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The concept of integrability has so far played a vital role in deepening our understand-
ing of both sides of the AdS/CFT correspondence. On the string theory side the first
instance of classical integrability appeared in the seminal work of Bena, Polchinski and
Roiban [1]. There they constructed a Lax connection for the Green-Schwarz superstring
on AdSs x S° whose desirable features are its dependence on a spectral parameter and its
on-shell flatness, meaning that it satisfies the zero curvature equation if and only if the fields
of the theory satisfy their equations of motion. Such a property is perfect for solving the
field equations since the zero curvature equation with spectral parameter carries a wealth
of structure, ultimately leading to a complete classification [2-4] and reconstruction [5-7]
of essentially generic solutions.

Somewhat surprisingly however, a complete proof of classical integrability of the super-
string on AdSs x S° was only achieved relatively recently, first in a ‘weak’ sense in the pure
spinor formalism by Schéfer-Nameki and Mikhailov [8] and a year later in a ‘strong’ sense
in both the Green-Schwarz and pure spinor formalisms by Magro [9]; the precise sense in
which these respective results are ‘weak’ and ‘strong’ will be clarified. The reason it took
so long to establish a proof is that the standard definition of classical integrability, in its
modern incarnation [10], requires not only the existence of a Lax connection but also that
the Poisson bracket of its spatial component takes on a very special form [11-13]. And yet
all earlier attempts [14, 15] at proving this second point for the Bena-Polchinski-Roiban
(BPR) connection were never entirely conclusive (it is worthwhile noting that the bosonic
and principal chiral cases [16, 17] were not faced with the same difficulties). The reason
for this difficulty was hinted at in [9] where the calculation could be successfully brought
to completion after judiciously amending the BPR connection with terms proportional to
the Hamiltonian constraints.

The object of this paper is to justify the extension of the BPR connection used in [9] as
well as clarify its relation to the weaker result of [8]. Now since the Hamiltonian formalism



is better suited for the purpose of addressing the question of integrability, our approach
will be to (re)build the spatial component of the Lax connection from scratch with a purely
Hamiltonian mindset. In particular, since the superstring on AdSs x S® has many gauge
symmetries — from world-sheet diffeomorphisms, x-symmetry and the coset nature of the
target space — it will be important to correctly treat the corresponding constraints in the
Hamiltonian setting [18, 19]. Our definition of integrability in the presence of constraints
will be the same as usual but with the additional requirement that it ‘sees’ the constraints,
in the sense that

(I) The integrals of motion should all be first class.

(IT) The zero curvature equation should hold strongly.

In other words, condition (II) requires that the Lax connection be flat in the whole of phase-
space and not just on the constraint surface. This is the normal requirement for integrability
in the absence of constaints. It is also very natural in the constrained case because prior to
fixing any gauge it is desirable to make statements which hold in the entire phase-space and
are not restricted to the constraint surface. Indeed, one might later be interested in treating
the gauge invariance using BRST symmetry which requires extending the phase-space even
further. The fact that we are dealing with a constrained system is handled by condition (I)
which requires that all the ‘hidden’ symmetries generated by the Lax connection leave the
constraint surface invariant. This requirement is very natural since it effectively guarantees
that we are indeed discussing the integrability of the constrained system.

Mimicking the strategy used in [1] for constructing a flat connection, we will start from
a general linear combination of the phase-space variables and require it to satisfy conditions
(I) and (IT) in turn. Condition (I) by itself will be enough to produce a weakly flat connec-
tion, namely the BPR connection with fermionic constraints added, which modulo ghost
currents is equivalent to the pure spinor connection used in [8]. Imposing condition (II)
will add to this a further bosonic constraint to yield exactly the connection proposed in [9].

The paper is organised as follows. In section 1 we outline the general properties of
integrable systems when constraints are present, motivating the conditions (I) and (II).
We also illustrate our construction of a Lax matrix based on these conditions in the finite
dimensional case. In section 2 we set up the Hamiltonian formalism for the Green-Schwarz
superstring on AdSs x S°, using Dirac’s consistency algorithm to identify all the relevant
constraints. We then carry out the construction of the Lax connection by enforcing the
conditions (I) and (II) in sections 3.1 and 3.2 respectively.

1 Constrained integrable systems

In the Hamiltonian scheme [18, 19], a gauge system is restricted by a set of constraints
{¢* ~ 0} to live in a submanifold ¥ of the full phase-space (P, {-,-}). As usual ‘~’ denotes
equality on ¥. Furthermore, it is the first class property {H, ¢} ~ 0 of the Hamiltonian
H which ensures that the system stays bound to the constraint surface ¥ at all times. To
simplify the discussion, in this section we will treat the case of a finite-dimensional system,
dim P = 2n.



Figure 1. Symmetries in constrained systems.

Extensions. Given two functions F,G € C°(P) whose restriction to the constraint
surface X are equal, i.e. F' = @, their difference can be written as a sum over all constraints
¢?. Thus any F € C°°(P) can be freely ‘extended’ as F' ~ F+ 3", fa¢?. When F is first
class it should only be extended using first class constraints {y* ~ 0}, with the property
that {7%, ¢4} ~ 0. In the case of the Hamiltonian this leads to the introduction of the
extended Hamiltonian Hg = H + ), u,y* which combines the dynamics with arbitrary
‘gauge’ transformations.

One can also extend any function, including first class ones, by terms not less than
quadratic in the constraints since these have no effect at all on . For instance we can
modify the extended Hamiltonian as Hp ~~ Hg + Za,ﬁ uaﬁxo‘xﬁ, where {x® ~ 0} is the
set of second class constraints, without affecting the dynamics on the constraint surface X.

Symmetry. Consider a Hamiltonian action [20] of R on P with moment map u: P — R.
For this action to be a symmetry of the constrained system it clearly ought to preserve the
constraint surface {¢? ~ 0}, see figure 1. Therefore the moment map should be first class

{1, ¢} ~ 0, (1.1a)

after a possible extension p ~» pu+ 3 max®. Furthermore, any extension of the type

g+ Y mey" + Y mape?e” (1.1b)
a A,B

won’t affect the first class property (1.1a) and has the effect of combining arbitrary gauge
transformations with the actual symmetry, the quadratic terms having no effect at all on
31. Such considerations can easily be generalised to Hamiltonian actions of a group G on
P with moment map p: P — g*.

Integrability. Loosely speaking an integrable system is one which admits as many sym-
metries as degrees of freedom. Let p denote the number of first class constraints {y*}
and 2m the number of second class constraints {x®}. Since each first class constraint
~* generates a gauge symmetry on the constraint surface ¥, we are left with a total of
2(n — m — p) = 2k independent phase-space variables. We will therefore say that the



system is integrable if it admits a faithful Hamiltonian action of the k-torus T with mo-
ment map I = (Iy,...,I;) : P — RF such that the Hamiltonian H € C*(P), which is
unambiguously defined only on the constraint surface ¥, can be written weakly in terms
of the moment map H ~ H(I). The requirement that I is a moment map in particular
means that {I;} should be independent almost everywhere and since the torus is abelian
they must also be in involution,

{I;,I;} =0. (1.2)

As before the moment map should also be first class, which means that the integrals
{I;} must all be first class functions, i.e. {I;, ¢!} ~ 0, as in (1.1a). The freedom (1.1b)
however is not available if we want to preserve (1.2) although it might be needed in order
to establish (1.2).

Lax matrix. The modern formulation of integrable systems [10] is based on the existence
of a Lax pair L, M of matrix valued functions on P. In the constrained case these should
a priori have the property that the Hamiltonian equations on the constraint surface ¥ can
be written in the weak Lax form

{L,H} ~ [L, M], (1.3)

where H is the Hamiltonian. However, we will demand that the integrals I; be ob-
tainable from the spectral invariants tr L7 of the Lax matrix L, which could require a
possible extension

LWL—FZ)\A(;SA. (1.4)
A

By a well known theorem of Babelon and Viallet [21] the strong evolution property (1.2) is
then equivalent to the existence of an r-matrix such that the following strong equality holds,

{L1, L2} = [r12, L1] — [r21, L2]. (1.5)

Taking the trace over the second tensor space yields {Lq,tr L/} = [Ll,jtrg(rlng;l)],
which immediately implies that by extending the Hamiltonian H (and M) appropriately
we can ensure that (1.3) holds strongly

(L, HY = [L, M]. (1.6)

And more generally, every integral I; will have associated with it a Lax matrix M; such
that {L, I;} = [L, M;]. This reasoning also tells us that the extension of H will simply be
a spectral invariant of L after the extension (1.4), typically a residue of tr L.

2 Green-Schwarz superstring on AdSs X S°

Our starting point is the Lagrangian of the Green-Schwarz superstring on AdSs x S°
described as a supercoset model on PSU(2,2[4)/SO(4,1) x SO(5) [22]
VA
2

L= [Wﬁ str (AQ AP + ke str (A((J{I)A(ﬁfi))} +str (A(p A1 — V1idg)).  (2.1)



where as usual Vi = 9, — [A1, -] and the current A = —g~!dg = A 1AM 4 A@) 4 46)
takes values in the Grassmann envelope psu(2,2]4;T) of the Zs-graded Lie superalgebra
psu(2,2[4). Here v*? = /—hh®% is the Weyl invariant combination of the worldsheet
metric h,g while €*P is the two-dimensional anti-symmetric symbol and A is a Lagrange
multiplier imposing the Maurer-Cartan equation dA = A2. In the following section we give
a detailed account of the Hamiltonian analysis of (2.1) using Dirac’s procedure [18, 19] to
determine all the constraints.

2.1 Dirac’s consistency algorithm

Primary constraints. The independent dynamical variables are (Ao, A1, A, hog) and
their respective conjugate momenta are

oL oL oL o _ 0L o
' oA Ohap

Since none of these definitions depend on time derivatives each of them corresponds to
primary constraints. Noting that ITy and IT; — A form a set of second class constraints we
eliminate them by introducing the corresponding Dirac bracket {, }*. But for any pair of
functions F', G which do not depend on Iy one has {F,G}* = {F,G}. We can therefore set
IT; — A = 0 strongly to zero and keep the Poisson bracket. After doing this the Hamiltonian
density reads

H = \/2)\ [fyaﬁ str (Ag?)A(ﬁ?)) + 1e?P str (A((xl)Ag’))} 4 str(IT, V1 Ag).

Secondary constraints. The requirement that each remaining primary constraint be
preserved under the Hamiltonian H = [ do'H leads to a further set of secondary constraints.
Thus IIy = {Ily, H} =~ 0 yields for each grading the following constraints,

1

O = (v,1m1)® ~ 0, C? = ;0242 4 VA (V1I1)@ =~ 0,
¢ = “;mgl) + (Vi) ® &0, c® = — “;mgﬁ” +(V4I)®) & 0.

Since C®? is second class with the grade-2 part H(()2) of the primary constraint 1l we

introduce a Dirac bracket, which on functions independent of Il is equivalent to the Poisson
bracket. We can therefore set C(2) = 0 strongly to zero and also eliminate any dependence
on A(()Q). For such functions the Hamiltonian density can be rewritten up to boundary
terms as

H =Ny 4 AT = str (AW —str (400c®) —sur (40c®),  (22)

where T = VA str(.A(f).A(f)) with A(f) = 2\1/>\((V1H1)(2) ¥ \/)\A?)), and we have intro-
duced a new set of variables for the metric hqg,

L£901 _ vV —h 4 ho

)\i
Y11 hi1

5 =In hll- (23)



The advantage of this parameterisation is that A* are invariant under Weyl transforma-
tions hag +— e¢ha5 of the metric, whereas £ transforms as £ — & + ¢. Thence the Hamil-
tonian (2.2) is explicitly Weyl invariant because it depends solely on the Weyl invariant
functions A*.

Let us return to the last of the primary constraints p®? ~ 0 which now reads
oL oL

. =0, Te= _. ~0.

Ahs o€

i

The constraint m¢ generates Weyl transformations which can be fixed by choosing the
gauge fixing condition { ~ 0. But since the variables { and 7¢ never appear in any physical
variables we can simply discard them. Requiring that the constraints 7} be preserved
under the Hamiltonian, namely 7'Tj‘E = {7T:)|‘:, H} =~ 0, gives rise to the Virasoro constraints

Ty ~ 0. (2.4)

Adding to (2.2) a linear combination of all possible constraints T4, 72, cOL3) and

H8071,3) (0,1,3) ,1,3)7

, with arbitrary coefficients p*, vy, p and o gives the extended

Hamiltonian density

Hip =\ +p) T + (A +p )T vy +vomd
— str <(A((]3) +u(3’)0(”> _str ((A(()l) +u(”)C(3)) _ str <(A((]0) +u(°’)C(°)> (2.5)
+ str (a(3)H((]1)) -+ str (a(l)H((]3)) + str (a(O)Héo)).

Tertiary constraints. Next we must ensure that the new secondary constraints are
preserved under time evolution. The simplest of these to consider is the constraint C(©) for
which one can straightforwardly show that C(© = {¢(O Hp} ~ 0.

The requirement that the constraints C(13) be preserved is more involved. Recalling
first that the Lagrangian (2.1) is invariant under sk-symmetry only when x = £1 [23], from
now on we choose k = 1. After some algebra, the conditions CM ~ B ~ 0 boil down to

4D, 4V] = [A2, 5@ o, (2.6)
where 13) are related to x(13) through Aél’g) + (13 = i()\i—l—pi)Agl’g)—i—ﬂ(m). Thus the

preservation of the secondary constraints C (1,3)

doesn’t give rise to any tertiary constraints
but rather to a restriction of their respective Lagrange multipliers A((]l’?’) + p13),

Finally we turn to the preservation of the constraints 7. One can show that,
Ty~ —2Vastr (AP [AD, 40 4+ 0]) T~ 2V (AP AP, A + uD])

At first sight the conditions Ty ~ 0 could impose further restrictions on the multipliers
13 However, (2.6) already yields T\ ~ 0 so no further restriction on the Lagrange mul-
tipliers is required to preserve the secondary constraints 7'+ and the consistency algorithm
terminates.



(1,3) (1,3)

Using the expression for p in terms of i one can reorganise the extended Hamil-
tonian density for the variables ()\i,ﬂ'j‘:, A((]O’l’3),H80’1’3),A§0’1’2’3),H§0’1’2’3)) in the follow-

ing way
He =\ + pD T+ (AN +p )T —str (ﬁ(?’)C(l)) —str (ﬁ(l)C(g)) —str <(Aéo) + M(O))C(O)>
+ str (a(g)Hél)) + str (a(l)Hé?’)) + str (a(O)H(()O)) + 1/+7TJAr +v_m, (2.7)

where we have added to the Virasoro constraints 7. extra terms proportional to the
fermionic constraints by defining the following ‘shifted’ Virasoro constraints (c.f. [24]),

T, =T —str (Agl)C(g)) , T =T_ +str <A§3)C(1)> . (2.8)

2.2 First and second class constraints

To summarise the situation so far, we have a total of five primary constraints

gpl = H((]O) ~ 0, @2 = H(()l) ~ 0, @3 = H(()?’) ~ 0, @4’5 = wi ~ 0,
whose respective stability gives rise to five more secondary constraints
S=c0x0, ST=cDx0, F=c® o, 10 = 7, ~ 0.

These in turn do not give rise to any tertiary constraints. The distinction between primary
and secondary constraints however is of no real interest. A more relevant separation is that
between first and second class constraints, which requires computing the various Poisson
brackets between all the constraints {p!}19 .

It is obvious that all the primary constraints are first class since

(I, oy = {0, o'} = {157, '} = {md, 0"} =0, T=1,...,10,
As for the second class constraints, one can show for instance that C(©) is also first class since
(e (0),c¥ (@)} = [013,¢§ ()05 20, §=0,1,3,  {€0(0), Tu(o)} =0.

We refer to [9] for a definition of the quadratic Casimir Ci2 and its different gradings

C§i24_i). As usual the Virasoro constraints form a closed algebra [25],
{T4(0), T (")} = F [T(0) + T£(0")] pb00r = 0,  {T4(0),T-(c")} = 0.

On the other hand the algebra of the fermionic constraints C3) does not close, indicating
the fact that they are partly second class. Next, computing the bracket between the
Virasoro constraints 7%y and the C(13) reveals that they do not commute. This is slightly
puzzling at first since one would expect the generators of conformal symmetry to be first
class [25]. However one recalls that the Virasoro constraints ought to be shifted as in (2.8).
And indeed one can show that the brackets between the constraints 7. and C13) all
weakly vanish,

(Te(0),CD(@)} ~ 0,  {Ta(0).CP (")} ~ 0.



The upshot is that the true generators of conformal symmetry are not the Virasoro con-
straints T4 themselves but rather their shifts 7. defined in (2.8). One can check that they
too satisfy the Virasoro algebra, namely

{T2(0), Te(0")} = F [T(0) + T2(0")] 05050, {Ti(0),T-(0")} = 0.

In conclusion all the primary and secondary constraints {p! }}gl are first class except for
the fermionic constraints ¢’ = C(!) and ¢® = C®) which are partly second class since they
fail to commute amongst themselves, i.e. {C),C3)} 5 0.

2.3 Partial gauge fixing

At this stage it is possible to completely fix the gauge freedom generated by each one of

the primary constraints 7T:>|‘: and Héo71,3)‘ For this we choose the following set of contraints,
cr =\ —1~0, P = Aél) — )\*Agl) ~ 0, (2.9)
DO = A0 — A ~ 0, DO = AP + a+ AP ~o0. '

That these are a good set of gauge fixing conditions follows from the fact that cy =
DO31) ~ 0 are second class with T~ Hgo’l’g') ~ 0 respectively because

{Ci, 7T:>|\:} = 17 {D(B),ﬂ'_)’\_} = A§3)500/7 {D(l)aﬂ'i} = _Agl)(sog/a
0 0 00 3 1 13 1 3 31
(PP 1{} = 10,0, DY Y = b0, (DY TG} = CF 000

§0’1’2’3) H§0’1’2’3)) their Dirac and Pois-

son brackets coincide. We can therefore set all the constraints cx = DOL3) = 7} =

H807173)

Restricting attention to functions of the variables (A

)

= 0 strongly to zero and the extended Hamiltonian becomes
Hp=p"T, +p T —str </Z(3)C(1)) — str </1(1)C(3)) — str (,u(O)C(O)>, (2.10)

where the definitions of the variables p* have both been shifted by —1 and p(?) by —Ago).
By working in a particular representation of su(2,2|4) where A(f )Af ) ~ ¢ 1 for some
¢ (see for instance [23]), we can solve the constraints (2.6) on the multipliers i13) as

i~ 2VAAD kO] S &2V AP i)

where £13) are completely arbitrary. This then allows us to write the extended Hamilto-
nian (2.10) solely in terms of first class parts of the fermionic constraints ¢4 namely

KO =2vAAP icW) K@ =2v/AADic®)],. (2.11)
In conclusion of the above analysis, the setup for the Hamiltonian dynamics of the

Green-Schwarz superstring on AdSs x S° comprises the following ingredients:

0,1,2,3
(Al

e The total phase-space P is parametrised by the coordinates ,H§0’1’2’3)) and

equipped with the canonical Poisson structure

(A (o), 115 (o)} = C15 7 6(0 = o). (2.12a)



e The system is subject to the bosonic constraints 75 =~ C(?) ~ 0, all of which are first
class. The fermionic constraints C(1:3) & 0 are partly first and second class, with their
first class parts K(13) ~ 0 given in (2.11). We shall denote the set of all constraints as

{@4} = {1y, cOL3)), (2.12D)
Likewise the set of all fist class constraints will be denoted

(1} = {7To,cO, KO3}, (2.12¢)

e The extended Hamiltonian is the general linear combination of all the first class
constraints,

Hp =p T +p T —str <k(3)IC(1)) — str (k(l)IC(3)) — str <M(O)C(O)). (2.12d)

3 Hamiltonian Lax connection

The goal of this section is to construct the spatial component of the Lax connection within
the Hamiltonian framework laid out in the previous section. In light of the strategy em-
ployed by Bena, Polchinski and Roiban in the Lagrangian framework [1], we consider a
general linear combination of the phase-space variables

L=A"4aAW+54P +cAP 4+ (V1111 O 44(V1I1) D+ B(V1TT) @ +a(V4 1)@, (3.1)

where the parameters a, b, ¢, a, 3,7, p are assumed constant for simplicity. To fix them we
impose on L the two fundamental requirements (I) and (II) stated in the introduction.

3.1 A first class monodromy

In a two-dimensional integrable field theory with Lax matrix L, the integrals of motion
are given by the spectral invariants str (L)"™ of the monodromy matrix (L) [10]. In the
presence of constraints it is therefore necessary to ensure that the functions str Q(L)" are
first class, which indirectly imposes a restriction on the Lax matrix L.

The Poisson bracket of (3.1) with a generic constraint ® (o) from (2.12b) takes the form

{L1(0), @2(0")} = nX12(0") 05050 + [X12(0), Y1(0)]000", (3.2)

where X (0),Y (o) and n are determined from ® (o). The resulting bracket for the transition
matrix T'(oy,09) = P&Xp J5} doL(o) reads

{T1(01,09), ®2(0")} = x(0";01,09)T1 (01, 0") ([Xa2(0"), Y1(0") = nL1(0")]) T1(0”, 02)
+nX12(01)T1(01,02)8 (0! — 1) — nT1 (01, 02) X12(02)d (0! — 02),
(3.3)

where x(-;01,02) is the indicator function for the interval [0}, 03]. Let Q(L) = T'(2,0)
denote the monodromy matrix associated with L. The key observation is that for the



spectral invariants str (L)™ of the monodromy to weakly commute with the constraint
® (o) it is sufficient to require
[X12, Yl — ’I’]Ll] ~ 0. (34)

Indeed, by killing the first term on the right hand side of (3.3) this condition leads to a
simple bracket between Q(L) and the modes ®% = 02” do’ str (o’ )®(c’) of ®(0’), namely

{Q(L), 2%(c")} ~ [A(L), X¥] (3:5)

where X¢ = nstra X12(0)¢5(0). In turn, equation (3.5) immediately implies that str Q(L)"
is first class for any n € N.

Fixing the parameters. Choosing ® among the constraints in (2.12b), equation (3.4)
yields a set of conditions to be imposed on the parameters of (3.1):

e With ® =T we find X = —%A(Q), Ny = b BV and
1
Ve =neAl” + <c— a\/)\<2 + 1>>A§” +A®

1 1
+<a - WA<2 T 1>>A§3) + 2ﬁ(V1H1)(0>.

Comparing this with the Lax matrix (3.1) it is straightforward to show that the
difference Y. — n4 L is weakly proportional to .A(f ) provided

=20V X=n nt=nn®, - =1, P+2vA=n_n',  (3.6a)
where n' = ¢ + aé\/)\ and n® = a — 7%\/)\.

e With ® = C(13) we find respectively X1, = —C&?’),X%z = —Cgl) and

vi=n'al + A + 0P + VAP + AP +y(vim) @),
v =P A + 0, AP + (! — av AP + AP + a(ViI1) @

This time we need the differences Y13 — 3L to weakly vanish. This requirement

only leads to one further condition on top of (3.6a), namely

n'n® =1, (3.6b)

o With ® = C© we find X;5 = —Cgo), n=1and Y = L so that trivially Y —nL = 0.

Note that the conditions (3.6) do not depend on p. They constitute a total of five in-
dependent constraints on the remaining six coefficients {a, b, ¢, o, 3, v} which can therefore
be parametrised by a single complex number z. One such solution exactly corresponds to
the one put forward in [9], namely

a= i(z_g + 3z), b= ;(z_2 + 2?), c= 1(32_1 + 23), (3.7a)
I Lo _ b
5 2\/)\(2 z), I} 2\/)\(2 z%), @ 2\/)\(27 27). (3.7b)

,10,



All other solutions are generated by applying z — iz or z — 2z~ !. Plugging this parametri-
sation into the original Lax matrix (3.1) and temporarily setting p = 0 it reads

Lu = Lo + (z73 = 2)c™ + (71 =23 (3.8)

VA

where Lppg is the (spatial component of the) standard Bena-Polchinski-Roiban (BPR)
Lax connection [1] expressed in terms of phase-space variables, which can be written as

Lgpr = 224 + 271A§3) + A§°) + zAgl) - zQAf). (3.9)

An important remark is in order. Had we only insisted on imposing the first four condi-
tions (3.6a) coming from the bosonic constraints 7%, which would have been justified if
dealing with the bosonic string, the set of conditions on the parameters of the Lax ma-
trix (3.1) would have also admitted the BPR connection as a solution (namely a, ¢, a,y = 0
and b, 5 as in (3.7)). In other words, to correctly take into account the effect of fermions
and k-symmetry we must also impose the extra condition (3.6b) coming from the fermionic

constraints C13),

Admissible Lax matrices. Although the two connections Ly and Lgpr agree on the
constraint surface, by construction Ly has the desirable property that all the spectral
invariants of its monodromy matrix Q(Ly) are first class. Yet this statement fails to be
true for Q(Lppr) and this difference is due to the second class nature of the fermionic
constraints C("3). On the other hand, adding an arbitrary linear combination of the first
class constraints to Ly doesn’t destroy its special property, so that pC(O) can be reinstated
with p arbitrary. In fact, at this stage nothing prevents us from adding an arbitrary linear
combination of the first class constraints to (3.8), leading to the most general admissible
Lax matrix, with o, € C*°(P),

L=Lu+) o " (3.10)
a

3.2 Strong zero curvature equation

We will now fix the first class part of the Lax connection (3.10) such that it becomes the
spatial component of a strongly flat connection. For simplicity we shall go back to (3.1)
and limit our search to the following restricted class of admissible Lax matrices,

L=Lyg+pCY. (3.11)

But in order to write down a zero curvature equation we first need to identify momentum
and energy since these generate translations in ¢ and 7 respectively.

Momentum. The generator of o-translations is given by the density
P =T, — T —str(AVcO), (3.12)
in the sense that {F(0),P1(c')} = F(0')0,0,, or equivalently

{F(0), 1} = 9,F(0) (3.13)
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where Py = [do’Pi(0’) is the total momentum. This is easy to show for the different
gradings of the canonical variables Aj, V1II; and extends by Leibniz’s rule to any other
function F'. Note that it is the shifted Virasoro generators 7, which appear in (3.12) rather
than T%. Moreover, a further extension by the constraint C(%) is required for (3.13) to (hold.

This corresponds to the choice of non-zero rigid parameters pt = —p~ =1, (0 = Alo) in
the extended Hamiltonian (2.12d). We thus have for the general admissible Lax connection

{L(U’ Z)’ P1 (OJ)} = L(Jla Z)aoéaa’-

Energy. The question of 7-translations is more delicate since 7 is not intrinsically defined
as opposed to the o variable. Indeed, the 7-flow should correspond to the Lagrangian
equations of motion on the constraint surface, but this requirement does not uniquely fix
the generator of T-translations strongly since one can always add a quadratic combination
of the constraints.

Let us start by considering the equations of motion on the constraint surface. In the
partial gauge (2.9) the different gradings of the Maurer-Cartan equation dpA; ~ ViA4g
take the form

90 A ~ 0y AP + 2[4, AP] + 2[4, AD)), (3.14a)
80AY ~ 9, A 4 204%) AP, (3.14b)
VA3 AP ~ 0y (v111) @ 4 22 [AY, 4P, (3.14c)
80AP ~ —9, 4% 12040 AP 4204V 4D, (3.14d)
As for the bosonic Lagrangian equation of motion they read
3o(ViI)® ~ — VA9 AP + 2v/A (A0, 49, (3.14e)

The fermionic Lagrangian equations of motion on the other hand are automatic in the
partial gauge D13 ~ 0 of (2.9). The equations (3.14) can all be written in the Hamilto-
nian form

30149 ~ {Agi),Po}, 8o (V1I11)@ ~ {(V411)@), P}

where Py = [ do’Py(0’) and the energy density Py is chosen as
Po =T, + T —str(A”c©). (3.15)

Any attempt at finding a Lax connection which is flat in the strong sense using (3.15) as
our definition of the energy will ultimately fail. As alluded to above the reason for this is
that the equations of motion on the constraint surface can only determine the energy up to
terms not less than quadratic in the constraints. Exploiting this freedom we can therefore
add quadratic terms to (3.15) without affecting the induced flow on the constraint surface.
We claim that the relevant extension of the energy is given by

1

/3 str(CWe®). (3.16)

Po ~ Py +

- 12 —



At the end of this section we will explain how such an extension can be ascertained. For
the moment let us take (3.16) for granted and introduce the generators of o*-translations

PL=T + 2\1/A str(CMe®)) — str(AVc©), (3.17a)
1
P=T +, /s str(CWe®). (3.17b)

In terms of these, the energy density is given by Py = P, +P_, and likewise the momentum
density (3.12) reads Py = P+ — P_.

Fixing p. With these definitions in place, we claim that provided
1

"2

the flows generated by P4 in (3.17) are strongly flat, in the sense that there exists respective

Lax matrices Ly with the property that {L, Py} = L105050'+[L+, L]dse, or in other words

(1—2%), (3.18)

{L,Ps} =0sLy + [Ly, L] (3.19)

where Py = [do’Py(c’). To show this one simply evaluates the bracket {L, Py} which
takes the general form A 0,05, + B dy0r. Computing the difference B — [A, L] we find it
is proportional to 1 — 2% — 2¢/A\p so that equation (3.19) holds if and only if p is given
by (3.18).

Strong zero curvature. To summarise the result, let us denote the action of Py on the
entire phase-space as 0; = {-, Py} and introduce the Lax matrix Lo = Ly + L_. It then
follows from (3.19) that the Lax matrix of [9]

1

Ly =Lppr+ , (1—2% (c<0> +273¢M 4 z*lc<3>> (3.20)

2V

satisfies the following strong zero curvature equation,
[0 — Lo, 05 — L] = 0. (3.21)
Alternatively, the Lax matrices of o -translations are explicitly given by
3 1 1
L, = Ago) + 4zA§1) + 2Z2A§2) + 423A§3)

1
— (z(Vlﬂl)(l) + Z2(V1H1)(2) + 23(V1H1)(3) + (24 — 1)(V1H1)(0)> N

2v/\
(3.22a)
1 _ 1 1 2 3 _ 3
L,:—4z 3A§)—2z 2A§)—4z lAg)
I 1), -2 @, -1 3)
" (z (VI @ + 22V, 1)@ + 2 1(V410) ) (3.22b)

In particular, Ly € psu(2,2[4)[2] is localised around z = 0 whereas L_ € psu(2,2[4)[z7!]
is localised around z = co. If we introduce the notation 04+ = {-, P} for the derivatives in

oF respectively then (3.22) satisfy the following strong zero curvature equation,

[0y — L0 —L_]=0. (3.23)
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Strong r/s-matrix algebra. Let us motivate the extension (3.16) of the energy density
Po. The Poisson bracket of (3.20) with itself was computed in [9] and reads

{L17L2} = [7“12 — 512, L1]5ao/ + [7”12 + 8127[/2]500’ - 2812580—/, (3-24)

where the tensor indices 1 and 2 respectively imply a dependence on (o, 2z) and (¢/, 2’). See
for instance [11-13] for a general discussion of algebras of the form (3.24). After multiplying
by 2L; and taking the supertrace stry, equation (3.24) starts to resemble a zero curvature
equation. Now since the energy and momentum ought to be extractable from the Lax
matrix at its singular points z = 0, 00 [2-7], let us introduce the following differential

A
w = \1/6 str L2du,

where u = Q%J_rji is the Zhukovsky variable. Although this definition depends quite nat-
urally on u, since the Lax matrix is expressed in the z-variable we should rewrite du in
terms of dz. We can then write the densities (3.17) simply as

Pr = —res,—ow, P_=reS,ow. (3.25)

Weak r/s-matrix algebra. Let us also compute the Poisson bracket of Ly = L — pCO
with itself starting from (3.24). For this we need the Poisson brackets

(L1, €V} = O\ 056000 =[OV, Lit1)050r
{C( } §020)a 500’ [C§020)7LH2]500'/

as well as {c§° ,C(O)} [C§°2°),c(°)]5w/. A short calculation shows that

{Lu1,Lu2} = [r1i2 —s12 + pzcgo), Ly1]050 + [r12 + 512 — p10§°2°), Ly2)d00

— (2512 — (p1 + pQ)C:E(;O))aJ(SJJ’ + [,01P2C£020),C§0)]5ao/,

where p;, = ) \/)\(1 — 24). Then by restricting to the constraint surface, the last term

disappears since C(©) ~ 0 and we end up with the following ‘weak’ r /s-matrix algebra,

{Lu1, Luz2} =~ [7“22 - 5?27 Ly1]ds6 + [7"22 + 8227 Ly2]05or — 23225;0’7 (3.26)

0 .0

where the matrices 7, s¥ are related to r, s as follows

r=r"4 3= p2)C", s ="+ L(p1 + p2)C . (3.27)

This is precisely the relation between the r, s-matrices of [8, 9]. To see this, let us identify

MM

r, s with the matrices r n [9] since we are using the same convensions as there. Let us

also relate 7V, s to the matrlces pSNMgSNM i [8] by setting 70 = —iTSNM and 5" = }lsSNM.

The overall factor of }1 and sign difference for the r-matrix have been discussed in [9] and
come down to conventions. With these identifications the relation (3.27) then reads

—47’% = T%IM +(2- zf - zg)Cgo), (3.28a)
4s}h = s + (of — 2D 0y, (3.28b)

in agreement with the results of [8, 9].
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4 Conclusions and outlook

By reconsidering the construction of the Lax connection for the Green-Schwarz superstring
in AdSs x S° from a purely Hamiltonian perspective we arrived at the Bena-Polchinski-
Roiban connection extended by first and second class Hamiltonian constraints, exactly
matching the one considered in [9] where it was introduced in a rather ad hoc way.

Extensions of BPR. Our construction was broken down into two steps (I) & (II): before
demanding that our connection satisfies the zero curvature equation in the strong sense,
we first imposed the requirement that it led only to first class integrals of motion which is
very natural in the Hamiltonian setting. Both steps resulted in an extension of the (spatial
component of the) Bena-Polchinski-Roiban connection:

(I) Demanding that the spectral invariants of the monodromy all be first class required
the extension of Lppgr by the (partly) second class fermionic constraints C13) ag

_ Lo 4y (=301 —1p(3)
LBPRWLH—LBPR+2\/)\(1 z)(z cW+z27'¢C )

Without this extension the Lax matrix Lppr gives rise to integrals whose action via
the Poisson bracket do not preserve the constraint surface. The reason for this is that

(1.3) | If we were to

the constraint surface contains a second class part coming from C
introduce a Dirac bracket which took care of these second class constraints then,
after setting them strongly to zero, the action via the Dirac bracket of the integrals
obtained from either Lgpr or Ly would both preserve the constraint surface. The
Lax matrix Ly can therefore be thought of as a Dirac extension of Lgpr with respect

to the second class parts of the fermionic constraints C(13).

(IT) Requiring the Lax connection to satisfy a zero curvature equation in the strong sense
led to the further introduction of the first class bosonic constraint C(9) as

Ly~ Ly=Lg+ (1 — 2’4)6(0)

1
2v/\
Without this second extension the Lax matrix Ly is the spatial component of a weakly
flat connection — in other words flat only on the constraint surface. Fortunately, the
weakly vanishing terms which appear when considering the flatness of Ly could be
accounted for by adding to Ly an extra term in C(¥).

Notice that the first extension is of a fermionic nature and relates to kK-symmetry while
the second extension has to do with the coset nature of AdSs x S°. This explains why
these issues never arose in the context of bosonic strings formulated as principal chiral
models [16, 17].

Algebraic curve and finite-gap. An interesting question one may ask is how the al-
gebraic curve [2-4] is affected by the extensions. Since all the constraints vanish on the
constraint surface by definition, they won’t modify the algebraic curve associated to the
Lagrangian equations of motion which only dictate the dynamics on the constraint surface.
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One may wonder however what the significance of the algebraic curve constructed from the
strongly flat connection (3.21) might be, and whether it has a dual gauge theory interpre-
tation. In the same spirit, it would be interesting to apply the finite-gap construction to
the strong zero curvature equation (3.21) and determine whether the resulting action-angle
variables are sensitive to the extensions.

Connection with pure spinors. In [9] the coefficients of the constraints (%) in (3.8)
were fixed by comparison with the pure spinor Lax connection [26, 27|. Indeed, Ly is
exactly the spatial component of the pure spinor connection with the ghosts set to zero.
In fact, introducing

1

1
2A§)_

AW (vim)®, AP = - (V111 ®).

VA
(1,3)

which are the appropriate definitions of the temporal components Ay "™ in the Hamiltonian

formalism of the pure spinor string [9], defining A(()O) = Ago) as in (2.9) and noting that

_1
VA

from the constraint C(?) = 0 in the conformal gauge A* = 1, we can rewrite (3.22) as

AR = (V411;)@

Ly =AY 4240 £ 2240 42349 4 pcO,
Lo=AY 427340 427240 4 7140

where Ag) = %(A((]i) + Agi)). Now apart from the term in C(°) and the absence of ghosts,
these are exactly the holomorphic and anti-holomorphic parts of the pure spinor Lax con-
nection [26, 27]. It would therefore be of interest to construct the Lax connection for the
pure spinor superstring within the Hamiltonian formalism, in the spirit of the present arti-
cle, and compare the result to the Hamiltonian Lax connection (3.22) of the Green-Schwarz
superstring obtained here.
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