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ABSTRACT: We investigate the integrable Yang-Baxter deformation of the 2d Principal
Chiral Model with a Wess-Zumino term. For arbitrary groups, the one-loop [-functions
are calculated and display a surprising connection between classical and quantum physics:
the classical integrability condition is necessary to prevent new couplings being generated
by renormalisation. We show these theories admit an elegant realisation of Poisson-Lie T-
duality acting as a simple inversion of coupling constants. The self-dual point corresponds
to the Wess-Zumino-Witten model and is the IR fixed point under RG. We address the
possibility of having supersymmetric extensions of these models showing that extended
supersymmetry is not possible in general.
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1 Introduction

Two-dimensional non-linear sigma models hold great interest for two key reasons. First,
they can provide prototypes with which to study strong coupling dynamics in a simpler
setting than four-dimensional non-abelian gauge theories. Second, they are the building
blocks of the worldsheet description of string theory. Under certain circumstances these
theories can have a dramatic additional simplicity — that of integrability — allowing one
to transcend the usual perturbative tool kit. A rather long standing question has been to
establish the complete landscape of integrable sigma models.

A substantial breakthrough was made by Klimcik with the explicit demonstration that
the Yang-Baxter sigma models [1] are integrable [2]; thereby providing a one-parameter
integrable deformation of the principal chiral theory associated to any semi-simple Lie
algebra. These theories, now often called n-deformations, have taken great prominence
since they provide a Lagrangian description of a theory whose symmetry is deformed to a
quantum group [3]. When extended to theories on symmetric spaces and to super-cosets,
this has yielded a remarkable quantum group deformation of the AdSs x S° superstring [4]
opening the door to an intriguing interpretation within holography.



A surprising feature of the 7-deformed theory in the context of the AdSs x S® super-
string is that it appears to describe a scale invariant but not Weyl invariant theory. This is
seen directly by the target spacetime’s failure to satisfy the equations of Type IIB super-
gravity but instead to obey a set of “generalised” supergravity equations [5]. Recent work
has started to place these n-theories, and the generalised supergravity that govern their
target spacetimes, in the context of double/exceptional field theory [6, 7] and make explicit
the link to T-folds and non-geometric configurations [8]. A link between the r-matrix, satis-
fying a (modified) classical Yang-Baxter equation, that defines Yang-Baxter sigma models
and the spacetime non-commutativity parameter has been developed in [9, 10] using the
open-closed map.

Notably, the n-theory displays a so-called Poisson-Lie (PL) symmetry. This means
that it possesses a generalised T-dual in the Poisson-Lie sense proposed by Klimcik and
Severa [11]. The Poisson-Lie dual model, modulo an analytic continuation, has been es-
tablished to be a well-known integrable deformation called the A-deformation. Introduced
by Sfetsos [12] these theories interpolate between a Wess-Zumino-Witten (WZW) [13] or a
gauged WZW model and the non-abelian T-dual of the principal chiral model on a group
manifold or symmetric coset space respectively. The connection between the n- and the
A-theories was first shown for explicit SU(2) based examples [14, 15] and established in
generality by [16, 17].

Like the n-theories, A-models can also be applied to cosets [18] and semi-symmetric
spaces [19] and are thought to encapsulate quantum group deformations with ¢ a root of
unity. In contrast to the n-theory, the target spacetimes associated to the A-model provide
genuine solutions of supergravity (with no modification) [20-24].

Given these successes a natural recent focus has been to understand potential generali-
sations of these approaches to include multi-parameter families of integrable models. On the
side of the n-deformation (or Yang-Baxter model) notable are the two-parameter bi-Yang-
Baxter deformations [25], the inclusion of a Wess-Zumino term [26] and indeed the recent
synthesis of these [27]. On the A side, multi-parameter deformations have been constructed
and studied in [15, 28-30]. There is also some evidence that a Poisson-Lie connection should
be present between multi-parameter 7- and A-models; for example the bi-Yang Baxter
model has been shown to be related to a generalised A-model [31]. The Yang-Baxter theory
with a WZ term (YB-WZ) appears amenable to similar treatment since it can be written
as an £-model [32] (though the corresponding A theory is not clearly spelt out as yet). The
construction of Lax pairs directly from the £-model has recently been studied in [33].

In this work we will provide further study of the multi-parameter YB-WZ model. For
the case of SU(2) this system was studied in [34, 35]. Specifically we shall,

e Study the one-loop renormalisation of the general YB4+WZ model extending results
in the literature from SU(2) [34] to arbitrary groups. We will find that the conditions
placed on a sigma model by integrability have an interesting interplay with renor-
malisation. The condition required of classical integrability is preserved by RG flow.
Second, when dealing with non-simply laced algebras one finds the classical integra-
bility condition is necessary for the renormalisation of the model not to introduce new



couplings in addition to those of the bare theory. That a classical property seems to
be so tied to a very quantum calculation is notable.

e We will clarify some details of the quantum group symmetries in these models and
in particular show that the parameters defining the symmetry algebra are invariants
of the RG flow.

e We comment on the role of Poisson-Lie dualisation for the YB-WZ model. Consid-
ered within the framework of the £-model [32], the YB-WZ can be seen as being
part of a pair of Poisson-Lie dual models. In particular, it admits a formulation as
an £-model associated to the Drinfeld double d = g€. When the integrability condi-
tion is satisfied, the Poisson-Lie T-duality transformation preserves the structure of
the action (2.2) while the coupling parameters follow very simple “radial inversion”
transformation rules.

e We will examine the possible worldsheet supersymmetrisation of the YB-WZ model
associated to SU(2) x U(1) which is the simplest but non-trivial example that allows
N = (2,2) in the undeformed (WZW) case. While N = (1,1) supersymmetry is
always possible, going beyond that requires the introduction of additional geometric
structures. We show that N = (2, 2) is forbidden for generic values of the deformation
parameters while N = (2,0) or N = (2,1) is possible only for specific values. This
leads us to conjecture that an N = (2,2) YB-WZ model is not possible in general.

The paper is organised as follows. Section 2 introduces the Yang-Baxter Wess-Zumino
model together with its integrability properties relevant to the subsequent discussions. In
section 3 we give an explicit derivation of the one-loop [-functions of the YB-WZ model
in the case of arbitrary groups. Given the result, we find that one needs to carefully
distinguish between two cases: when the group is simply-laced or not. In the former
case, a consistent renormalisation does not require the model to be integrable. For the
latter case, the classical integrability condition turns out to be necessary to prevent the
creation of new couplings in the theory by renormalisation. A detailed discussion of the
RG behaviour is given in both cases. Section 4 formulates the YB-WZ action (2.2) within
the framework of the £-model and derives the Poisson-Lie T-dual model. In section 5 we
study the possibility of extended supersymmetry of the YB-WZ model. We end with a
summary and conclusions in section 6. The conventions used throughout this paper are
given in appendix A. Appendix B reviews the construction [35] of the charges of the SU(2)
YB-WZ model paying particular care to the overall normalisations required to expose the
correct RG properties. In appendix C and D we collate a set of useful expressions which
were used in the calculations of the S-functions.

2 Yang-Baxter and Yang-Baxter Wess-Zumino models

In this first section, we present the Yang-Baxter Wess-Zumino model (YB-WZ) as con-
structed in [26], which will be the main topic of the remainder of this paper. Given a
Lie algebra g, we introduce an endomorphism R : g — g skew symmetric with respect to



the Cartan-Killing product (-,-) ((Rx,y) = —(z, Ry)) and obeying the modified classical
Yang-Baxter (mnCYBE) equation,

[RI,Ry] - R([‘T7Ry] + [R.’E,y]) = [:Cay] V:E,y €9, (21)

which further satisfies R? = —R. The canonical realization of R is most easily seen in a
Cartan-Weyl basis for the Lie algebra where it maps generators belonging to the CSA to
zero and where it acts diagonally on generators corresponding to positive (negative) roots
with eigenvalue +i (—i). Equipped with this structure, we define the YB-WZ action in
worldsheet light-cone coordinates as,

S:—%/ﬁﬁﬂg%ﬁ&ﬂﬁﬂR+ﬂ?Ml&m

k

S S P
. d d dgl) . 2.2
Y M3<g 9,19 "dg, g dg]) (2.2)

Here as usual the coefficient of the Wess-Zumino term, k, is an integer, quantised such
that the path integral based on this action is insensitive to the choice of the extension
g:Ms— G.

A short calculation yields, after integration by parts and discarding the total derivative,
the equations of motion,

552“%7/mMﬂ@y{@K+axg, (2.3)

with,

1
Ky = P (aFk)FBRy+ 77?,3) vt (2.4)

1

in which we recall v = dgg™" are the right invariant one-forms and,

Ry =adgoRoads 1, (2.5)

which, like R, obeys the mCYBE and is skew symmetric with respect to the ad-invariant
Cartan-Killing form (-, ). Using the inverse of eq. (2.4),

1 p
+ R
aFk = B+(aFk—7)2""

Ui:(a_7)<

B =y(aFk—9) 2)
R2\ KL, 2.6
@@+ ax k-7 o) 20
in dv — v A v = 0, one easily gets,
(ko /(@ —ay—k?)
0+K_ —0_K4 — [K4, K] = <a + Jala—) Ry
k~ 2
“ala—7) Rg> (04 K- +0-K4), (2.7)
if and only if the coefficients are related via [26],
B2 = % (o —ay —k?) . (2.8)



So we conclude that the currents K4 are on-shell flat provided eq. (2.8) holds. This is
sufficient to guarantee classical integrability as the equations of motion follow then from
the flatness of the standard g®-valued Zakharov-Mikhailov Lax connection [42],

1

,,%i(z) - 1F¥z

Ks. (2.9)

We call the solutions to eq. (2.8) the integrable locus.! From eqs. (2.7) and (2.4) one
deduces the further conditions « # 0 and v # «, ensuring that the kinetic term is properly
defined. In addition, as all parameters «, 3, 7y, k are real and the kinetic term should have
the right sign (a > 0), we conclude from eq. (2.8) that the allowed values of o and ~y are
a € [|k|, oo[and v € {0, 0‘2;’“2} ora €0, |k|] and v € [—k2;a2 , 0}, where on a = |k| we
find the WZW point [13]: v =3 = 0.

For the particular subset of the integrable locus given by [1],

1 2
k=0, a=-, f=— 11 ~4=_T _ (2.11)
T

T (1 +n?)’ T(1+7%)’
the action eq. (2.2) reduces to what has become known as the n-deformed principal chiral
model which is integrable [2] with the dynamics encoded in the flatness of a g€-valued Lax
connection .Z(z) depending on a spectral parameter z € C. This theory displays a fascinat-
ing structure of infinite symmetries [3]. At the Lagrangian level the left acting G symmetry
is preserved and is complemented, as in the undeformed principal chiral model, with non-
local charges furnishing a Yangian )(g). The right acting G’ symmetry is broken to its Car-
tan in the action eq. (2.2), but is enhanced by non-local charges to form a classical version of
a quantum group Uy (g) [3] (actually further extended to an affine U, (§) [36]). Schematically,
for a given simple root there exists a local charge 9 and non-local charges Q% that obey,

Qf —Qf

ar o =it —

gt

{(9F, Q) = +i0*. (2.12)

The quantum group parameter is given simply by ¢ = exp(877n) which is an invariant
under the renormalisation group flow of couplings [15].

The charges that generate these symmetries can be obtained by expansions around
suitable values of the spectral parameter of the monodromy matrix,

U(2) = Pexp [ / da.,i”g(z)} , (2.13)

which is conserved by virtue of the flatness of .. The Yangian left acting symmetries
are found through expansions around z = oo whereas the right acting quantum group

!To translate to [26] we have the dictionary of parameters («, 8,7, k) — (0%, R, k', K)

/P . B LIRS
a—y a—y a—y 4

(2.10)

however we shall continue with the («, 8,7, k) such that k gives the level of the WZW model that will
appear at IR fixed points.



symmetries are found [3] via the expansion of the gauge transformed Lax around special
points corresponding to poles in the twist function of the Maillet algebra [37].

Much of the story for the general n-deformed model was first established for the case
of g = su(2) which corresponds to the sigma model on a squashed S® (the Kalb-Ramond
potential encoded by eq. (2.2) is pure gauge in this case and though it doesn’t effect the
equation of motions it corresponds to an improvement term to ensuring flatness of currents).
The integrability was established many years ago by Cherednik [38]. Somewhat later the
classical Yangian symmetry was shown in [39] and the (affine) quantum group symmetry
in [40, 41].2

Now we turn to the case where k % 0 which is the main focus of this paper. Again
historically this was first well explored for the case of g = su(2). The left acting symmetry
is still a Yangian [34] but the right acting symmetry is more mysterious [35] (we review the
construction of the charges generating these generalised symmetries in appendix B). One
finds a structure similar to an affine quantum group U, (511/(\2)) with,?

81O
02 + k2} ’

but with a modification in how the affine tower of charges is build up. Namely, instead of

¢ = exp { (2.14)

taking successively the Poisson bracket to access the next charges in the tower, the Poisson
bracket is multiplied at each step by an additional factor,

v _ k+1i®
vt k—iO’

To move down, the Poisson bracket needs to be multiplied by its inverse (see figure 2 of [35]

(2.15)

for further details). Here the combination,

02=2 (a(a _77) ) , (2.16)

will play a distinguished role in what follows; it will be seen to be an RG invariant.

As mentioned above, several partial results were already obtained for the YB-WZ
model in the particular case where g = su(2). In this paper we mostly focus on the case
where g is arbitrary. As we will see the general case shows several features which are absent
when g = su(2).4

3 Renormalisation of the YB-WZ model

Our aim is to calculate the S-functions for the couplings {«, 3,7} in the theory defined
by eq. (2.2) without first assuming that the couplings lie on the integrable locus eq. (2.8).

2There is a small but potentially important subtlety here. In [41] the affine charges are constructed from
the expansion of a trigonometric Lax at infinity and appear in the principal gradation. When the charges
are extracted from the gauge transformation of the rational Lax evaluated around the poles in the twist
function as in [36] they appear in the homogeneous gradation; to go between the two gradations requires a
spectral parameter dependent redefinition of generators.

3Here we restore the overall normalisations to the results in [35] and map to our conventions.

4Mathematically all differences between the general case and the simpler case where g = su(2) arise from
the fact that su(2) is the only simple Lie algebra where all roots are simple roots.



The coupling k being integer quantised evidently does not run. To do so we will proceed

geometrically; for a general two-dimensional non-linear sigma model the S-function for the

metric G, and Kalb-Ramond two-form potential B, in local coordinates x# are given by,
at one-loop,

d 2G / 1 2 AV

M@GIJ«V = Buu = <R,U«V - 4H;w> + O(a ) ’

d

Wy

1 (3.1)
B,uu = ny =a <—2v/\H)\uV> + O(o/)Q’

where H = dB is the torsion 3-form and the connections and curvatures are to be calculated
using G. However, the diffeomorphism and gauge covariance of G and B means that these
B-functions are ambiguous (even at one-loop order) [43, 44] allowing us to modify them by,?

/BEV = /BEV + V(MWV) )

_ . 3.2
BE, = B5 + (ewH)uw + (dA) (3.2)

with W and A arbitrary target space one-forms. For the sigma model defined in eq. (2.2),
of which the left acting G symmetry is unaltered by the deformation, the target space data
is most naturally expressed in a non-orthonormal frame formalism with frames defined by
the left-invariant one-forms u = ¢~ 'dg = —iu’T} as,

Gap = arap +7R%p, (3.3)

and torsion,
Hape =38 Fap”Rep — k Fasc - (3.4)

Here kap = (Ta,TB), R(T4) = RPATp and algebra indices out of position are lowered
with k25. To completely fix things one should set o/ = 2 so that the standard normalisation
of the WZW models is recovered in the case a = |k|,8 = v = 0.

After a long battle making use of the properties listed in appendix C and the expres-
sions of the geometry in the non-orthonormal frame listed in appendix D one finds that
the S-functions are given by,

) Ko —27) s 7 1 G o 4 32
G _ B - 1 (@
Bap ca (204(7_@)2 (’y—a)2 2(7—04)2 2> KAB 5 < ('y—a)?> RAp
(1 B 5 o s
(a (v —a)? T v —a)2 (- Fap~ Fpc™ (R)"E, (3.5)
- 2
B = P Fap®FpcPRP g + ca Rap - (3.6)
a—7 oa—y

The terms in blue involve tensor structures that are not present in the metric ansatz. If
these terms are not removed it would mean that under the RG flow the metric would flow
out of the ansatz specified by eq. (3.3). Let us exploit the diffecomorphism symmetry to

5Note that the Lie derivative acts on Lw B = tw H + duw B and the latter term being a total derivative
can be discarded within the action.



try and ameliorate the situation. With this in mind, note that for a one-form W whose
components W4 are constant in frame indices we have:

I v C(>2\D C(p2\D
ViaWg =1 (Fap®(R + Fpp® (R*)"a) We,
(AW B) 20‘_7( p (R*)"B Bp" (R7) ) (3.7)
(iwH) ap = 38Fap "R oypG“EWg — kFapcG“PWp .

First, we try to use an appropriate choice of W to remove the offending blue term in BG.
However, using the properties listed in appendix C, one can show that the only sensible
choice of G~'W involving the structure constants and the R-matrix will always be Killing.
Nevertheless, by taking the components W proportional to F4p“RP ¢, one can show that
it is again Killing but can now in fact absorb the offending first term in BB . Finally, we
remark that for the case of g = su(2) (¢g = 4 in our conventions) the contribution of the
parameter 8 cancels exactly in BG and can be gauged away by an appropriate gauge choice
A in BB eq. (3.2) since Rapu® A uP is a pure gauge improvement term for su(2).

We now consider the remaining offending term in BG eq. (3.5). Using a Cartan-Weyl
basis for the Lie algebra and calling Lie algebra indices corresponding to positive (negative)
roots as a, b, ...(a, b, ...) and those corresponding to directions in the CSA by m, n,
...one gets,

Fap®Fpc®(R)PE = cgrap + Fam® Fpc™. (3.8)

The second term is non-vanishing only if the index A corresponds to a positive root and
the index B to the corresponding negative root (or vice-versa) so one would expect it to
be proportional to 73?4 - Explicit computation gives,

Foun®Fac™ = —kga@-d=a-aR>,, (3.9)

where @ - d is the length squared of the root a. In our normalization it is always equal to
2 for simply laced groups (g = A, Dy, Eg, E7 and Eg). For the non-simply laced groups
its either 2 or 1 (for g = B, C,, and F) or 2 or 1/3 (for g = G2). So the term in blue in
eq. (3.5) can be rewritten as,

Fap“Fpc®(R)Pp = cokap + 22(A, B) R4, (3.10)

where for simply laced groups x(A, B) = 1 holds. For non-simply laced groups x(A, B)
assumes two different values pending the values of the indices A and B. This implies that
only for simply laced groups the RG stays within the ansatz specified by eq. (3.3).

However, there is a second way to remain within the ansatz eq. (3.3). Till now we did
not impose any restriction on the parameters «, 3, v and k. Looking at the bothersome
term in the last line of eq. (3.5) we see that it precisely vanishes at the integrable locus
eq. (2.8) and we remain within the ansatz eq. (3.3) for any group (simply laced and non-
simply laced)! So we should distinguish two cases: case I, a restriction to the integrable
locus for general groups, and case II, a restriction to simply laced groups where we can
keep the parameters general.



Before analysing both cases, we will consider a useful quantity to understand the RG
flow: the Weyl anomaly coefficient 8%. It is defined through the expectation value of the
trace of the stress tensor,

D 1 1
ooy (r e - aoap - L) sow. )

1 - -
T) = —pB°RA 4. e _
(T) 4#3R +..., B G

with D the dimension of g. The quantity 3%, which one recognises in the spacetime
effective Lagrangian for bosonic strings, can serve as a c-function for the models we are
considering [45].5 Here we find for arbitrary groups in general,

s D  cgD 1 k% + B2 cal vy k%y + ap?
68 ((v—a)_?)(v—a)?’) 8((7—04)2 a(v—a)?’)

where [ is the rank of g. Focusing on the particular case of the integrable locus (i.e. case

(3.12)

I) this equation reduces to,

- D c¢cD ((@2 +a?)(at + k?(02 — 3a?) — 3®2a2)>

(I)—i
p= Y a3(02 4 k?)2

(3.13)

Whilst perhaps not so elegant, after applying the RG equations for this case we have,

d e _ D (k2 - a?)” (a2 + 02)% (30 — 20202 + 30%)
dt 4805 (62 + k2)*
Notice that because (3044 +306%— 2a2@2) has no real roots for a® € R and 02 € R we

explicitly see the monotonicity of the flow d¢3%® > 0 with ¢t — oo in the UV giving as
required 3%|gy > B®|rr. The IR is no more than the WZW CFT at a = |k|,y =3 =10

. (3.14)

(for which of course 5% = % - %}If + O(3)? in accordance with the large level expansion
of % times the central charge c = k,firzf).

3.1 Case I: general group G and restriction to the integrable locus

We will now restrict ourselves to the integrable locus, i.e. the coupling constant § satisfies
eq. (2.8),

5:i\/z\/m’ (3.15)

whilst keeping the group G arbitrary. Egs. (3.5) and (3.6) now become,

A k(o — 279) B2 72 1 cG a® + B2
G 2
— - _ _2 S (o VR
s = e (gt~ ~ e~ o 3) e 5 (1 e R
ca k*—a? ca Y 2 | 1.2\ p2
S i AN S S k 1
S T S ala (207 - 302 + B2 R3 5, (3.16)
AB
= R
BB G o Ran
1
= +cg 7 vaz—ay—k?Rap. (3.17)
a—v\a

5Tn general one would need to average, i.e. integrate this over spacetime coordinates but the special form
of the metric on a group manifold means that is not needed here.



Eq. (3.16) yields the RG equations for the independent coupling constants « and =,

da _ _cc ko

dt 2 (a—79)%’

dry cG gl 2 12

— =—— —5 20y -3 k). 3.18
dt 2 04(04—fy)2<cw T > (3.18)

Note that eq. (3.18) is simply a rescaling of that obtained for su(2) in [34]. Therefore, the
group dependence in the flow equations is limited to the rate of the flow. Indeed, absorbing
the factor c¢g in the RG time, t — cgt, the flow can be made independent of the Lie group
G. Eq. (3.17) also consistently yields the flow of the dependent parameter 3,

ap s
halp , 1
at G % (3.19)
Using these equations one immediately gets,
4 (BZ . (a? —ay — kQ)) _ X (62 7 (a? —ay — k2)) (3.20)
dt o a—7 a ’

showing that the integrable locus is preserved by the RG!
Moreover, this system has an RG invariant aside from the coefficient of the WZ term,
« (a2 —ay — kQ)

0? = S : (3.21)

in terms of which we have a single independent RG equation,

2 _ 12 2 2\2
d, e k) (@*+6%) (3.22)
dt 2 a2 (k2 +02)?

Returning to the discussion in section 2 we see that the parameters entering the charge
algebra are RG invariants since they are functions of © and k alone.

Discussion of the RG behaviour at the integrable locus. The case of SU(2) was
already considered in [34], where at first sight it appears to be different because the [
coupling is a total derivative in the Lagrangian and serves merely as an improvement term
in the currents. The renormalisation of this coupling in the case of SU(2) can be absorbed
by a gauge transformation generated by A of eq. (3.2). So in fact the analysis of the RG
phase portraits performed in [34] is equally valid here, corroborating the group dependence
of the flow. However, for completeness and later discussion we present in figure 1 the RG
behaviour of the G = SU(3) YB-WZ model at level k = 4 restricted to the integrable locus.

In this case, we have an RG invariant © given by eq. (3.21) which labels the RG
trajectories. The only fixed point is now the WZW at o = |k| =4, f = v = 0 in the IR.
Again, on the o =~y line the one-loop result blows up and the metric is degenerate. Since
we are restricted to the integrable locus, where [ satisfies eq. (2.8), the physically allowed
theories are located in the regions where (3, or equivalently the RG invariant ©, is real.
There are two such regions indicated in green.
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Figure 1. The RG evolution for the G = SU(3) and k& = 4 YB-WZ model restricted on the
integrable locus of the couplings « vs. 7. The arrows point towards the IR. The red line o = =y
depicts the points where the one-loop result blows up and it is labeled by ©2 = —k? = —16. The
black dot represents the WZW point (o = 4, § = v = 0) which is an IR fixed point with only
irrelevant directions. The green regions are those where the coupling 8(a, ) and the RG invariant
© are real. The yellow line portrays ©2 = 10, the cyan line ©2 = —10 an the purple line ©2 = —20.

A physically allowed trajectory is portrayed by the yellow line in figure 1, along which
the RG invariant has the constant real value. By varying the value of the RG invariant
O € R, we can cover the full region of physically allowed trajectories. In the green region
where v < 0, we start from the trivial fixed point at & =« = 0 in the UV and end up at the
WZW in the IR in a finite RG time. In the green region where v > 0, the WZW is again an
IR fixed point but the asymptotic behaviour is not yet apparent. However, as we will see
in the coming section, these two green regions are to be physically identified by a duality.

In the other regions, we have either 0 > ©2 > —k?, represented by the cyan line, or
©? < —k?, represented by the purple line. The crossover is given by ©2 = —k? which
corresponds to the red « = y line. In any case, we flow either to the WZW or to a strongly
~v-coupled theory in the IR. Conversely, flowing towards the UV leads either to the trivial
fixed point or to an unsafe theory.

Let us analyse the behaviour around the IR, WZW fixed point. If we linearise the flow
around the fixed point, i.e. let « = k+a and 3 =04 3 v = 0+ 7, we see from egs. (3.18),

do-_cg . df_cag di_ca,

dat kY A kT At k)
Since they all have positive sign’s on the right-hand side we conclude that these are indeed

(3.23)

irrelevant. Making use of the RG invariant eq. (3.21) and the integrable locus eq. (2.8) we
can express the action as,

1 _ O(a? — k? aa® — k? -
3__%/dadTTr (g 'o,g, <04]1+ 0([24_@2)724— ;Q+@2)R2>g 18_9) vz,

(3.24)
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where we choose the positive sign for the S-coupling. Now expanding around the IR fixed
point to leading order in & we have,

a 2kO 2k
S = Swzw,l9] — 2W/alo’ah’"[‘r <g_18+g, <]l + R

R*) g to_g) .

Prer s Ty er >g g)
(3.25)

To interpret this let us now go to the Euclidean setting and define the usual WZW CFT

currents,

TE) = I = ~ogg™ () = 5970, (3.26)

which obey a current algebra, and are Virasoro primary with weights (1,0) and (0, 1) with
respect to the Sugawara stress tensor. Consider a composite field ¢,7(z, Z) transforming in
representations labelled by ¢ and £ under the affine G, x G'gr symmetry. This field will also
be Virasoro primary and will be have an anomalous dimensions (Ay, Aj). As explained
in [46] the associated representation of the full Virasoro x KM algebra is degenerate with
a null vector. Because of this the anomalous dimension can be extracted as,
Cy

_— 2
= (3.27)

Ay =

where ¢/l = t§t§. Examples of such primaries are g(z, Z), the group element itself, but also
composites including the adjoint action,

D% (2, %) = tr(g 't%t"), (3.28)

that transforms in the adjoint of G, on the first index and the adjoint of G on the second.

This operator has anomalous dimension Ap = Ap = Céik and can be used to define the

“wrong” currents i.e.,
k
K = K%4® = —59—1&; =g 'Jg= K* = J'Db (3.29)

with dimensions (1 + Ay, Ap).
Now we can see that the deforming operator is of the form,

O(2,2) ~ K%z, 2) Mg J"(2), M= (11 + 2+0 R+ 2k RQ) (3.30)
’ ’ ’ k? 4+ ©2 k? + ©2 ’
and has total dimension 24+2Ap > 2 and is irrelevant even without any further corrections.
Suppose that we send © — oo then we are in exactly the situation considered in [13, 46]
of the flow of the PCM plus a Wess-Zumino term with the WZW as the IR fixed point.

Now recall that the Callan-Symanzik equation can be used to relate the beta function
to the anomalous dimension and indeed we see that in the large k limit (in which loop
corrections are suppressed) the anomalous dimension of O, yo — <& precisely in agreement
with the leading order of the beta functions eq. (3.23).

It would be interesting to develop this line further and to try and ascertain all loop
summation of the anomalous dimension following similar techniques to those adopted in
the context of A-models in [47]. There is however an added complexity that the deforming
operator is not diagonal in the algebra indices but mixed with the inclusion of the M matrix.
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3.2 Case II: simply laced groups and general parameters

Although it is outside the primary purpose of this paper — which is to study integrable
deformations — it is intriguing to look at the case of simply laced groups for which a
consistent renormalisation did not require the model to lie on the integrable locus. It is
then possible to rewrite egs. (3.5) and (3.6) as,

N ca k% —a? c a? + 32 k? + af?
BEB:—G_HAB—[G<1—62>+2<7 624- i )> Rig,

(v =) a(y—a)?  (y—a

A»B
— RAB - 3.31
Bap = ca o Ran (3.31)

This gives the following RG equations for the coupling constants «, § and v (with RG time
t =logp):

do _ cg K-’
dt 2 (a—7)%’
@ _,
dt “a—7’
2 2 2 2
O R S NP (Lt U S B (3.32)
di 2 (v —a)? a(y—a)?  (v-a)

We will analyse the RG behaviour in some detail below. However one already notices a
remarkable fact. Besides the standard WZW fixed point (o = |k|, f = 7 = 0), a second
fixed point seems to emerge at o = |k|, f = 0 and v = 2¢¢|k|/(cq + 4) iff. cg # 4 or thus
G # SU(2). We call this point FP2. When G = SU(2) the RG equations blow up on the
FP2 values (since then oo = =) and the second fixed point is removed. Furthermore, for
SU(2) one sees that the terms involving § cancel in the flow equation for 4 and the general
RG equations of the remaining « and « will coincide with the corresponding RG equations
when restricted to the integrable locus (see above).

The RG behaviour when not restricted to the integrable locus. To illustrate the
existence of the second fixed point FP2, we consider the RG flow for the case of the group
G = SU(3), setting k = 4. We plot the flow in two slices of the three-dimensional coupling
space (a, 3,7) in order to visualise various directions around the fixed points. Figure 2a
shows the flow of « vs. v in the 8 = 0 slice and figure 2b the flow of v vs. 8 in the oo = 4 slice.

From the above figures 2a and 2b, we see qualitatively that the WZW fixed point
exhibits three independent irrelevant directions and the FP2 fixed point one irrelevant and
two relevant independent directions. This can be made precise by again analysing the
linearlised flows in the neighbourhood of the fixed points. In a more compact notation,
denoting & = {a, 8,7} with i € {1, 2,3}, the linearlised flow can be written as,

9,

= A;:06 + O(562) . 3.33
In the neighbourhood of the WZW point we find,
wzw _ ¢G

Aot = \?Iéij’ (3.34)
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(a) The RG flow in the 5 = 0 slice. (b) The RG flow in the o = 4 slice.

Figure 2. The RG evolution of («, 3,7) for G = SU(3) and k = 4. The arrows point towards the IR.
The red line o = 7y depicts the points where the one-loop result blows up. The black dots represent
the RG fixed points WZW and FP2. We see that FP2 exhibits two relevant (orange lines) and one
irrelevant (black line) direction. The WZW is a true IR fixed point with only irrelevant directions.

which gives indeed three independent irrelevant directions (they have positive eigenvalues).
On the other hand, in the neighbourhood of the second fixed point we find,

cgtd g
caleg +4) ca—4

AbP? = = L 0 -1 0 : (3.35)
/ |k’(CG - 4) 2(Cg+4) 0 _cgt4
cag—4 cag—4

for which the eigenvalues read:

{CG(CG +4)° cglecg+4)  caleg +4)° } (3.36)

[k[(cc —4)2" [kl(cc —4)" [kl(cq —4)?

Thus, from the second fixed point indeed two relevant and one irrelevant independent
directions emerge.
At the two fixed points the Ricci curvature R (D.12) evaluates to,

caD
Rwzw = ﬁ,
CG 2 1
= —16) D + 2 1) —
Rppa e — 4)2 ((c¢; = 16) D + 2c¢ (e + 4)1) Ik

with D the dimension and [ the rank of G such that the target spaces are weakly curved for
large enough k and for which the one-loop result is trustworthy. Whilst there is no reason
to believe that the location of FP2 (i.e. the value of 7 at the fixed point) is one-loop exact,
it seems likely that its existence is robust to loop corrections. It is then conceivable that
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FP2 may define a CFT. This being the case, from the general dilaton S-function eq. (3.12)
we can read off the effective central charge cog of FP2 at one-loop to find,

ca(ca+4) ((16 + (cg — 16)cq)D + 6¢21) '

=D
Colt = D 2k (cq — 4)?

(3.37)
Before further discussing this possibility let us explore other aspects of the RG flow.

At first sight, and consistent with cyy > ¢rg, is that FP2 defines a UV fixed point from
which in the deep IR one arrives at the WZW theory. However, care has to be taken when
traveling over the line o = =, displayed in red in the figures. In the vicinity of this line the
one-loop approximation is evidently not trustworthy; the target space curvatures blow up
for small values of |y —a| as is clear from the curvature R eq. (D.12) and indeed the metric
Gap (3.3) becomes degenerate. In light of the apparent singularity of the one-loop flow
equations where y—a appears in denominators, it is then quite surprising that numerically a
global picture emerges with flows that transgress the red line. We are then led to ask if such
an RG trajectory can cross the a = -y line in a finite RG time. To show that this is possible
we concentrate on the slice of o = |k| illustrated in figure 2b and for further simplicity
consider going backwards along the orange direction § = 0 starting near to the WZW point.
Along this trajectory we can calculate the RG time At, with ¢ = log i, by evaluating,

V=V dt
At = X gy (3.38)
y=y v

One can show that there is no pathology associated with v = a = |k| in this quantity.
Given this, one is encouraged to take seriously the quantity B® defined in eq. (3.12) as a
would-be c-function for the flow connecting FP2 and WZW. For simplicity we again con-
sider this quantity along the orange direction § = 0, = |k| in figure 2b and plot the result
in figure 3. What we see is that 3 is sensitive, unsurprisingly, to the singularity at v = k.
Whilst B(I)‘UV > ﬁ~q>| 7r and its derivative is strictly positive, it is not a positive definite
quantity and diverges at v = k. Of course one should not read too much into this; the
singularity is just symptomatic of the breakdown of the perturbative approximation. One
could still expect that a correct strictly positive monotonic function exists and it agrees
with this one-loop approximate result where the one-loop result is valid.

Combining the observation that the one-loop approximation is robust around the fixed
points (for large k) and the unexpected global continuity of the numerical solutions in
figures 2a and 2b leads us to tentatively suggest that there is indeed an RG flow between
a new fixed point FP2 and an IR WZW model but that the sigma model description may
not be the correct variables to reveal this.

There are several points that merit investigation:

o At FP2, det(Gap) < 0. This means that some currents occur in the action with
a negative coefficient of their kinetic term. A conservative viewpoint would be to
regard this as non-physical but this then begs the question what is the UV comple-
tion of the model? Let us instead take FP2 seriously. Should FP2 define a CFT,
it is presumably non-unitary. In this case we would have an RG flow between a
non-unitary UV theory and an unitary IR theory. Perhaps this suggestion is not
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Figure 3. The Weyl anomaly coefficient 3% evaluated for G = SU(3) and k = 4 along the orange
RG trajectory 8 = 0, = |k| shown in figures 2a and 2b that connects the UV FP2 to the WZW
in the IR.

as outlandish as might first seem. By way of example we could consider RG flows
in minimal models. It is well known [48, 49] that the ¢(; 3) deformation of the pth
minimal model M, ., 1) triggers an RG flow resulting in the (p— 1)*" minimal model
IR.” Less familiar perhaps are the RG flows involving non-unitary minimal models,
i.e. M, q) with p,q co-prime and g # p + 1, whose study was initiated in [50-52].
More generally [53], chains of non-unitary minimal models can be connected by RG
flows triggered by alternating deformations of ¢(; 5) and ¢(2 1) which then terminate
in an unitary minimal model. One example from [53] is,®
®(1,5) ?(2,1) ,
.. .M(5’12) B M(5’8) E— M(g’g) e M(3’4) . (3.39)
An other example in [53] terminates in a flow from the Yang-Lee edge singularity to
the trivial ¢ = 0 theory. Recently in [54] it was shown that it is possible to relax
the requirement of unitary and still show the existence of a monotonic decreasing c-
function along such flows. So the learning here is that it is not a manifest impossibility
to conceive an RG flow between a non-unitary UV CFT and a unitary IR CFT.

e The fate of FP2 with regard to higher loop corrections needs to be established; does
it persist?

e Is the postulated FP2 both scale and Weyl invariant?’

e What are the corresponding affine symmetries and the exact value of the central
charge at FP2?

e What is the spectrum of primaries for this postulated CFT at FP27

"More precisely this occurs when the deformation parameter is negative, when the deformation parameter
is positive the flow results in a massive theory.

8Notice that this terminates in the unitary critical Ising model with ¢ = % and, just as with the flow
between tri-critical Ising and critical Ising, the single massless Majorana fermion of the final IR theory can
be interpreted as the goldstino for the spontaneous breaking of the supersymmetry present in M sg.

9For instance in n-deformed PSU(2,2|4) current understanding is that only scale invariance holds [5].
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These are evidently interesting challenges that we hope to return to in a future paper. For
the present we continue with our principle concern; the YB-WZ model on the integrable

locus.

4 Poisson-Lie T-duality of the YB-WZ model

Motivated by the Poisson-Lie symmetric structure of the n-deformation, one could wonder
how the YB-WZ action (2.2) behaves under Poisson-Lie symmetry. Remarkably the YB-
WZ model at the integrable locus features an example of the most simple realisation of PL.
The Poisson-Lie duality transformation preserves the structure of the action, reshuffling
the coupling constant in a surprisingly Busher-rule like manner. At the RG fixed point
(the WZW) the action is self-dual. This section, being somewhat technical, can safely be
omitted at a first reading and the reader can jump directly to the resulting “effective” trans-
formation rules of the Poisson-Lie transformation of the YB-WZ model in equations (4.10).

When restricted to the integrable locus, the YB-WZ model admits a 1st order formu-
lation as an £-model [32]. We refer the reader to the original paper for full details of this
construction but note here the essential ingredients of an £-model, and its connection to
sigma models, are:

(i) An even dimensional real Lie-algebra 0

(ii) An ad-invariant inner product (-,-)p : 0 ® 0 — R
(ili) An idempotent involution £ that is self-adjoint with respect to the inner product
(iv) A maximally isotropic subalgebra b (i.e. (21, 22)o = 0 V21,2 € h and dim b = } dimd).

Given the data of (i)-(iii) one can construct a lst order action known as the £-model.
Given further (iv) one can integrate out auxiliary fields from the £-model to arrive at
a non-linear sigma model. The field variables of this sigma model are sections (defined
patchwise if needed) of the coset D/H (with D, H the groups corresponding to d and b). If
a second maximally isotropic subalgebra b can be found then the procedure can be repeated
to yield a second non-linear sigma model on D/ H — this is the Poisson-Lie dual.

For both the YB (n-theory) and the present case of interest, the YB-WZ theory, the
relevant algebra is 0 = gC, viewed as a real Lie algebra with elements z = x + iy with
z,y € g. The addition of the WZ term requires that the inner product be modified to [32],

(21,22)p = CIm (€21, 29) (4.1)
where the parameters used in [32] translate to,
2 2 . —
81O k—i® ATt

e —

C

which are both RG invariant and match the parameters determining the (affine tower)
charge algebra in the case of SU(2) established in [35], see also appendix B. The involution
&, whose precise definition will not be illuminating for us and can be found in eq. (3.8)
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of [32], dresses up the swapping of real and imaginary parts of z € gC with parametric
dependance on p and also on e = —g. So unlike the innerproduct, £ is RG variant.
We have two maximal isotropics given by the embeddings of g:

P2 ;
h=(R—tan=(R*+1)—1i)g,
hp:<72—cotg(7€2+l)+i)g.

That these are subalgebras follows immediately since R satisfies the mCYBE and R? + 1
projects into the Cartan. That they are isotropic with respect to (4.1) fixes the trigono-
metric functions. Since h, = e’?a 4+ n where a and n are the corresponding algebras in
the Iwasawa decomposition D = K AN, we can think of b, as a twisted upper triangular
subalgebra and the other, § p» as lower triangular. Locally at least we can decompose,

D=H, H,=H, -H,, (4.4)

and because the standard Iwasawa decomposition can be modified to incorporate the twist-
ing by p as in [32] we can identify D = G® = G- H, = G - H,. Thus the cosets D/H, and
D/H, can be identified with G and so g € G can serve as field variables on either of the
two dual models. To extract the sigma models one needs to specify projectors P and P
such that,'?

ImP =bh,, KeP=(1+&p, ImP=h,, KeP=(1+EN. (4.5)

Explicitly if we let (making use of the definition of £ in egs. (3.7,3.8) of [32]),

w = e~ + icosh(p) + ie % sinh(p) = wy + iwy, T = ] ,
w2
and define,

O:R—tang(R2+1), @:R—cotg(R2+1), (4.7)

then,

Plgtdg) = (O —i) (O +2) g tdg, P(gldg) = (@ + z) (@ - x) g tdg. (4.8)

Equipped with all of this we can now simply specify the non-linear sigma models obtained
after integrating out the auxiliary fields from the £ models. They read,

k _ _
S = Sty zwylg) + 7T/dUdT (Pg~'0:9),97'0-9), ,
(4.9)

5 L . -
S = SWzwrlgl + 7r/OlUdT (77(9 '049),9 18_9)0 ,

where we emphasise that the deformed inner product on g€ of eq. (4.1) is used to define
the WZW models and that the term depending on the projectors has coefficient —2 times

OThere is a slight simplification here of the general formulas of [32] since g € G the adjoint action ady
commutes in this case with the idempotent £.
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that of the kinetic term of the WZW model. Using R?® = —R it was established in [32]
that the first of these actions matches the general model in eq. (2.2) with parameters «,
and v obeying the integrable locus relation. What of the Poisson-Lie dual theory? After
some tedious trigonometry and using the relations eq. (4.2) together with the definition of
the inner product eq. (4.1) one finds the action S is also of the form of eq. (2.2) but the
T-duality acts on the parameters as,

k.?
o= a=—,
o
B—pB=-0, (4.10)
. K tay-a? (2
VY= =——

a v
This is a truly elegant result; recall that % plays the role of o’ so that these Poisson-Lie T-
duality rules really do resemble the radial inversion of abelian T-duality. Being canonically
equivalent it must be the case that the T-dual model is also integrable, and indeed one sees
that a, B ,7 also sit on the integrable locus; this serves as a check of the T-duality rules.
We can see that the WZW point is rather special; it is the self-dual point of the duality
transformation.'’ As remarked earlier in the RG portrait figure 1 there are two regions
that corresponding to a real action, shaded in green and for which ©2 > 0. The Poisson-Lie
duality action simply maps the region for a < k one-to-one with that of o > k; these two
regions of course touch at the self-dual WZW fixed point.
The action of this T-duality on the charge algebra is also of note. It follows immediately
that the RG invariant combination is transformed as,

- k2
0—+0=—. 4.11
- (411)
Then we see that the quantum group parameter g = exp [ kEQ%Q} is invariant under T-

duality. However recall that the affine tower of charges (at least in the su(2) where it has

been established explicitly) differs from the standard affine quantum group by a multiplica-

tive factor between gradations of —ZJ_“;:@. This factor undergoes an S-transformation, i.e

it is mapped to negative its inverse. This illustrates that whilst the T-duality rules look
quite trivial, at the level of charges the canonical transformation that maps the two T-dual
theories can have quite an involved action.

5 The supersymmetric YB-WZ model

This section falls a bit outside the main line of the paper but is motivated by the following
observation. It is clear from the previous discussion that starting from a generic d = 2
non-linear o-model and requiring (classical) integrability, imposes severe restrictions on the
target manifold and its metric and torsion 3-form. However another way to restrict the
allowed background geometries is by requiring the existence of extended worldsheet super-
symmetries. Indeed asking that the non-linear o-model exhibits N > (1, 1) supersymmetry

HGelf-duality under PL of WZW models (with no deformations) was exhibited already in [55].
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introduces additional geometric structure which only exists for particular background ge-
ometries. A hitherto unexplored terrain is the eventual relationship between integrable
models on the one hand and extended supersymmetry on the other (however see [56] for
some early work in this direction).

In this section we explore the possibility of having N > (1, 1) supersymmetry in the YB-
WZ models studied in this paper. This is an interesting point in itself because if one thinks
about the potential use of these integrable models as backgrounds for type Il superstrings
in the NS worldsheet formulation then the existence of an N = (2,2) supersymmetric
extension is necessary as well. As we will see, the integrable deformations of the WZW-
model studied in this paper do generically not allow for an extended supersymmetry.

Given is a non-linear sigma model with target manifold M endowed with a metric G
and a closed 3-form H (the torsion). Locally we write H = dB. Passing to an N = (1,1)
supersymmetric extension of the model does not require any further geometric structure.
Indeed the action for the N = (1,1) supersymmetric non-linear sigma model written in

N = (1, 1) superspace is remarkably similar to the non-supersymmetric one,'?

S = /d% d*0 D+ X*(Gyy + Buw)D_X", (5.1)

where X* are some local coordinates on the target manifold.

However asking for more supersymmetry does introduce additional geometrical struc-
ture. E.g. N = (2,2) supersymmetry requires the existence of two complex structures
J+ and J- which are endomorphisms of the tangent space 7'M and which are such that
(M, G, H,J+) is a bihermitian structure [57, 58], i.e. M is even-dimensional and the com-
plex structures J4 satisfy,

1. J2 =1,

2. [X, Y]+ Ju [Te X, Y]+ Tx [X, ToY] — [T+ X, JLY] = 0 for all X, Y € TM, which is

the integrability condition for the complex structures,

3. G(J+X,)Y) = —=G(X,J1Y) for all XY € TM, so G is a hermitian metric with
respect to both complex structures,

4. V(+)j+ = V)T =0 with V&) covariant derivatives which use the Bismut con-
nections:

1
r® =+ §G_1H, (5.2)
such that in a local coordinate bases,
1
Vot = 5 (G Hop Tl = G Hape T2 ) (5.3)

where the covariant derivative V in the above is taken with the Christoffel symbol
as connection. This condition is equivalent to the requirement that the exterior
derivative of the two-forms w4 (X,Y) = —G(X, J1+Y) are given by:

dwi (X,Y, 7) = FH(J+ X, J+Y, T+ 7). (5.4)

12 A brief summary of our superspace conventions can be found in appendix A.
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Using the covariant constancy of the complex structure one can rewrite the integrability
condition (condition 2) as,

HX,T.Y, To2)+ HY, T+ Z, T X) + H(Z, T X, JoY) = H(X,Y, Z). (5.5)

Note that demanding N = (2,0) or N = (2, 1) instead of N = (2,2) supersymmetry only
requires the existence of J, satisfying the above conditions.

We now rewrite these conditions for the deformed models studied in this paper. Since
at the level of the action the deformation preserves the left acting G symmetry while
it breaks the right acting G symmetry (to its Cartan subgroup), the geometry and the
N = (2,2) conditions are most naturally presented in the basis of left-invariant one-forms
u?. Given the deformed metric Gap eq. (3.3) and the torsion H4pc eq. (3.4), we find that
the above conditions for N' = (2,2) supersymmetry translate in this basis to the following:

1. The first condition is simply,
TicTE = —o4. (5.6)
2. The second condition (using the form in eq. (5.5)) results in:
3Jf[AJfBHC]DE = Hapc , (5.7)
where H4pc is given in eq. (3.4).
3. The third condition yields, Gap = ijjiDBGCD or using eq. (3.3):

I akcp = —T phoa — g (TS BREL+ TS aRER) - (5.8)

4. After a little bit of work, the covariant constancy of the complex structures (the
fourth condition), translates to,

uc"0, I s = I pMP o — MicpIPs . (5.9)

where,
1
Mf{pe =T4,+ 5GADHDBC, (5.10)

and where the spin connection F‘gc is given by eq. (D.7). Eq. (5.9) implies an
integrability condition,

Il e REpop = Ripcp TE 5, (5.11)
where the curvature tensors R are given by,
Ripep = MEppMicy — MEopMLpp — Fop®M{pp. (5.12)

The integrability condition eq. (5.11) is the requirement that the complex structures
commute with the generators of the holonomy group defined by the connections in
eq. (5.10).
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While the first three conditions are given by algebraic equations eqs. (5.6)—(5.7), which
can be analyzed in a way similar to what was done in [59, 60], the last one, eq. (5.9), is
involved. However, the integrabilty conditions for the latter are algebraic again and can
be explicitly analyzed.

In [59, 60] these conditions were analyzed for the undeformed case, a = |k|, f =~ =
0, i.e the standard WZW model and it was found that on any even-dimensional group
manifolds there exist solutions to the above equations. Let us briefly review those results.
In the undeformed case the connections in eq. (5.10) are simply,

MApc =0,  MApc=Fpc?. (5.13)

With this one verifies that the curvature tensors in eq. (5.12) vanish (reflecting the fact
group manifolds are parallelizable), either trivially or by virtue of the Jacobi identities,
and as a consequence the integrabilty conditions, eq. (5.11), are automatically satisfied.
Turning then to eq. (5.9) one finds that J. f p is constant while J4 5 satisfies,

uch9, T = Tp Fop® — Fop? TP . (5.14)

In order to analyze the latter one introduces a group element in the adjoint representation,

Shp =iy, (5.15)
which can easily be shown to satisfy,
UC“(‘?MSAB = FCBD SAD . (5.16)

Using this and eq. (5.14) one shows that S4cJ¢p(S™!)P 5 (which is J_ in the right in-
variant frame) is constant as well. In this way the remaining conditions for N = (2,2)
supersymmetry, eq. (5.6)—(5.8), all reduce to algebraic equations on the Lie algebra which
were solved in [59, 60]. The result is remarkably simple: any complex structure pulled back
to the Lie algebra is almost completely equivalent to a choice for a Cartan decomposition.
Indeed the complex structure acts diagonally on generators corresponding to positive (neg-
ative roots) with eigenvalue +i (—4). It maps the CSA to itself so that it squares to minus
one and so that the Cartan-Killing metric restricted to the CSA is hermitian.

In the deformed case the integrability conditions eq. (5.11) become non-trivial and need
to be investigated first. While in principle this can be done for general groups (resulting
in not particularly illuminating complex expressions) we limit ourselves in this paper to a
detailed analysis of the simplest case: SU(2) x U(1). A more systematic analysis of the
relation extended supersymmetry and integrability in general is currently underway and
will be reported on elsewhere.

For SU(2) x U(1) the 8 deformation is a total derivative and can be ignored in the
present analysis. We choose a basis for the Lie algebra where tg = (03 +i0¢)/2, t5 = (03 —
i00)/2, t1 = (01+1i02)/2 and t; = (01 —i02)/2. In this basis the non-vanishing components
of the Cartan-Killing metric are given by x5 = #;7 = 1 and those of R by Ry = —Rii = 1.
The non-vanishing components of the deformed metric in the left invariant frame, eq. (3.3),
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are Gog = « and G;7 = a — . For the torsion, eq. (3.4), we get Hy; = Hg 7 = ik. The
hermiticity condition eq. (5.8) and the integrability condition eq. (5.11) are both linear in
the complex structures and as a consequence are easily analyzed. The hermiticity condition
eliminates 10 of the 16 components of each complex structure. A straightforward but
somewhat tedious calculation shows the following result for the integrability condition:

1. Tt is identically satisfied without any further conditions if o = |k| and v = 0. This is
just the undeformed SU(2) x U(1) WZW model known to be N = (2,2) supersym-
metric (in fact it is even N = (4, 4) supersymmetric ).

2. Tt is satisfied if o = |k| and only J9o = -7 and J}1 = —Jl1 are non-vanishing.

3. Otherwise, for generic values of «, v and k it has no solutions.

So we can conclude that in general the deformed SU(2) x U(1) YB-WZ model does not
allow for an N = (2,2) supersymmetric extension. Remains of course case 2 in the above.

From now on we take a = |k|. Checking eq. (5.14) one finds that only a vanishing J_ is
consistent with egs. (5.6) and (5.7) while J4 is constant and its non-vanishing components
are given by e.g. J% = —jﬂ() = Jh = —jji = ¢. This choice for J; also satisfies
egs. (5.6) and (5.7). So we conclude that the model is indeed N = (2,1) or N = (2,0)
supersymmetric but does not allow for N = (2,2) supersymmetry.

To end this section we formulate this model in N = (2, 1) superspace thereby making
the N = (2,1) supersymmetry explicit. In general one starts with a set of N = (2,1)
superfields 2 and 2 satisfying the constraints D, z® = 44 D, 2% and D, 2% = —i D 2%
which are a consequence of the fact that the non-vanishing components of the complex
structure J4 are J¥g = +idg and T 5= —1 5%. The action is expressed in terms of a
vector on the target manifold (i V,,, —i Vg),

1 A _
S=5 /d2a 20 do+ (z Vo D_z® — iV, D,za). (5.17)
Passing to N = (1, 1) superspace,

S = /d20 d20<GaB(D+zaD,zB +D+ZBD,ZQ) +

—|—Ba5(D+zaD,zE - D+ZBD,ZQ)> , (5.18)
one identifies the metric,
1
Goj = Gha =5 <8QVB + 83Va> : (5.19)
and the Kalb-Ramond 2-form,
1
Boj = —Bjo = 5(0aVs — 93Va) (5.20)

Now let us apply this to the deformed SU(2) x U(1) model where o = |k|. The group
element g € SU(2) x U(1) is parameterized in a standard way by,

B es(P1+02) og ¥ esle1—92) gip ¥
g g 62p 2 2 R

_6_%(901_502) Sin% e—%(gol—‘r(pz) COS% (521)
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where,
0<y<m, »1 € R mod 27, w9, p € Rmod 4. (5.22)

We introduce complex coordinates z* = (z,w) and 2% = (z,w) with o, @ = {1, 2} such that
J+ acts as +¢ on dz and dw. The complex structure in this case is exactly the same as the
one studied originally in [61, 62] (for a more detailed treatment see [63, 64]), so we can use
the results obtained there to write the group element in terms of the complex coordinates as,

—Zw

g = (27 +ww) 21+ ( w Z) , (5.23)

where the complex coordinates are related to the original coordinates as,

2= e 2P ealP17¢2) sin% , w= e3P e~ 3(P11¢2) g % . (5.24)
Note that in the undeformed case, which allows for N = (2,2) supersymmetry, z and w are
the chiral and the twisted chiral N = (2, 2) superfield resp. [61, 62]. In the undeformed case
we can readily derive the N = (2, 1) vector V, and V,, appearing in the action eq. (5.17) as

it directly descends from the generalized N = (2, 2) Kéahler potential K obtained in [61, 62],

K( % w,@) = —k (; (nwi)® + Lis () > , (5.25)

ww

from which we get,

= In(zz + ww), (5.26)

where the upper index 0 on V' points to the fact that we are dealing with the undeformed
case a = |k| and v = 0.

In order to extend this to the deformed case, i.e. v # 0, we first rewrite the deformed
geometry in terms of complex coordinates,

22 b (artdwd) - T (wds o
ds” = - (dzdz—l—dwdw) (72 + wa)? (wdz zdw) (wdz zdw),
k > T3 7y Ty = —
H = r T wa)? <dz/\dz/\(wdw—wdw)—i—dw/\dw/\(zdz—zdz)), (5.27)

where we put o = k. From the expression for the torsion one gets the Kalb-Ramond 2-form

as well,
B:_k_(fdzAdw—zdw/\dz) (5.28)
zZ +ww \w w
From this we obtain V, and V,,,
A T /7 o I (5.29)
z z2Z + ww w zz + ww
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where V? and V) were given in eq. (5.26). Using eqs. (5.19) and (5.20) one verifies that
eq. (5.29) indeed reproduces eq. (5.27) and (5.28). Combining eq. (5.29) with eq. (5.17)
gives the action of the deformed theory explicitly in N = (2, 1) superspace.

Concluding: as the generic SU(2)xU(1) YB-WZ model does not allow for N = (2, 2) su-
persymmetry, it looks highly improbable that deformed models for other groups would allow
for N = (2,2) supersymmetry. Even when only requiring N = (2,0) or N = (2,1) super-
symmetry, one finds that this is only possible for specific values of the deformation param-
eters. However, it is important to note that the above derivation is based on the canonical
form of the R-matrix. There is still an GL(2, C) freedom on the CSA directions of R which,
together with the possibility of going beyond a single Yang-Baxter to a bi-Yang-Baxter de-
formation, could still reveal extended supersymmetry (but since these geometries are more
complicated it would seem unlikely that they are more amenable to supersymmetries).

6 Summary, conclusions and outlook

In this paper we investigated various properties of the Yang-Baxter deformation of the
Principal Chiral model with a Wess-Zumino term introduced in [26].

As the undeformed model, the WZW model, exhibits rather unique features at the
quantum level, we made a one-loop renormalisation group analysis of this class of models.
For general groups and for generic values of the deformation parameters, the RG flow drives
the theory outside the classical sigma model ansatz given in eq. (3.3) and (3.4). However,
when the classical integrability condition is invoked, the renormalisation does remain within
the sigma model ansatz and moreover the integrability condition is preserved along the RG
flow. The fact that a very quantum property — the RG equations — are sensitive to
the consideration of classical integrability is rather suggestive. It is therefore natural to
conjecture that these models are quantum mechanically integrable. However, the non-
ultralocal property of such theories precludes a direct application of the Quantum Inverse
Scattering method. It would be very interesting to examine how the alleviation approach,
used in the context of the related A-models [65], might be applied here in order to unravel
the quantum S-matrix.

Another interesting aspect is that the WZW model is the IR fixed point; in comparison
the integrable A-deformed WZW has the CF'T situated as an UV fixed point. This model
then seems closer in spirit to the irrelevant double trace integrable deformations of 2d
CFTs constructed recently in [66]. Recently A type deformations have been studied in the
context of G, X G;/Gp4; coset theories [67]; curiously there the CFT is recovered as an IR
fixed point in the same way as we have here.

An unanticipated feature of this class of models is that when restricting to simply
laced groups but staying outside of the integrable locus, we found a second fixed point of
the one-loop B-functions which is UV with respect to the IR WZW model. Around this
fixed point, the curvatures of the target space geometry are small leading us to anticipate
that the existence of this fixed point is robust to higher loops. However, at this fixed
point a number of the currents have wrong sign kinetic terms. A conservative view would
be to discard this as non-physical but this then begs the question of the UV completion
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of the deformation we are considering. Tentatively we might suppose that the fixed point
corresponds to a non-unitary CFT and that we have an exotic RG flow from this in the UV
to the WZW in the IR. Comparable flows have been discovered in the context of minimal
models. Needless to say it would be interesting to examine this more robustly. A technique
that might help here could be to rephrase the entire discussion of these theories in terms
of the free field representations of WZW models.

An obvious exercise which remains to be done is an RG analysis of the integrable models
introduced in [27] that incorporate both bi-Yang-Baxter deformations and TST transfor-
mations. We expect this to be significantly more involved than the analysis performed in
the current paper as the deformations in [27] destroy both the left and right acting group
symmetry rendering the choice of a good basis to calculate the S-functions non-trivial.

An appealing feature of the landscape of 7, Yang-Baxter and A deformations is that
they provide tractable examples of sigma models that are Poisson-Lie T-dualisable. The
theories considered here also share this feature; in fact the Poisson-Lie duality (which
normally results in quite convoluted geometries) has a remarkably simple form. It results
in a set of “Buscher rules” that resemble Abelian T-duality in that coupling constants are
simply inverted. We see quite explicitly the compability of Poisson-Lie duality and RG flow
and in particular we find that the self-dual point of the duality and the fixed point of RG
are coincident. At this self-dual point the symmetries are enhanced and the theory becomes
the WZW CFT. With the understanding that the Heisenberg anti-ferromagnetic X X X
chain has a gapless regime in the same universality class as the SU(2);, WZW model [682]
an intriguing question is whether this PL duality can also be given an interpretation in
spin-chains.

Finally we studied the possibility of supersymmetrising these models. As for any non-
linear sigma model in two dimensions an N = (1, 1) supersymmetric extension is always
possible. Going beyond N = (1, 1) requires extra geometric structure, in particular every
additional supersymmetry requires the existence of a complex structure satisfying various
properties outlined in section 5 of this paper. Compared to the undeformed WZW model
these conditions turn out to be rather involved. We solved them explictely in the simplest
non-trivial example: SU(2) x U(1). For generic values of the deformation parameters no
supersymmetry beyond N = (1, 1) is allowed. For the particular case where the deformation
parameter «, defined in eq. (2.2), satisfies a = |k| with k& the level of the WZ term an
N = (2,1) extension is still possible while N = (2,2) is forbidden. We provided the
manifest supersymmetric formulation of this model in N = (2, 1) superspace.

The above analysis showed no obvious connection between integrability and the ex-
istence of extended supersymmetries (perhaps this is not so surprising, see e.g. [56]). A
useful exercise in this context would be the following. All bi-hermitian complex surfaces
have been classified [69, 70]. Those with the topology of SU(2) x U(1) are the primary
Hopf surfaces. A detailed analysis of the N = (2, 2) superspace formulations of those mod-
els combined with their integrability properties would be most interesting, in particular a
characterization of the notion of integrability directly in N = (2,2) superspace would be
quite exciting. In view of the results obtained in the current paper we expect that if a
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connection between extended supersymmetry and integrability can be obtained it would
probably not fall in the class of the models introduced in [26], however other possibilities
remain, e.g. the models developed in [27] and through the inclusion of an action on the
Cartan in the R-matrix. We will come back to this issue in a future publication.
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A Conventions

Let us establish our conventions. In this article we consider only semi-simple Lie groups
G. For the corresponding Lie algebra g we pick a basis of Hermitian generators,

[T4,Tp] =i Fap“Tc, (A1)
where F4g© are the structure constants which satisfy the Jacobi identity:
FapPFpc® + FoaP Fpp? + FpcP Fpa® = 0. (A.2)

We denote by (-, -) : gxg — R the ad-invariant Cartan-Killing form on g whose components
are (Tx,Tg) = iTT(TATB) = kap (with zp the index of the representation R). In
particular one gets for the adjoint representation,

FacPFpp® = —carap, (A.3)

with c¢g = 2hY where h" is the dual Coxeter number of the group.

Going now to a Cartan-Weyl basis where we call the generators in the Cartan subal-
gebra (CSA) H,,, the generators corresponding to positive (negative) roots 1y (13), where
we have [H,, T, = am T, and [Hy,, T5] = —am, T5. Using this one immediately gets from
eq. (A.3),

1
Rmn = hT Z Amn , (A4)

where the sum runs over the positive roots. With this we define the length squared of a
root @ by'® @- @ = a,,x™"a,. With our choice for the normalization of the Cartan-Killing

13,.m7 {5 the inverse of Kmn.

—97 —



form the length squared of the long roots is always 2 and for the non-simply laced groups
the length squared of the short roots is either 1 or 1/3.

We define left-invariant forms u = —iuTy = g~ 'dg which thus obey du? =
—%FBCAUB A u® whilst right-invariant forms v = —wATy = dgg~' obey dv? =
+3FpcvP AvC. The Wess-Zumino-Witten action [13] is,

k k
§=— : odr(g™"0+9,9" 0-9) + 5~ M3<g 9.9 dg,gdg)), (A.5)

in which g : ¥ — G and with g the extension of g into M3 such that OM3s = X. We adopt

+

light-cone coordinates o= = 7 + 0. For compact GG, and demanding that the action is

insensitive to the choice of action, requires k € Z.

In section 5 we deal with non-linear sigma models in N = (1,1) and N = (2, 1) super-
space. Let us briefly review some of the notations appearing there and refer to e.g. [63, 64]
for more details. Denoting for this section the bosonic worldsheet light-cone coordinates by,

ocf=r+0, oo =T7—0, (A.6)

and the N = (1,1) (real) fermionic coordinates by 6% and 60—, we introduce the fermionic
derivatives which satisfy,

) 1
Di:_ia:b Dz:_iaza {D-HD—}:O' (A7)

The N = (1,1) integration measure is given by,

/d20d2«9 = /dea D,D_. (A.8)

Passing from N = (1,1) to N = (2,1) superspace requires the introduction of one more
real fermionic coordinates 8 where the corresponding fermionic derivative satisfies,

D? = —% o., (A.9)

and all other — except for (A.7) — (anti-)commutators do vanish. The N = (2,1)
integration measure is,

/ o d?0dot = / drdo D.D_D, . (A.10)

B Charges in SU(2)

In this appendix we review the construction [35] of charges satisfying a quantum group
algebra for the case of g = su(2) paying rather careful attention to the normalisation of
canonical momenta so as to obtain the quantum group parameters expressed in terms of
RG invariant quantities.

In this appendix we use su(2) generators [T+, T3] = iT*, [T+, T~] = —T® and define
components of the left invariant one-forms via ¢ 'dg = u T+ +u_T~ + usT?.
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To orientate ourselves we begin with the Lagrangian eq. (2.2) specialised to the case

2
#%, v = 11772% with k = 0 incorporating some
of the key points of [3, 41]. Let us define some at first sight non-obvious currents,

1 n 1
21492 %

of the n-deformation, i.e. o = %, 8=

(Nug+ £iurs), Js= ot (B.1)

J+ = oy

in which > = 4n7n. These have simple Poisson brackets,

{js(01),43(02)} =0,

{jx(01),3(02)} = £ijs(02)d(01 — 02), (B.2)

{jx(01), jx(02)} = Fijs(o2)d(01 — 02) .
That these are indeed the correct objects to work with becomes evident if we look at the
Lax connection of eq. (2.9). Recall that the path-ordered exponential integral of the spatial
component of the Lax defines conserved charges. Expanding around particular values of
the spectral parameter gives expressions for the charges. In particular if we expand the
gauge transformed Lax £9(z) = g~ '.%,(2)g — g 10,9 around certain points z = +in —
these correspond to poles in the twist function of the Maillet r/s kernels — we find that
these currents occur naturally as,

LIz = Fin) = ADjLTF + 255373 . (B.3)

Using the fact that the Cartan element can be factored in the path ordered exponential
occurring in the monodromy matrix [71] one is led to construct (non-local) currents,
[e.e]

31(0,7) = s (0,7) exp {—22 / j3<&m>d&] ,

I (o,7) =7_(0,7)exp [22 /U j3(6,7)d&] , (B.4)

—0o0

J3(o,7) = j3(o, 7).

The equations of motion imply 9,3 = 9,3 for some J whose explicit form is not important
to us and thus that the charges Q = fix;o Jdo are conserved subject to standard boundary
fall off. The Poisson brackets give,

{J4(01),3=(02)} = é §(o1 — 02) Oy, exXp [—22 (/: —/_Z) jg(&)d(&} , (B.5)

where we note that “cross terms” involving the non-local exponentials cancel. Thus one
finds that, with suitable normalisation,

g —q
{Q—HQ—} =1 q_q_l ) {Q:bﬁ?)} = :l:iQ:ta q= 622' (B6)
Now we turn to the full theory including the WZ term. For this case we have the
definitions,
. k10 . 9 ) . 1
J+ = D) ((£ie® + kO)ust + a(Eik + O)urs) , Jz= 3 (kugs + aurs) ,

(B.7)
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which obey a non-ultralocal algebra,

Uso1),38(72)} = —-00,6(01 — 02),
{j=(01), a(02)} = +ijx(02)d(01 — 02), (B.8)
Us00), 5 (02)} = Fijalo2)0(01 = 02) = =00, 801 — ),

and from which we can build in the same way as above mutatis mutandis (non-local)
conserved currents as,

o 4 87 < .
3ulor) = ivloryenn | g [ o]

3_(0,7) = j_(o,7) exp [@ka /" jg(&,f)da—] | (B.9)

33(0-7 T) = j3(U7T) .
At the WZW fixed point (o = |k[,© = 0) these currents just reduce to the currents

generating the right acting affine su(2). As with the case above these currents appear in
the gauge transformed Lax expanded around the poles of its twist function, i.e.,

FikO + o? 1670 . 8 . s
LI 2= = T 3. B.10
<z ka+$i®a> et Tryiel (B-10)

For completeness we make the identification with the parameters v4 and y_ used in the

analysis of [35]:
81 8t

"=1e = hre (B.11)
such that,
i +ia-
'L—:_k Z,@, _T T 8O . (B.12)
Y+ k+l@ 2 ®2+k2

Even though the currents have a non-ultra-local algebra, the charge algebra is not ambigu-

ous [35] (there is no order of limits problem in regulating the spatial integrals) and the com-

mutator of charges (up to overall normalisations of Q%) still obeys eq. (B.6) with ¢ = e™2.

C Properties of R

We collate here a number of identities used in the massaging of the calculation of the

[B-functions. The strategy of deriving these identities is practically always the same: we

expand the mCYBE eq. (2.1) or related versions in the generators T4 of the Lie algebra and

contract two free indices with two from the structure constants F4g¢ or from FapPRCp.
For completeness, we repeat here the mCYBE:

[Rz,Ry] — R ([x, Ry] + [Rx,y]) = [x,y] Vz,y€g. (C.1)
From this we can derive a related identity,

[R%,Ry] - [Rx,R2y] =R ([R%,y] - [x,Rzy]) + [Rz,y] — [z, Ry], (C.2)
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and using R® = —R we can also derive:

[R%z, R%y| =R ([R?z,y] + [z, R?y]) + (1 4+2R?) [z,y], (C.3)
[R%z, Ry| + [Ra, R?*y| =R ([R*z,y] + [z, R?*y] +2[x,y]) + R* ([Ra,y] + [z, Ry]), (C.4)

for all z,y € g. This gives the following (non-exhaustive) list of properties of the R-matrix
all of which were used in the derivation of the S-functions:

RPARE pFppc+RY sRY cFppa+RPcRY 4Fprps — Fapc =0, (C.5)
(RHOP ARE g Fpp® + (RY)P AR g FpP +RP 4Fp©+ (A B)=0, (C.6)
(RHP AR F sFppc — (R*)Pc(RYE 4Fprs — (R*)P (R cFppa
—2(R*)¥cFapp—Fapc=0, (C.7
REER pFoa? Frp® + 2R pRY pFoaP Fpr® —carap =0, (C.8)
(R)P AR pFppCFop® =R pFap” Fop”, (C.9

(RYERE aFerP Fpp© + (ROF R pFap? Frp® + R pFap” Fop® +ccRap =0,

(C.10)
(R*)PrRC pFop" Fap® — (R)P pRE aFep" Fop® + REpFap” Fop® +ccRap =0,
(C.11)
(R*)P (R P cFpa“Fpp" +2(R*) P cFpa“Fpp® +carap =0, (C.12)
(R)P (R cFpat Fpp® +2(R*)F (R sFpp" Fpr® —2cc(R?) ap — carap =0,
(C.13)
(R®CRP ARY 5FpcE Fr® —RY ¢ (R¥ pFar® +RP aFrp®) Fgp®
—(R*)P¢FpaPFpp© =0, (C.14)
(R2)C p(RY)P GRE uFpp" Fpe® +2(RY)C pRE AFppP FpeF — caRap =0, (C.15)
(R*)FARY sRP ¢ Fpp® Fep® =RF sRE pFraP For”, (C.16)
(RQ)DGRHAREBFHDCFCEG + (RQ)EDFBCDFAEC — Cg(RZ)AB —cgkap=0, (C.17)
(RHCc(R*)P pRY ARF g Fpp® Fou™ +2(R*)P 5Fpc® Fap®© — ca(R?*) ap —2ccrap =0,
(C.18)
(R 4(RHP gRE g FpcC Frc? — (RH)P pREcFap® Fept + RY pFoaP FpeP = coRap,
(C.19)
(RO A(RHP R cFpeC Frp® = (R)P pRY cFap” Fpp©, (C.20)
REARP pFop® =0. (C.21)

D Geometry in the non-orthonormal frame

Consider a general Riemannian target manifold M with local coordinates x* and endowed
with a curved metric G. We work in a frame formalism é4 = e4"0,, where the metric is
constant but non-orthonormal:

G (z) = e, (2)Gapel (). (D.1)
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Requiring the spin-connection to be metric-compatible and torsion-free gives the following
connection coefficients:

1 1
I'5c = §GAE (Qes”Gpc + QecPGpE) + 5930‘4, (D.2)
where Q45 are the anholonomy coefficients determined by,
lea, e8] = Qapéc,  Qap® =eatep” (0, — 9ue,) . (D.3)

In our case, the target manifold is a Lie manifold G endowed with a deformed geometry.
Introducing left-invariant one-forms u = g~'dg = —iu/!Tadx” which satisfy,

1
du?t = —§FBcAuB Au, (D.4)

we go to the frames é4 = u/;0,. The deformed geometry in this frame is given by the
constant non-orthonormal metric eq. (3.3) and by the torsion eq. (3.4),

GAB:OZHABJFVR?L;B, HABC:3BF[ABDRC]D*]<3FABC~ (D.5)
The inverse metric is then (using R3 = —R):
1 gl
aAB _ 1 ap R2)AB D6
A (R (D.6)

For the spin-connection coefficients we find from eq. (D.4) that Q4p” = Fap® and thus,
4. — %GAE (FpsPGpe + FpcPGpp) + %FBCA . (D.7)
Noting that the spin-connections are constant, the Riemann tensor can be calculated from,
RApep =Thplep —Téplpp — Qen™Tip, (D.8)
and the Ricci tensor from,
Rap = R acp = -TE TS, — Fop®T%,. (D.9)

With the g-functions in mind we end this appendix with a set of useful expressions
which are found by plugging in the expressions of the metric eq. (3.3) and the torsion
eq. (3.4) and by making use of the properties of the R-matrix listed in appendix C:

e The spin-connection:

1 1
The = 5#_7 (Fep™(R*)P ¢ + Fep™(R*)Pp) + iFBcA. (D.10)

e The Ricci tensor:

2 2
cG gl G o 2
~ %Gy _y
Rap =+ ( +<7_a> )%AB 1 ( <7_a) )RAB

1
+2< v )FADCFBCE(R2)DE. (D.11)
a—
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e The Ricci curvature:

AB cG 1 ¥
— E— D l D.12
= RapG 4(@—a>*w—av)’ (D-12)

where D is the dimension and [ is the rank of the Lie algebra g. Hence, we have
Tr(R?) = —(D —1).

e Expressions from the torsion tensor:

H%p = HacpHpprG°PGPY
ak? — 2(’yk2 + aﬁQ) B2 9
p— - R
‘ < aly — a)? AR TG Ty TAB
2(~vk? + 32
+ (’7—52) (R2)DEFBCEFADC, (D.13)
aly —a)

5 k% + B2 3(vk? + aB?)
= e (2 osP - Mo ) (D40

VeH a5 = GPE (TG Hppe — TS5 Hpac)

2
Rap + p

-« V-«

=<6 RP pFapCFpc®. (D.15)

en Access. This article is distributed under the terms of the Creative Commons
ribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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