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Introduction

The presence of integrable structures in various instances of the AdS/CFT correspondence

has led to remarkable insight into both gauge and string theory [1, 2]. This motivates

the search for integrable deformations of these models, which has been fruitfully

pursued in particular in string theory, in the form of Yang-Baxter deformed sigma

models [3-5]. There is a variety of Yang-Baxter deformations, with distinct algebraic

properties and interpretations in terms of string theory and AdS/CFT. In this paper we

focus on inhomogeneous Yang-Baxter deformations — algebraically leading to trigonometric



quantum (q) deformed algebras — also referred to as 1 deformations. These deformations
are determined by a so-called R operator, which solves the modified (inhomogeneous)
classical Yang-Baxter equation (mCYBE).!

While Yang-Baxter deformations preserve kappa symmetry [5], this is not sufficient
to guarantee that the corresponding backgrounds satisfy the supergravity equations of
motion [11]. In general these backgrounds only satisfy a set of generalized supergravity
equations [12], which derive from kappa symmetry [13]. These generalized equations should
guarantee scale invariance, but not Weyl invariance [12-14].2 A sufficient condition for
Weyl-invariance is unimodularity of the R operator [17, 18]. For superalgebras, the freedom
to chose different Dynkin diagrams underlying the canonical Drinfel’d-Jimbo solution to
the mCYBE, allows one to find unimodular inhomogeneous deformations [19, 20]. Starting
from fermionic Dynkin diagrams give unimodular supergravity backgrounds, while others
yield only solutions of the generalized supergravity equations.

The original Yang-Baxter deformation of AdSs x S? [5, 11] is based on the distinguished
Dynkin diagram, and does not correspond to a supergravity background. Previous studies
of its integrable structure show a particularly interesting feature however. At the level of
the spectrum and exact S matrix [21, 22], this distinguished 7 deformation of AdS; x S°
displays so-called “mirror duality” [23-26]. In this class of models, combining the mirror
transformation — a double Wick rotation interchanging worldsheet space and time — with
inversion of the deformation parameter, xk — 1/k, is a symmetry of the scattering theory.
This interestingly relates the spectral and thermodynamic properties of pairs of models with
relatively inverse deformation parameters. Independently, it is possible to consider the effect
of the mirror transformation, at the level of the gauge fixed string action, and translate
this to a set of transformation rules for the background fields of the sigma model [24, 25].
This gives what we can call a geometric mirror transformation. We can then ask if the
(k-dependent) background fields are compatible with mirror duality. At the level of the
metric and B field this is the case, however the Ramond-Ramond (RR) forms of the
distinguished deformation are not manifestly compatible with this structure. In fact the
mirror transformation here gives a complex background. This leads to the question whether
there is some other inhomogeneous deformation of AdS; x S% which does have manifest
mirror duality at the geometric level. For AdSs x S° the answer appears to be negative. In
particular, also the RR forms of the unimodular fermionic deformation of AdSs x S® break
geometric mirror duality [19], while mirror duality at the spectral level has thus far not
been investigated in this case. Interestingly, applying the geometric mirror transformation
to undeformed AdSs x S° yields a supergravity background, mirror AdSs x S°. It is an
open question to understand whether this integrable model can be related to the maximal
deformation limit — mirroring the undeformed limit — of some inhomogeneous Yang-Baxter
deformation of AdSs x S°.

!There are also homogeneous Yang-Baxter deformations [6], including e.g. the well-known real 3
deformation of the AdSs x S® string [7], which algebraically correspond to twisted symmetry [8, 9], see
also [10]. This twisted symmetry has been used to conjecture field theory duals [8].

2There have been further proposals regarding Weyl invariance for generalized supergravity backgrounds [15,
16]. These proposals have certain troublesome features, however, as discussed in [16].



Moving beyond AdSs x S°, deformations of AdSz x S* x T? offer an interesting area
of investigation, due to extra freedom with interesting consequences. Firstly, the group
structure of AdS3 and S® makes it possible to define two [20, 27, 28] and three-parameter
deformations [29] of this background. At least in the two-parameter case some of these
are also known to correspond to supergravity backgrounds [20]. Secondly, in contrast
to AdS5 x S®, here it is possible to find a (single-parameter) unimodular inhomogeneous
deformation which is manifestly invariant under mirror duality at the geometric level [20].

In this paper, we compute the massive tree level S matrices for various two-parameter
deformations of AdS3 x 83 x T*, including fermions to quadratic level (sections 2 and 3),
and contrast these with the conjectured exact S matrix [28] (section 4).> We consider all
deformations of AdSz x S® x T* which use the same Dynkin diagram for the R operator in
each factor of the symmetry algebra psu(1,1]2)®2. Two of them are based on the fermionic
Dynkin diagram, are hence unimodular, with one giving manifestly mirror dual backgrounds
for one-parameter deformations. The other four cases are not unimodular, two based on the
distinguished Dynkin diagram, and two on the xox one. Despite these backgrounds being
geometrically distinct, the minimal rank of the light-cone symmetry algebra means that
there is only one Dynkin diagram and hence essentially a unique exact S matrix common
to all these models. This is in interesting contrast to AdSs x S°, where the fermionic and
distinguished deformations have inequivalent S matrices [31]. For AdSz x S x T4, different
inhomogeneous deformations manifest themselves as one particle changes of basis.* Our
results give an overview of the perturbative structure of the single particle phases relating
the “different” S matrices. Our results match the two-parameter limit of the tree-level
bosonic S matrix of the three-parameter deformations of AdSz x S* x T* computed in [33].>

Beyond our tree-level verification of the exact S matrix, we also revisit the topic of
mirror duality. First, in section 5, we show that the exact S matrix for single-parameter
deformations of AdS3 x S x T* satisfies a mirror-duality relation analogous to one of the
distinguished g-deformed AdSs x S° S matrix. This guarantees mirror duality at the level
of the spectrum, modulo certain assumptions on the as of yet not fully known dressing
phases. This relationship holds for all deformations of AdSs x S x T* which we considered.
We also discuss why it is unlikely that the two-parameter deformed S matrix could have
mirror duality. Second, in section 6, we come back to the question of mirror duality for the
fermionic deformation of AdSs x S°. Because the S matrix for this deformation differs from
the distinguished one, and the fermionic deformed background is not manifestly mirror self
dual, it was a priori not clear whether the spectrum of this Weyl-invariant q deformation of
AdS5 x S° has mirror duality. We verify that the fermionic deformed S matrix satisfies the
same mirror duality relations as the distinguished deformed S matrix, manifesting mirror

duality at the spectral level also here.

3Determining the exact dressing phase(s) for two-parameter deformations is an open problem. In general,
determining the complete AdSs x S® x T* exact S matrix, including massless excitations and dressing phases,
is an involved problem already in the undeformed case, see e.g. [30].

4Similar observations were made regarding the effect of different choices of real form underlying
inhomogeneous deformations, in [32].

SFurther related work on a subsector of the three-parameter deformed bosonic S matrix recently
appeared in [34].



2 Determining the interaction Lagrangians

We would like to compute the tree-level two-body worldsheet S matrix of the massive
excitations of various inhomogeneous deformations of the AdSz x S? x T* string in the
light-cone gauge. To do so, we need the corresponding action for each deformation in the
light-cone gauge, expanded to quartic order in the fields. In our previous paper [31] we
determined this expanded action for deformations of AdSs x S°. Here we follow the same
approach and conventions, applied to various deformations of AdSs x S3 x T%.

2.1 Two-parameter deformations of AdSs x S3 x T4

The two-parameter inhomogeneous deformations of AdSs x S x T# that we are considering,
share the metric and B field [28]

1 dp?
ds? = —— |-(1+ p*)dt* + —— + p*dy? — (k_(1 + p*)dt — Ky p*dyp)?
b (=20 + T 26 (v (1 - 1)+ Rarde)?
F(r) 1- * (2.1)
+ da'da?
0 r
B = dtANdp+ k_dpAdyp) + = dp Adr+k_dr Adg),
gy (400 Ao 5 dp A QY) 4 s (g A dr 4 -dr Adg)
where the z¢, ¢ = 1,...,4 are the torus coordinates, x4+ are the two deformation
parameters, and
F(p) =1+ r2(1+ p?) — K2p?, F(r)y=1+r%2(1 —r?) + k302, (2.2)

Including fermions, we will consider the backgrounds constructed in [20], namely two
deformations based on the fermionic Dynkin diagram of psu(1,1|2) (denoted ferm1 and
ferm2), two based on the distinguished Dynkin diagram (distl and dist2), and finally
two based on the xox one (xox1 and xo0x2). Only the backgrounds based on the fermionic
Dynkin diagram correspond to solutions of the supergravity equations of motion. The first
of these, ferm1, has dilaton ® and RR fluxes F' = dC with

(2.3)

\/TH_,_ e { 2thd¢+T2d¢/\d¢+ﬁ <1+p2) r2dtAd¢
1+k2 ,7)

—k2p ( T2>dw/\dso+/~c+/-€ (02—r2—p2r2)thdw—mﬁP27"2dwd¢}’

ko pPdt Adp+k_r2dpAdg—k_ (1+p2)r2dmd¢

[t
+
ZR

th_p ( r2) dy Adp— ki <p2—r2—p2r2)dt/\dg0+/<¢+p2r2d¢/\d¢}/\Jg,



where

Jo = da! A da? — da® A da?, (2.4)
and
P(p,r)=1- /{3_ (p2 —r?— p2r2) + K2 (1 + p2> (1 — r2) . (2.5)
The ferm2 background corresponds to
020 _ 200 E(p) F(r) (2.6)

Q(p,r)*
Cy=—/ i:% 5(7:1) {(1—1—/)2) dtndy— (1-r2) dpndg+n? (1+57) ridtnde
fmin (177"2> dyyAdp+r4k— (1+p2> (177'2> ditndp—Kiyr_ (1+p27"2> dw/\d¢} ,

2 _®,
Ca=- \ % Qe(pﬂ")

+kyp? (1—r2) dyAdp—k_ (1 —|—p2) (1—7"2) dtAdp+k_ (1 —|—p2r2> dw/\daﬁ} N2,

wo (140?) dtndy—ry (1-1%) dpndo—ry (1+p7) r?dtndg

with
Q(p,r) =1—K2p%r? + K2 (1 + p27“2) . (2.7)

The second of these backgrounds is manifestly compatible with mirror duality for the
one-parameter deformation k4 = k, k- = 0. The remaining (generalized supergravity)
backgrounds we consider are given in appendix A.

2.2 (Gauge fixing and expansion

Given the above backgrounds, we proceed analogously to our previous discussion for
deformations of AdSs x S° [31], where all technical details can be found. Here we briefly
indicate the adaptations required for deformations of AdS3 x S? x T%. The coordinates ¢
and ¢ are used to form the light-cone coordinates 2%, and we change our basis of transverse
fields from p, Y, 7, ¢ to 21, 22, y1, Yo, Via

w21tz i¢ Y1ty

_ At _ it 2.8
1—-22/4 "% T 1442/4 (28)

pe

2

where 22 = 22 + 22 and y? = y} + y3. For the spinors and gamma matrices, we use exactly

the conventions of [31], directly replacing the additional z3, z4, y3 and y4 directions of

AdSs x S® by the four torus fields «!,...,z*. We then light-cone and « gauge fix as in [31],

ending up with an action depending on the eight bosonic fields 21, 22, y1, y2 and z!, ..., z%,

and eight complex Grassmann fields (fermions) labeled 013, 14, 623 624 31, 132 4l and

7*? in line with the conventions of [31]. We then expand the action to fourth order in

bosons, quadratic order in fermions, forming the starting point for our computation of the
tree level S matrices.® We focus on massive excitations, and drop the massless torus bosons

z', ..., 2% and massless fermions 6'3, 6?4, n3!, and n*2.

5The resulting interaction Lagrangians are too large to practically present them here; they can be found
in the Mathematica notebook attached to the this paper as Supplementary Material.



deformation ¢ By

ferml 1 1
ferm?2 1 1
N\ 2

. K_—1
disti ( P ) 1

. K_—1 Ky—1 K——1 Ky+1
dist2 K—+1 Kp+1 K_+i Ky —1

1 K- —1 K- —1

X0x r_+i m_ti
X0xX2 1 1

Table 1: Values for the phases §: and (3, in eq. (2.10). They are included to ensure that
the kinematic Lagrangians of all six cases take the same form eq. (2.11).

2.3 Common quadratic Lagrangian

To calculate the S matrix we perform a further change of basis. We work with the complex
bosonic fields

1 1
——( +iy2) , Z = ——=(21 +iz), (2.9)
QW 21 /1 -+ /.412_

and the complex fermionic fields

Y =

(L= %}914 + i9$3> : v _%%(7741 ' m;ﬁ) | (2.10)
Ch = _ﬁ(em _ iggg) , XR = —\ﬁ(nﬁll — iT];rsQ) .

We introduced the phases S and 3, to make all quadratic parts of the Lagrangians of
the different deformations take an identical form. The choices for each of the different
deformations are listed in table 1. The common quadratic part of the Lagrangians is

Lo =2(|(0r +ir k)Y = |0,V P = m2 Y[ +|(0r +iny k)2 = 0,2 — m?|Z]")

il (0r + 05 + kg k)L +iCH(Oy — By + ik k)R —mClCr+mCher

+ixt (0 4+ 0 + ik ko )XL 4 iX (0 — 05 + ik 1k )XR — mX L xR+ mXhXL

(2.11)

where the mass is m = \/ (1+k2)(1+ K2). The field content is two complex bosonic and

four complex fermionic fields. Note that at the level of the quadratic terms the deformation
enters as a shift of 0, by +ikik_ and a deformation of the mass terms. In contrast, the
deformation of the interaction terms takes a more complicated form.

Lastly, let us connect the undeformed x+ — 0 limit of the quadratic terms to existing
results: Firstly, we reproduce the bosonic and fermionic expressions of [35] in the ¢ — 0
limit” up to a simple normalization of the bosonic fields. Secondly, when compared to

"Here g controls the mixing of NSNS and RR fluxes, and should not be confused with the ¢ of the
quantum deformation discussed in the next section.



deformation I5] Py, Yz, Ply Px+

ferml ei”/4\/\/:::_z 1 1 1 1
formy  emAVE ) G P (Fps i)

r—ti X (Ko, ky) X i (Ko, ky)
disti1 63”/4::—;; 1 1 0% (Kt ko) 1
dist2 63”/42:—3 1 1 03 (kg k) 1
xox1 63”/4::—;2 1 1 03 (ky, ko) 1
xox2 @AVl (k) pa(noiky) pe(iek)  @h(nekl)

A/ K—+1

Table 2: Values for the phases 3, py,, ¢z., ¢c., and ¢, in eq. (3.1). We include them
to compensate for possible basis differences of the creation and annihilation operators. As
a result, the T matrices of all six cases take the same form; it is given in section 3.2. The

o \/pHi(k1Erowd)

common factor ¢4 (K1, ke) = Y—————is the same as the one appearing in this T
p—i(k1ErowT)

matrix, see eq. (3.7).

the AdSs x S° quadratic Lagrangian [36], we observe that the bosonic part is a simple
truncation, while the fermionic part has inherently different mass terms.

3 Perturbative S matrix

Using the kinetic and interaction part of the gauge-fixed Lagrangian we are now able to
calculate the tree-level scattering matrix using Feynman diagram methods. Firstly, we give
the mode expansions of the asymptotic scattering states, and subsequently we calculate
the T matrices for all six cases. Lastly, we show that, similarly to the factorization in the
AdSs x S® case, they can be reduced into smaller building blocks.

From the algebraic perspective — discussed in the next section — all six T matrices
are expected to be equal, at least up to a unitary change of basis. However, we want all six
T matrices to be exactly identical to simplify comparison with the exact algebraic result.
We achieve this by using the phase freedom of creation and annihilation operators to absorb
any possible basis differences with extra phase factors in the mode expansions.

3.1 On-shell mode expansion

To determine the in- and out-states of the Feynman amplitudes we need to solve the
equations of motion for L£o. They reduce the four complex to four real fermionic degrees of
freedom. Further we express the complex bosonic fields as pairs of real bosonic particles.
In total the particle content of the theory is four real bosons and four real fermions that we
will denote by {Y41, Z+, (4, x+}. They are encoded in the on-shell mode expansions of the



original fields, valid for all six cases

Y(r,0) ((J@""‘*’P+ Day, (p)py, +e P Dal, (p)@;_> ,

1 /d 1
_\/27'[' p2\/wp

1 1 i(po—wi T —i(po—w, T *
Z(r,0) = m /dp 2\ﬁ (e’(p" v Dag, (p)pz, +e P al, (p)¢z_>,
& —i(po—w, T *
CL(Ta o /dp o) f+p( ipo—wp T)aC+ (p)<,0¢+ te » ? )az— (p)(pC—>’
(3.1)
+ —i(po—w, T *
CR(T7U / = f_ ( pO' Wp T)ac+<p)¢<+ —e (p P )az_ (p)(pc_>’

(=i Day (p)py, — e BT T)GL_(p)sOSZ_),

XL(T7U \/7/ \/Tf"rp(
i(po—wd T —i(po—w, T *
xr(n,o) = \/%/dp \/ﬁf"’<e (o= D, D)oy, + e W7 )GL_(PWX-)‘
p

These are complemented by their complex conjugate versions for the respective anti-fields
(with (az)* = al). The phases 3 and ¢, differ for the six cases and are given in table 2

The positive-energy dispersion relation is

wi = thyko +/p>+m?, (3.2)

with m? = (1 + k2)(1 + &%) as before. The normalization factor &, = \/p* +m? is
chosen such that the worldsheet momentum and energy take their canonical form, i.e.
Pys = [dp>.,pala, and Hys = [dpY, wy alaz, where  runs over all types of particles
{Yy, Zy, (e, x+}. The wave functions fi, = /£p + &, are fixed by the fermionic equations
of motion and by requiring that the quadratic Lagrangian takes the canonical form

L2 = [ ap 3" (ial(p)0,0. () ~ w3l (p)aa(p) (3.3)

when inserting the mode expansions with time-dependent creation and annihilation operators
into (2.11).

3.2 Perturbative T matrix

Next we calculate the 2 — 2 scattering matrix S from the deformed, gauge-fixed and
expanded interaction Lagrangian, closely following the notation of [31]. We expand S in
inverse powers of the string tension h using the tree-level matrix T

S:1+%T+.... (3.4)

The procedure of Feynman diagrams provides us then with the tree-level amplitudes. Details
are given in appendix B — here we will only present the results. But first let us introduce
some notation. The scattering amplitudes depend on two momenta, p; and po, with p; > pa
by assumption. The scattering states are |al, (p1)al, (p2)) = al, (p1)al,(p2)[0). To simplify
further the states are labeled by their particle content and the first and second particle are
taken to depend on p; and ps respectively. For example

Vi) = ol r)al (), 1Z-x4) = |al_()al, (p2)). (35)



Now all six cases give the same T matrix, as we expect from the algebraic perspective.
Possible unphysical phase discrepancies were prevented by carefully choosing the phases of
table 2. We give the action of T on the incoming states in the following:

Boson-Boson

TYiYy) =2(A+ B) [YiYy)
T|YiYs) = 2A[YaY5) + C|Ce(e) + CF [xax)
T|Z+Z+) = —2(A+ B)|Z+2%)
T|Z+Z5) = —2A|Z+2Z%) — C|(xlx) — C* [xexF)
T|Y1Zy) =2G Y4 Z1) — H |[Cex+) + H [ x+Ct)
T|Y:iZs) = 2G |Va Z2)
T|Z1Yy) = =2G | Z4+Y5) — H|Cex+) + H" [x+(x)
T|Z.Ys) = —2G|Z4Ys)
Fermion-Fermion
T|Cels) =C* [YiY5) — C" [ Z1Z5)
T|xtxs) =C[YaYs) = C|Z12Z5)
T|Cexs) = —H Yo Zy) —H" | Z1Yy)
Tx+Ct) =H|YeZy) +H|Z1Y5)
Boson-Fermion
T|YiCe) = (A+B+G) [YeCe) +H|CY5)
TYils) = (A+G)[Yals) +C [x+Z5)
T|Yixs) = (A+B+G) |[Yixs) +H" [xaYa)
TYixs) = (A+G)|[Yixs) —ClC+Z%)
T|Z+(s) = (—A—=B—G)|Z+(s) — H|(+Z+)
T|Zi(s) = (—A=G)|Z+(5) +C" [x2Y5)
T|Zixs) = (—A=B—=G)[Zixs) — H" [x£Zx)
T|Zixs) = (-A—=G)|Zixs) — ClCY5)
T|CaYe) = (A+B—G)|CYa) +H" [Yals)
T ’CiY:F> = (A ) KiY:F> -C* ‘ZiX:F>
T|(+Z+) = (—A=B+G)|(:Zx) —H" [Z1(x)
T |CiZI> =(-A+9) |<iZ1F> c* ‘YiXﬂ
Tix+Ye) = (A+B—-G)[x+Ys) +H|YVixs)
Tx+Ys) = (A—G) Ix+YF) +C|Z:(x)
T|x+Z+) = (A= B+G)[x+Z+) — H|Z1x+)
Tx+Z5) = (—A+G) [x+Z5) +C|Y(5)

-9 —



We only work to second order in fermions and therefore our result does not contain four-
fermion amplitudes. The coefficients all carry two implicit indices — omitted for brevity —
that match the + indices of the state they stand next to. For example the last line contains
coefficients A4+, G1++, and C+=. The coefficients are

1
Ay = 1D ((pl p2)® + ("&i + H%) (w1 — wa)? + 264 k- (i powiws + 1) (p1wy + /Lsz))

BM1M2 = %(pIPZ + </‘02+ + H%) U.)lLL)Q)

Gurpn = 5 (- (1 + K7+ ,{2_) (pf = p3) = 254 (Piows — ppmcn ) (3.6)
Crrpo = —ga’fcp2p +p \Jwi — h/w2 - 1s1nh< (arsmh “— + arsinh m)>
2

Hygps = SOTQPQ

\/ ? —1y/w3 — 1cosh h = h
w3 cos ( (arsm + arsin m>>

where p11 2 = + and w; = whi, see eq. (3.2). In addition D = pjwy — pow; and the phase

VP il + prow;)

\/pj — (kg + pjk-wj)
The operator T satisfies the classical Yang-Baxter equation®
[Ta3, T13] + [T23, T12] + [T13, T12] = 0 (3.8)

for all terms that our restriction to processes with at most two fermions allowed us to check.
Furthermore, the bosonic amplitudes match the two-parameter limit of the amplitudes
computed in [33].

We want to comment on the phase factors ¢; appearing in the final amplitudes. These
factors are directly influenced by the extra phases in the mode expansions, see table 2. We
fixed these phases such that the perturbative result matches the algebraic result. However,
as we will see in section 4, the algebraic result cannot fix the phases completely; there
is still the freedom to choose the phase «a, see eq. (4.16). In principle we could use this
freedom and choose the extra phases such that the phase factors ¢; would disappear, as is
common practice in previous works on deformed S matrices. However, this would introduce
either a discontinuity in the phase of the amplitudes for non-zero k1 or a sign (branch
choice) mismatch with the undeformed result. To avoid these complications, we refrain
from modifying the extra phases and accept the final amplitudes to be complex.

3.3 Factorization

Similarly to the AdSs x S® case, it is possible to write the T matrix in a factorized form.
For this we write the single particle states as product states of two of the psu,(1]1)Z

8The T;; are the graded embeddings (using the graded permutation operator Plg]7 defined, for example,
in eq. (3.8) of [36]) of T into the product of three spaces. Explicitly these are

Tio=T®1 R Ti3 = PQgSTlQPZgS s Tos = PlggplgéTmPlgspng =1T.

~10 -



representations considered in the next section. We further index the bases {¢4, 11} of the
two representations (see section 4.2) from 1 to 4 for the first and 1 to 4 for the second copy.
We get

Vi =9, ®¢; <11, Zy =94 @y < 33,
Y. =¢_@¢_ <22, Z_=1_@i_ <44, (3.9)
(r = ¢4 @y & 13, X+ =Pt ® ¢y <31, '
¢ =¢- @y & 24, X- =t @ 4D
The indices allow us to express the matrix elements of T as
PPQQ , P P G

+ (1)t D g oG (ks k)

up to the four-fermion amplitudes that we did not compute. The TAILC\?, are the matrix
elements of the expansion of the exact psu,(1]1)2, S matrix that will be derived in the
next section. ejps is 0 if ar is a bosonic index (1 or 2) and 1 if it is a fermionic index (3 or 4).
Note that the pairs of undotted and dotted indices only take the values 11, 22, 33, 44, 13,
24, 31, and 42. If we denote the operation of truncating a matrix to the subspace spanned

by these indices with | - | then we can express T in the basis-independent form

trunc’

T=[T(—(s,—6-)@1+1T (kt, )] runc - (3.11)
The factor T (k,x_) is specified by”
Tk = ASEO + Bapdlsy
5
T = —ASL05 — Bagdasy ,
Tad = G635% Toy = —G030% (3.12)
=T, =T =C
T ST, T T

The sign inversion in the first factor of eq. (3.10) effectively behaves like a complex
conjugation, 7 (—ky, —k_) = T (k4,k—)*. This only affects the complex coefficients C and
‘H, whose phases ¢; get conjugated — everything else is invariant.

In the undeformed limit x4+ — 0 the T matrix matches the ¢ = 0 case of [35]. In
the one-parameter limit k_ — 0 and when identifying £ = k the matrix T matches the
truncation of the tree-level T matrix of 7-deformed AdSs x S° of [31] up to phases of the
terms containing C and H, even though the structure of the 7’s differ.

9Latin indices take values 1 and 2, Greek indices take values 3 and 4, and unspecified entries are zero.
The coefficients are defined above in section 3.2. Again we suppressed their two indices. The first index of
each coefficient is + if a =1 or a =3 and — if a = 2 or @ = 4, cf. eq. (3.9). The second index depends in
the same manner on b or f3.
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4 The exact q-deformed S matrix

In the previous section we obtained the tree-level contribution to the massive two-body
scattering matrix using perturbation theory. In fact, the all-loop scattering matrix can
in some cases be bootstrapped (at least partially, up to the dressing factors) using the
symmetries of the light-cone gauge fixed theory. This is in particular true for the AdSs x
S3 x T* superstring [37]. The two-parameter integrable deformations of the AdSs x S3x T4
superstring that we consider are expected to correspond to quantum deformations, for which
the symmetry algebra of the original theory is promoted to a quantum group [28, 38]. It
turns out that these quantum-deformed symmetries are powerful enough to also bootstrap
the scattering matrix in the deformed case [21, 31] and a proposal for the doubly g-deformed
S matrix has been obtained in [28].

In this section we review the symmetries of the various two-parameter integrable
deformations of the AdSz x S® x T* superstring, as well as of their light-cone gauge fixed
theories, and recall the expression of the expected exact S matrix. We then expand the
latter in inverse powers of the string tension and match the tree-level contribution with the
perturbative results obtained in the previous section.

4.1 Symmetries of the deformed theories

The symmetry algebra of the AdS3 x S® superstring is given by two copies of the psu(1,1|2)
superalgebra. It contains the symmetry algebra of AdSs (s0(2,2) = su(1,1) ® su(1,1)) and
of the three-sphere (s0(4) = su(2) & su(2)) as (bosonic) subalgebras. Upon light-cone gauge
fixing and taking the decompactification limit to have well-defined asymptotic scattering
states, this symmetry algebra becomes

[psu(1]1) @ psu(L[1)]Z2 - (4.1)

Each of the two psu(1,1|2) copies is broken down to two psu(1|1) factors and the symmetry
algebra gets enhanced by four central charges. The exact scattering matrix can then be
bootstrapped using these symmetries. More precisely, we impose

Aop(X)S = SA(X), (4.2)

where X is an element of the symmetry algebra (4.1), A denotes the coproduct that turns
this symmetry algebra into a Hopf algebra, and A, is the opposite coproduct.'® As can be
readily seen, this equation leaves the freedom to choose an overall prefactor. In fact, due to
the structure of (4.1) there will be four possible overall prefactors and these are the four
dressing factors. They are constrained by requiring the S matrix to be braiding unitary,
matrix unitary and crossing symmetric,

SSu=1, sls=1, (clel)sgPCcesn=1, (4.3)

10T the presence of central elements the coproduct is deformed by introducing the braiding, so as to
obtain a non-trivial S matrix.
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where C is the charge conjugation matrix, °7 denotes the super-transposition (see for
instance [21] or footnote 14) and 1 denotes the antipode representation, encoding the
particle to antiparticle transformation.

For the various two-parameter integrable deformations of the AdS3 x S3 superstring,
the symmetry algebra is conjectured to correspond to a quantum group [28]

psug, (1,1)2) © psu,, (1,1]2), (4.4)

with two different parameters ¢ and ¢r in the two copies, allowing for asymmetric
deformations. The case qr, = qr corresponds to the one-parameter 7-deformations, and the
limit q;, = gqr — 1 sends them all to the undeformed theory. Quantum groups are defined
through the choice of a Cartan-Weyl basis. For superalgebras, not all Cartan-Weyl bases
are equivalent, the inequivalent choices are characterized by different Dynkin diagrams.
Quantum groups associated to different Dynkin diagrams will have different properties. In
particular, the psu(1,1|2) algebra admits three different Dynkin diagrams

0-®-0 ®-0-® ®-®-0, (4.5)

with O and ® denoting bosonic and fermionic simple roots respectively. This is why we
have different deformed models to start with. Also the symmetry algebra of the light-cone
gauge fixed theory is assumed to correspond to a quantum group. An analysis similar to
the one performed in the AdS5 x S case indicates that the two copies are deformed in an
opposite way, leading to the light-cone symmetry algebra

[pﬁuqzl(lll) @ psu(11) @ [pﬁqu(lll) & psu(1|1)qR]C.e. . (4.6)

ql_%l] c.e.

The fact that the symmetry algebra factorizes into two copies linked by the central elements
(which are the same for both copies) indicates that also the S matrix will factorize,

S=8, 1,1 ® Span; (4.7)

where the factorized g-deformed S matrix &y, 4, is invariant under

[psug, (11) @ psu(1[1)g,| - (4.8)

As noted previously, quantum groups based on different Dynkin diagrams are not equivalent.
Their coproducts are related by a twist and hence also the S matrices will be related
by a twist. This is precisely what happened in the case of the n-deformed AdSs x S°
superstring [31], whose light-cone gauge fixed symmetry algebra is given by two copies of
centrally extended g-deformed psu(2]2). In contrast, psu(1]1) is a rank one superalgebra
with a unique Dynkin diagram, formed by a single fermionic simple root ®. We thus expect
all the deformations to have the same factorized scattering matrix, up to one-particle change
of basis and possibly different dressing factors.

Even though there is a unique Dynkin diagram one can still choose different Cartan-
Weyl bases in the two psu(1|1) copies. These bases are related by Weyl transformations and
one expects the resulting S matrices to be related by a one-particle change of basis. This is
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C+++ - CH+++ @ — B8 —
—& &8 o +C+— -C—-+ o +C++
-+C+ 5 — @ — —-+C+ = — (@ —
—&— = +++C -—=-C +—-+C
(a) fermil (b) ferm2.
C+++ @ — B — C+++ C—++
—C++ @ +C—— —CH++ o +C++
——C+ ++C — ——C+ = — & —
- — & +++C ——-C -—+C
(c) dist1 (d) dist2
C+++ - C+++ 8 — B —
— (= — & & +C++ — — & +C+ —
—+C+ SN — (@] — —+C+ ——C -
-5 — @ +-+C -5 & +++C
(e) xox1. (f) xox2.

Figure 1: Structure of an element in psu(1,1|2)®2. The blue and red elements each
generate a psu(1]|1)®? subalgebra. After deformation the symmetry algebra is promoted
to a quantum group associated to the Cartan-Weyl basis (C,+, —) where C denotes the
Cartan elements, + denotes the positive roots and — denotes the negative roots. The choice
of Cartan-Weyl basis differs for the different deformations. When going from ferml to
ferm2 (or distl to dist2, xox1 to xox2), positive and negative roots are exchanged in the
second copy. The two deformations are thus related by an inversion qp — q;jbl.

what happens when going from the ferm1 to the ferm2 background for instance. By looking
at the action of the Drinfel’d-Jimbo operator R in the Lagrangian of the two-parameter
deformations one sees that between ferml and ferm2 the notion of positive and negative
root is exchanged in the second copy, see figure 1. One thus expects the two factorized S
matrices to be related by qr — q}_zl. We will see later that this is indeed the case and it
can be reabsorbed into a one-particle change of basis. The same holds for the distinction
between the two distinguished and xox backgrounds.

Finally let us note that quantum integrability imposes strong constraints on the S
matrix S. The set of incoming momenta should be the same as the set of outgoing momenta
(in particular there cannot be any particle production) and an n-body scattering event
should be decomposable into a sequence of two-body scattering events. This entails that it
is sufficient to know the two-body S matrix, and consistency requires the latter to satisfy
the quantum Yang-Baxter equation.
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4.2 Fundamental g-deformed S matrix

The fundamental S matrix compatible with the symmetry algebra (4.8) has been constructed
and analyzed in [28]. Here we recall its expression and its main properties. Let us consider
two different two-dimensional representations {|¢4),|¢4)} and {|¢—),|¢—)} of (4.8) with
qr, € Rug,21 and gg € Ry 1. Upon removing the central elements, {|¢4 ), [¢4)} transforms
in the fundamental representation of one psu(1|1) copy, while {|¢_),|¢_)} forms the
fundamental representation of the other psu(1|1) copy.!! The central elements will however
non-trivially mix the two representations. The states |¢+) are bosonic, while the states

[9p+) are fermionic. The S matrix acts as'?

Rlprds) = Ass [P10x) R|Y+ihs) = Fag [h1tpy) (4.9)
R|p+1+) = Bas [p11ps) + Cox 1) Rp+p+) = Doy [p1o+) + Epy [p1)y)
R ‘¢:ﬁ:¢:F> Ai:F |¢i¢¢> + B:t:F W)iw;) R Wiwﬂ Ei:F Wi%ﬁ + Fi:F Wiqﬁ;)
Rlopsvx) = Cox [9xb5) R Vo) = Dig [ o)
with coefficients given by
U1V1W1 l’; — l'2+
Ay = , Fiy=1,
T UVaWa zf — =
1 xy —xd Ty — T,
Biy = —2, Diy = U VIW, ——2,
14 Ungngf—xQ +4 Vil f—x;
Cov — Y1 x;—xQ o "2 U, ViWy xl —xy
B s +4+ = )
. - (4.10)
Cir = UVIWIUValWo— 222 pyo =1,
1— iy xyxd
Apr = UpVoWp—— 12, Eiz = Ulvlwliii,
11—z 1-—
Bio—i 12 P — _Z.U1V1W1U2V2Wz (2] — 2y )(w3 —25)
i 1—afzg’ i Y172 1—a]zg ’
and identities
T+ et 1+a7¢ 1+a2™¢ vtz +¢&
U2 =w—2% — w2l viow2o TS et @
x4+ & 2= 14 ate’ 14+2=¢ x-xt + & (411)
Encoded in these relations is the closure condition
2 2 2
¢2 (U - U*l) - (V - V*l) + (1 - 52) (W - W*l) -0, (4.12)

" This is why in the literature these are sometimes also denoted by {|¢r),|vr)} and {|¢r), |¥r)}, but
the notation with + will allow us to simplify expressions.

12 A brief comment about notation. In harmony with the previous sections we use S for the full S matrix, S
for the factorized S matrix (including the dressing factors) and R for the factorized S matrix with a specific
choice of dressing factors. In particular, R does not need to satisfy braiding unitarity, matrix unitarity and
crossing symmetry. Schematically we have S = RR with R the dressing factors.
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which can also be written as

1 1 1 1
W2zt + — >:W2( T+ — ) 4.13
<a: +w++£+£ T +x_+§+§ (4.13)
€ is a free parameter of the S matrix, which vanishes in the limit q;, — 1 or gz — 1.1 The
relation between U, V, W and the energy w, momentum p and charge p is given by

ok

1, 1
vivr = g2ty = 2 e (4.14)

where p = +1 for the first representation {|¢4),|t+)} and p = —1 for the second
representation {|¢_),[¥_)}.

When writing the action of the S matrix it is implicitly assumed that U, V, W as well
as ¥ have been evaluated in their respective representation. More precisely, what is meant
by F_ for instance is

+ - + -
U Vi Wi Uy Vo Wy (s —ary) (28— a3 )
—1

Fi_ =
VL+72,- 1—ay a5

(4.15)

where the & subscript refers to the representation of particle 1 and 2.

The parameter 7 encodes the relative normalization of the fermions |4 ) with respect
to the bosons |¢4). It is a gauge-like quantity which can be factored out by an appropriate
change of basis. It will be convenient to write

v =/icUVW (z= —xt), (4.16)

where « is a not-yet specified complex quantity, which can depend on x*. For the special
value a = 1 one exactly recovers the S matrix of [28]. For the moment we will keep it
unspecified and will choose an expression such that a — 1 in the undeformed limit, no
discontinuities appear in the S matrix due to v and the tree-level expansion matches the
perturbative results.

Properties. This S matrix satisfies the quantum Yang-Baxter equation,

Ri12R13R23 = RazRizRaz, (4.17)
a version of braiding unitarity
1 (£, £) sector,
Razfar = U1V1W1U2V2W271 - gg (£, F) sector, (4.18)

131f we denote by g /2 the proportionality factor multiplying the two central elements with non-trivial
coproduct then
(9/2)%(ar — a5 ") (ar — a")

S (9/2)%(qr — apVar —az')
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and crossing relations

-+
UﬂﬁVW% (%, £) sector,
(CT @ HRIEC ® 1)Ris = fl T2 (4.19)
UlVﬂ/VlLix% (£, F) sector.
1 -2z,

The ST superscript denotes the supertranspose.'* The 1 means that we consider the antipode
representation, with :Z"f =1/ % and 75 =1 / xf, where again the 4 subscript denotes the
representation.'® The charge conjugation matrix is given by

Clos) = los) , ClYs) =ict |vg) | cr = (azas) V2. (4.20)

Notice that ¢ = 1 when a4 = 1.
The S matrix is physically unitary for real momenta and positive energies

R, R =1, (4.21)

provided that |ay| and |a_| are two real numbers (no dependence on z¥) satisfying
lay|la_| = 1, and that one imposes the reality conditions (U*, V*, W*) = (UL, V, W),

together with

. * zT +£
R = 4.22
eim. (%) =1y (422
in the region'®
(ar —ap)ar —az) >0 & (1-q)(1—qr) >0, (4.23)
and the reality conditions
* T +§
-1,1 N = 4.24
ce(-LD. () == (4.24)
in the remaining region
-1 -1
(e —a") (ar—az') <0 &  (1—q)(1—qr) <0, (4.25)

For the one-parameter deformation, only the region (4.23) and reality conditions (4.22) are
possible.

Finally, in the limit ¢; g — 1 with { — 0 and a — 1 one recovers the undeformed
S matrix of the AdSs x S? x T* superstring with pure Ramond-Ramond fluxes, whose
action can directly be obtained from (4.9) and (4.2) by sending V' — 1, W — 1 and setting

U =zt /2~ = e/2. To recover the undeformed version of the closure condition one assumes
Using the notation R|[®,Pp) = R|D.Py) with (Py, P2, P3,Ps) = (¢r,0d—,%1,1h_) then
RO D, 0,) = (—1)IaltVIlRed |1d.d,), with [1] = [2] = 0 (bosonic states) and |3 = [4] = 1

(fermionic states). B B
We also have U = Uz", Vo = V' and Wi = We.

16Recall that we restrict to real, positive and non-trivial deformations qr.r € Ryo,21.
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that qr r = e %9 and € = ik for small k. The parameter g is the one defined in footnote 13.
Expanding (4.12) and neglecting higher powers of x gives rise to

w? =1+ 4g®sin? (g) , (4.26)

(x+ + ;) - <:c— + ;_) = ij : (4.27)

Symmetries. From the relation (4.14) it immediately follows that the S matrix has a

while (4.13) gives

left-right symmetry

L qr,  |ox) @ lox) . |de) & [Y5) (4.28)

This is to be expected since when exchanging qr, and gg one effectively exchanges the two
psu(1|1) copies in (4.8), and this can be reabsorbed into a swapping of the two representations.
The central elements do not break this symmetry.

The S matrix is also invariant under!'”

a —q;’, £— el ot — O, (4.29)
and'® .
— 1
QR—>qR1, §—> ﬁ, a4 — Q4 . (430)

These two transformations map the region (4.23) with reality conditions (4.22) to the
region (4.25) with reality conditions (4.24) and vice versa. We can combine them to deduce
that

qrL — qzl ) qr — QEI ) 5 — _£> 04 — O, (431)

is another symmetry of the S matrix. Therefore, provided that « remains invariant under
inversion of the deformation parameter gz, and/or gr, one has

R R-1 =R

= -1 = R — -1 .
qL.9R q; 4R QL,qu qu,qu

(4.32)

In order to match with the results from perturbation theory and avoid discontinuities in
the S matrix we ended up choosing a such that it is not invariant under inversion of the
deformation parameter. However, due to the gauge-like nature of «, it is important to note
that the discrepancy only manifests itself as a one-particle change of basis of the S matrix.
The S matrix is thus physically invariant under the above transformations.

YUnder g1, — qu we have

+ +
+at
UsU, VoW™*,  WoV™H, of i /1-e—t ot S

1+ €’ - \/1—52'

8Under gr — qgl we have

+ +
+z z*
U=U, VoW, WoVH, x$—>—z’§ + et si/1-¢2

M7 1+ ezt
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Diagonalization. The S matrix can be diagonalized by means of the nested coordinate
Bethe Ansatz. This procedure has been successfully applied to the undeformed S matrix
in [39]. The results for the deformed case are very similar. We seek to find states |¥)
such that!?

H1p2

Ww) . (4.33)

LI
’\Ij>u1,u2 Rmm ("I/>M2M1
The level-II vacua
11 11 11 11
0) 1y = ld104), [0O)Z_=[v-9), 00 =lot), [0y =[Y-oy), (434)
trivially satisfy this equation with

R =4, RY=-——-r , RY-c, RL=D.,. (4.35)

The identity (4.33) is also satisfied for the following states with one excitation propagating
above the level-II vacuum,

L = Fr( 1) [y d4) + Fi(y, 22 RYEL (v, 20) |64y )
) = f () [-v) + f (v, ) REL (y,20) [0 ) (4.36)
|y>1+17 = f—‘r(yvxl) ‘¢+w—> + f—(yaxQ)RI—Ii(ya .’L'l) ’¢+¢—> ’
i, = Fo(ya1) |6-da) + fo(y, 22) RV (y, 1) [h_py )
The auxiliary functions are
B Yy iy xt —x~
f+(y7$) - h(y) I 3 f—(:%x) - v 1— h(y)x_ ) (437)
and the auxiliary S matrix elements read
1 h(y) —x~ ILI 1 1-h(yzt
R =UVWEIT e RO S W i
R (y,2) = RYL(y,2), R (y,2) = R™ (y,2).

We introduce two auxiliary excitations y4+ and define the function h(y+) = (y+)*'. These
auxiliary excitations then have trivial S matrix R (y,, 1, y,,2) = 1.

Due to factorization these results are readily extended to a scattering event involving
MJIr fundamental representations with y = +1 and ML fundamental representations with

1 = —1. The Bethe equations for the MjIEI auxiliary excitations y+ read
ML MI
1—HRii (Y%, 75) HR:F:F (yepo ), k=1, M. (4.39)
Jj=1 7=1

19pe is the graded permutation operator, see footnote 8.
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Dressing factors. As already mentioned, the symmetries only fix the S matrix up to
four dressing factors. It will be convenient to define the “dressed” fundamental S matrix S
through

S|P1P1) =Ry R|PLPy) , S|®+P5) = Ri-R [P+ D) | (4.40)

with ® € {¢,¢}. The four coefficients Ry, Ri_,R_; and R__ are the four dressing
factors.?? This dressed S matrix also satisfies the quantum Yang-Baxter equation,

812813823 = 8523513512 - (4.41)
Moreover, if the dressing factors are pure phases, |[Ri+| =1 and |Ris| = 1, and satisfy

(Rit)12(Ris)o1 =1,

(Re)ia(Res) 1 iy
+F)12 +)21 = — —
i i UraVi Wi 2Up Vo sWor 1 — 2y y a5 o
(Res)os(Ros) 1 oy — 23, (4.42)
+)1 ++)12 = — )
T2 UrtViaWie oy, — m2+,i
1 1-— xfixg
(R 12(Rag)r2 e

= — — Y
U2V aWie 1 — 2y Loy o

then we have braiding unitarity, crossing symmetry and matrix unitarity (upon imposing
the reality conditions (4.22) or (4.24))

SpSu=1, ('SP CelSe=1, S,hSn=1. (4.43)

Notice that in principle the factorized S matrix does not need to be itself a physical S
matrix, but (4.43) will imply (4.3). Solving the equations (4.42) is an arduous task, that
we do not undertake in this paper.

4.3 Tree-level expansion and matching the perturbative calculations

Now that we presented the all-loop S matrix based on the conjectured symmetries of the
deformed models, we should check that the results are compatible with the perturbative
calculations. We assume that in the large tension limit h — oo the deformation parameters

behave as
_q1_ kL -2 _ 1 KR )
ar = 1 h+0(h ). ar=1 h+0(h ) (4.44)
and
2 2
K2 — K4 1
=Y ——1+0(n), R =5 (kL KR) - (4.45)
1+ K2
20Tn the undeformed case, the discrete left-right symmetry imposes R1y = R__ as wellas Ry = R_,,

so that there are only two unknown dressing factors [40]. Similarly, in the deformed case, if we assume that
the left-right symmetry (4.28) also holds for the dressing factors then we are left with only two unknown
quantities R4+ and Ry_. The other two dressing factors R__ and R_4 can be obtained by swapping
qr <> gRr.
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For the unknown parameter «, we assume that it has an expansion of the type
_ -2 -2
a=¢p “4+0(h ), (4.46)

with phase ¢ given in (3.7). From the relation |a| = 1 + O(h~2) and

2 2
RLRR _ R, — RZ _
(1= 1) (1= qr) = 3 +0 (h 3):+T+O(h . (4.47)
it follows that these choices of o and £ ensure unitarity of the S matrix for all values of (real
and unequal) x4 and x_ in the h — oo limit. Rescaling p — p/h and neglecting O(h~2)
terms gives

p V:1,H+w+lm* W:17H++'W{*w

U=1l+g, on o0

(4.48)

Plugging this into the closure condition (4.12) and choosing the positive energy branch one
obtains the dispersion relations in the two different representations,

W= pkpk_ +\/p> +m2, m:\/(l—i—/@_)(l—i—ni). (4.49)

We then introduce the T matrix as the tree level contribution to the dressed S matrix,

_q1.t 2
S—1+hT+O(h ) (4.50)
The four dressing factors have an expansion of the type R, ,, = 1+ inLll)M /h+... and will
contribute to the diagonal elements of 7. Since we have not solved the conditions (4.42)
we do not have an explicit expression for the dressing factors. We can however find R;(tl1)u2
by solving the tree-level version of (4.42). A solution is given by

RY, = —(Ass +Biy), RY = -Gig, (4.51)

where the coefficients A, ,, By, and Gy, ., have been defined in (3.2).21 A tree-level

expansion then gives??

T |p+d+) = +H(A+ B) [p+d+) T [Vevs) = —(A+ B) [Yatps)

T |d+px) = +G [drbx) + H Y1 0x) T Wrds) = =G [eds) + H [pLtx) (4.52)
T lp+95) = +A|pr05) + C [Yathz) T [Weg) = —Alveyg) +C* o)

T lo+g) = +G |d+1b5) T [Y+dx) = =G [Y10%)

where again Cy,, ,, and H,,, ., have been defined in (3.2). Labeling the states as in (3.9) this
precisely matches the perturbative tree-level expansion (3.2)

21Notice that

I
K_—>—K_

RY = R ., RY =RY

K_—>—K_

in agreement with footnote 20.
22We use the same notation as in section 3, omitting the two =+ indices for brevity.
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It would be interesting to find a natural all-loop expression for o which admits (4.46)
as large tension expansion. To preserve unitarity we also would like |a| and |a_| to be
two real numbers (independent of 2%) related by |y ||a_| = 1. A possibility is to choose

B (U-v-1) = (w-w) s
ai(U—U*)%—(W—W—l). (459

This is a pure phase |a|=1 and is such that c1 =1 in (4.20).

The S matrix symmetry transformations (4.29) and (4.30) correspond to exchanging
K4 > —k_ and k4 > Kk_ respectively, which are symmetries of the functions A, B and G. In
the functions C and H this transformation only affects the phases. Their combination (4.31)
corresponds to changing the sign of both deformations parameters K+ — —k4, which results
into complex conjugation ¢ — *.

5 Mirror duality of the S matrix for deformed AdS; x S® x T4

Superstrings on various AdS backgrounds (e.g. AdSs x S° and AdS3 x S3 x T*) are described
by a semi-symmetric space sigma model, with fields that are maps from the two-dimensional
worldsheet parameterized by 7 and o to the ten-dimensional target space. The “mirror”
model is obtained by performing a double Wick rotation and exchanging the time and
space coordinates on the worldsheet, 7 — i and 0 — i7 (we denote the quantities in the
mirror model by tildes). In some cases, this mirror theory also describes strings moving
on a new, mirror background. The mirror theory can be analyzed in its own right, and
one can compute the corresponding perturbative and exact S matrices. For undeformed
AdSs x S® or AdSs x S? x T* superstrings the mirror background and mirror S matrix are
different from the original background and S matrix. For one-parameter deformations of
AdS3 x S x T* with ¢z, = ¢g, it turns out that for the ferm2 background (and only this
one), the mirror background is not new, but rather it is related to the original deformed
background by an inversion of the deformation parameter k. — 1/k. This is the concept
of geometric mirror duality. In this section we show that this duality also manifest itself
at the level of the exact S matrix. Moreover, due to the invariance (up to a one-particle
change of basis) of the S matrix under gr — qlgl, mirror duality will also be present in the
other one-parameter limit q;, = q}_zl. We however find it unlikely that the notion of mirror
duality can be extended to the two-parameter case.

5.1 Duality of the dispersion relations

The closure condition (4.12) leads to the dispersion relations

€2 sin? <§) + sinh? <a2+w + a2ﬂ> — (1 - €?)sinh? (‘;w n “;u> —0, (5.1)
where we defined
—a —a 1
qr, = e L, qr = e 8 | ar = —(ar £ ag). (5.2)

2
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In the special case a_ = 0,a+ = a (q;, = qr) the dispersion relation is invariant under

p — Fiwa, w—):l:@, E— =+ (5.3)
a

5 )
where all choices of sign are allowed. Parametrizing & = itan(6/2), § € (—m,n| this
corresponds to a shift  — £(6+ 7). Similarly, in the special case a; = 0,a— = a (g1, = qz")
the dispersion relation is invariant under

. ip /
— 4+ — += — 44 /1 — £2 5.4
p Zwa" w a? 5 5 bl ( )

which again corresponds to a shift § — £(0 + 7) if one defines { = sin(/2). The invariance
under (5.4) is a direct consequence of the invariance under (5.3) and the invariance (up to a
one-particle change of basis, which does not affect the dispersion relation or the spectrum)
of the S matrix under inversion of the deformation parameters as stated in (4.32). This
is a first hint that the S matrix will have “mirror duality” when q; = qgr or q; = q;zl.
Beyond these two cases, both sinh? functions in (5.1) depend on the energy, and while
p — —p leaves the dispersion relation invariant, this is not the case of the transformation
w — —w. Hence (5.1) cannot be invariant under an analytic continuation of the type
p — 19w, w — f#21p, where f1 o denote energy-independent constants. This hinders the

extension of mirror duality to the two-parameter case.?3

5.2 Mirror S matrix

One can study the mirror model in its own right and compute the corresponding S matrix
S(Z1,Z2). The symmetries are expected to be the same in the original and mirror theories,
up to the identification of the central elements. The mirror S matrix again factorizes, and

its matrix part is obtained by analytic continuation

R(.’El, 1/‘2) — R(ﬂ?l, .’%2) s (55)
where the arrow denotes the mirror map

p— 0, w—ip. (5.6)

In other words, R(Z1,Z2) takes the same form as in (4.9), but with tilded quantities
#,U,V,W, and with the identification

w|€

- 105 - 15— -
VW“ — qi(ZP-HJ) , VW—/J, — q}g%( P AU“) , U — e (57)

The variables ¥ satisfy relations similar to (4.2) and (4.13), but where all the quantities
now have a tilde, except for £.24 The mirror S matrix may have a different bound state

231t was observed in [28] that the two-parameter and one-parameter deformations are closely related at
the algebraic level. It may thus come as a surprise that the dispersion relations have different behaviors
under mirror transformation. This is however to be expected, since the map found in [28] also involves the
central elements, mixing energy w, momentum p and charge p.

24By definition the mirror transformation preserves the parameters qr,, gr and £ of the S matrix.

~ 93 -



structure, resulting in new dressing factors, that are not necessarily related to the original
dressing factors by a simple analytic continuation.

We want this mirror S matrix to be unitary for real momenta and positive energies.
Due to the complex exponents in (5.7) the conditions to impose on V and W and ultimately
on T are complicated for arbitrary g;, and gr. Here we will focus on the one-parameter case
only. Unitarity is ensured if |@4| and |&_| are real numbers that do not depend on the
momentum which satisfy |@4||@—_| =1 (this in fact follows from the same requirements for
the original untilded quantities) and for the reality conditions

. ~ ~ ~ ~ ~ ~ 1427
* * 1 * ~E\x
& e, Ur=U, Vi=V"", W =W, (m)—j$+§, (5.8)
in the case qr, = qr and
~ ~ . . ~ ~ 1
¢e(-L,+1), U=U, V=V, W=WwT", (i"i)*:ﬁ, (5.9)

in the other case q, = gr'. These two cases are related through (4.29) or (4.30). Contrary
to what is happening for the original S matrix (see (4.22) and (4.24)), these conditions
break unitarity if one tries to go beyond the one-parameter case.

5.3 Mirror duality of the S matrix with g;, = gr or qr, = qu

By definition the mirror S matrix will have the same parameters gy, qr, £ as the original
S matrix. Mirror duality of the S matrix is then the statement that this mirror S matrix
S(Z1,%2) is equivalent to another S matrix S(zy,22) but now with different parameters
qdr,qr and f To show that our exact ¢-deformed S matrix indeed has this property in
the one-parameter case we follow [23], with slight adaptations for the ¢;, = q}_z1 case. We

introduce the functions?®

ws(u; 0) = —icse(0) (e — cos(8) — (1~ ei“)\/ COS@—COS(">> 7
m(u; ) = —icsc(6) (ei“ — cos(0) + (1 + e"“)\/cos(“)—cos@> 7
ys,m(u; 9) = iCOS(i)xS’m(u; 9) _ Sin(e) ,

2

zsvm(u;e)_ 2) xsm(u;0) e )

In the case qr, = qr = =@ we define 2 = z4(u £ ia;0) and #* = 2,,(u £ ia; ), so that the

(5.10)

equation (4.13) as well as its tilded counterpart are satisfied. For u € R one then has the
desired reality conditions

14

(%) = (&) Y

— Tm’ (5.11)

251t is convenient to trade the parameter ¢ in favor of 6 to treat the two one-parameter cases in parallel.
We define £ = itan(0/2) in the case qr = gr and § = sin(0) in the case qr, = qél. In both cases mirror
duality will manifest itself through an invariance under a shift 6 — 6 + .
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we define z% = yy(u +ia;0), 2% = z5(u + ia; 0) and FE =

In the case q;, = qu =e°

Ym(u=tia;0), i5 = z,(utia;0), so that the equation (4.13) as well as its tilded counterpart
are again satisfied for both representations. These functions satisfy the desired reality
conditions for v € R, namely

£\ * x:F +§ ~ 4\ % 1
= = —. 5.12
Moreover, we have the relation
zs(u+m0 +7) = xm(us0), (5.13)

which translates to

0 1 0 1
sin()ys(u+w;9+7r)+ :cos(>ym(u,9) -,
2 2 2 2 514
<9) 1 n 1 ) (9> 1 1 (5.14)
— —=—sin(=)|——— —=.
2 zs(u+m0+m) 2 ) Zm(u;6) 2
For both cases this relation implies that
Uu+ ;0 +7) = V(u;0) & pu+m0+m)=—ap(u;0),
. 1 (5.15)
Viu+m0+7m)=U(u;0) & w(u+7r;9+7r)z;d;(u;9).

Plugging into (5.6) this explains the invariance of the dispersion relation under (5.3)
and (5.4).
At the level of the factorized S matrix, mirror duality is realized if

DS(p1(u+m0+ ), pa(u+m0+7);0+m)D " = S(—p1(u; 0), —pa(u; 0);0),  (5.16)

where D is the matrix realization of a permutation exchanging bosons and fermions. This
additional operator needs to be introduced to account for the fact that under a mirror
transformation, the AdS and sphere coordinates are exchanged, which results into a swapping
|p) <> [1), as follows from (3.9). It is convenient to split (5.16) into relations for the matrix
part and the dressing phases of the S matrix.

The matrix part of the S matrix, with the choice (4.53) for «, satisfies a relation similar
to the one highlighted in [23], namely

- At (p1,p2)R(—p1, —p2) (%, £) sector,
DR(p1,p2) D" = { (5.17)
Cix(p1,p2)R(—p1, —p2) (+, F) sector,
with
D ’d)a(z)b - ’wa¢b> )

D |¢a'¢b
D ‘@ba(bb
D ’wa'(/)b

)

i - ’wa(ﬁb (5.18)

+ ’(bawb
- ’¢a¢b

)

)
)
)
)

~ - -
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This identity is in fact satisfied for all ¢;, and gr. If one restricts to the (£, +) sectors then
the first line of (5.17) is also satisfied for D = (—1)" M ® M, F being the fermion number
operator and M the matrix representation of the permutation (3,4, 1,2), i.e

M|os) =Y+) .,  MYs) =[ox) . (5.19)
This is precisely the equation highlighted in [23] for the distinguished su(2|2) invariant S
matrix of AdSs x S°.25 The relation does however not hold in the (4, F) sectors.?”
Consequently, if the dressing factors satisfy
Rii(pr(u+m0+7),pa(utm0+m);04+7) 1
Rt (—p1(u; 0), —p2(u; 0);0) Ass(p1,p2)
(5.20)
Rit(pr(u+m;0 +7),pa(u+m0 +7);0 +m) 1
Ryx(—p1(u;0), —pa(u; 0);0) Cix(p1,p2)’

then (5.16) is satisfied. From this analysis we conclude that, provided the conditions on
the dressing factors are satisfied, given a ¢-deformed S matrix with parameter 6 (or &), its
mirror S matrix (which by definition also has parameter #) is then equivalent to another
g-deformed S matrix but with parameter § + m (or 1/¢ in the q;, = qr case, v/1 — &2 in the

qr, = q;zl case).
6 Mirror duality of the fermionic S matrix for AdS; x S°

To conclude the analysis of mirror duality in n-deformed theories, we consider the case
of the n-deformed AdSs x S superstring based on the distinguished and fully fermionic
Dynkin diagrams of psu(2,2|4). The background associated to the distinguished deformation
can be found in [11] and does not exhibit geometric mirror duality. The distinguished
S matrix [21] was however shown to have spectrum mirror duality in [23]. As far as the
fermionic deformation is concerned, the background obtained in [19] is also not geometric
mirror dual. Its corresponding factorized S matrix [31] reads

R |patps) = A |¢a¢b> R [Yathp) = =D [Yats) ,

Rp162) = 4= P |¢1¢2 @122(]14611:;]:13 |pagp1) + ?02[:)161 ii_l [¥3tpa) — Aqu_l [vat)s)
R lb20) = ‘qu“‘i”B 0+ 2B g = BT gy B0y
R i) = =22 i) - m’gj% oate) = 22T g1y + 8T ),
Rt = e DL - DBy 1 2 L ) - fj;qﬂ L o),
R|¢aths) = G $athy) + Hap [Vpa) , R [Yad) = L|vads) + Kap [$p¢a) ,

26The equation looks different from the one in [23], but this is only due to the fact that the authors use
the graded S matrix. Our S matrix is related to the one in the mentioned paper through an additional
minus sign when the two outgoing particles are fermions, as well as an overall factor.

*"To have D = (—1)" M ® M for all sectors the permutation matrix should be modified to M |¢+) = |¢+),

M Y1) = i|¢px).
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(6.1)

where
b G b a
Hi =20y Hu=H, Hoy = 22340, Hyy = 22p
f1 by ai by g2 a
b a1 b i
K13:£72K, K=K, K23:$T2K, K24:g*2$K, (6.2)
f2 by as by g1 G2
1o — q1/2f1xf + q—ZCl—l/le:E;r b1a = q_l/Qggmf + q—202+1/2f2m2+
q\/2 fray +q 2271 2g1ag gV 2gywy 4 q T2 forf
and

fi=1+¢&/z;, gj =1+&x; . (6.3)
The ten coefficients A, B, ..., L can be found in [31]. We take?®

v = q_3/2\/iq1/2UV(x* —zt), (6.4)
together with the reality conditions

a;=q%7 12, by =q@t2 (6.5)
This fermionic S matrix satisfies the same relation as its distinguished counterpart,

namely

DR(p1,p2)D~" = AR(—p1, —p2), (6.6)

where D = M ® (—1)F" M. Therefore also the fermionic S matrix will have spectrum mirror
duality.

7 Conclusions

In this paper we computed the tree level S matrices for two parameter 7 deformations of
AdS3 x S3 x T* for various choices of Dynkin diagram underlying the deformation. Given
judicious choices of mode expansion summarized in table 2, these tree level S matrices all
agree with the perturbative expansion of the exact two parameter g-deformed S matrix. Next,
we investigated the mirror duality properties of this exact S matrix in the one-parameter
deformation limit, as well as the exact S matrix for fermionic 7-deformed AdSs x S°. We
showed that both of these exact S matrices are compatible with mirror duality, where in the
AdS3 x S? x T? case we assume certain properties of the thus far undetermined g-deformed
dressing phases.

There are various open questions associated to these models and S matrices. In terms
of deformations of AdSs x S* x T?, it would be interesting to determine the deformed
dressing phases for the two parameter deformed S matrix. Moreover, particularly for the
two parameter deformation it would be insightful to investigate the mirror theory. Based

Z8With respect to [31] there is an additional factor of ¢ in . This is to match with the convention used
in [23]. It can be reabsorbed into a rescaling of the fermions.
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on e.g. the more involved structure of the dispersion relation (5.1), we expect this to be
quite different from the single parameter case. It would also be good to understand the full
background of the three parameter deformation [29], and determine its S matrix and the
effect of the various deformations on the spectrum of this theory. Then, coming back to
AdSs x S, here the relation between the mirror AdSs x S® background and inhomogeneous
deformations of AdSs x S°, is still a bit of a mystery that deserves further investigation.?
Moreover, it would be interesting to investigate whether the Bethe ansatz equations and
spectrum for the fermionic deformation of AdSs x S° differ from those of the distinguished
deformation, and if so, to determine the effect of the change of Dynkin diagram on the
spectrum. In general, it would be nice to extend the perturbative computation of these
deformed AdS,, x S™ S matrices to loop level.?’ Moreover, it would be interesting to
investigate a possible algebraic interpretation of the differences in the mode expansion (one
particle change of basis) of table 2, related to the choice of Dynkin diagram determining
the deformation, as well as a presumably similar interpretation of the results of [32] relating
to different implementations of the real form of the algebra. Finally of course it would be
exciting to understand whether these deformations can be implemented in the field theories
dual to the undeformed AdS3 x S x T% and AdS5 x S strings.
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A Generalized supergravity backgrounds

Here we provide the fluxes F for the generalized supergravity backgrounds corresponding to
deformations based on the distinguished and xox Dynkin diagrams of psu(1,1|2), as derived
in [20].3! The first distinguished background, dist1, has

Fi=NF,
~ 26_ =~
=N
s <f3+1—,€2f”‘]2>’ (A1)
1 A 26 -
.F5:N<—2(1+*)I1AJ2/\JQ+1_K2f3AJ2> ,

29Mirror AdSs x S® by definition corresponds to an integrable sigma model, it is one-loop Weyl invariant,
and it is spectrally equivalent to a maximal deformation limit of  deformed AdSs x S®, while at the same
time, geometrically it differs from the maximal deformation limit of all known inhomogeneous deformations
of AdSs x S°.

39For the distinguished case the one-loop S matrix has been studied using unitarity techniques in [41].

31'We take this opportunity to correct a typo in the five-forms Fs of [20]. The term J2 A J2 should be
replaced by dz' Adz? Ada® Ada? = —éJg A Ja.
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where Jj is given in equation (2.4),

=2 5 — (A.2)
LR R F(r)
and
Fi=r[(14p2)dt+ (1-r?) dp| + s [—p2de + r2dg]
£ 1 2 2 2 2
F3 = 7 () pdt Nddp ANdyp — ki prodt AdpAde —kZp(1—7") dpAdy Ade
— Kpk_p (1 —r2) dt Adp Adp — Ky r_pr? dp/\d@[)/\dgb} (A.3)
1 2 2 2 2
-%f?j7d¢AdrAd¢+m+prd¢Ad¢Adr—H,(L+p)wﬂAdrAd¢
r
—kyhi (L4 pH)rdt Ade Adr + kpk_p?rdy Adr A dgb} .
The second distinguished background, dist2, has
Fi=MF,
~ 26+~
=M A J:
F3 (J:s +t1o ) Fi 2> ) (A.4)

1 o 2 A
Fs=M —*(1+*).7:‘1/\J2/\J2+ H+2 FsANJy ],
2 1—r%

where
1—& T

M=o 14 K% 2 (A.5)
VR R EG) |

Note that the dependence on k4 and k_ is exchanged between equations (A.1) and (A.4),

except that it remains the same in equations (A.3).
Finally, the first xox deformation, xox1, corresponds to

Fi=LF,
F3=LF3, (A.6)

L .
Fs = _5(1+*)f1AJ2AJ27

x/(l%n2)(14mi)

L=2 2 : (A.7)
F(p) F(r)

with

and a change of sign of ¢ and ¢ in the expressions for the F. The second xox deformation,
x0x2, is obtained from xox1 through the map

i1 4 K21+ p? V14 K2V =12
P r— te 1, Y. (A.8)

F(p) ’ Py

p—
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B Feynman diagrammatics

We calculated the entries of the perturbative T matrix with the use of Feynman diagrams.
The implementation uses Mathematica together with the packages FeynRules [42] and
FeynArts [43]. The code is directly derived from our previous work on n-deformed AdSs x
S? [31] and we refer the reader to its appendix B for a detailed account of the implementation.
All modifications performed for the present case are described in the following.

The AdS3 x S? model only has two massive complex bosons and four massive complex
fermions. We regard the former as four real bosons. The latter become real on shell, and
therefore the treatment of [31] still applies. Due to the different quadratic Lagrangian (2.11)
and mode expansions (3.1) in comparison to the AdSs x S® model, the prefactors and
fermionic wave functions change: the prefactors become —— and —*

2,/@p /20,

fermions respectively. The bosonic wave functions are ¢y, and ¢z, for incoming ¥ and Z

for bosons and

particles respectively and ¢y, and ¢, for outgoing ones. The fermionic wave functions
are (in the notation of figure 2.3 of [44])

ue, = =B frp e, Ucp = =B f-p ey
Uy, zﬁf—l-p‘)oz, Ucp :_Bf—p(Pz,
v, = =B f4p 0L, vep = =B f-p i,
V¢, = B fap e Uer = =B f-ppc_
(B.1)
Uy, = B f4poxy Uyp = B [-pPxs
Uy, = =B frpy_ Uyp = B f-p ¥y
Uxp = B f4p Py Uxp = B f-p ¥y,
Uy, = =B fap ox_ Uxr = B f—p x_

where 8 and the various ¢, are defined in table 2.
The dispersion (3.2) differs from the AdS5 x S case, and in particular depends on the
particle species. This changes the relation between T and the modified Feynman amplitudes

M to

T(p1,p2) = /dkl dka 6(p1 + p2 — k1 — k2)d(wp, + wpy — Wk, — Wiy) M(p1, D2, k1, ko)
= P (M(p1, pa,p1,p2) + M(p1, D2, p2. 1)) (B.2)
[P1&p, — P2lp,|

Here p; and k; denote the momenta of and simultaneously label the incoming and outgoing
particles. Due to energy and momentum conservation the outgoing momenta are restricted to
take on the same values as the incoming momenta. To follow the existing literature we assume
that p; > pa. We want to highlight that even though the energies w; = p;k4Kx_ + @; contain
a constant shift dependent on the “charge” u; of the particle species, these contributions
cancel in the energy-conservation delta function and only the @; contribute to the final
kinematic factor of the second line. This is due to the observation that only amplitudes for
which pp,, + pp, = pir, + pii, holds are non-zero, i.e. p is a conserved.
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