate of S! from S5) and to consider small string
fluctuations near the S' geodesic.

The corresponding gauge-fixed string action on AdS; x S', i.e. the counterpart of (7.13),
was constructed in [56] (see section 2 there). Using slightly different parametrization than
in [56] (see [54]) the metric of AdS; x S' (after 2d duality « — &) may be written as
ds? = —[dr + B(Z)]2 +dl dé + da?. Here { is a pseudo-unit 3-vector

e =1, nij = diag(—1,1, 1), (7.26)

with a parametrization in terms of a single complex scalar convenient for an expansion near
the vacuum ¢ = (1, 0, 0) being

0= (142117, —i(¢ — ¢ W1 +I1%. @ + ")W1 +g]?). (7.27)

The connection 1-form B (the analogue of C in (2.1) and (7.13) projected on the world sheet
has components

B ! /di} 09:07 3,08 B C8ul’ — L3, 1(¢*3 b — $d.P%)
a — — X El a ’ a— = A~ 1 - = a - a .
2 k%8 2(1+ 1) 2
(7.28)
Then the gauge-fixed string action on AdS; x S' [56] becomes
J

S:—/dt/ dxL, L =+—h,

0 (7.29)

2 1 N2 T2 5‘ N2 Y 1 - 7 ?
h=|=(+B)"+ 200 | [ 1= 2B+ 20c)* | = | Be(1+ B) = 20,0 0L |

This action has a form of the Nambu action in a static gauge, but, in contrast to (7.13), without
a WZ-type term (the analogue of the latter, i.e. B;, here comes out of the square root term
upon ‘fast-string’ expansion leading to the LL action [56]).

With these preliminaries, we are ready to extract the four-point vertex following the same
steps as in section 7.1. Expanding (7.29) to quartic order in the fluctuation field ¢ gives

L =i¢p*0,¢ — 1¢*(37 — %07)¢ — (9™ (> — Xgp™) +c.c.] + L[ip*dp*(¢* — Ag'?) +c.c.]
+3(* — X" ) ("7 — X9 + 0(°). (7.30)

The difference compared to the R, x S> case (7.14) is in the change of sign of the second-
derivative quartic term (that has to do with the opposite sign of the curvature of Ad S3 compared
to §%) and also in the presence of the 3-derivative term. From here it follows immediately that
the quartic vertex for ‘magnons’ with first-order dispersion relation, i.e. the analogue of (7.16)
and (7.17), is

f/fL(z)

VLD (o ke k) = i 7
b kR = T e®e )

(7.31)

26 In multi-component integrable field theories, a change of vacuum state typically entails a change of the phase of
the scattering matrix. Consequently, changing the vacuum state of only one sector induces a phase change of the
scattering matrix of only that sector and thus a relative phase compared to the other sectors.
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VI = _Z(pp’ + k') +[e(p) — 1le(p") — 1]+ [e(k) — 1[e(k) — 1]

| -
+ 5 (kpp' = le(p) = 1lle(p) — 11) (Akk’ — [e(k) — 1lle(k) — 11)

1 3
— 5[([6(1?) — 1 +[e(p") — 11) (kK" — [e(k) — 1][e(k") — 1])
+(p, p) < (k. K)]. (7.32)

The vertex VSM? simplifies considerably upon multiplication by the delta-function (3.5)
enforcing the energy—momentum conservation. It follows then that the tree-level S-matrix of
this SL(2) sigma model, i.e. the analogue of (7.18) and (7.19) in the SU (2) case, is

2 e(p)e(p) SLe
YL@ = T s (ppl kKD = (S35 s (p, plL kKD,
pe(p/) _ p/e(p) +(p p ) ( string )tree +(P p )

(532 App’ —e(p)e(p) — 1
string Jree — pe(p’) — p'e(p)

(7.33)

Remarkably, this is indeed the same as the ‘tree-level’ part (7.25) of the low-energy AFS-type
S-matrix in the SL(2) sector?’.

We have therefore shown, in a low energy and strong coupling (classical string)
approximation that the dressing phase relating the gauge-theory Bethe ansatz and the world-
sheet S-matrix is the same in the SU (2) and the SL(2) sectors. This provides a non-trivial test
of the proposed [4, 5, 10] generalization of the SU (2) AFS ansatz to other sectors.

74. Fermionic SU (1|1) truncation of the superstring action and AFS-type S-matrix

As a further test of the universality of the dressing phase we will now discuss the tree-level
S-matrix [8] of the SU(1|1) truncation [53] of the AdSs x S° superstring action and its
comparison with the corresponding phase shift in the AFS-type Bethe ansatz in [4, 5]. The
matching of the two S-matrices in the low-energy limit was already noted in [8], but since our
perspective is somewhat different and also to clarify some conceptual issues that seem to have
more general importance we shall discuss this case in detail below.

Using the low-energy limit of the BDS-type S-matrix in the SU (1]1) sector from appendix
A.3 (A.13) and assuming the universality of the AFS phase we find as in (7.25)

( ) 2(P P) pe(p)) — pe(p) +10AFs
= %(p[E(p’) — 11— p'le(p) — 1. (7.34)

This is the expression we would, by analogy with the bosonic sector cases, expect to get as a
tree-level S-matrix in the corresponding sector of the superstring theory.

Similarly to the truncation of the string theory to the SU(2) and SL(2) sectors, the
AdSs x S world-sheet sigma model may be consistently truncated [46, 53] to a fermionic
model [53] containing the AdSs time coordinate ¢, two fermionic components W, ¥, and a

27 As in the SU(2) sector, this conclusion about the relation of the low-energy AFS S-matrix and classical string
sigma model S-matrix is of course consistent with the ‘derivation’ of the SL(2) dressing phase [4] from the classical
string model on Ad S3 x S! by discretizing the integral equation [8] describing classical solutions of AdS3 x S! string
sigma model.
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boson a parametrizing an S! direction in S3. One may then fix the uniform gauge condition
[20,53),ie.1 =7, pg = 2=

Note that in contrast to the previous two cases of the bosonic sectors where J in the
uniform gauge corresponded to the length of the spin chain on the gauge-theory side (J was
total spin J; + J, in the SU(2) case in (7.13) and the U (1) R-charge in the SL(2) case in
(7.29) here J is the bosonic R-charge while the length of the chainis L = J + %M where M is
the number of fermionic impurities [44, 59] (the corresponding operators are Tr(ZL=My M),
This suggests a subtlety in the identification of the spin chain and the world-sheet S-matrices
in this case (which was indeed already mentioned in [4, 8]1).% Indeed, the S-matrix on the
spin-chain side has a meaning only in the context of a specific choice of a ground state and
its quantum numbers so the identification of the length on the lhs of the Bethe equations (1.1)
with the length of the world-sheet spatial direction is important™.

Using the consistent truncation of [53], T-dualizing the coordinate « — & and fixing the
gauget =t and & = \/L;G = JLX one finds the fermionic analogue of the bosonic actions in

(7.13) and (7.29), i.e. the action of [53] with each spatial derivative d, having an additional
factor of v/A

L =—i%(0%, +Vip o)W+ 0w — 17 (09, W T p*0,W — 0, 5Wd,¥p° W)
+ 1T (029,090, w. (7.35)

Here W is a two-component spinor (formed from 2 components of the original fermions of the
AdSs x S’ superstring), ¥ = Wip? and

-1 0 0 i
0 _ 1 _ 3 _ 0.1
p—(o 1>, p—(i 0)’ pr=pp. (7.36)

Like the bosonic actions (7.13) and (7.29), this nonlinear fermionic action is classically
integrable [53] but should not be expected to be meaningful at the quantum level (in particular,
it is not renormalizable; cf [8]): to compute quantum corrections one is to include couplings to
all other superstring modes. As in the previous bosonic cases, here we will be interested only
in the tree-level 2-particle S-matrix corresponding to (7.35) (where the six-point interaction
term may thus be dropped out).

As was pointed out in [46], to compare the truncation of the superstring action to the
spin-chain side, the SU(1|1) spin-chain fermionic magnon should be identified with one of

v

the two components of the fermion field ¥ = ( v

‘). Our aim is thus to compute the tree

S-matrix for this component.
Written explicitly in terms of W, and W,, the Lagrangian (7.35) is, up to the relevant
fourth order in the fields,

L =—Wi@id, + DV, — i[9, — D,
+ \/i[qf;ax\yl — DWW (i9, W10, W) +10, %29, W) + h.c.] + O (W) (7.37)

28 In the more general sector of string theory, the analogous gauge may be fixed by picking the isometric direction
o on §3 corresponding to the large R-charge, rescaling all other coordinates by ¢'9/% such that they become neutral
under the U (1) transformation, dualizing « — & and settingt = 7, & = %(r.

29 Let us note also that the dependence of the form of the ‘string’ Bethe ansatz on a choice of world-sheet gauge was
emphasized in [12, 60].

30 In general, the gauge choice is also related to the issue of identification of the vacua; the choices of vacua in the
three rank-1 sectors are formally the same—the vacuum is the BMN one; however, its embedding in the full string
theory may appear to be different.
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Since W, and W, have opposite signs of mass terms, applying the redefinition like that in
(7.11) or that relating (7.24) and (7.23), i.e.

v, =elg, W, =ely, (7.38)
we make { ‘massless’ while x more massive, and thus can naturally integrate out the latter.
This rotation of the fluctuation fields is necessary in order to relate the truncated string action to
a ‘non-relativistic’ LL-type action for the fermionic ‘magnons’ [46] (cf (6.2). Similar rotation
was automatically incorporated in the choice of gauge fixing and field parametrization in the
SUQ) (7.13) and SL(2) (7.29) sectors where (7.14) and (7.30) contained linear in time-
derivative ‘friction’ term. For comparison, such a term would be absent if one would start
with the BMN-type action for bosonic fields®'.

Solving the equation for x gives

Vo,
2 —1i0,
and thus the effective Lagrangian for ¢ becomes

L) = —¢* (ia, — 202
¢) = c<1, i )¢

C+0(?) (7.39)

xX=-

32

i 2
- 1)1 [g*a—",;* ((1 —13,)20x¢ +X(1 18,)8,6{ 9 ;) +h.c.:| 4+ (7.40)
2+ 10,

2 2—1i0, ~2—1i0,

The dispersion relation for ¢ is thus i9,¢ = (1 +,/1—- Xaf); + 0(¢?). Using that

752 - 1+,/1— 202 —id,
9, — —= =<ia,+,/1—,\a§—1) P2, P’ = , (7.41)

2 — 10, 2 — 10,
we can then find the effective Lagrangian for the positive-energy part of ¢ with the expected
dispersion relation by redefining

=Py (7.42)
getting (cf (6.2) and (7.20)

p—1
L) =—y*(i0, +/1 — 102 — 1)y — %X[P—‘w*—; ig" w*((l —id) P 'ya, Py

~(1—i3)a, P71 32p!
by x hoe |+ 743
e Ve Y ) et (7.43)

where P = PT.

The on-shell 4-vertex corresponding to this Lagrangian (found by eliminating the
time derivatives in the quartic term using the free equation of motion for v, so that
i0, > 1 —e(idy), P~ — —V”e(‘a))) is (cf (7.16) and (7.17) and (7.31) and (7.32):

VSUUID . ot ko k) = L VP Pk KD + VDG K p )
e 2 Ve(pye(pe(k)ek)

[p' = p— A(p, PHI[(1 +e(k) (1 +e(k)) — AkK']
VA +e(p) (1 +e(p) +ek)( +ek)

3 X
VSV p kK = _ZA(k’ k"

(7.44)

31 For example, in the case of R; x S> we gauge-fixed the ‘fast’ coordinate which was the combined angle in the two
rotational planes (corresponding to the total spin J; + J2). Had we fixed, as in the BMN fluctuation case, the angle in
only one rotation plane, we would need to apply an extra time-dependent rotation to the fluctuation fields.

32 An equivalent (up to change of notation) quadratic part of the action appeared in the same context in [46].
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where A(k, k') = ke(k") — k’e(k). Multiplying this vertex (7.44) by the kinematic factor leads
as in (7.18) and (7.33) (with 6, — §_ as in [8]) to a very simple result for the S-matrix

)_\713(17)6(17/) SU(1|1
psuaim 2 PR s (pypl koK) = (SSUUIDY (p!, p)S_(p, p kLK),
pe(p) — p'e(p) (Sune Joce (7.45)

1 / /
(Sootne e = S pe(@) = ple(p)].

This is the same tree-level S-matrix as one finds from [8] by interpreting their result for the
S-matrix of the model of [53] in terms of a ‘non-relativistic’ single-component fermionic field
theory.

The string-theory result (7.45) is different from the low momentum limit of the AFS-type
S-matrix for the SU (1]1) sector (7.34) by a A-independent term %( p’ — p). The difference is
actually the necessary correction to the scattering phase appearing from expressing the Bethe
equations in terms of the R-charge J rather than the length L = J + %M of the chain [4, 8].
On the string-theory side, this shift may be attributed to a choice of the uniform gauge that
fixed J instead of L.*> We conclude that the direct string-theory computations of the ‘magnon’
S-matrix confirm that the non-trivial A-dependent dressing phase relating the ‘gauge’ and
‘string’ Bethe ansitze is universal for all the rank-1 sectors.

8. Outlook

One important lesson of the present paper is the following. To compare the spin-chain Bethe
ansatz phase shift for magnons near the ferromagnetic vacaum which have ‘non-relativistic’
first-order dispersion relation to string theory one should re-organize the string-theory S-matrix
for BMN-type modes (which originally have relativistic dispersion relation) into the S-matrix
for an effective field theory of the positive-energy modes as discussed in section 7.1.

A potential application of the relation between the low-energy limit of the AFS-type
S-matrix and the ‘non-relativistic’ form of the classical string action we have investigated in
this paper is a possibility of shedding light on the connection between the structure of string
o ~ JLX corrections and subleading terms in the string phase in (1.2) and (4.11).

The are several open issues that require analysing the complete world-sheet theory at the
quantum level. One is relation to quantum corrections within the Landau-Lifshitz framework,
e.g., whether (part of) higher order terms in (4.20) may be interpreted as quantum-loop
corrections in the LL. model (7.20), (7.21). Still, the ‘non-causal’ loops of the LL model do
not involve negative-energy modes which are present in the full string loop contributions (where
not only quartic but also higher order vertices will be contributing to 2-particle S-matrix), so
to account for the latter one needs to go beyond the specific low-energy approximation to the
AFS scattering matrix we considered in section 4.
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Appendix A. Effective field-theory vertices in SL(2) and SU(1]1) sectors

In this appendix, we shall generalize the construction of the effective 2d field-theory vertex
from BDS SU (2) S-matrix to the other two rank-1 sectors. The same can be repeated also for
the AFS-type case (using the general expressions in [5]).

A.l. Bethe ansatz equations

Let us start with recalling the S-matrices that enter the BDS-type Bethe ansdtze for
SU2),SU(1|1) and SL(2) sectors [3—5]. The Bethe ansatz equations can be written in
the form [5]

i ud xT— xk_ £ 4x§x’
et =TTS,)(p;. po)- So(pj. o) = | £ L (AD

x; —xi) 1 — 22—

k#j J k 4x/.’x;'

where n = —1, 0, 1 for the SL(2), SU(1]1) and SU (2) sectors. Here

i%m ~ ~ A
xE = 1+ afsin 2 by . (A.2)
4 sin & 2 2m)?

An important property of the S-matrix in (A.1) is that it can be written as
Ap(pj, p) + By(pj, p) 1+ By(pj. pi)/Ay(pj, pr)

Sy(pj> i) = = (A3)
Y Ay(pjs ) = By(pjs pi) 1= By(pj, i)/ Ay(pjs Pr)
where B, is purely imaginary and
1 . _ X 3 . x
Ay(pj, pr) = 3 |:(x<,~ —x)" (1 - 4xj*x,(_> +(x; —x)” (1 - 4xj_x;>i|
(A4)

1 _ x _ x
=350 (1= 5 ) < 5 (1255 ) |
J J

A.2. Four-point vertex from S-matrix

Given a field theory of type (2.12), it is a simple exercise to find its tree-level S-matrix. It
is related to the four-point vertex V(p, p’; k, k') in (5.3) by multiplication by the kinematic
factor (3.7)

A le(ple(p')
p'e(p) — pe(p’)
Here we are free to use the on-shell condition for the momenta p, p’, k and k' as well as

momentum conservation. Making use of this freedom (which, as discussed above, implies
that p, p’ equals k, k¥’ or k', k) it is always possible to put the vertex in the form

V(p, p's koK) = 3[V(p, p) + V(k, K))]. (A.6)

This freedom brings in the issue of reconstructing the off-shell vertex V from the knowledge
of the tree-level S-matrix. This issue is particularly relevant for rank-1 fermion sector. The
S-matrix depends on two incoming momenta and as such the vertex will have the structure
(A.6). But then it may seem impossible to write a non-trivial Lagrangian L for two
anticommuting fields v, v since (A.6) implies that the corresponding terms in L will contain
either ¢y> = 0 or Y2 = 0. This is, however, an illusion stemming from a naive use of free
equations of motion as well as momentum conservation.

Siree = V(p, P's k, k') (A.5)
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To identify a way to undo the use of momentum conservation we are to take into account
the statistics of the scattered particles. In particular, the vertex should be either symmetric
or antisymmetric depending whether the scattered particles are bosons or fermions®*. Below
we will use the momentum conservation constraint on the vertex which is extracted from the
scattering matrix in such a way that the required symmetry properties are manifest.

Up to divergent terms that we discard, the 1-loop contribution to the resulting field-theory
S-matrix is (cf (5.18)

Ale(ple(p)

S100p = L1 (p, p)——————, (A7)
ooP p'e(p) — pe(p’)

A le(p)e(p) Li(p, p)

Li(p. p) = (DY V(p, pHP—————, Sree = —rm (A.8)
: pe(p) — pe(p) T V(p, p)

Then the all-loop S-matrix is
S 1 + %Stree (A 9)
all-loop — 1 — % Stree. .

By comparing this with the S-matrix extracted from the Bethe equations (A.3) it follows quite
generally that

B,(p, p")

Sree =2 s A.10
e =2 o p) (A1
, = p'e(p) — pe(p) By(p, p")
V(p, p') = 2x
. P) e(pe(p’)  Ay(p,p")
/ _ /()C*—)f)”l—% — (x;y —xH"(1 — §+
=2ipe(p) p(/f(p) =) 4x13¢2) 1 D' 4xlx2) (ALD
e(pe(p)  (xf —x;)7(1 — ﬁ) + G =) (1= s
where

X =x%(p), xy = x*(p).

A.3. 4-vertex in the SU (1]1) sector

As explained in the SU(2) case, to compare with the field-theory S-matrix we need to take a
specific low-momentum limit in the Bethe ansatz S-matrix, in which p — 0 and one keeps
only the leading term in p at each order in A. This amounts to the replacement:

xT(p) > %, e(p) =/1+ip (A.12)

(1 - 4x?x;) - (1 - 4,\?)(;)

(1 o 4x1£\x2’) + (1 o 4x1/:\x;)

- (Ssu(lll))lree = l(l? - p/) 1 — p;p/
2 pe(p’) — p'e(p)

Then

(Ssucny)tree = 2

34 This is implicitly taken into account by the fact that the relative sign between the two terms in &, in (3.5) is positive
for bosons and negative for fermions (see, e.g., [8]).
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_ij‘ / / i)‘z re3 22/ 2 12 3
—pr(p—p)——pp(p —2p°p +2pp” —p")
T3

)\' /. /. /: /.
+3—2pp(p —2p*p' +2p’p* = 2p°p” + 2pp™ — p”)
5ik
_ _2 +2 5 /2 2 4 /3
—256pp(p p°p' +2p°p rpr
+2p3pt —2p?pP +2pp — p N+ ... (A.13)

Thus, after dividing by the kinematic factor,

i pe(p') — p'e(p) p—r
Vsu (pv p/) = —)\(P - p/) |: - (A14)
(m 2 e(p)e(p) e(p)e(p)
i.e.
ix2 ), ix3 5
Vsut(Ps p)——Tpp (p—pH) + Te PP '(p— p)*@Bp*+pp’ +3p”)
.}\“"4
— 35 (P - p*(Sp*+2p°p +5p7p”? +2pp” +5p")
.XS
+ e hP (P = P?(35p° +15p°p' +35p*p”
+17p3p"R +35p°p* + 15pp”° +35p" %) + - - (A.15)

Note that this vertex starts with the 2-loop order A2 term, in agreement with the fact that the
leading-order LL action in the SU (1]1) sector is free [4, 44-46, 52].

Clearly, the vertex (A.14) does not have the symmetry properties necessary to arise from
a fermionic action, as it is symmetric under p <> p’. The required antisymmetry is restored
by using the momentum conservation to express the overall factor (p — p’) in terms of the
outgoing momenta:

g oo i [pe(p) —ple(p)  p—p
Vi@, K5 p, p) = 50k &) [ D)) e(P)e(P/)}
.Xz B
- _ITpp’(p — Pk —K)+ 00D, (A.16)

This vertex allows us to determine the leading part in the quartic interaction term of the
resulting fermionic coherent state action corresponding to the BDS-type Bethe ansatz in the
SU (1]1) sector (cf (2.12) and (6.2)

S= [dt/ Vlio + (1 =232 = D]y — V¥, ¥} (A.17)

V=Vi+Vg+---, Vi = %ap&’w’w” +hec)+ 00>, (A.18)

where /' = 9,V and ¥ is a complex anticommuting field*>. The exact form of V; that follows
from (A.16) is (cf (5.6)

oo|>»|

] i, 1 O
- h.c. A.19
Vo |:I//,/1 myrid (\/1 433‘”) (\/1 —Xagwﬂ e A19

35 As discussed in [46], to find a similar quadratic term on the string-theory side where one starts with a relativistic
massive fermion action one is to solve for one of the two fermionic components in terms of the other.
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This interaction term was constructed using the BDS-type S-matrix*®. Including a proper

‘string’ phase in the S-matrix one should be able to reconstruct the effective action that should
be more closely related to string theory®’

AA4. 4-vertex in the SL(2) sector

Similarly, in the SL(2) sector one finds for the low momentum limit of the BDS-type S-matrix
(using (A.10), (A.12), etc)

(i —x) (1= 4fx;) — (v —x1) " (1- 555)
(XT_XZ) (1 - 4x Xy )+()C1_ —X;)71(1 - 4x;xl’)
p2 +p/2 ]

pe(p’) — p'e(p)

(le(2) )tree =2

- (§s1(2))tree =i |:(P - p/) -

_ 2ipp" ik ppf

p=r 2p—p/(p2+p/2)
ix?2 pp 2 B,
S -7 p(p = PP +2p’p” = 2pp” + p
ix3
L )24 3 /3+2p2p/4—pp/5+p/6)+"'-

65 p,(p6 —p’p +2ptp? —2p

(A.20)

Multiplying by the kinematic factor, the exact expression for the vertex summing up the
leading small momentum terms at each order in A expansion is (cf (5.2) and (A.14)

- pe(p’) — p'e(p)  p*+p”?
Vay(p, p) =ik [(p -p) - (A.21)
@ e(ple(p)) e(ple(p))
i.e.
’ Iy ’ 15‘2 1o 2 2 5‘3 / 4 3 7 3 4
Vao(p, p') = —2iApp" + - pp (p~+p°)— <P GBp +5p°p +5pp” +3p™)
ﬁ / 6 3.73 5 16
+—pp' 5pS+8p3p' +6p> p” +8pp +5p) + - - - (A.22)

16
The leading-order LL action in the SL(2) sector (depending on a pseudo-unit vector
parametrizing AdSs) was constructed in [54, 55] (see also [57]); the higher order corrections
to the spin-chain LL action were not computed before (corrections to the string LL action
can be found from the expressions in [56]). The S-matrix approach avoids the problem of
complicated explicit form of the dilatation operator in this sector and gives one an efficient
method of reconstructing the higher order terms in the effective action. We thus get the
following quartic term in the SL(2) effective action (cf (5.6) or (A.19)

= 5¢*¢*[< 1 ) % ¢+a e ¢—¢8—§¢]+cc
4 \/1—Xaz V1= J1—1d2 V1 —1d2 o
(A.23)
As was observed in [4, 5], the BDS S-matrices in the three sectors are formally related by
Ssu)Ssi) = [Sm(m)]z, implying that
36 It is of course different from the relativistic model of [53] (obtained by a particular truncation of the classical string
action of [22]) for which the quantum S-matrix was computed in [8].

37 Let us note again that there is a freedom of off-shell extension that allows us, e.g., to write the denominators here
in a more symmetric form, as suggested by the string-theory considerations of section 7 (cf (7.9).
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(qu(Z))tree + (Ssl(Z))lree = 2(qu(1|l))treea (A24)
Vsu@ + Vi = 2Vsu1)s (A.25)

which provides a simple check on the expressions in (5.2), (A.21) and (A.14). Relation (A.24)
is true also after the inclusion of the AFS phase contribution (4.17), which is the same for all
sectors.

A.5. Deformation of the BDS S-matrix and the vertex

Let us now comment on the impact of the extra phase that relates the BDS S-matrix S, and
the S-matrix S, (called, respectively, S; and S in (1.2) entering the string Bethe equations on
the structure of the resulting field-theory vertex. If we start with
/ / "2 2 _ g _ atbh
Ss(p. P') = Sg(p, pIlo(p. p)HI7, ot =el=-—p (A.26)

where B in (A.3) and b in (A.26) are assumed to be purely imaginary, then it is not hard to
trace this deformation through the steps made above and find the deformed (string)-theory
analogues of the quantities A and B in (A.4)
Ag—Bga+b
A+ By a—b

_ (Aga — Bgb) — (Agh — Bya) A — By

" (Aga — Bgb) + (Agb — Bya) A, + B,
We can then reconstruct the four-point vertex (tree S-matrix) for the ‘string’ LL model:
vz B _Adb=Bea vV ngﬁ, vo=2—tan?, (A.28)
Ay Aqa — Bgb 1 —Vvg A, a 2
where 6 is the dressing phase relating the gauge and string theory Bethe ansétze. To relate this
to the discussion in section 4 one should apply the small momentum expansion to simplify the
entries in (A.27).

Sy = S;0% =

(A.27)

Appendix B. Momentum expansion of the leading strong coupling correction
to the AFS phase

Here we shall present some details of the small momentum expansion of the leading quantum
correction to the AFS phase which we used in section 4 and show that it modifies the small
momentum expansion in (4.19) by terms nonanalytic in A leading to further deviations from
(4.24).

The dressing phase in (1.2), (4.11) is defined by its large A expansion

1
0 = Oaps + O + O — s (B.1)
5)?
where 0y, is the first correction in (4.11), (4.12) given by [19]
00 0 X et
L= > dn (Z) lg:(P)a-(P") — qs(P")q(p)] (B.2)
r=2 s=r+l
with a,; = %% for odd r + s and O otherwise. Using the small momentum limit
(4.15) of the charge densities g,, it is easy to see that Gy may be written as
OuL = pp'g(p)g(p) a. [ - ] , (B.3)
2,2 an g(prg(py g g(p)y

r=2 s=r+l
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where
Vip
e(p) —1
is fixed in the small momentum limit. After changing the summation index stos = 2n+r + 1

to take into account the vanishing of a,, for even r + s, the double sum in (B.3) equals the
second mixed derivative of a double sum computed in [20]:

(.X ) . i i Ar 2n+r+1 1
X1lx, y) = — (r _ 1)(2I’l +V) xr—1y2n+r

g(p) =

y+l “x—y
LT O R |
—Li, ) —

NARRVES NARSRVES Nl
Some algebra then leads to
2pp'g(p)g(p")

m(g(p) —g(p )1 —g(p)g(p")
X[1_10—g@wwﬂf+@@)—ﬂﬁbﬂnﬂ+gwnﬂ—g@%]

2[ X =5
= — log log
bid

+Liy (B.4)

OuL =

(B.5)
2 (gp)—gpNU—-gPsg)) (I —gP)HA+gpH)

As expected, in the small momentum limit p — 0 and Ap? = fixed, the correction Oy to Oars

scales as p?; however, its dependence on A is nonanalytic:

O o< p* F(Vp). (B.6)

Including this additional phase in the (4.19) will modify its low momentum expansion by
terms nonanalytic A starting with

88ars = —3—13/2 Pip—pH+-- (B.7)

This implies further deviations from the naive expectation (4.24) (expected by analogy with
the BDS case) for the low-energy limit of the scattering matrix of the ‘string’ ansatz. It is
possible in principle that this nonanalytic dependence on A may change once all higher order
corrections to 6 are resummed. This may be expected on the grounds that the dressing phase
should have an analytic expansion at small A if it is eventually to agree with perturbative gauge
theory.
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