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Abstract

We investigate type IIB strings on AdS3 x S? x S3 x S! with mixed Ramond-Ramond
(R-R) and Neveu-Schwarz-Neveu-Schwarz (NS-NS) flux. By suitably gauge-fixing
the closed string Green-Schwarz (GS) action of this theory, we derive the off-shell
symmetry algebra and its representations. We use these to determine the non-
perturbative worldsheet S-matrix of fundamental excitations in the theory. The
analysis involves both massive and massless modes in complete generality. The
S-matrix we find involves a number of phase factors, which in turn satisfy crossing
equations that we also determine. We comment on the nature of the heaviest modes
of the theory, but leave their identification either as composites or bound-states to
a future investigation.
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1 Introduction

The holographic correspondence between gravity and quantum field theories [I] can be
quantitatively realised in string theory as a duality between superstrings on anti-De Sitter
(AdS) space and conformal field theories (CFT) [2H4]. As this AdS/CFT correspondence
is a weak-strong duality, it is highly desirable to find exact approaches to study it. In
the 't Hooft, or planar, limit [5] of certain classes of dual theories a very successful
approach is integrability—finding hidden symmetries that allow for the solution of the
spectrum of protected and non-protected states of both theories. The best understood
AdS/CFT dual pairs are given by type IIB strings on AdS; x S® and the dual N = 4
Supersymmetric Yang-Mills (SYM) theory, and its close relative type IIA string theory on
AdS4 x CP? [6/8] and the dual ABJM Chern-Simons theory [910], see references [TT-13]
for reviews and a more complete list of references. Integrability seems to be quite a
robust feature of such backgrounds, as it persists for their orbifolds, orientifolds as well
as for certain deformations [14,[I5]. It is natural to wonder if integrability underlies
other instances of AdS/CFT, and in particular whether AdS;/CFT5 enjoys such hidden
symmetries.

It turns out that superstrings on AdS3 x M7 with the maximal amount of supersym-
metry allowed for such backgrounds (16 real supercharges) [16H20] are indeed classically
integrable [20,21]. More precisely, the classical superstring non-linear sigma model on

AdS3; x $* x T*  and  AdS3; x $* x §* x §! (1.1)

supported by R-R background fluxes admits a Lax formulation. In fact, such AdS3 back-
grounds supported by a mizture of R-R and NS-NS three-form fluxes are integrable [22].
These results indicate that integrability may underlie the AdS3;/CFTy correspondence,
but are not enough to determine whether the spectrum of the quantum theory can be
found by Bethe ansatz techniques. In this paper, we construct an S matrix for the scat-
tering of asymptotic excitations on the string worldsheet, that is compatible with the
assumption of quantum integrability, in particular with factorised scattering. In this
context the scattering of giant magnons in AdS; was originally investigated in [23]24]
and more recently in [25]. In this paper we will construct the worldsheet S matrix for the
AdS; x S? x 8 x S! background by studying the off-shell symmetry algebra of the light-
cone gauge-fixed string theory. In the case of AdS;/CFTy correspondence constraining
the S matrix by the off-shell symmetry algebra was first developed in the spin-chain
setting in [26]. On the string theory side a corresponding derivation of the AdSs x S°
worldsheet S matrix was done in [27,28] and applied to AdSs x S* x T* in [29-31].
This method circumvents the problems associated with the presence of massless
worldsheet excitations typically found in AdSs x M, backgrounds. Considerable progress
had been made in the study of massive modes on AdSsz x S x S* x S' [32738]EI In particu-
lar, the all-loop massive S matrix [33] and Bethe ansatz [34] were found in the background
supported by pure R-R flux up to the so-called dressing factors. It was harder to in-
corporate fully the massless modes into the integrable structure, though partial progress

"Massive modes on AdSz x S* x T* were understood in a similar manner [39)40]. See [41] for a review
and more extensive list of references.



in this direction was made in [42444]. To date, no proposal existed for scattering of
massless modes in AdS; x S* x S* x S!, nor the inclusion of NS-NS flux

The methods employed in this paper naturally incorporate both massive and massless
modes and allows for mixed R-R and NS-NS fluxes. The starting point is the GS action of
type IIB string theory on AdS; x S* x S® x S' with mixed flux. Strings in this background
possess a large (4,4) super-conformal algebra [50], whose finite-dimensional sub-algebra
is d(2, 1; «)? [51]. Upon gauge-fixing the GS action, only a sub-algebra

su(1/1)? C d(2,1; a)? (1.2)

commutes with the Hamiltonian. When the level-matching condition is relaxed su(1|1)?
acquires two new central charges C,C. We denote this off-shell symmetry algebra by
A The world sheet S-matrix of the theory can be fixed, up to dressing phases, by
requiring that it commute with A. In this paper we write down the world sheet S-matrix
of this theory and show that it satisfies the Yang-Baxter equation. We also determine the
crossing equations that the dressing phases have to satisfy. In this way, we find evidence
for a family of integrable theories interpolating between the pure R-R-flux case familiar
from AdS/CFT in higher dimensions and the pure NS-NS case which is well-understood
through worldsheet CFT techniques [52].

This paper is structured as follows. In section 2] we derive the algebra A from a gauge-
fixed GS action of strings on AdS; xS xS® x S'. In section B we study the representations
of A at quadratic order in fields. We comment on the possible interpretation of the heavy
modes as composite modes or bound states of the theory, and the consequences this would
have. We leave the question of determining the exact nature of these modes to future
investigations. In section (] we write down the exact representations of A. In section
we use these representations and the off-shell form of the algebra A to fix the structure
of the two-body worldsheet S-matrix up to a number of dressing phases. Using unitarity
and crossing, we reduce the number of independent dressing phases and determine the
crossing equations that these phases have to satisfy. Following our conclusions, we include
a number of technical appendices.

In much of section [2] we write down expressions that are leading order in fermionic
fields and next-to-leading order in bosonic fields. We have used a Mathematica program
to find these expressions and we include the program as part of our submission. The
program contains expressions which are next-to-next-to-leading order in bosonic fields.
These expressions are very lengthy and we have not transferred them to the present
manuscript. The interested reader may find them by running the Mathematica program.
We have nonetheless checked that the derivation of the centrally-extended algebra 4
remains valid at this order in the bosonic fields. The Mathematica package grassmann.m
by M. Headrick and J. Michelson was very useful when performing the calculations
presented in the first part of this paper.

2For recent work on integrable AdS3 string solutions involving NS-NS flux see [45H49).
3The appearance of such central extensions when level-matching is relaxed is similar to what happens
in AdSs x S° [27,28] and AdS3 x S* x T* [29-31].



2 String theory on AdS; x S3 x S3 x S! and the off-
shell symmetry algebra

In this section we write down the fully gauge-fixed Green-Schwarz action for type I1B
string theory on AdS; x S* xS® x S' with mixed flux up to quadratic order in fermions. We

determine the classical conserved supercharges of the theory and calculate the off-shell
algebra A that they satisfy.

2.1 The supergravity background
We write the metric of AdS; x S x § x S! as
ds* = dsigg, + dséi + dsgs + dw?, (2.1)

where w is the coordinate along the S*. The radii of AdS; and of the two three-spheres
are related by [51]

1 ! + = (2.2)
We normalise the AdS3 radius to one and solve the above relation by setting
1 2 2
= a = cos“p, =1—a=sin“p. (2.3)
Ry Rg
The metrics on AdS3 and the spheres are then given by@
1+ 223 o 1 2
s = (i) '+ (Tg) @+ e
4 1
1 — cos?yp vatvi 1 2
asdy = (A Y st (Y g, o)
1+Cosg0T 1+ cos?p =~
2 1 —sin®p = x2+ 2 2
dsls = ( 4 ) &2 ( — ) (d? + dz).
1+smg06 T 1+smcp6 T
The bosonic background further contains a B-field
B :+22(2’le2 - ZQle) A dt
(- )
1
q cosp
+ Ysdys — yadys ) N dos
(1 + cosgoy3+y4) ( ) (2.5)
+ a SIHQO (l’ﬁdlﬁ — .T6dl’7) A d(bg,

(1 + sinp=5-~1 6+ )

4The coordinates of the three-spheres have been rescaled by the radius of respective sphere, so that
for example the angle ¢g takes values 0 < ¢g < 27TRS; = 27/sine and (zg,27) take values on a disc
of radius 2RS; = 2/sinp. This makes the expressions for the metric and B field more complicated,
but gives canonically normalised kinetic terms in the bosonic action and makes the limit ¢ — 0, or
RS; — 00, more straightforward.



where the parameter ¢ is related to the quantised coefficient k of the Wess-Zumino (WZ)
term by

k=qV\ (2.6)
The corresponding NS-NS three form is given by

1 3
o Vol(S_)), (2.7)

Vol(S2) +

H=dB =2q (Vol(Ang) + —
cos?

where the volume forms are all defined for unit radius. For ¢ = 1 this precisely corre-
sponds to an sl(2); x su(2)r x su(2),r Wess-Zumino-Witten (WZW) model where the
three levels satisfy [53].

1 1 1
P + o (2.8)
In addition to the NS-NS three form, the background contains a R-R three form
1
F = 2q(Vol(Ad I(s? I(s? > 2.
(Vol(Adsy) + oot VOIS o Vol(s2)). (2.9)

where
Gg=+/1-¢>. (2.10)

In appendix [Bl we write down the Killing spinors for this background.

2.2 Bosonic action and gauge fixing

The action for the bosonic sigma model is given b
1
Sp=—5 / dodr (v Crn0a XM 05 XY + P Byn0 XM 05XN).  (2.11)

Introducing the canonically conjugate momenta

_ 0Sp
XM

Py = —’)/OBGMNagXN — BMNXN (212)

the bosonic action can be written in the first order form

1

01
oM, Y

with

Cl :pM)/(Mu

’ ’ / ’ / (214)
Co = GV pupn + Gun XM XY +2GMY By epy X5 + GMY By e By X XE.

5In writing down the action and supercurrents in this section we suppress the string tension VA /2m.
We will reinstate in the relevant places in the next section.



Above " and ' denote derivatives with respect to 7 and o, respectively. We further
introduce light-cone coordinates z% along the supersymmetric geodesic and a transverse
angle 1 by setting

1
zt = i(coscp% + sin @ ¢g + t), Y = —sin ¢ ¢5 + cos p Ps. (2.15)
To fix uniform light-cone gauge we now set
T =T, p- =2, (2.16)

where p_ is the canonical momentum conjugate to ~. This completely fixes the dynam-
ics of the light-cone directions z*. The resulting gauge-fixed bosonic action can then be
expanded in the eight remaining transverse fields.

The constraints C; = 0 and Cy = 0 are equivalent to the Virasoro constraints

’YHGMNXMXN + ,YOIGMNXMXN —0, 217
’}/OOGMNXMXN . ’YHGMNXMXN 0. '

To cubic order in the transverse fields the worldsheet metric is then given by

TT=_1+ %(22 — cos? py? — sin* cpxz) + 1 sin(2¢p) ¢(COSZ @ y? — sin’ go:pQ),
70 = 41+ %(22 — cos? py? — sin* gpr) + 1 sin(2¢p) @/}(COSQ @ y? — sin’ gon), (2.18)

= — 1 sin(2¢) w(cos2 0y? —sin®p x2).

)

TO

o2
|

The worldsheet derivatives of the light-cone coordinate x~ can be found by imposing
equations of motion and the gauge-fixing condition. To cubic order we find

{i'_ = —% (ZZZ/’Z + yzyz + I‘Z{i'z + U}'UIJ + w’lj)) - i Sln(QQO) ’lj}(COSQ %) y2 — Sin2 801*2)’
i = L2+ Pt 2 g A 0 4 (2.19)
— 2% — costpy? — sintp 1’2) + 1 sin(2¢p) 1b(cos2 ©y® —sin® x2).
Because of the gauge fixing condition p_ = 2, the total light-cone momentum P_ is given
by .
P = p— = 4r, (2.20)

where we have introduced the integration limits +r to keep track of the extent of the
worldsheet. We will work in the large P_ limit, where r — oo and the worldsheet
decompactifies and we are effectively on a plane rather than a cylinder. However, we
still impose periodic boundary conditions on the fields. The field " is independent of o
and hence periodic. Imposing periodicity of = we find the condition

Az~ =27 (+00) — 2 (—00) = /+Oo doz™ = 0. (2.21)

—00



From the constraint C; = 0 and the gauge fixing conditions we find

20 = — (pzz,éz + pyigf -+ pxii’i —+ pwiul)i -+ pwﬂ/}i). (2.22)

The right-hand-side of the above expression is exactly the world sheet momentum density.
Hence,

Ax™ = =Py, (2.23)

Above we have assumed that there is no winding along the direction ¢. In the general
case, periodicity of x~ gives the condition

where m is the winding number.

2.3 Green-Schwarz action and suitable fermionic coordinates

Having found the gauge fixing conditions from the bosonic action we will now write down

the fermionic part of the GS action. The procedure here is very similar to the case of
mixed flux AdSs x S* x T* [31].
The GS action is given by

L =Lg+ Lyn + Lwz, (2.25)

where Lz is the bosonic part of the action discussed in the previous sub-section and, up
to quadratic order in fermions [54H56]

Ekin: —’L’)/aﬁejE (6IJD +—0'3 FE5+ 0'1 Hﬁ)&], (226)
sz=+i€aﬁ§10{‘] (5JKD +_ KFEﬁJF 01 Hﬁ)eK (2.27)

Above, the fermions have beed “rotated” along the I — J index compared to the expres-
sions given in [55]

1 1 1—¢
b =/ + q, - ,/ T,  Gy=f + Lo+ 0. (2.28)

This ensures that the kinetic term in the Lagrangian is diagonal in terms of the 6;.

To understand the action of the supersymmetries on the fields it is useful to perform
a field redefinition so that the fermions in the action are closely related to the Killing
spinors of the background. We introduce the rotated fermions

~ 1
6, = + e, - \/ L=y,
(2.29)

- 1—g
0y = 5 ~ a0, + 2 M Lo,




where the matrix Mj is given in equation (B.3)). To make the connection with Killing
spinors manifest, we use the projectors

1
I, = 5(1 + cos @ T2 £ gin (p [012078) (2.30)

to further define
0= M(TLof +T107), 0= M, (T10f + 1105, (2.31)

where the matrix M; is given in equation (B.3]). The action of the sixteen supersymme-
tries of d(2, 1; )? then correspond to shifts in the fermions ;.

The GS action has a large gauge invariance. We fix this by a suitable choice of kappa
and light-cone gauge. In uniform light-cone gauge, the directions z* play a special role.
Under shifts of these light-cone coordinates the fermions ¥F change by a phase. In the
gauge-fixed action it is therefore more convenient to use the fields 6;, which are neutral
under such shifts[ We fix kappa gauge by imposing the condition

1
rg; =0, I*= 5(cos PI® + sin I® £ 1°). (2.32)
By further introducing a different set of projectors
14 T1234 1 4 11267 1 4 71234 1 _ 1267
Pl = ) PQ = )
2 2 2 2 9233
1 — [1234 1 4 11267 1 _ 71234 | _ 1267 (2.33)
P?) = 9 9 ) 734 = 2 9 )
we can split the fermions into four groups
PO =6\ i=1,23,4. (2.34)

As we will see below, this divides the fermions according to mass of the fluctuation.
After fixing kappa gauge, each of the eight spinors 9?) (for i = 1,2,3,4 and I = 1,2)
contain a single complex fermionic degree of freedom. In the following we will therefore
write out the action directly in terms of eight complex components 6;; and their complex
conjugates ;. In appendix [ explicit expressions for the 32-component spinors 6; in
terms of the components 6;.

To write down the gauge-fixed Lagrangian and supercurrents in a compact form we
finally introduce the complex bosonic field

7 = —Z9 + izl, Y = —Y3 — ’iy4, X = —Tg — i.T7,

; S S . (2.36)
4 = —29 — 12, Y = —y3 + 1y4, X = —xg + ix7.

6The fermions 07 are also invariant under shifts of ¢. This is not essential for our calculation, but
still convenient. Since the field v is massless the action is invariant under shifts of ). However, if the
fermions transform under such shifts there will be terms in the Lagrangian that depend on the field
itself, and not only its derivatives. By using the fermions ; we avoid such terms.

"The leading order bosonic Lagrangian and supercurrents can further be compactly expressed in
terms of the fields

W=w—ip, W=uw-+iy. (2.35)

However, the compact u(1) isometry acting on W is broken at higher orders.



The quadratic-in-fermions terms in the gauge-fixed GS Lagrangian is then given by
L2 = +ify, (6’11 - igém + qén) + iy (921 + ic]én - qé2l) (2.37)
+ifr2 (912 - Zﬁém + qéu) + i (922 + iciéu - qém) — sin’ <,0(§12912 - §22922)
+ibhs (913 — il + qé13) + 63 (923 +idbhs — qéz:s) — cos’ ¢(§13913 — 523‘923)
+if14 (914 - icjé24 + qé14) + 04 (924 + iqém - qé24) - (9_14914 - 9_24924)-
We note that the fermions 6;1, 072, 073 and 67, have mass 0, sin? ¢, cos? p and 1, respec-
tively. Furthermore, for the case of ¢ = 1 (and hence ¢ = 0) the fermions are all purely

left- or right-moving on the worldsheet. The cubic order corrections to the fermionic
Lagrangian can be found in appendix [DI

2.4 The off-shell symmetry algebra A

The gauge-fixed action obtained at the end of the last subsection has four supersym-
metries that commute with the Hamiltonian. In this subsection we write down the
expressions for the associated supercurrents. We relax the level-matching condition and
determine the algebra A of the supercharges. We find that the off-shell (i.e., non-
level matched) algebra A contains four central elements H, M, C and C. We also
determine the relationship between C and the worldsheet momentum py. The re-

sulting expressions are similar to those appearing in the off-shell symmetry algebra of
AdSs x S* x T* [29-31].

2.4.1 Supercurrents

After gauge fixing there are in total four conserved supercurrents. Below we will write
expressions for the components of the two currents j* and j#. The other two currents,

7% and )#, can be obtained by complex conjugation. The labels “L” and “R” refer to

chirality in the dual CFTs.
To quadratic order in the transverse fields, the T-components of the supercurrents
are given by

= %6_”/46”’”_ < +2P;014 + Z/(i§924 — qb14) + 12014
— 2iPy b3 — Y (G023 — igbhs) — cos® o Y i3

_ Lo _ _ (2.38)
— QiPX912 — X((j@m — ’lq912) — sin2 QOX912
— i(Py 4+ iPy)011 — (W + 1)) (G021 — iq@ll)),
and /
j; = %eim/4€+mi ( + 2P2924 + 2(26914 + q924) + iZ¢924
— 2’&PY923 — 5//(5013 + ’Lqegg) — COS2 (p Yegg (2 39)

— 2iPglay — X (01 + iqhas) — sin? X6y,
— i(Py — iPy)021 — (w0 — it))(§011 + iqbay) ).

10



The o-components of the currents are given by
jg = %e‘”“e“x_( — 2024 — (QPZ —+ ZZ)(Z@914 — q024)

-+ i};§23 -+ (2Py — ’li(IOS2 (%2 Y)((jélg — qu23)

. o - (2.40)
-+ ’iX@QQ -+ (2PX — iSiHQ @X)((j@lg — Zq¢922)
(w0 + 4))bag + (P + 1Py) (G011 — iqém))-
and )
jg = %eim/4€+m_( — 2924 — <2PZ + ZZ) (Zq~¢914 + q924)
+ 1Y 053 + (2P{/ — i cos? © Y)((j@lg + iq923) (2 41>

-+ i)l(tggg -+ (2PX - isin2 @X)(d@lg + iq922)
+i(th + )05 + (P — iPy) (@011 + ign) ).

The next-to-leading order in transverse bosons corrections to the currents are given
in appendix [Dl Using the attached Mathematica program, we have checked using the
equations of motion derived from the Lagrangians presented in the previous sections that
the above currents plus their higher order corrections satisfy the conservation equations
9,.J7 = 0 to cubic order in transverse bosons. In the above expressions we have included
a non-local dependence on the non-dynamic field x=. These exponential factors are
essential when checking the current conservation at cubic order in transverse bosons. As
we will see below, these terms are responsible for the central extension of the off-shell
symmetry algebra.

2.4.2 The algebra from the supercurrents

The supercurrents presented above give rise to four supercharges
Q= [doji,  Qu=[doji, Q.= [doj,  Qu=[doz  (242)

We can find the algebra satisfied by these charges at a classical level by calculating
Poisson brackets. To do this we first need to know the Poisson bracket of the fermions.
To leading order these are given by@

{01:,01}os = —i6150:56(x — y), {015,075 es = 0. (2.43)

These expression receive corrections that are quadratic in the transverse bosonic fields.
We will not explicitly write out the corrections here. However, we have checked that the
algebra presented below is preserved by the cubic-in-bosons currents, and in performing
that calculation the corrections to the Poisson brackets of the fermions are essential.

8The contributions arising from the Poisson bracket of two bosons need not be considered since they
contribute to the algebra at next-to-leading order in fermions while our supercurrents are only valid up
to leading order in fermions. As a result, the expression for the central charges presented in this section
involve only the bosonic fields.

11



Taking the Poisson bracket between a supercharge and its complex conjugate we find

{QmQL}PB = _%<H + M)v

i (2.44)
{QRa QR}PB == —§<H — M),
where the Hamiltonian density H is given to cubic order in transverse bosons by
H:%/da(pg+p§+pi+pi+p?p+é2+é2+:)§2+w2+w2 (2.45)

+ 2% + cos*py® + sintp 2? — 2¢€” (ziz”j + cos®p it + sin?¢p xlzfcj)>
— 3 sin(2p) (m (cos?py? — sin®pa®) — qe¥ (py (it — 2it;) + (s pxixj))>,

and the charge M is given byﬁ

M = —/da(eij PLizj 4+ €0S% P Pyiyy; 4 sin® P P
( J y'Yi J) (2.46)

+q(pasd + Pyt + s’ + pust’ + WW)) :

The second line gives a term proportional to the world sheet momentum py .. On shell,
i.e., for pys. = 0, the u(l) charge M is given by a combination of angular momenta
in AdS; x S* x S*, and the anti-commutation relations ([2.44)) are part of the d(2,1; a)?
superisometry algebra of the string background.

Let us now consider the Poisson bracket between Q, and Qg. These supercharges
belong to two different d(2,1; «) algebras and therefore anti-commute on shell. When
we relax the level-matching condition we find

{QL, Qx}es = g /da (00 (ezix_) + 10, (62”_ (22 — cos® py? —sin® @ x2))

(2.47)
+ ¥ 0,(2% — cos® py® — sin® ¢ x2)2).
The above expression is written out to quartic order in bosons since it is quite compact
even to this order. To obtain it, we used the cubic-in-bosons super-currents and corrected
Poisson brackets contained in the Mathematica file attached to this paper. Using partial
integration in the second line we obtain one term that integrates to zero as well as a
term that is higher order in transverse fields. Similarly, the second term in the first line
vanishes upon integration. The remaining integral is non-vanishing since the field x~ is
non-trivial at ¢ — +00. Hence we are left with a non-trivial Poisson bracket

{QLa QR}PB = —’L.C, (2.48)

where the central charge C evaluates to

C= %‘j(e“’m - 1). (2.49)

9This expression for M is exact at least to quartic order. Moreover, M is a conserved quantity of
the bosonic Hamiltonian to all orders in the transverse fields.
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The constant ( is given by ¢ = exp(2iz~ (—o0)). Since a physical state satisfies pys. €
277, the charge C vanishes when acting on such a state, as expected.

The Poisson bracket between supercharges Q, and Q,, can be obtained from equa-
tion (Z48) by complex conjugationlﬁ

{QL?QR}PB = _Za (250)

In summary, we have investigated the symmetry algebra of the gauge-fixed type 11B
string theory on AdSs x S* x S* x S'. On shell this algebra is given by

su(11)? € d(2,1; )% (2.51)

Going off shell, by letting the world sheet momentum take arbitrary values, we showed
that this algebra is enlarged by two additional central charges C and C. We denote the
resulting algebra by

A =psu(1]1)2,. (2.52)

3 Representations of A at quadratic order in fields

In this section we will present the short representations of the symmetry algebra at
quadratic order in the fields.

3.1 Off-shell symmetry algebra

The AdS; x S* x S* x S! background preserves four supercharges after light-cone gauge
fixing. This is half of the amount preserved by the AdS; x S* x T* background, which
can be seen as a limit of the case at hand when o — 0 or & — 1. In the previous section
we introduced four supercharges

Q= [doji.  Qu=[doji. Q.= [dojl. Qo= [doj.  (3)

As we found there, these charges satisfy the centrally extended psu(1[1)? algebr
(QuQ}=5H+M),  {QuQi}-C. .
(QuQ)=3H-M),  {Q.Q}=C |

where H is the Hamiltonian, M is an angular momentum on shell and C and C are
central charges appearing off-shell [26,27].

10Note that in our conventions the Poisson bracket of two Grassmann odd quantities is anti-Hermitian.
1 Tn the rest of the paper we will write the algebra in terms of canonical anti-commutators instead
of Poisson brackets. The two notations are related by

{A, B} =i{A, B}pg.

13



3.2 Irreducible representations

To make the representations of this symmetry algebra more transparent it is convenient
to rewrite the charges in terms of oscillators, which is straightforward at quadratic order
in the fields. To this end, let us introduce the wave-function parameters fi x, g, x and
the dispersion relations wy, g,

gu(p,mj) = ___ar gr(p, m;) = _Q’ip’
T 2fL(p7mj)’ ’ 2fR(p7mJ)
m;| + qp + w.(p, m;) |m;| —qp + we(p,m;) (3.3
fL(p7 m]) = \/| : 2 - ! ) fR(p7 m]) = ! 2 = ! 9 ( )
wi(p.my) = \/p? + 2|myl gp + m?, wel(p,m;) = \/p* — 2|mylqp + m2,

with the labels L,R standing for “left” and “right” All these parameters depend on
the momentum p, on the NS-NS flux coefficient ¢, and on the oscillators’ mass |m;|. We
expect |m;| to take values 1, o, 1 — « and 0 for the bosonic oscillators corresponding to
modes on AdSs, on each of the two spheres, and to the flat coordinates, respectively (and
similarly for their fermionic partners). Hence, we expect to find four representations of
the symmetry algebra (one for each mass), which may be further reducible. We can then
schematically write the bosons in terms of creation and annihilation operators as usual,

1 .
X~ [ dp( () e +

=) )
\/W_L \/W—RRP )

(3.4)
P~ /dp ( wral (p) e — | fwg ar(p) e”’") ,
and similarly for the fermions
Ir — Ju ;
QLz/d di e=i7 — 2L e”’"),
g <\/w_ ) Vor 5)

" ~ /dp (\/g:}_ di e~iPo —f:; dg e”’") )
L V R

Note that like in reference [31I] we have to introduce “left” and “right” oscillators with
appropriate wave-function parameters due to the presence of the parity-breaking NS-NS
flux, i.e., since ¢ # 0. Moreover, for each value of the mass there will be one set of
oscillators

arj, ag; and dy j, dg with j € {1,2,3,4}, (3.6)

for a total of 8 + 8 bosonic and fermionic oscillators, whose precise definition can be
found in appendix [El

12This corresponds to left and right chirality in the dual CFTs.

14



In terms of these oscillators, the supercharges take a simple form:

Q. = /dp <— fulp.1) al 4(p)dya(p) — gr(p. 1) dla(p)ana(p)

£ 3 (Al L (P)aws(p) + gulp.my) ol (), (0)))
= (3.7)
Qn = /dp <— fa(p,1) al 4 (p)dua(p) — g.(p, 1) d! 4(p)ara(p)

w

43 (o) di 0 () + 000 m) () )

J

On the first line of each equatio we wrote the contribution of the oscillators with
mass |m| = 1. All the remaining ones can be grouped together, as the representations
for masses |m| = 0,1 —a, a have the same grading. We read off two irreducible represen-
tations for each mass, each labelled by left or right for a total of eight two-dimensional
irreducible representations. They are all short representations, satisfying the shortening
condition

H? = M? +4CC. (3.8)

The eigenvalues of the central charges M and H on each module are, at this order in the
field expansions

M= m + ap :{ im| +qp left,

—|m| +¢gp right,

(3.9)

\/p2 +2|m|gp+m? left,
\/p2 —2|m|gp+m? right.

H:\/p2+2mqp—|—m2 :{

with |m| =1, 1 — a, a, 0. Consistently, the off-shell central charges are C = C = —%ch
for all representations at quadratic order in the fields.

Finally, it is interesting to note that equation (B.7]) possesses a discrete symmetry
under swapping “L.” and “R” labels everywhere. This is just a generalisation of the
left-right symmetry (LR symmetry) introduced in reference [33].

3.3 Heavy representations

There are two heavy representations with |m| = 1. These modes look similar to the heavy
modes of AdS, x CP? superstrings which in fact are composite. [60] This means that in

13The minus sign appearing for the contribution of |m| = 1 could be reabsorbed e.g. by redefining
the fermionic fields of mass |m| = 1, or the map that relates them to the corresponding creation and
annihilation operators. We prefer the present convention, so that other expressions are more natural.

14 As we will see in the next subsection, this label is not entirely appropriate for the massless repre-
sentations.

15The corresponding dispersion relations for the massive modes of the mixed flux AdSs x $* x T* were
first discussed in [57H59].

167T0 see this similarity consider the case o = 1/2. The supergroup D(2,1;1/2) is the same as OSp(4/2).
In the coset sigma model the heavy modes are embedded in OSp(4|2)? in essentially the same way the
heavy modes of AdSy x CP? are embedded in OSp(6]4).
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that theory the heavy modes should not be regarded as part of the asymptotic particle
spectrum, but should instead be understood as a compound of two real lighter particles.
Therefore, in the Bethe ansatz description of the spectrum there are no momentum-
carrying nodes corresponding to the heavy modes—instead, these are represented by
stacks of two (lighter) Bethe roots 1]

It is natural to wonder whether something similar may happen here. At the order
in the near-plane-wave expansion that we are considering, this is certainly allowed kine-
matically. Let us consider two particles of mass m; = «, my = 1 — o and momenta
p1 = ap, p2 = (1 — a)p. Then their total energy is

Eioe = \/0} +2migp +m? + /03 + 2maqpe + m3 = \/p> + 2qp+1,  (3.10)

with the total mass adding up to 1 and the total momentum adding up to p. At higher
orders in perturbation theory, as we will see in the next section, the central charges and
hence the dispersion relations get deformed. If the heavy modes are indeed composite,
we would expect that their representations reveal themselves as long (i.e., they are
“accidentally short” at this order), fusing up with some other multi-particle excitation of
mass one—note that all long representations are four-dimensional. If all this happened,
we would not need to consider the heavy modes in our integrable S matrix and Bethe
ansatz.

A different possibility is that the heavy modes do transform in genuinely short repre-
sentations, but are bound states of lighter excitations. This would mean that we can get
the heavy modes by tensoring two light representations. The constituents should have
suitable (complex) momenta, so that the resulting four-dimensional representation ma
be reducible yielding a short representation by a quotient, much like in reference [61]@
There is an interesting difference between the would-be bound state with |m| = 1 and
the ones familiar from AdS; x S°. The latter can be geometrically interpreted as bound
states of giant magnons on the sphere [62], and correspond to the totally symmetric
combination of the constituent representations. Such magnon bound states also exist
here, and can be constructed out of two light excitations of the same mass. The heavy
mode instead sits in a representation with opposite grading than its constituents, and
as such must come from the anti-symmetric combination™ of its constituents. While we
will not investigate this further here, it is interesting to note that this would yield a dif-
ferent kinematic condition for bound states—much like the one of the AdSs x S° mirror
theory [63]. In any case, should the heavy modes be bound states, we could consistently
consider scattering processes involving them. However their scattering matrices would
be uniquely fixed, under the assumption of integrability, in terms of the ones of light
modes through fusion [64].

While there is some evidence that these heavy modes may be indeed composite [21],
we will not assume this for the time being. We will proceed by treating them as good

17See reference [13] for a review of AdSy x CP? integrability and for an extensive list of references on
the subject.

8Here all short representations, including the bound-state one, would be two-dimensional. In the
case of the psu(2[2) representations for AdSs x S° superstrings, the short representation of bound-state
number M has dimension 4M .

YFor the sake of this argument we can take o = 1/2.
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asymptotic states, and write down restrictions on their scattering matrices. Such S ma-
trices may either not exists (“composite” scenario) or be redundant (“bound state” sce-
nario).

3.4 Massless representations

Looking at equation (3.9) we see that at m = 0 “left” and “right” representations have
the same central charges. In this sense such a distinction is arbitrary, and indeed one
can check that a massless “left” representation is isomorphic to a “right” one of opposite
grading. Like in reference [31] the change-of-basis matrix depends on the momentum
through
a(p)
ba(p)

Still, unlike what happens in the case of AdS; x S* x T?, where the massless modules
are rotated into each other by an additional su(2) symmetry, here the two massless
representations are completely distinct. For the bosons this can be expected from the
geometry, where the massless directions w and v correspond to coordinates of S' and
S? x S?, respectively.

= —sgn(sin g) (3.11)

3.5 The a — 1 limit

As we mentioned, when sending a — 1 or o — 0 we expect the off-shell symmetry alge-
bra to have twice as many supercharges. This is the case for AdSs x S* x T*, which is the
background that we would obtain from AdS; x S* x S* x S! in those limits, up to com-
pactifying the flat directions. This symmetry enhancement would also require the short
(two-dimensional) representations of psu(1|1)?_ to join up into short (four-dimensional)
representations of psu(1|1)?_ . Such a merging may be subtle in the quantum theory,
especially if the heavy modes are indeed composite for generic values of 0 < o < 1, see
also reference [21]. Still, it is worth briefly examining whether there is any obstruction
from a representation-theoretical point of view.

When sending o — 1 we find that the two-dimensional representations of psu(1]1)Z
do come in pairs: two with m = +1, two with m = —1 and four with m = 0. The two m =
+1 representations have opposite grading, so that one of the psu(1]|1)2, supercharges
that are not in psu(1|1)2, can act on the bosonic psu(1]1)2, highest weight state a! 5 |0)
at @ = 1, to give the fermionic one di 4|0). Things go similarly for m = —1 and for the
massless modes. In that case, we have, e.g., that the representation of bosonic highest
weight state a! , |0) becomes related to the one of fermionic highest weight state d., 0).
It may appear unnatural to mix left and right representations. However, as discussed,
the left and right massless representations are isomorphic to the transpose of each other.
Hence, there is no inconsistency.

As the situation is perfectly symmetric when o — 0, we can conclude that the repre-
sentations which we found are compatible with the symmetry enhancement to psu(1]1)2, .
The matching of the psu(1]1)?, and psu(1]1)?_ supercharges in the o — 1 limit is further
described in appendix [E]
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4 Exact representations

From the analysis of the supercurrents in section [Z4] we expect the off-shell symmetry
algebra to be still given by A even at higher orders in the field expansion. However,
the representations will be deformed with respect to the ones described above, which
can be seen by looking at the central charges. In this section we present the exact short
representations of A.

4.1 Central charges
From equation (Z49) we expect the central charges C, C to take the form

C= +% h(A, q, a) (eHP — 1) , C= —% h(A, q, a) (e_ip — 1) , (4.1)

where P is the worldsheet momentum and the effective coupling h(\, g, @) is related to
the string tension by
VA

2

up to sub-leading orders in v/A. It is worth noticing that here we expect such subleading
contributions to depend on the geometrical parameter « [35,[36]. With this in mind,
from now on for simplicity we will write h = h(\, ¢, ).

In the presence of the NS-NS flux the charge M also depends on the momentum as

h(A, ¢, @) (4.2)

M = m+ kP, (4.3)

with m = +|m/| on left representations, and m = —|m| on right representations. The
constant % is given by
_aVA

27
Since k = ¢gv/\ is the integer-valued coupling of the WZ term in the bosonic action, we

expect £ to be exact to all orders in V.
From the shortening condition (B.8) we find the dispersion relation

/3 (4.4)

E, = \/(m + kp)? + 4h? sin? g (4.5)

We now want to modify the representations introduced in section 3 in such a way as to
reproduce these central charges.

4.2 Short representations

Let us now describe the most general short representations of psu(1|1)2,. We introduce
the coefficients a, b and their complex conjugates @, b, which will depend on the particle’s
momentum p and mass |m/|, as well as on h, @ and ¢. At zero momentum the symmetry
algebra reduces to su(1[1)2. In the representations below we require the coefficients b to
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vanish for p = 0. Note that each representation in that case transforms under just one
of the two su(1|1) algebras, as indicated by the labels L and R.
As in [33] we can define a left module g, consisting of a boson ¢" and a fermion "

| Quld") =a 0", Q) =as|eh),
Qulo™) =B [0, Qulot) =16,

where we decorated the representation parameters to remind ourselves that they pertain
to the left module. Similarly, we have a right representation ox

| Quld®) = [0, Qo) = at|oR).
Quloh) =B Uy, Q) = b [,

that is formally obtained from the previous one by exchanging the labels L and R on the
supercharges, the states and the momentum-dependent coefficients.

We can obtain two more representations by changing the grading of the ones above,
in other words by swapping the role of the boson and the fermion. Denoting these
representations with a tilde, we find

(4.6)

(4.7)

_ QuI¢") =a"|8Y),  QuIdY) =a "),
Ou raYWA? 7L IL L L[, JL (48)
QR|p>:b|¢>7 QR|¢>=b|¢),
and TR R | /R N | AR ~R [,J,R

Qo [P") = b [6") Q. [¢") = b [4").
The representations so constructed automatically satisfy (B.8)). On the left represen-
tations we have

H=(]a" >+ p")1,  M=+(]a"> = [))1, C=a"b"1, (4.10)
while on the right representations we have

H=(]a"”+ )1,  M=—(|a"?-p"*)1, C=a"b"L (4.11)

4.3 Exact representation coefficients

It is convenient to parametrise the representation coefficients a®, b", a®, b* and their com-
plex conjugates by introducing the Zhukovski variables xfp and xgp that satisfy the
constraints

‘”{p:ez‘p’ L {ZM’

Tip L T h

R | (4.12)
Sy e L L 2i(ml-kp)

Trp ’ R AR = h
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These equations can be solved by setting

(Im] + Ep) + /(Im] + Ep)? + 4h2sin?(3)

+ _ +ip
Tip 2h sin(%) <
— (4.13)
L (ml = k) + (] — kp)? ¢ aR2sin®(3)
Ty, = e 2P,
P 2hsin(%)
Then we take the representation coefficients to be
L L
@ = b e, G = b e B — _n_pe—ip/Qeif’ b — _ "l e,
’ ’ Tip iy (4.14)
R R *
at = 7711 ez‘g at = 7711 e—z‘p/Qe—ig - _n_pe—ip/Qeig Z_)R - 771!7 6—@‘5
o ) D ) xgp I x}{lrp I
with
. ih , ih
My = e/t E@EP —zp), = ezp/4\/§<xRp — ziy). (4.15)

Note that we have introduced an additional parameter £&. This has to be set to zero for
the one-particle representation to match the central charges (AI)-(3). However, ¢ is
needed to consistently define multi-particle representations [28]. In fact, if we consider a
two-particle state with momenta py, po and parameters &, & and we require the central
charges C, C to match equation (&1l), we must make the non-local assignment [1T}141]

§&1 =0, £ =p1/2. (4.16)

This amounts to defining a non-local coproduct for the off-shell symmetry algebra [65].

In the previous section we saw that to leading order all excitations transform in
short representations of the symmetry algebra A. Assuming the representation remain
short also at higher orders—as discussed in section [3.3] this is quite subtle for the heaviest
modes—we can use the exact representations constructed above to organise the spectrum
of world sheet excitations. This lead to eight exact representations, which can be grouped
by mass and chirality as

Im|=1 |m|=a |m|l=1—a |m|=0

L §L oL OL O,
R Or Or Or Or

[ramire

s
FQ?:U?

-l

5 The integrable S matrix

In this section we present the two-body world sheet S matrix. The off-shell symmetry
algebra A severely restricts the form of the S-matrix. Integrability further limits the
allowed scattering processes. Finally, we will require (braiding and physical) unitarity
and crossing invariance, and use this to constrain the dressing phases appearing in the
S matrix.
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5.1 Allowed processes

In an integrable theory the presence of higher conserved charges imposes strong con-
straints on which two-particle scattering processes can appear [66]. Let us consider the
scattering of two particles with quantum numbers (p;,m;) and (ps,m2), resulting in
two particles (p}, m}) and (ph, mj). The central charges impose constraints on (p}, m}),
yielding

m1—|—m2:m/1—|—ml27 y%i +p2:pll+pl27 E1+E2:E1+Eé7 (51)

where we also imposed invariance under worldsheet translations. This allows for a
plethora of scattering channels. For instance if the masses |mq|, |ms| take values a, 1 — «,
the outgoing particles may have masses |m/|, |mj| equal to

a, 1 —a, 1—a, a, 0,1, or 1,0. (5.2)

In general the dependence of the outgoing momenta on the incoming ones is complicated.
However, only one of the outcomes is compatible with integrability. If we require the
conservation of higher charges of the form [67,68]

-]

P

where the Zhukovski variables suitably depend on each particle’s representation, we
find?] that the only allowed processes are the ones where m is transmitted along with
the momentum:

(plaml; p27m2) — (pllvmllv p,27m,2) = (p27m2; plvml)' (54)

As the sign of m determines the left/right flavour, also this label is transmitted. This
restriction on the scattering processes is compatible with the perturbative calculations
so far performed in this theory [211,36,38,[69-74]. Therefore, for the time being we will
work under the assumption that only the processes (5.4 are allowed.

5.2 Constraining the S matrix

Let us consider an arbitrary (super)charge Q of psu(1]1)?, in the two-particle represen-

tation, denoted by Q(p1, p2). This is a 16% x 16 matrix, which can be decomposed into
22 x 22 matrices, corresponding to irreducible two-particle representations of the form
01 ® 09, identified by the charges mq, mo and by the grading. The possible representa-
tions g; have been presented in section @2l If we denote such matrices by Q2,22 (p1, p2),
we can write down the constraints on the S matrix

e (P2, 01) ST (p1,p2) = S % (p1, p2) Q% (D1, D2). (5.5)

20Tn fact, if we assume no particle production it is enough to require a single higher charge to be
conserved to rule out all but one of the processes in ([B.2]). Imposing higher conservation laws would
force particle number to be conserved, as we have already implicitly assumed.
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These equations are similar to the ones solved in reference [31] as an auxiliary problem
in order to find the AdS; x S* x T* mixed-flux S matrix2] The situation here is a bit
more general, as we want to allow the masses to take real values 0 < |m| < 1. Still it is
straightforward to find that each block of the S-matrix is completely determined up to
an overall pre-factor—a dressing factor. We collect the expressions for these blocks in
appendix

There are some further constraints that we should impose for consistency: braiding
unitarity imposes

S(p2,p1) S(p1,p2) =1, (5.6)

while physical unitarity requires S to be unitary as a matrix. Both of these constraints
will yield restrictions on the dressing factors. More restrictions will follow from requiring
crossing invariance [75], as we will describe in section 5.4l Finally, for consistency with
factorisation of scattering, the Yang-Baxter equation

S(p2,p3)®1-1@08(p1,p3)-S(p1,p2) ®1 = 1R8(p1, p2) - S(p1,p3)®1-1R8(p2, p3), (5.7)

must also hold. This is in fact the case for an S matrix composed of the blocks given in
appendix

Another constraint is the discrete left-right symmetry [33]. We have seen that the left
and right representations of section [B] (and further detailed in appendix [E]) are mapped
into each other by swapping L<+R everywhere. Note than in presence of a non-vanishing
NS-NS flux, this also means flipping the sign of q. We will assume that this discrete
symmetry still holds at the level of the S matrix—compatibly with perturbative cal-
culations. This is automatically the case for all blocks we construct, but gives further
relations between the dressing factors.

5.3 Blocks and dressing factors

Overall, the S matrix splits into 8 x 8 = 64 blocks, one for each possible combination of
masses and left /right flavours of the incoming particles. In principle, each of those comes
with a dressing factor, which cannot be fully determined just by symmetry arguments.
However, unitarity and left-right symmetry reduce this number significantly. Let us list
such blocks to better investigate how this happens.

Same mass, same chirality. Let us consider two particles of mass |m| and same
target-space chiralities. We therefore have eight blocks?2

Zl;,ﬁm S,Ln%m, Z,Rnl?m Sﬁfm, with Im| =0,a,1— a, (5:8)
S Sh L, Se SRR with Im| =1, '

where we have multiplied each block by its dressing factor . We single out the heavy-
mode S matrix since it scatters representations with a grading that is opposite to the one

2INote in fact that the psu(1|1)2, symmetry of that theory factors precisely into two copies of the
psu(1]1)2, discussed here.
22To keep the notation manageable we use o, = L, or = R, etc. in the S-matrix indices.

22



of light modes. Its matrix structure is related in a simple way to that of the other blocks,
see appendix |Gl The matrix part of all blocks depends on the masses only through the
Zhukovski parameters fo, and can be found in equations (GIHG.3)).

If we assume that the dressing factors are related by LR symmetry, i.e.,

S (01,021 0) = S (2l 25 +q), SRR (1 pes @) = St 25 —q),  (5.9)

for appropriate functions ¥, ,,,, we are then left with four undetermined factors.

Same mass, opposite chirality. In a very similar way we also start out with eight
blocks here

Yomm Sy S Spmy - With m| =0,0,1 -« (5.10)
S Smims Som S With - |m| = 1, '

where the explicit expressions for the two cases are collected in (G.6) and (G.9) respec-
tively. Upon imposing LR symmetry we get

ZIr‘rLR,’m(pDPZ; q) = Zm,m(xlia x;, +q)a Z?ﬁl:m(plap% q) = Zm,m(xlfa $57 _q)a (511)

for four appropriate imm

Different mass, same chirality. We start with 24 blocks. We have to distinguish
between the case in which only light modes are involved

ZI;YI;l,m2 Sﬁﬂﬁ ma? Zarri ma S::L?,mg’ with |m1‘7 ‘m2| = 07 Q, -« |m1| 7£ ‘m<2‘7 )
5.12
and the case in which light modes scatter with heavy ones
EI;;MM 871#1 ma) m1 ma 87}7{11)1‘ ma) with mi| =0,a,1—a, |mg|= (5.13)
EIT‘/LLl ma2 STLYLLl m2? Egﬁ m2 SYF:L?mw Wlth ‘m1| = 17 |m2‘ = 0,0é,l —

In (5.12) we find again S matrices of the form (G.I]), since the mass dependence is just
encoded in the spectral parameters xLiR The matrices appearing in (0.13) are instead
found in (G.4) and (G.H), because of the different grading of the two representations that
scatter.

Clearly LR-symmetry halves the amount of independent blocks. In this case it is also
interesting to observe that braiding unitarity gives, in the appropriate normalisation of
appendix

LL RR

ng m1 (anpl) 21;;;1,1%2 (p17p2) =1 and Emg mi (p27p1) Ziﬁ,mg (p17p2) = 1. (514)

This means that these scalar factors are fixed if we determine the six functions

thmg(plap% Q) with |m1|7 |m2| - 07 a, - a, 17 |m1| < |m2| (515)

23



Different mass, opposite chirality. This case resembles the one above, and we start
again with 24 blocks. For light-light scattering we find

Ef?fi,mz 87511?777127 Eﬁmi,mg Sﬁiimgv with |m1‘7 ‘m2| = 07 Q, - a, ‘ml‘ 7£ |'r<n2|7 )
5.16
while light-heavy scattering yields
anRth Sﬁi,mw Z;Lth Ssllz,mz’ with |m| = 07 «, 1- «, |m|, = 1’ (5 17)
Simms Smvamss Smvma Smimey With |m[ =1, |m|'=0,a,1 - a. '

The relevant S matrices are collected in (G.6), (G.I0) and (G.11)). Here unitarity relates
the LR to the RL channel,

LR

ng,ml (p27p1) Eanli,m2<p17p2) == 17 (518)

and again we are left with six functions

Zml,m2<p1,p2;Q) with ‘m1|7|m2‘ :0,0é,l —Oé,l, ‘ml‘ < |m2| (519>

Let us stress again that all this discussion was done for the case in which we can include
the heavy modes in the asymptotic particle spectrum. Should the heavy modes be
composite or be bound states, we would not need to compute their scattering matrices.
In that case, we would only have to determine 12 blocks and the relative dressing factors.

5.4 Constraints on the dressing factors

The matrix part of each block is fixed by requiring equation (B3] to hold for suitably
chosen representations g1, po. The normalisation of each block, and hence of the dressing
factor, is a matter of convention. Our choices in appendix [Gl aim at simplifying the
constraints on the dressing factors. These come from braiding and physical unitarity,
and from crossing symmetry.

Constraints from unitarity. Braiding unitarity imposes that the dressing factors
satisfy

LL

Emg,m1<p27p1> EI?%LLhm2<p17p2) = 17 Z:m2,m1 (p%pl) Eiﬁ’m2<pl7p2) = 17

RR

(5.20)
Sy (P25 01) Bty (P1,02) = 1,
while physical unitarity yields
(Sh s (P1p2)) S (prp2) =1, (58, (01, p2)) B0, (01, p2) = 1, 1)

(S0t (102)) S s (01op2) =1, (S0 (p1p2)) S (1) = 1,

for any choice of the masses m; and ms, where * denotes complex conjugation. These
conditions imply that all the dressing phases are pure phases.
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Constraints from crossing. Invariance under the particle-to-antiparticle transfor-
mation requires that the S matrix is compatible with crossing symmetry [75]. On the
one-particle representations we might define the charge conjugation matrix as

1
G (5.22)
)

in the basig?] {o", ", ", "}, where ¢ denotes bosons and 1) fermions belonging to a
psu(1|1)2_ short representation. After analytically continuing the momentum p to p we

c.e.

have to implement crossing on the Zhukovski variables as in reference [31]

+/5) 1 l‘i =\ L
Ty, (p) - x%(p)v R(p) xil:(p)? (523)

and to resolve square-root ambiguities of equation (£I5]) by

10) = B 1) = ) (521)
The crossing equations may be written compactly in terms of the matrix
S=1IIS, (5.25)
where II is the permutation matrix. Then we have, in matrix form,
1 -S" (prp2) - € S(p1p2) = 1, (5.26)

where we have used the notation 4 = ¢ ® 1, and ** denotes transposition on the first
space. These equations amount to constraints just on the scalar factors

Z;leg(xﬁ(ﬁl)axL(pZ)) EIFnleQ(fEL(pl)axL(M)) = c(wp1, Tr2),
E;I;lmQ ('rL<]§l)7 xL(p?)) ZanleQ (xR(p1)7 xL<p2)) = E<$R17 Ty, 2)7 ( )
5.27
Efanmg ('xL<71)7 xR(p?)) E:}IPImQ (xR(p1>7 xR(p?)) = C<$R17 'rR2>7
Zﬁim(%(_l),%(?z)) EﬁmQ(fEL(Pl)JR(M)) = ¢(Ty1, Tra),
where we have defined the functions of the Zhukovski variables
( ) ,[L'i’— +1/4 I’; —1/4 ,I’l_ _ x2_
clxy, ) = — =
P\ ) T -
(5.28)

Tq 1— a7y

_ e\ (el T -
0(5517372) = <—1 —2, L2

23The charge conjugation matrix can be chosen to be the same also for the representation g, ® or in

the basis {QEL, P, GR, 1/;1{}-
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Thanks to the normalisations of the S matrices introduced in appendix [Gl the crossing
equations above take the same form for any choice of the masses mq, my. Furthermore,
it is clear that LR symmetry relates the first and third lines, and the second and fourth
lines in ()

It would be very interesting to solve these crossing equations, at least at the so-called
Arutyunov-Frolov-Staudacher (AFS) order of the dressing phases. For the case of pure
R-R (¢ = 0), an AFS order of the phases in the massive sector—including scattering of
different masses—was recently proposed in [76]. The proposal of [76] was also shown to
be compatible with the crossing equations derived in [33]. It is easy to see that those
crossing equations match with the ones derived here, if we account for the different
normalisations on the two sides. In particular, comparing the (string-frame) S matrix
of [33] with the one constructed here (when we set ¢ = 0), we see that we have to identify
the scalar factors S™', S™ of [33] with

. 2\ 7 (a1
s+ (2) (2
T x
4

) xy i/ x5 /
SRL (p17p2) — (.T_> <_> Z;leQ (plapQ) )

1 Iy

1/
EfnleQ (p17p2) )

. (5.29)
where the labels L and R on the Zhukovski variables can be omitted, because ¢ = 0.
With this identification we can check?d that (5.46) of [33] is compatible with (B.27]).

To conclude, let us comment on the form of the charge-conjugation matrix (5.26]) with
respect to the one of references [30L31]. There, charge conjugation for massless particles
involved momentum-dependent expressions of the form sgn(sin). This is simply because,
when taking the o — 1 limit and identifying the massless modes here with the ones
of AdS; x S* x T*, a momentum-dependent change of basis is necessary to make the

so(4) symmetry of that case manifest. This is precisely the change of basis discussed in
section [3.41

6 Conclusions

The all-loop worldsheet S matrix of the maximally supersymmetric string theory AdSs x
M backgrounds can be fixed, up to dressing phases, by determining the off-shell sym-
metry algebra A and its representations. This approach, originally used in the context
of AdS; x S® [27], has been particularly useful in the context of type IIB strings on
AdSs x S* x T* [29-31]. Unlike the AdS; x S° background where the two formulations
are equivalent, in the case of string theory on AdSs it is necessary to use the GS action,
rather than the coset action [20]. This is because the massless fermions that appear in
AdS; backgrounds do not have conventional kinetic terms in the coset formulation [29)].
While this makes the computations more involved than in the case of AdSs, a major

24Let us stress once more that such normalisations are arbitrary, and that different normalisations
would produce different right-hand-sides of the crossing equations.

25The equations of [33] are written for crossing in the second variable. For this reason we also need
to use braiding unitarity to rewrite them when the first variable is crossed.
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advantage of this approach is that it treats massive and massless modes democratically,
circumventing previous problems associated with incorporating massless modes into the
integrability construction.

In this paper we have applied this method to type IIB string theory on the background
AdS; x S x S* x S! with mixed NS-NS and R-R flux by computing the all-loop worldsheet
S matrix between all possible one-particle representations. The S matrix was fixed, up
to dressing factors, using A and its representations. As we have discussed, it may well be
that the heavy modes should not be treated as fundamental particles, and that therefore
the relative S matrix needs not to be computed in this way. While we are left with several
dressing factors, most of those are related to each other by unitarity and symmetry under
left and right or a <> (1 —«) exchange. When we consider the scattering of light massive
and massless modes, we are left with nine factors: four correspond to light-light massive
scattering of same or different mass and same or opposite chirality, two to the scattering of
a light massive mode with one of the two massless representations, and three to massless
scattering of each of the two representations with itself and with each other. Should we
treat the heavy modes as fundamental, we would have to consider six additional dressing
factors. We have also determined the crossing relations that all dressing factors should
satisty.

Because we have been working with the GS action, the methods used here are quite
robust and do not, for example, depend on the background being a semi-symmetric space.
As a result, they could be applied to other, less symmetric backgrounds, associated not
just to less-symmetric cosets [77,[78], but perhaps also to other AdS backgrounds such
as [T9H83]. While these latter backgrounds are not expected to be integrable, it would be
interesting to establish what happens to the symmetry algebra of the gauge-fixed action
when the level-matching condition is relaxed. In the case of the integrable backgrounds
studied in this paper and previous works, the Lie-algebra structure is preserved and the
algebra is merely centrally extended to A when one goes off-shell. One may wonder
whether this relatively simple structure is a result of the underlying integrability of the
theory and whether it will be significantly modified in more generic backgrounds.

The S matrix we have constructed gives rise to a three-parameter family of quantum
integrable models, controlled by A, a and ¢g. Together with the presence of massless
modes this provides a rich setting for investigating more fully the integrability struc-
tures present here. It would be very interesting to understand, for example, the asymp-
totic Bethe ansatz [84], finite-gap equations [20),[32],[43,46], the thermodynamic Bethe
ansatz [63,[85H90], Yangian symmetries [91H95], and quantum spectral curve [96-98] for
these models. The study of boundary integrable boundary conditions for these models
is another interesting direction, which has recently been investigated in [99].

The AdS side of the AdS3;/CFTy correspondence is now likely to be understandable
using integrable holography methods. Recently, some signs of integrability on the CFT
side have also been identified [I00] in the CFT dual to strings on AdS3 x S* x T*. Much
less is known about the CFT, dual of strings on AdSs; x S* x S* x S' [51,I0T-103].
It would be interesting to see if the AdS integrability results already known for this
background can shed some light on the dual CFTy. The AdS;/CFT, correspondence has
been recently investigated in the higher-spin limit (see [L04HI06] and references therein).
It was found that in this context the @ — 0 limit provided valuable information about
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the theories, much as it had done in [3242]. Since it is widely expected that the higher-
spin theory should arise as a tensionless limit of the string backgrounds it would be
very interesting to see the precise way in which these can be related. Perhaps the large
symmetries (Yangian and W-algebra, respectively) can be used in this context.
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A Conventions

For AdS; and S* we consider the three-dimensional gamma matrices?d

’YO = _Z.o-?n 71 =01, 72 = 0Oy,
v = oy, V=0, =03, (A1)
762017 772027 78203-

The ten-dimensional gamma matrices are then given by

M=ty 1 @1, A=0,1,2,
M=40®n®1 v @1, A=3,4,5,
M=40®001 @1 @+, A=6,7,8,
M=—nelel ol 1.

(A.2)

260ur conventions are the same as those of [20], except for the definition of 4% and ~2.
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We then have
[P= 1 Q000380030 1,

M= 450l elel,

M =ticeaelel®l,

M -4 1 onpelelel,
MNM=_101Qm000 1,

M =4 el ®l 1,
FIF0123456789: _'_0_3®]1 ®]1 ®]1 ®]1

The gamma matrices satisfy
Y =147, (IH'=-crict, (I =+BT4B7,

where
T:—’i02®02®02®02®02, CIFO, BI—FOT,

Note that
T'T=C'C =B'B=1, Bl =TC"T,
T'=-T=+4T' C'=-C=+C", B'=+B=+B,
T = -0 C=—i01 R0,00;01®1,
B=+40301Q0, ® 0y ® g9 = -1,
BTB' =T*.

The Majorana spinors satisfy the conditions

6* = B9, 6=0"C=0'T.

B Killing spinors

The background is supported by Ramond-Ramond three-form flux satisfying
F = 12(T" 4 cos pI** + sin  ['7®).

Let us introduce the matrices?]

1 ; 1~ i 1 i ) .
N L= 5O — S IT T — 52,001 s b5 pea_dsper
2 2 2

- S+ vz ’

1 01271 1~ 134574 1= 176781 - -
M: 1—|—§ZZF r 1+§ylF r 1—|—§JZ‘ZF r 6+%F12+¢75F34+¢2—8F67
1 —

) i‘2 )
\/1*|*y4— 1—|—I

—_
|
INES

~ %

(A4)

(A.5)

(A7)

(B.1)

(B.2)

2"The gamma matrices that appear in this equations are the ones that were defined in section [Al
Note that the summations over ¢ runs over different values in the various terms, corresponding to the

coordinates z1, 22, U3, 1, T¢ and Tr.
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and further define the matrices M, and M, as

A~

M(Ziayiaxiatagb& ¢8) = MO(Ziayiaxi)Mt(taqua ¢8)7
M(Ziayiaxia t) ¢57 ¢8) = Mo_l(zia Yi, xi)Mt_l(ta ¢57 ¢8)

In the above, for compactness, we have used the rescaled coordinates

We further introduce the rotated vielbeins

By =ME,. M,  E,=M"'E,M,
and the orthogonal projectors 11

I = %(1 + cos p T34 £ gin 12678

The covariant derivative in the rotated frame can then be written as

O+ Y0, + £ FE,, = 0,3 E,, 711,
O + 2y — LFE,, = 8,,+1E, T,

The Killing spinor equations

(8m + i(ﬁm + 4—18FEm)61 = 0, (3m + i¢m - %FEm)GQ = 0,

hence have the solutions
€ = H,Mego), € = H,Mego),
(0)

where €,/ are constant spinors.

C Components of the spinors 0;

Ui = COS Y Y, ¢5 = cos ¥ ¢s, T; = sinp x;, s = sin ¢ ¢s.

(B.3)

The Lagrangian and supercurrents presented in sections and 2.4.1] are written in
terms of (eight complex) fermionic components ;. The 32-component Majorana-Weyl
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spinors 67 are given in terms of the components of the spinors 6; by

Heim/4 sinZ 014 Heim/4 cost Oy 0 0
tein/4 sin% 013 —eim/4 008529 013 0 0
eim/4 cost by e im/4 sinZ 015 0 0
6 — 1 +eff“/4 cos¥ Oy —ejz_”/‘* sing Oy 0 0
2 | —e"™/* cos£ 6y +e~ /4 sin g 6y 0 0
—etin/4 cos% 015 —etin/4 sing 015 0 0
+eti™/Asin 6 —e /4 cosE Oy 0 0
—etin/4 sin® 014 —etin/4 cos® 014 0 0 o1

_e+i7r/4 sin% 924 _€+i7r/4 COS% 924 0 0 ( ’ )
—e T/ Sing oy +e /4 cosE Oy 0 0
+e i/ cosE Oy +eTm/ 1 sin 6y 0 0
6, — 1 +e+"”/4 cos g O e f”/4 sm% 021 0 0
9 | —etin/4 coss 0 Hetim/4 sin% 0y 0 0
+ein/4 cos® [ Heim/4 sin¥ Os 0 0
e~/ sing foy +e7 /4 cosE Oy 0 0
Heim/4 sin# O teim/4 cos® O 0 0

where 6, is the complex conjugate of 0.

D Cubic order terms

In this appendix we collect the cubic order corrections to the fermionic Lagrangian and
the supercurrents. Note that these terms all vanish for ¢ = 0 and ¢ = 7/2, which is
expected since the gauge-fixed Green-Schwarz action for AdSs; x S* x T? contains no
cubic terms [29-31]. The cubic part of the Lagrangian is given by

Lp

= —siny COSSO( 12012 — 513913)(¢ — qﬁ) + (§22922 - §23923)(1/} + qﬁ)

cubic

0 1922 + 921912 + 2913924 + 2923914 X

)
+q 0 2921 + 922911 - 2914923 - Z924913) X
+(6 1923 + 921913 — 2912924 — 1921914)Y
012023 + 913922)2 + q(«912«923 + 913922)2
011622 — 912921)Y + Zq(913924 — 914923)Y

011623 — 913921)X + Zq(912924 — 914922)X

(0

—(

(

q(

—i(G1301 + Oss011 + 1014055 + 024615) Y (D.1)
=

—q(

=

+G (012022 — 013025 + 020012 — O3 )ib).

Note that for ¢ = 1 only the first line of this expression remains. Furthermore, in that
case 61; couples to the right-moving part of ¢, and 6; couples to the right-moving part.

31



The cubic order corrections to the components of the current 7, is given by

I cublc 3 sin g cos pe et ( +ib (PyY — PpY — PxX + PgX)
~ (81X = 0¥y + z’qém(_iff( +§i ‘) o)
— G(022X — Oo3Y )0 — G(02Y + 023X)Z
~ 10, (VY + VY - XX - XX))
and
gl = AT sin g cos e (_ iG(A22Y + 023 X)(2iPy — Z)

— 024(2iPy X + 2iPxY + XY)

- Q(§12X — 513}7)]3@0 + q(§22X — §2337)Pw

+ (G021 +igf1) (PyY — PxX)

+ (G0 — iqf1y)(P3Y — PgX) (D.3)
— icj§21 (Cos2 ® YY — sin? " XX)

+ G(§012 — iqOa2) X ) — (G013 — iqOas) Y1)

Similarly, the corrections to jr are given by

i = % sin  cos gpe—iw/4e+m* ( + iy (PyY — PyY — PxX + PgX)
— (02X — 053Y) Py, + ’iq~914(YX + XI/X)
+ (012X — 013 ) — G(012Y + 613X) 7 (D4)
gV vy - XX - Xx),
and
gl = Lem™/* sin ¢ cos pe (_ iG(012Y + 013X)(2iP; — 7)

— G014(2iPy X + 2iPgY + XY)

+ q(022X — 053Y )Py — (612X — 013Y) P,

— (G011 + b)) (PyY — PxX)

— (@011 — igba1) (PyY — PxX) (D-5)
4 iGby, (cos? o YY — sin® ¢ X X)

+ (@0 + ighio) X o) — (02 + iq@ls)ylé

1 — i — 7
+ (@ + gy (VY = VY = XX = XX)).
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E Quadratic charges

In this appendix we will spell out the supercharges at quadratic order in the fields, and
fix the conventions to cast them in the oscillator notation (3.7).

E.1 Expression in terms of fields

Let us introduce complex combinations of the fields. For the bosons we choose

m| =1 Im| = « m|=1—-a |m| =0

Z=—z+1zy Y=—ys—iyy X=—-x6—1x7 W=w—1)

Z=—2—in Y=—ys+iyy X =—-x¢+ivy W=w+i

Note that at quadratic order we can combine the massless coordinate w coming from
S! with 1) coming from the combination of the equators of the two three-spheres. The
conjugate momenta Py, Pz, etc., are define in such a way to have canonical Poisson
brackets with the fields, so that P; = %802 , Pz = %802 and so on. In this way, we have
the canonical commutation relation

[2(2), Pa(y)] = i 6 — ), (E.1)

and so on.

We also redefine the fermions, denoting them by 67, %7 and indicating their complex
conjugates by a bar. We use labels L and R also for the massless fermions to keep the
notation uniform. These fermions are related to the components of the Majorana-Weyl
spinors of appendix [C] by

9Lj = Glj, «9Rj = ézj. (E2>
The fermions satisfy canonical anti-commutation relation of the form
{(041(), 041 ()} =6z —y),  {0%9(2),0"9(y)} =6z — ), (E.3)

for all masses |m;|. For completeness we rewrite the supercharges from section 2.4.1] in
terms of 8“7 and 0™/ as

—imw/4 _
Qu =5 [do(+ 2P0 + 260" - o) + 26"
— 2iPy 0% — Y'(GO® —ig0"?) — aY "3
2Pl - X — i) — (1 — a) X8
— 2i Py 0"t — W' (Go™" — quLl)),
i o ) (E.4)
Q= /dcr< 2P 4 Z/(iG0 + g0™) + i Z0%

— 2iPpO"3 — Y (G0 4 iq0™?) — aY O*?
— 2iPg0"? — X'(§0"% +iqf"?) — (1 — a) X "2
— 2Py 0" — W' (G0 + z’qeRl)).

Z80ur convention for the bars on Py, Py, etc. is different from the one of [30,31].
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Note that Q, is related to Qr by exchanging a boson with its conjugate, swapping the
labels L and R on the fermions and flipping the sign of the NS-NS flux coefficient, ¢ — —q.
This is a manifestation of left-right symmetry. From the equations above one can already
expect the fields with mass |m| =1 — «, «, 0 to be organised into representations with
the same grading, and the representations with |m| = 1 to have opposite grading.

E.2 Expressions in terms of oscillators

In order to introduce oscillators, we have defined the wave-function parameters (B.3))
which we repeat here for convenience:

gL<p7 m]) = _67])7 gR<p7 m]) = _g7p7
2fu(p, my) 2 fr(p, m;)
m;| +qgp+ we(p, m; mi| —qp -+ wg(p, m; E.5
ﬁmmﬁ:¢|ﬂ b (pmy), hmmﬁ:¢|ﬁ Fenlpmy) - (E3)
wi(p,my) = /P> + 2|m;| qp + m2, wn(p.my) = /P2 — 2|myl qp +m?.
These satisfy the useful identities
fL(_pam]) :+fR(+p7m])7 fL(pam])2+gL(pamj)2 :wL(pam])a (E 6)
9u(=p, mju) = —gr(+p, m;), fa(p,m;)? + gu(p,m;)? = walp, my).
We define the bosons as
X VL/d<7:L==T<>iW — <>Wﬂ
;= D a, ;(p) e arj\P) € )
2 Wi, <p7 mj) ’ wR(pv mj)

1 ;

— 1
X:T#@@———@WW —a ﬁ
T Vor wa(pmy) %mmn ! (E7)
dp on(po ) oivo
P)_(j \/ﬁ/ ( Wy, pam])a P C’L)R(pﬂnj)aR] )
dp / / 1 po
PXJ' \/ﬁ/ ( pr7m])a' p’m] aL] p)’

where we introduced obvious short-hand notations X, = Z, X5 =Y, Xy, = X and
X =W.

We denote the fermionic annihilation operators by d,, ;, dx ; and the creation operators
de with |m;| = (0,1 — o, ,1). Then

i/ g (p, m;) : fi(p,m;) -
QL_] — /dp R 177 dT e tPO _ L\ 10 dL . PO
V2 RJ J ’

.I.
are dj ;,

wr(p, m;) wi,(p, my;) (E.8)
gri = ¢ /dp (M g emive _ Inlpmy) eipo)
= L J .
V2T wy(p, m;) ’ wr (P, M)
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These definitions are such that the raising and lowering operators satisfy canonical
(anti)commutation relations, which follows from the ones of the fields. Much like in
references [30,31] we can now use these definitions and the relations (E.0]) to rewrite the
supercharges. It is tedious but straightforward to show that these take the form (3.7).

F Supercharges in the o — 1 limit

Our construction bears some similarities to the one performed in references [30,[31] for
AdS; x S* x T*, which is not surprising as AdS; x S* x S* x S takes that form—up to
suitably compactifying the flat directions—when either sphere blows up. This can be
achieved by sending @ — 0 or &« — 1. We have chosen our conventions such that, in the
former case, the coordinates can be matched with the ones of references [30,31] as

5 2 2 =12, yi 2Ny, 0= 3,4,
a—1 . a—1 a—1 <F1)
Ti ——x;, 1=06,7, Y ——= x5, W —— Xg.
Similarly, we can match the fermions as
9L4 aﬁl} 77L17 9L3 C‘fﬁl} 77L27 9L2 ai)l} ii+27 9L1 C‘fﬁl} X+17 (F 2)
0R4 a_—)l) MR, 0R3 a_—)l) Nr2, 0R2 oz_—)l) ’L.)Z_l, 9‘” a_—)l) __2, .
With these identifications, the supercharges match as
1 1 =~ ey ~ 1L~ 1
QL i) QL17 QR i) QR17 QL 2 QL17 QR % QR : <F3)

G psu(1]1)?_-invariant S-matrices

2

c.e.

We collect the S-matrices invariant under psu(1]1)7, that are relevant for our results.
Although we do not write it explicitly, the dependence of the Zhukovski variables on a
generic mass is always assumed. In particular, the results in this appendix are valid for
any choice of the masses |m| and |m|’ associated to the excitations with momenta p and
q, respectively. To keep our notation simple, we denote a boson by ¢ and a fermion by

0.

Same LR flavour If we decide to scatter two excitations both belonging to the rep-
resentation p; we find

S lbpdg) = Apg|949p) S dyiby) = By g @) + Cpg 1040y)

G.1
SUYY) = FR Y, S fget) = DU ghyt) 4 B ety D)
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The coefficients appearing are determined up to an overall factor. As a convention we
decide to normalise A;; =1 and we find

_ 1/2 + +
A — 1 B — Ty p Tpp — Xy
pq pq + + ,
Trp Trp — Trg
_ + 1/2 - .+ + 1/2 - -
Ot — <pr xw) Lig — TigMup DU — (qu> Lrp — Lrg (G.2)
rq + - — + ) pqg - — T :
Trp Trq Trp — Trq g TLq TLp — Trg
- ot _ 4 1/2 4+ -
ERL — xLP pr Mg Fr— pr qu pr qu
o + ’ - + - — +
Pa Trp — TrgMup P Trp Trq Trp — Trg

The S matrix S*™* scattering two excitations that are both in the representation oy is
parameterised by scattering elements A, BJt, etc., obtained by substituting all labels
left with labels right in the equations above.

If we scatter two excitations both transforming under g, we find an S matrix that is

related to the previous one. After choosing a convenient normalisation we write it as

SHIopohy = —Furlogoh). ST = Dilonon) — Bl o
Sy = — A [0ydy) STy d;) = By 105ty) — Chg [0505) -
The other cases to consider involve scattering of representations with different grading
S |ppdy) = By l050y) — Chy [055) S lopy) = A 0y, N
S piby) = =Dy Wpwy) + By 16463 S [ypdy) = —Foy 9,03, '
S™\opte) = Dy 100, + Epg [05dy) S™ o) = —Fpr [V 0p) (G5)

SiL W;I;;w;) o BLL ‘w ,l/}L> CLL |¢L > SEL ‘@;(ﬂ;) — ALL ‘(b ,l/}L>
The matrices S®®, S*® SR are found again by sending the labels . — = in the equations
above, including in the spectral parameters.

Opposite LR flavour Scattering excitations carrying opposite LR flavour yields dif-
ferent results. To start, the scattering of g, and oy is

S 0p0q) = Apg |07 05) + By [y 0y) S dptbg) = Cpg 15 0p)

G.6
SLR ‘w;wq> ELR |’l/JR > + FLR |¢R > SLR |’l/};;¢(l;> DLR |¢R > ( )
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Scattering them in the opposite order corresponds to considering the matrix S®", that
is found by swapping the labels L<+R. The scattering elements may be written as

121 — . o\ 172 LR
AR CLR (pr> mmeRq B\ — _% Ty p Trq NLpTr g pq
T opg 1 ’ rqg + - .+ 1 )
SL’L 1 - — — h SL’L .TR SL’L .TR 1 - — —
p TLpPRq P ! pe “Lp"Rq
1
o+ et \V21— ==
CLR o gLR DLR _ gLR Lp "Rgq TLpTRq
pq Pq pq Pq - .= 1 — 1 )
Tip Trq ==
Lp“Rq
1
+\1/21— —= . + o\ 1/2 LR
R _CLR (qu> 2L pPRq FLR % prqu NLpllrg g
o Pq - 1 ’ rqg + .+ 1 )
SL’R 1_ — — h/ 'TL .TR 'TL .TR 1 - — —
q 7L % pLrq pLrq 5o Tha
(@.7)
where we have multiplied the matrix by a convenient overall factor
1/2
R A e 1— —1—
CLR _ Lp Rg TLp®Rg (G 8)
Prq ZU[T xg 1 — - 1 - ) :
P .q o o,

in such a way that unitarity is simply S"*S"*" = 1.
As previously, we write also the other S matrices corresponding to the other choices
of the gradings of the representations

S(GEdR) = —ELN |QR00) + Fiot i) S| GEPE) = Dir )Rk (@.9)
STEPEPRY = — AR | RE) + BEE|GRQL) ST PEOR) = Ol |gfh) . '
S (Grer) = + D | Rk SUGLpt) = — B [YRh) — Fart oy (G.10)
SU by = —Cl [YRhy S rn) = + AN QR + Bi (YR oh) . '
S| QEOR) = +CLR R S Guil) = + ALY [URgL) — BLt [gRr) (@11)
SUE[ERY = — DN [l S |PLgR) = —Eui Q) + F [YReh) . '
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