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ABSTRACT: We extend the work of Schwarz [1] to show that bound states of type IIB super-
symmetric (p, q)-strings on a circle are associated with M2-branes irreducibly wrapped on
T2, or equivalently with nontrivial worldvolume fluxes. Beyond this extension we consider
the Hamiltonian of an M2-brane with CL fluxes formulated on a symplectic torus bun-
dle with monodromy. In particular, we analyze the relevant case when the monodromy is
parabolic. We show that the Hamiltonian is defined in terms of the coinvariant module. We
also find that the mass operator is invariant under transformations between inequivalent
coinvariants. These coinvariants classify the inequivalent classes of twisted torus bundles
with nontrivial monodromy for a given flux. We obtain their associated (p, g)-strings via
double dimensional reduction, which are invariant under a parabolic subgroup of SL(2, Q).
This is the origin of the gauge symmetry of the associated gauged supergravity. These
bound states could also be related to the parabolic Scherk-Schwarz reductions of type I1IB
string theory.
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1 Introduction

Type IIB supersymmetric theories have an SL(2, Z) invariance that allows to define bound
states of (p, g)-strings. These can be interpreted as nonperturbative states of p fundamental
strings (F'1) with ¢ D1-branes [1, 2]. Bound states of strings and/or D-branes have been
studied in different scenarios, as for example, in terms of black holes [3, 4], or to define
boundary states in the context of AdS/CFT duality [5], see also [6-8]. Bound states of
(p, q)-strings in a background with fluxes were studied in [9]. They showed that (p,q)-
strings on a AdS3 x S3 background with mixed (RR and NSNS) three-form fluxes are
mapped into (p’, ¢')-strings on the same background with NSNS three-form fluxes by means
of an SL(2, Z) transformation.

An SL(2, Z) family of type IIB (p, ¢)-string solutions were obtained in [1, 10], with p
and ¢ coprime representing the NSNS and RR charges, respectively. Its supersymmetric



extension was obtained from M2-branes toroidally wrapped on general backgrounds in [11].
The well-defined action of T-duality on Dp-branes [12], allows to define bound states of
fundamental strings with Dp-branes [13]. The action of S-duality on bound states of (p, q)-
strings is also well-known to mix the RR and NSNS charges. The T-duality between type
II theories and the identification of type IIA with 11D supergravity on a circle induces the
relation of type IIB on a circle with 11D supergravity on a torus. Because of this relation-
ship, [1] proposed that the KK and winding terms of the mass operator of (p, q)-strings
compactified on a circle are obtained from the mass operator of an M2-brane on a torus [14].

The M2-brane on a flat space, more precisely the regularized SU(V) formulation, has
a continuous spectrum from [0,+o00) [15, 16]. For this reason M2-branes have not been
considered as fundamental objects describing microscopic degrees of freedom of M-theory.
This result led to the matrix theory conjecture [17], see also [18], where M2-branes were
interpreted as second quantized theory. However, in [19] it was noticed that M2-branes
compactified on a torus, have two well defined sectors related to the imposition of a topo-
logical restriction named “central charge condition”. It implies the irreducible wrapping of
the M2-brane on the compact sector, which ensures that the determinant of the winding
matrix is nonzero. It has been rigorously proved that M2-brane with central charges has
a discrete supersymmetric spectrum with finite multiplicity [20]. Therefore, the M2-brane
with central charges describes the microscopical degrees of freedom of a well defined sector
of M-theory. Furthermore, M2-branes with central charges are characterized by a 2-form
flux condition on the worldvolume and they also contain a symplectic structure [21]. The
sector without central charges defined on the same target space, is related to a reducible
wrapping on the compact sector, which corresponds to a winding matrix with a trivial
determinant and a continuous supersymmetric spectrum.

The Hamiltonian formulation for an M2-brane in the light-cone gauge on My x T2,
on a constant supergravity background with a Cy flux condition on 72, has a discrete
supersymmetric spectrum, as shown in [21]. In fact, the 2-form flux condition on the
target space is in one-to-one correspondence with the central charge condition, and the
Hamiltonian is related by a canonical transformation of the phase space variables. The flux
condition implies that the M2-brane is wrapped irreducibly around the compact sector. It
means that the determinant of the wrapping matrix is non zero. Consequently, M2-branes
with Cy fluxes are equivalent to M2-branes with central charges. It can be seen from [22]
that the symplectic structure and the flux condition present in both sectors are compatible.
Indeed, the global description is given in terms of twisted torus bundles with monodromy
in SL(2, Z) and it contains nontrivial U(1) gauge symmetries on the worldvolume [22].

In the original paper of Schwarz, the (p,q)-string mass operator on My x S! was
obtained from the mass operator of an “M2-brane wrapped n times on a torus” [1]. The
KK and winding terms were obtained by Schwarz, however the terms corresponding to
the oscillators were not computed. They were proposed as membrane excitations, but
their expressions in terms of the geometric moduli and physical degrees of freedom were
not obtained. Nevertheless, in [14], the bosonic part of this contribution was explicitly
computed and shown that it corresponds to the sector of M-theory named as M2-brane with
central charges, which is characterized by a discrete supersymmetric spectrum. Indeed, the



central charge condition ensures the appearance of the winding and KK terms on the M2-
brane mass operator, as well as the computation of, at least, the bosonic sector of the
terms corresponding to the oscillators. This is the origin of the oscillators on the type I1B
(p, q)-string in Mgy x S*.

The purpose of this paper is to obtain the string description of well-behaved sectors of
the M2-brane on a torus. We obtain the (p, ¢)-string mass operator on Mg x S! from an M2-
brane with nontrivial fluxes and nontrivial monodromies, not considered in [1] or [14]. It
contains a new term, not obtained in [14], that depends on the flux contribution, the moduli
of theory and the tension. Moreover, we perform a formulation that is completely super-
symmetric in contrast with [14] where only bosonic degrees of freedom were considered.
We obtain a new class of (p, ¢)-strings from supermembranes with nontrivial monodromies,
in distinction with the analysis done in [1] and [14], where only trivial monodromy was
considered. In fact the formulation in [1, 14] is a particular case of the general one in this
work. The monodromy group is a subgroup of SL(2,Z) (the group of isotopy classes of the
area preserving diffeomorphisms, the latter is the structure group of the M2-brane). For
a given monodromy group, the inequivalent formulations are classified by its coinvariants,
which identify equivalent (p, ¢)-charges. The orbits generated by the monodromy subgroup
acting on the elements (p, q) of a coinvariant are contained in the same coinvariant. A for-
mulation in terms of the coinvariants induces the appeareance of a new symmetry, that is a
parabolic subgroup of SL(2, Q) for the case of parabolic monodromies. This is the M-theory
origin of the parabolic gauging in type II gauged supergravity. Finally, we are generalizing
the computation of the standard type IIB (p, g)-strings on a circle to the supersymmetric
degrees of freedom. It contains a new term inherited from the flux condition. We are also
emphasizing that it is directly related to the sectors with discrete supersymmetric spectrum
in My x T? and trivial monodromy. Nevertheless, at least for parabolic monodromies, we
are identifying a particular type of (p, q)-string, which we have named “parabolic”. The
low energy limit of the corresponding theory of parabolic (p, ¢)-strings is not maximal but
a type II parabolic gauged supergravity.

The paper is organized as follows: in section 2, we briefly introduced the local and
global descriptions of supermembranes with CL fluxes. In section 3, we show that the
full mass operator of a (p, ¢)-string compactified on a circle is obtained from the M2-brane
with central charge. We show that the irreducible wrapping condition is necessary to obtain
the (p, q)-string. In section 4 we discuss the M2-brane twisted torus bundle inequivalent
theories. We obtain that the mass operator is invariant on an orbit of charges generated
by the monodromy [25]. In section 5, we show that for parabolic monodromies, M2-branes
with fluxes are invariant on the classes of coinvariants. In this case, we also obtain that the
mass operator is invariant under a transformation between the coinvariants that classify the
second cohomology group of the bundle, hence, connecting inequivalent M2-brane bundles.
In section 6, we obtain a new type of (p, ¢)-strings with restricted discrete symmetry given
by the parabolic monodromy of the M2-brane twisted torus bundle that we denote under
the name of ‘parabolic’ (p, ¢)-string. In section 7, we present a brief discussion and our
conclusions.



2 M2-branes on twisted torus bundles

The light cone gauge (LCG) bosonic Hamiltonian for an M2-brane in the presence of a
non-vanishing three-form background was given in [26], where the authors have considered
a general spacetime with metric GG, written in a convenient form using the gauge G__ =
G4— = 0. Its supersymmetric extension on a local Minkowski spacetime (M) was obtained
in [21] (where it was also shown its consistency with Cy,, constant, not necessarily zero)
and it is given by

H ! Lp, 10 + L (e, x00, X1
= |l-7=—<\zUda— a — (€ U v
(P —T1C ) \2 1
—TOT T, {X% 0} —TC,_ — TC’+] : (2.1)
subject to the first and second class constraints
P,0, X+ P_9,X™ + 59,0 ~ 0, (2.2)
S—(P.-TC)I 0~ 0, (2.3)

with T being the M2-brane tension and the unique free parameter of the theory, ﬁa the
canonical conjugate to X% and S, S are the conjugate momenta to 6, 6 (Majorana spinors
in 11D), respectively [16].

The embedding used in this paper, is the same one used in [15, 16] seminal papers. We
are considering the light cone gauge and hence the space-time indices p,v,p = 0,...,10
are splitted according to pu = (+,—,a), where a = 1,...,9 are the transverse indices to
the null light coordinates (see for example [16]). The worldvolume indices are i = 0, 1,2,
with u,v = 1,2 labeling the spatial coordinates. We are considering an embedding of the
M2-brane on the complete 11D space-time. That is, X%(o!,0%,7) are maps from ¥, a
Riemann surface of genus 1, to the target space, X% : ¥ — M.

The LCG three-form components are written according to [26] as

1
C, = —€™, X 0, X C_op + =€, X0, X Clrpe ,

. 2 (2.4)
Cy = §e“vauxaavxbciab, Ci_ =9, X 0,XCy_,,

where C;_, = 0 is fixed by gauge invariance of the three-form and Ci, and Cyp. are
assumed, in this work, to be nontrivial constants by background fixing. These constant
components of the three-form have nontrivial contributions to the Hamiltonian when the
embedding wrapps on a compactified sector of the target space, for example a flat torus. Let
us also note that X~ appears explicitly in the Hamiltonian through C, [26]. Nevertheless,
one may perform a canonical transformation of the Hamiltonian by performing the following
change of variables [21]

P,=P,-TC, P.=P_-TC_, $=8, X°=X° X =X, 0=0.



Indeed, it can be seen it is a canonical transformation of the phase space variables, since it
preserves the kinetic term and the Poisson brackets of the theory [21] (notice that the nota-
tion that we are following here is different to the one used in [21]). We may use the residual
gauge symmetry generated by the constraints to impose the gauge fixing condition P_ =
PY\/w, with \/w a regular density on the worldvolume. We can then eliminate (X, P?)
as canonical variables and obtain a formulation solely in terms of (X¢, P,) and (6, S).

If we consider a compactification of the target space, on a flat torus T2 characterized
by the Teichmuller parameter 7 € C with Im(7) > 0 and a radius R € R, the embedding
maps are splitted into the noncompact and compact sectors as follows X = (X™ X")
with m = 1,...,7 and r = 8,9, respectively. We may perform a Hodge decomposition
on the closed, but not exact, one-forms dX" = dX; + dA", where dX} are the harmonic
one-forms and dA" are the exact ones. dX; may be written in terms of a normalized basis
of harmonic one-forms dX” as dX L +idX? =2nR(l, + mﬂ')df( ". The wrapping condition
on the compact sector is given by

7{ d (X8 + iX9> =2rR(l, + m,7) € L, (2.5)

where C, denotes the homology basis on X, L is a lattice on the complex plane (C) such
that T2 = C/L and the winding numbers I, m, defines the wrapping matrix

W = ( ls by ) (2.6)
meg Mo

Once the dependence on X~ has been eliminated, a quantization condition on Cy can
be imposed. This condition corresponds to a 2-form flux condition on the target space
2-torus, whose pull-back through X}, with » = 8,9, generates a 2-form flux condition on
the M2-brane worldvolume as follows [22]
1 ~ ~ 1 ~
Cy= 7/ CirsdX" NdX°® = f/ CirsdX) NdX} = ci/ F =k Ap, (2.7)
T2 2 Jr2 2 Jr2 %

where Cys = cie,s with cx € Z/{0}, X" are local coordinates on T2, ki = ncy with
n € Z/{0}, Ap2 = (27 R)?Im(7) is the 2-torus area and F' is a closed 2-form defined on ¥
such that it describes a worldvolume flux condition

~ 1
/F: f/ dX" NdX®%€e.s = nAgpe, (2.8)
b 2 /s

where the integer n = det(W) # 0 characterizing the irreducibility of the wrapping, where
W is the winding matrix. Consequently, C is a closed two-form defined on the target space
torus. Indeed, the flux condition on 7?2 implies a flux condition on ¥ which is known as
‘central charge condition’ The irreducible wrapping condition ensures that the harmonic
modes are nontrivial and independent.

The Hamiltonian of the M2-brane with C_ fluxes becomes

HO = s / o/ [(f>2+ (5%)2+T2 (X7 x"2 420, X7 (29)

+ (frs)2+(ﬁrs)2)] PO / d*o/w(T _T,D,0 — TOT_T,, {X™,0}),



which is equivalent to M2-brane with central charges [19, 21], and
HC = g9 — 2139T/d20\/ac+, (2.10)

only differs in a constant term [21]. Interestingly, the supermembrane on Mg x T2 with
a central charge condition associated with an irreducible wrapping is equivalent to the
Hamiltonian of a supermembrane on M9LCG x T? on a quantized C_ background, i.e.
HEC = HC-. The degrees of freedom of the theory are X™, A", 6. On the other hand, the
symplectic covariant derivative is defined as [27]

D,X™ = D, X™ + {A,, X"}, (2.11)
with D, is a covariant derivative defined as [25, 28] and it satisfies

(Ds +iDy) @ = 2R (L, + m,7) {X", o},

uv
where {o, 0} = E—Ou e J,0. The gauge contribution is given by F' the minimal curvature
w

related to the flux on ¥ (2.7) and
Frs = Dy As — DA + {Ar, As}, (2.12)

corresponds to a symplectic curvature associated to the one-form connection A,dX", where
A" contains the dynamical degrees of freedom related to the exact sector of the map on 772

This Hamiltonian is subject to the local and global constraints associated to the area
preserving diffeomorphisms (APD)

Pﬂ’Xm +D, b + iﬁ ~ 0, (2.13)
{\/E Vw Vw
fgs [ijme N Pr(dX\,T}%— dar) | %] ~ 0,

which appears as a residual symmetry on the theory after imposing the LCG in the co-

(2.14)

variant formulation. In fact, we have shown that M2-branes with Cy fluxes are invariant
under the full group of simplectomorphisms, which considers the sectors connected and
not connected to the identity. Furthermore, symplectomorphisms on 72 are in one-to-one
correspondence to symplectomorphisms on ¥ [22]. Hence, the discreteness property of
the latter automatically implies the discreteness of the M2-brane with Cy fluxes. When
C4 # 0, the spectrum is discrete and shifted by a constant value.

On [29] a different canonical transformation of the phase space variables was considered
on the M2-brane formulation, in order to eliminate the nonphysical degrees of freedom. As
a result, an equivalent M2-brane Hamiltonian with discrete supersymmetric spectrum was
obtained with explicit presence of the transverse components of the three-form.

Classically, this Hamiltonian does not contain string-like spikes at zero cost energy that
may produce instabilites [30]. At quantum level the SU(N) regularized theory has a purely
discrete spectrum since it satisfy the sufficiency criteria for discreteness found in [20]. The



theory preserves 1/2 of the supersymmetry [21]. This theory is equivalent or dual to the
supermembrane with central charges. The M2-branes with C'y fluxes can be formulated
on twisted torus bundles with monodromy in SL(2,Z) [22]. In fact, the U(1) principle
bundle associated to the nontrivial quantized fluxes, or to the central charge condition,
is compatible with the formulation of the M2-brane on a symplectic torus bundle, with
structure group the symplectomorphism which preserve the U(1) curvature. There exists
a natural homomorphism

Mg 11 (2) — Ho(Symp(T?)) = SL(2, Z). (2.15)

The subgroup of SL(2,Z) determined by the homomorphism is called the monodromy of
the formulation. The classification of symplectic torus bundles with monodromy in terms
of H?(%, Zf)) was found by [31]. In the aforementioned paper it is shown the existence of
a one-to-one correspondence between the inequivalent classes of symplectic torus bundles
for a given monodromy conjugacy class inducing the module structure Zg on H{(T?) and
the elements of H?(X, Zg), the second cohomology group of the bundle with base > and
coefficients in Zg. This homomorphism gives to each homology and coholomogy group on
the bundle the structure of Z [II;(X)]-module. It classifies the symplectic torus bundles
for a given monodromy in terms of the characteristic class. Hence, the symplectic torus
bundles, with base manifold a torus, are classified, for a given monodromy, according to
the inequivalent coinvariants [25, 28].

Therefore, sectors of M2-branes on Mg x T2 with the irreducible wrapping condition,
contain two compatible gauge structures. The first one is given by the symplectic structure
of the bundle, which ensures the existence of a symplectic connection under symplectomor-
phisms. The second gauge structure is a nontrivial U(1) principal bundle related to the
2-form flux on ¥ due to the central charge condition or the 2-form flux condition on the
target-space.

In [22] it was proved that the symplectic structure and the U(1) principal bundle are
related and generate a twisted torus bundle,

Ty = Toq) — E' = %, (2.16)

where the base manifold is given by the worldvolume Riemann surface X, the fiber is a
twisted torus T2, given by the U(1) principal bundle associated with the nontrivial flux
condition on T72.

The LCG Hamiltonian of an M2-brane with Cy fluxes, can be generalized to make
the presence of the supergravity three-form transverse components, Cyp. with a = (m,r),
explicit in the final Hamiltonian [32]. This is relevant to make manifest in its D-brane
description, subject to quantized RR and NSNS forms, the appearance of the transverse
components of the B-field in the associated DBI terms. However, both nontrivial sectors
can be shown to be equivalent due to canonical transformations [33].

3 SL(2,Z2) (p,q)-strings from the M2-brane with C. fluxes

In this section, we extend to the supersymmetric M2-brane with nontrivial C+ fluxes and
trivial monodromy, [1] and [14]. See [11] for a different approach. In section 4, we will



consider the case with nontrivial monodromy. We will show, in this section, that the mass
operator of type IIB SL(2, Z) (p, q)-strings compactified on a circle of radius Rp coincides
with the mass operator of the M2-branes on a T2 with central charges, or equivalently with
C_ fluxes. The irreducible wrapping condition that characterizes these sectors, ensures the
existence of bound states. The sector without the central charge condition is only able to
reproduce type IIB fundamental strings, (1,0)-strings on Mg x S with null Kaluza Klein
on the compact sector, but with non zero winding. We will show that the results found
in [1] are only valid when the central charge or equivalently the C_ flux condition is present.
We extend those results to include the supersymmetric sector and the Hamiltonian terms
of the M2-brane to reproduce the (p, g)-string mass operator. A detailed computation will
be performed to facilitate the understanding of the differences with the new (p,q) string
sector discussed in section 5.

SL(2, Z) symmetries on the supermembrane with Cy fluxes. In [34] two inequiv-
alent SL(2,Z) symmetries of the M2-brane with central charges were identified. One is
associated with the target torus and will be denoted as SL(2, Z)p2, while the other is as-
sociated with the base manifold and will be denoted as SL(2, Z)x. In [22] M2-branes with
C fluxes were shown to be invariant under the 2-dimensional area preserving diffeomor-
phisms, or equivalently, 2-dimensional symplectomorphisms, connected and not connected
to the identity. The invariance of the Hamiltonian under those connected with the identity
is guaranteed by the first class constraint of the theory. The isotopy classes of symplecto-
morphisms on the base manifold determine a group, which in this case is SL(2, Z)y. The
symplectomorphisms not connected to the identity change the homology basis on X together
with the corresponding basis of harmonic one-forms and the winding matrix as follows

dX" — (S)TdX®, W — W(S7)™!, (3.1)

with S7 € SL(2, Z)s. The symplectomorphisms not connected with the identity on target
T? are the ones that change the moduli of the 2-torus by a modular transformation [34] as

follows,
b .
T—>T,:a7—j__d’ R — R' = Rler 4 d|, A— A= Ae'r,
cT
W W' = S;W, Q—Q = %5Q, (3:2)

with S2,55 matrices of SL(2, Z)p2 given by

Sy = ab . Sy = @ —b , e +d=|er +dle” . (3.3)
cd —c d

The bosonic part of the Hamiltonian is invariant under (3.2), and it corresponds to the
action of Sy-duality on M2-branes on a torus [34].
The full supersymmetric Hamiltonian also becomes invariant under (3.2) if the follow-
ing transformation is added
[ — T/ =Te"r, (3.4)



where I' = I'g +il'g is the complex gamma matrix present in the fermionic term and related
to the compact directions.

While the previous SL(2, Z)72 is generic for a M2-brane on a 2-torus, the SL(2, Z)x,
transformation is characteristic of sectors of M2-brane generated by the Cy flux condi-
tion. Therefore, the M2-brane with Cy fluxes Hamiltonian is invariant under both SL(2, Z)
transformations. It is worth to mention that both transformations are independent. The ir-
reducible wrapping condition ensures a one-to-one correspondence of symplectomorphisms
on T? and ¥, also assumed to be a 2-torus.

3.1 Mass operator of the supermembrane with Cy fluxes

We will firstly consider the winding and KK sectors of the mass operators [14]. The
embedding map to the compact sector is defined as

dX = (27R)(ls + ms7)dX® + dA. (3.5)

However, as noticed in [14], it is possible to use the independent and arbitrary SL(2, Z)
symmetries on T2 and ¥ to rewrite the winding matrix (2.6) as

n 0
w:<01>, (36)

and therefore (3.5) becomes dX = 2rR(ndX! + 7dX?2) + dA, where dA = dA' + idA? is a
dynamical exact one-form.

The pure harmonic contribution associated with the wrapping on the M2-brane Hamil-
tonian is given by

1
2P0

T2 1
g [ 0| VI X0 = oo (Tndga)? (3.7)
with n = det(W). Therefore, the winding term on the mass operator of the M2-brane
with C_ fluxes is
ME, = (TnAg2)*+ ..., (3.8)

However, the mass operator of the M2-brane with C'; fluxes contains an extra harmonic
contribution that results in a constant term

M@, = (TnAg2)? = 2P° Tk Ap2 + ..., (3.9)

with k4 = ncy. As the irreducible wrapping condition guarantee that n # 0, then the
winding term is strictly related with these sectors. A reducible wrapping will not generate
those terms.

In order to reproduce the KK term on the mass operator, the zero modes of the
momentum in the compact sector can be expressed, following [14], as

P = / prdo’ Ado?, (3.10)
P



with 7 = 8,9, which can be rewritten in terms of the Hodge dual of two well-defined
associated 2-forms (F)" on X. In fact, fixing r, it can be seen that for each r,

Rp = by/w (xF), (3.11)

E’LLU Fuv

with xF' =

and b a proportionality constant with dimensions of (energy) x (length).

If c=h =1, then b = 1. Consequently
RP° = b/ F, (3.12)
b))
and then, the following quantization conditions, are imposed for each value of r
/ F.=m, €Z. (3.13)
pX

In order to guarantee that the maps from the base manifold to the compact target sector
are from circles onto circles, we must consider the left hand member of

1 dx® X8
M- _ 7{ w( ¢ 3.14
27R Joo <dX9> Cs (dX9>’ (3.14)

[ 1 Re(7)
M = (o Im(T)) , (3.15)

where W given by (3.6), satisfies det(W) = n # 0. Now, by using the corresponding

with

conjugate momenta,
RPOM? = R / psMedo" A do? = bini. (3.16)
p)

~

ms
SE' Hence,

T

Consequently, the KK modes are given by P? = b(M™1)

mg

mg — mgRe(T)
R e 1
8 R’ 9 RIm(T) (3.17)
The KK contribution to the mass operator is given by
2P0 (L popor) 2,2 10T — P (3.18)
“\a2por (RIm(7))?’ ’

with g, p relatively primes, where it has been used that mg = mqg and mg = mp, with
m € Z. In fact, it can be checked that the KK term is SL(2, Z)72 invariant if p, ¢ transform
according to (3.2). The expression of the KK-term given by (3.18), which is in agreement
with the one obtained in [35], is strictly related to a well-defined compactification on a
2-torus, i.e. it is associated to the irreducible wrapping condition present in well-behaved
sectors of M2-branes. Indeed, when the wrapping of the M2-brane on the compact sector
is reducible, det(W) = 0, the map from ¥ to T? becomes degenerate and there is no
holomorphic map between them, consequently, there is no map from circles to circles.

~10 -



Finally, the M2-brane with Cy fluxes mass operator corresponds to [36]

2, 12 R

ME, = (TnAr2)” + bzm

where

(%)2 + (\%)2 + T; ({x™ X"} +2(D,X™)?  (3.20)

+(ITS)2)1 - 2;

H'% = H'® —2P°TnAzacy, (3.21)

1
H'Y = —/ d?o/w
2P0 Js Vi

/ &0 \/w(AT_T, Do — TOT_T,, {X™,0}),
D

The prime on the fields in the Hamiltonian indicates that the zero modes and the pure
harmonic contributions are excluded. The winding and the general expression for the KK
contribution on this Hamiltonian were obtained in [1]. They are strictly related to the M2-
brane with a central charge condition associated with the irreducibility of the wrapping or
with the presence Cy fluxes, on Mg x T?. The irreducible wrapping condition, ensures the
appearance of both terms.

3.2 Mass operator for the type IIB (p,q)-string

Now we will show that the full mass operator of the (p, q) string, is directly related to the
irreducible wrapping condition induced by the C'y flux, that determines its characteristic
tension T{;, o). In order to reproduce the stringlike excitations on the M2-brane mass
operator we assume the dynamical variables to depend only on a linear combination of the
two spatial coordinates. Instead of considering the local coordinates (o!, 02), we will work
with the minimal maps X" given by (3.14), that is o', 02 — X8, X9, The Jacobian of the
transformation is given by det(J(o!,0?)) = /w where

1 PN
Vio = S0, X0, X e, (3.22)

is nonsingular over ¥.. Therefore Jwdo' A do? = dX® A dX?. Let us now define string
configurations such that ®(cr, o', 0?) = ®(cr, p) with ® = (X™, A", ) fields of the theory
and p = ql)A( 8 4 qg)A( 9 being q1, go relatively primes. In that case, we have that

{X™, X"} = {X™, AT} = {A", A%} = {X™, 0} = {A",0} =0, (3.23)

and the Hamiltonian H'C- (3.21), on the string configurations, can be written as

1 PlL)?  (P))?
H. |so — QPO/d%\/@{( w) 4 w) T2 (X, X™)2 (3.24)

+ T2 {X}, A%} + 2P°TOT T, { X}, 9}} .
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This Hamiltonian is subject to the usual local (2.13) and global (2.14) constraints on the
string configurations,

Pl
{\/Ta,xg} ~ 0, (3.25)

}{ PpdX™ | F(dX} +dAT) | Sd8]
cs | Vuw Vuw Vw ’

(3.26)

where Cy is the homology basis dual to the harmonic maps X". Tt can be checked using
the Jacobi identity, that the local constraint (3.25) can be solved to obtain

5:% ~ Te, {X,j, \%} . (3.27)

In terms of a new pair of canonical variables (X*, Py)

E3 H s S
X" = ﬁ’ P* = T\/E{X}NA }6"’87 (328)

the kinetic terms associated with the compact sector become

1/ P\ T2 , T2 , 1/P \?
— = —{X; X" —{X7, A ==~ 3.29
2(\/@) 2{ha }a 2{h7 } 2(@)5 ( )
Consequently, we have that
_ 1 o8 o0 [ (P Lo fvr a2
He_|sc = QPE/dX AdX {(\/a +T {Xh,X }
+2P°T\/wdT T, { X}, 9}} : (3.30)

where XM = (X™  X*) and M = 1,...,8. The total time derivatives have been eliminated
from the Hamiltonian formulation. This expression corresponds to a susy harmonic oscil-
lator [37]. The bosonic and fermionic potentials can be expressed in complex notation as

Ligr va2 _ 1 MY 2

_ 1_ _ _

Or T, {X},0) = S0 [0 {Xn,0} +T{X,,0}]. (3.32)
In order to express as a string theory Hamiltonian, let us perform a change on the canonical
basis of homology, with its corresponding change on the harmonic on the basis of harmonic

one-forms,
dX® = 1dX® + odX®, dX° = ngzdX® + qudX°. (3.33)

with ¢; prime relative to g2 and n. It can be seen that there always exist g3 and ¢4 such that

( « QQ> € SL(2, 2), (3.34)

ngs q4
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with dX8 A dX? = dX8 A dX®. We can use the SL(2, Z)72 and SL(2, Z)y, to rewrite the
Hamiltonian in such a way that the winding matrix (3.6) remains invariant. Therefore, the

modulus of the harmonic 1-form remains invariant if!

R =Rlg—qsr|, 7=2"""% (3.36)
44 — Q3T
The Hamiltonian written in the new variables becomes,
1 . . P2
H} |sc = 50 /dXS AdX° { <\/%> + T2(2nR'|7'|)20s XM OB X s (3.37)

— 2PV (27 R)0T~ |(TsRe(7') + Tylm(r))] 889} ,

with
Py = ——— [Tu(as — gsRe(r)) — Togalm(7)] (3.38)
lqa — q37]
Ty = ——— [Dogolm(r) + To(qs — gsRe(r))] (3.39)
lqa — q37]
such that
(Ts)? = (To)* =1, (3.40)
{fg,rm} - {fg,rm} - {fg,fg} = 0. (3.41)

where {, } denotes the anticommutator. Using the proposition I11.2.3 from [38], it can be
seen that we can rewrite the Hamiltonian as

1 =5 [ (P
H lsc = 5 / e {(%) + T2 R 7)) 20 XM 0P X (3.42)

— 2PYT (27 R)0T~ |(TsRe(7') + Tolm(r"))] age} .

Finally, the global constraint remains to be solved (3.26). It can be checked that the con-
straint related to X leads to mg = 0, where the prime indicates the transformation under
SL(2, Z)72. Therefore, ¢ = 1 and p = 0. In order to verify that the global constraint
due to X8 reproduce the level matching condition, let us recall that X8 is adimensional.
Therefore, we define

£=aX®+ 0, (3.43)

K./P° ~
where a = o with T = T'(2xR’)|7'|. On this expression K is a constant with di-

mensions of (energy)'/2, the constant C' does not depend on X® and a has dimensions of

Tt can be seen that the transformation of the complex harmonic one-form of (3.5) is given by

dXp, = (27R)(ndX® + 1dX°) = (27 R)(ndX® + 7'dX°)e ™" = dXpe ™%, (3.35)
with ¥ — 44 437
lga — qa7|
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(length). Then, dX8 = a~ld¢, O = ad¢, and by demanding the kinetic term to remain
invariant the Hamiltonian becomes

e lso = [t {5 (K

TsRe(7') 4 Tolm(7)
il '

It can be seen that (I'*)2 = T and {I'*,I"™} = 0, therefore (I'*, =, T'M) with T'M = (I'", I'*)

satisfy the Clifford algebra. The Hamiltonian of the string configurations is invariant under

Py

) +TOXMOe X s — 5@ 850}, (3.44)

with
' =

(3.45)

the supersymmetry transformations inherited from M2-brane theory in the LCG.
By using the SO(8) spinor decomposition shown in the appendix, the fermionic con-
tribution can be re-expressed as
5
Vw

where x* are spinors whose 8 components are given by the nontrivial components of the

2P [x*asx’ +X 9, (3.46)

SO(9) spinors *. Using SO(7) spinors A! = x* +x~, A2 = x* — x7, and re-scaling

AL AL =24 [P A2 5 N2 = 2l/4, /P02, (3.47)

we obtain that the Hamiltonian can now be written as

them as

He |sc = / { ( M) +T85XM<%XM;(Xla&lX?agX?)}. (3.48)

The mass operator of the stringlike configurations associated with Cy fluxes can now be

written as
2 2 m2\7'/’2 2 ol 1 N
and
Mg, |sc = M@ |sc —2P°T Ageky, (3.50)

where ¢ = ii = 1, and Ny, Ny are the total number operators defined on the appendix B.
Since 7" denotes an arbitrary point on the upper complex plane, in order write the
Hamiltonian in terms of the fundamental domain, a modular transformation is performed

with
q —p
e SL(2,2), 3.51
(QP> 2,2) (351)
where the minus sign is convention and ¢, p are relatively primes. The mass operator of the
stringlike configurations associated with the M2-brane with Cy fluxes can be written as

m|qT — p|

2
T87R|qt — p|(Np + N- 52
o Y TSRl - N4 N (352)

Mg |sc = (TiinAr)* + (
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and as A2 remains invariant, we have that M(21+ |sc is given by (3.50). We must emphasize
that the winding and KK term on (3.49) are strictly related to sectors of M2-brane in the
light-cone gauge on Mg x T? with consistent quantum behaviour. When the irreducible
wrapping condition is not satisfied, we have shown that the winding and KK term are not
reproduced.

The last term on (3.50) is a constant contribution due to the flux condition on Cj.
This term does not appear in the M2-brane with central charges, or equivalently in the
M2-brane with C_ fluxes. In all cases the mass operator (3.50) is invariant under the full
SL(2, Z)72 symmetry.

Using (3.28) and then the expansions (B.5) and (B.7) on the appendix B, with ¢ =
h =1 it is possible to obtain from the global constraint the level matching constraint as

Nr — Nt = mgn, (3.53)

Recalling that the type I1B mass operator (p, q)-string compactified on a S! of radius Rp,
is obtained from the supermembrane by using M? = 52M, (2p 9 [1], with

TA1/2
Ry = (TAYT.) (3.54)

7_:)\07 62: T
c

where T, = T?/3 is the string tension. Taking into account that the wrapping terms on the
11D formulation side correspond to the KK contribution on the type IIB side and vicecersa,
assuming the C; = 0 flux contribution, by substitution, one recovers the compactified type
IIB mass operator (p, q)-string

2
n
M(2p7q) = <RB> + (QWRBmT(pvq))Z + 47TT(p’q)(NL + NR), (3.55)

where the tension of the (p, ¢)-string is

lgho — 1
= " _T. 3.56
P,9) (Im (X)) /2 ( )

T
with T, the tension of the string, A = £ + iexp ¢ the axion-dilaton of the type IIB theory
with ¢ correspond the dilaton field and )\ is the scalar corresponding to the asymptotic
value of A.

For the general case with C # 0 the only difference with (3.55) will be a constant
shift on the (p, q)-string mass operator given by 2P°T, cl / GR;/ 3k‘+.

It can be seen that the central charge condition is directly necessary to obtain the KK
contribution but also allowing to define the T{,, for p,q # 0 since it requires a proper
map on a torus. Bound states of (p, ¢)-strings are strictly related to sectors of M2-brane
on Mg x T? with irreducible wrapping. The sector with n = 0 is only able to reproduce
wrapped type IIB (1,0)-strings with null KK contribution. The low energy limit is given
by maximal supergravity in 9D for any value of n.
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4 The M2-brane with monodromy

In this section, we obtain the supersymmetric mass operator corresponding to the M2-
branes with fluxes and nontrivial monodromy. We will consider only parabolic mon-
odromies, and analysis for other ,monodromies will be presented elsewhere. Let us empha-
size that the contribution of the monodromy is nontrivial. The mass operator in [1] was
obtained for M2-branes on a torus with trivial monodromy, in this case each pair of charges
(p, q) determines a coinvariant. These coinvariants are related among them by the SL(2, Z)
symmetry. The main point is that when the monodromy is not trivial, the coinvariants
contain a set of (p,q) charges related by a internal symmetry that leaves the coinvariant
invariant. Furthermore, there is also a symmetry relating the different coinvariants among
them. In what follows we will determine both symmetries, the formulation reduces to the
one in previous sections when the monodromy is trivial. Let us notice that for parabolic
monodromies, the coinvariants are defined solely by the charge ¢ from the pair (p, ¢). That
is, different ¢’s define different coinvariants. All pairs (p, ¢) with the same ¢ belong to the
same coinvariant. The mass operator depends also on the moduli and winding number. In
particular we have to give the associated moduli to the corresponding coinvariant. In the
trivial monodromy case one has to provide the moduli for each pair (p, q). In the parabolic
monodromy case, given ¢, the internal symmetry define an equivalence class of charges p
and moduli parameters which leave invariant the coinvariant together with the mass opera-
tor. In this way the theory is formulated in terms of equivalence classes. This is reminiscent
of what occurs with the gauge theories, which are defined in terms of equivalence classes,
elements on the same class are related by a gauge symmetry. In this sense, we argue that
this internal discrete symmetry is the origin of the gauge symmetry in gauged supergravity.

A symplectic torus bundle is defined by E the total space, F' the fiber which is the
torus of the target-space T2 compact sector and the base space ¥, which is also a torus.
The structure group G corresponds to the group of the symplectomorphism preserving the
canonical symplectic two-form on 72. On ¥, there exists an induced symplectic two-form,
obtained from the pullback of the two-form on 72 by the harmonic map from ¥ to the fiber
T?2. We notice that the group of symplectomorphisms in 72 or ¥ is isomorphic to the area
preserving diffeomorphisms. The symplectomorphisms in 72 and in ¥ define the isotopic
classes with a group structure IIp(G), in the case under consideration SL(2, 7).

The action of G on the fiber produces an action on the homology and cohomology
classes of T2. Tt reduces to an action of IIo(G). Besides, there is an homomorphism (2.15).
Each homomorphism defines a linear representation

p:111(2) — SL(2, 2), (4.1)

acting on the first homology group in T2, Hq(T?). Because H;(T?) is an abelian group,
this homomorphism gives the structure of the Z([II;(X)])-module to each homology and
cohomology group on the bundle. Given a monodromy, [31] established the existence of
a one-to-one correspondence between the equivalent classes of symplectic torus bundles,
induced by the module structure Zg on Hp(T?), and the elements of H?(X, Zﬁ), the second
cohomology group of 3 with coefficients Zg. They classify the symplectic torus bundles for
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a given monodromy in terms of the characteristic class. In the case of a symplectic torus
bundle with base a torus X, the classification in terms of these characteristic classes is
equivalent to the classification in terms of coinvariant classes of the monodromy subgroup,
acting on (p, q) charges. We denote the coinvariant classes simply as coinvariants.

Therefore, the M2-branes on Mg x T2 with the irreducible wrapping condition, contain
two compatible gauge structures. The first one is given by the symplectic (area preserving)
structure of the bundle, which ensures the existence of a symplectic connection transforming
under symplectomorphisms and it can be extended to a formulation of the M2-brane on
a symplectic torus bundle with monodromy, a nontrivial geometrical construction. The
second gauge structure is the U(1) principal bundle related to the 2-form flux on ¥ due to
the central charge condition or equivalently due to a nontrivial flux on the target space.
Both gauge structures are compatible, and consequently, they allow the introduction of a
twisted torus bundle structure.

4.1 Symmetries induced by the monodromy on the M2-brane with fluxes
Let us consider that the monodromy on the fiber is given by

(o)
Mg = € SL(2, 2), 4.2
G <M21 M22> (2,2) (4.2)

where (a, 8) are the integers characterizing the elements of II;(X) and specific values of
M;;, with 7,7 = 1,2 will lead to parabolic, elliptic or hyperbolic monodromies according to
it trace. The induced transformation on ¥, also called induced monodromy on ¥, is given by

(a+h)
_ My =M
MG = "Ma(a, B)02 = , 4.3
. -10 . . .
with Q = 0 1) equivalently to S5 in (3.2). Therefore symplectomorphisms not con-

nected with the identity on ¥ are realized by
dX" — (§°)0dX®, W — W(g) ™, (4.4)

where g* € M, and the action of Sy-duality, when the monodromy is nontrivial, is given by

b .
Ny R — Rler +d|, A= A, (4.5)
ct+d
[ — De'r, W — g*W, Q — gQ, (4.6)

b ,
with g = (a d) € Mg and cr +d = |er + dle”"?7. The M2-brane sectors with central
c

charges are invariant under these SL(2, Z) symmetry transformations on ¥ and 7.
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4.2 Winding and KK terms

In order to obtain the mass operator it can be seen that the purely harmonic contributions
on the Hamiltonian (2.10) are given by the same winding and flux term as in (3.8).

To reproduce the KK term on the mass operator, it can be checked that (3.14) with M
given by (3.15) and the winding matrix W, do not reproduce a map onto circles. However,
if we consider that lg = nks and s = nkg with kg, kg € Z, the winding matrix can be

written as
W =W(g") ™" :§<n0>’ (4.7)
01
o~ (ks Iy ,
with S =( -~ ° | € SL(2, Z). Therefore, (3.14) can be written as
ko 1o
1 dxs dx®
N (X0 f{ neat (4.8)
2rR Jeog dX cs \ dX
with N™! = §~!M~!, and from (3.16) we have the KK modes given by P? = b(Nfl);ﬁ%.
Hence ; to — tsRe(r)
po_p8  po_plo T BRAT) 4.9
with
tg = Thoimg — koilg, to = kgig — lgig. (4.10)
Consequently, the KK term on the mass operator, can be written in this case as
2 [tsT —to|?
—_—. 4.11
(RIm(7))? (4.11)

This term is invariant under (4.5)—(4.6). It can be checked that, for a trivial monodromy,
the winding matrix can be written as (3.6) and we recover the expressions given by (3.17).
Notice that the integers tg,t9 may be written as tg = mgq, t9 = mp with m € Z and p, q
relatively primes.

In order to complete the mass operator, we have also to consider the nonzero modes
of the Hamiltonian of the M2-brane with Cy fluxes and nontrivial monodromy.

5 Mass operator of M2-branes on inequivalent coinvariants with parabolic
monodromies

In this section we present an M2-brane Hamiltonian defined on the inequivalent classes of
twisted torus bundles with parabolic monodromies. This is a new result that has not been
previously identified in the literature. It corresponds to a functional on the coinvariants as-
sociated with a given monodromy. This formulation generalizes the construction in section
3, which is associated with the particular case of a trivial monodromy. This formulation
is defined on the module of M,-coinvariants. We provide an explicit construction of the
model.
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5.1 Mz2-brane on the module of M-coinvariants

Inequivalent torus bundles are classified according to the coinvariant classes, briefly coin-
variants, for a given monodromy [22, 25, 28, 34]. The coinvariants related to the fiber and
the base manifold are given by

Cr = {Q+M,Q - Q}, (5.1)
Cp = {W+ MW - W}, (5.2)

ly

respectively, where Q = (p) with p,q € Z and W = (
q my

> with l1,m1 € Z, Q@ and W

are KK and winding charges, @ and W correspond to arbitrary charges and M, is the
monodromy subgroup. Given W as in (2.6), we will consider the class of matrices given by

Lo\ (12
W:<m1 m2><0 1) (5'3)

with \,m € Z and l; = ml} and mq = mm/ with [}, m} relatively primes. These are the
most general matrices with W as first column and det(W) = n. We use the first column of
W in the definition of C'g, but we could have used the second column also. The following
reasoning is also valid in both cases.

If the monodromy is trivial, the coinvariants contain only one element, as discussed
in [25], but for a nontrivial monodromy class, the coinvariants associated with the base
and the fiber contain an equivalence class of KK and winding charges, respectively, related
to the same bundle. As shown in [28], it is straightforward to see that the Hamiltonian of
M2-branes with Cy fluxes is invariant in an orbit of charges (¢@QQ C Cr) generated by the
monodromy, with g € My, restricting the SL(2, Z)72 transformation (4.5)—(4.6).

Moreover, we will demonstrate that, for the parabolic monodromy, the Hamiltonian
is invariant not only in the orbit of charges, but also in the complete coinvariant. It is
generated by the abelian parabolic subgroup

(a+8)
11
M, = (0 1) . (5.4)

This parabolic representation contains the infinite inequivalent conjugate classes of

1k
e (1) .

The coinvariants (5.1) and (5.2) are given by

parabolic monodromy

Cr — <p+ (aq+ ﬁ)&) | (5:6)
Cp = (h — (a+ 5)7711) 7 (5.7)
mi
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In this case, Cr and Cp are characterized by g and m1, respectively. Their different values
define inequivalent classes of twisted torus bundles with parabolic monodromy.
So far, the mass operator of supermembranes with monodromy contained in SL(2, Z)
can be written as
M, = (TnAp)? + 0*m?|TE Q| + 2P0 H'O+, (5.8)

with H'¢*+ the hamiltonian of the M2-brane with C fluxes and nontrivial monodromy and

Th = RIm(7) (-17). @= <§> (5.9)

This mass operator is invariant under the monodromy g € Mg. It is consistently defined

on the orbit of KK (winding) charges generated by the monodromy g (g*).
For parabolic monodromies, the mass operator of the M2-brane with C1 fluxes given
by (5.8) is invariant if

Q' = AQ, (5.10)
W = A*W, (5.11)
Z
=7+=, (5.12)
q
where the A matrices given by
12
A= a1, 5.13
(51 (5.19)
_Z
A= QA0 = a], (5.14)
01
. -10 .
with Q = 01 ), define a subgroup of SL(2,R). The transformation (5.10) maps any
element of a given coinvariant onto the same coinvariant
Z
QA>C’F:< ) (5.15)
q

with Z = p + Z. Furthermore, given two elements of the coinvariant there exists Z such
that they are mapped between each other by the corresponding A in (5.13). Together with
the transformation of 7, (5.12), leaves invariant KK term

¢ —p'> _ lar —pf

(RIm(7'))2 ~ (RIm(r))2’ (5.16)

Furthermore, it preserves dXp,, the harmonic map on T? given by (3.5), and thus is
a symmetry of the Hamiltonian and full mass operator. This set of transformations is
a generalization of the parabolic monodromy-generated invariance on an orbit of charges

(9Q C CF).
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It can be seen that the matrix W’ is given by

li—%Zmq 1o — 2
W/:<1 g b2 qm2> (5.17)

m1 ma

with det(W') = det(W) = n € Z. Although W’ can not be interpreted as a wrapping matrix
(unless my and mg are proportional to ¢), it produces the same central charge related to
the winding term on the mass operator.

Consequently, the mass operator (5.8) is invariant on the equivalence class of charges
given by the coinvariant for a given parabolic monodromy.

Furthermore, the charges on the same coinvariant define the same symplectic torus
bundle and hence the same physical M2-brane with monodromy. The mass operator of the
M2-brane with parabolic monodromy is then expressed in terms of the coinvariant classes
of KK charges and winding numbers. We interpret this parabolic symmetry as the origin
of the gauge symmetry of the parabolic type II gauge supergravity in 9D.

Let us emphasize that the parabolic coinvariants are characterized by the integer gq.
For each value of ¢ we have a coinvariant, and there are equivalence classes of p and 7
which are related to the same coinvariant.

In particular, if m, = A\.q, A\ € Z for r = 1,2 we have that

* R/

WA—>CB:<1 ) (5.18)
m1

with A* given by (5.14), maps any element of a given (base) coinvariant onto the same

coinvariant. In this particular case, W’ is interpreted as a winding matrix and from (5.17),

det(W’) = n implies n proportional to ¢. That is, n will, in general, depend on the parabolic

coinvariant.

5.2 Transformations between different coinvariants

We now consider a formulation of the twisted parabolic M2-brane in terms of the module of
M,-coinvariants. It follows from the explicit expression of the mass operator that, indeed,
it is defined on the coinvariant classes. The M2-brane with trivial monodromy, Mg =1
was analyzed in section 3.

Let us identify the transformations that relate inequivalent classes of M2-brane twisted
torus bundles with parabolic monodromy. This is equivalent to determine the transforma-
tion which relates the different coinvariant classes associated to M. It turns out that this
transformation is a symmetry of the formulation. If the monodromy is trivial, each pair
of charges (p, q) represents a coinvariant and the symmetry of the formulation is SL(2, Z)
as determined by [1]. For a nontrivial parabolic monodromy, the space of (p,q) points is
distributed in terms of disjoint coinvariants associated to M, and the M2-brane is a theory
on the module of M,-coinvariants.

Firstly, we introduce some formal definitions that will allow us to determine the precise
bundle coinvariant transformation. Given a group G and a subgroup H € G we define the
following classes

aH ={ah:he H},a € G, (5.19)
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There is an equivalence relationship between two elements a,b € G provided that b = ah
for some h € H. This relation can be re-expressed as a = bh™ L.

A relevant property is that each element ¢ € G is contained in one and only one
equivalence class. If ¢ = ah = bh — a = bhh~! € bH and then the classes aH = bH.
Hence G is the disjoint union of the equivalence classes generated by the subgroup H.

1
Given any pair of charges () = <p> with p,q € Z and Qg = (0 ) , there exists a matrix
q

pr

q s
The most general expression preserving the determinant is

pr+Ap pr 12
= m 5.20
<qs+)\q'> (qs) (01 ’ ( )

with r and s unique, A\, m € Z such that p = mp’ and q = mq’ with p/, ¢ relatively primes.

V € GL(2, Z), such that Q = V Q. It is given by V = where 7, s are not unique.

In fact, if p(s —§) — q(r —7) = 0, then (s — 5) = %;(7“ — 7) which implies, since the left
hand is an integer and p’, ¢’ are relatively primes, the existence of A such that 7 —r = p'A
y 5§ — s = ¢'\. Consequently, the most general solution corresponds to

r=r+Xp, S=s+). (5.21)

Transformation between coinvariants. Let us define V as a linear representation of
Q

9Q—

Two classes {Ql + g@ — Q} and {Q2 + g@ — @} are disjoint if and only if ()1 and Q)2 are
not in the same coinvariant. In the case of a parabolic representation -associated to the

the discrete subgroup M,. The quotient is the module of Mg-coinvariants [39].

monodromy of the twisted torus bundle (5.5)-, the coinvariants are given by (5.6) and (5.7),
where @ is an arbitrary element of the space V and g any element of the subgroup M,,.
They are distinguished solely by the value of q.

In order to transform

Cq = Cos, (5.22)

we perform the following transformation

quAil>Q1:(1;1)%@0:(3)%@2:(”) RN (5.23)

q2

through SL(2,Q) and GL(2, Z) transformations with ¢; # go.
Following (5.19), where G = GL(2,Z) and H = M,, the transformation Q1 — Qo is
defined by the equivalence class aM,, determined by

a= <p1 “) , (5.24)
q1 51

where ri, s1 define a € GL(2, Z). Consequently,

Mpa™'Q1 = Qo, (5.25)
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and

bM,Qo = Q2, (5.26)

with b = P2 72 . The total transformation is

q2 52

bMpa~t

Q1 —"— Qo, (5.27)
or equivalently
b —1
Q1 = Q2. (5.28)
Given p1,q1 (p2,q2), the most general expression for a (b), preserving its determinant
1A

has the general expression (5.20). Notice that (0 T) Qo = Qo. Consequently, a,b are

determined uniquely by p1,q1 and ps, g2 , respectively.

1
Each coinvariant Cj contain the element < ) In this case, we define a =
q1

1 1 1 1
( ), b= ( ) , with ga # q1, then it is easy to verify that

a1 (g1 +1) ¢ (@2 +1)
( ! ) = ba ! ( L ) (5.29)
q2 q1

(10
Mg = ba _<61>' (5.30)

The elements of Mg determine a group conjugate to M,. The transformation between

Agb (1) M 1)\ A
Oy —2 ( ) SN ( ) 2,0 (5.31)
a1 q2

Let us emphasize that this transformation maps integer charges into integer charges. More-

with

coinvariants is given by

over, as the SL(2,Q) transformations are within the coinvariant, is the parabolic matrix
Mg the one that characterize the transformation between coinvariants.
Consequently, there is a transformation

(o50)r+ (53 (-29)

i ~
Cq — Cys, T— 7 , W—A"W,
fr+1-2p
Z : ,
R R|pr+1-228|, A— Aeir, I —Te¥r, (5.32)
a1
with
~ Zag _Zy L L2 (1 _Ta
A= ApyMpAt = el —ata (1 qlﬁ) (5.33)
q2/VBq 3 1_ @5 )
q1
A = Q7TAQ (5.34)
Br+1-2LB L
and e¥f = \BT—%:WI leaving invariant the M2-brane mass operator.

q1

~ 93 -



This can be interpreted as a duality between inequivalent classes of M2-brane twisted
torus bundles with parabolic monodromies.

One could also use the lower triangular parabolic matrix to describe the parabolic
monodromy, and then an upper triangular parabolic matrix describes the transformation
between the parabolic coinvariants. Since both matrices are in the same conjugacy class,
the M2-brane mass operator also remains invariant in this case.

6 Parabolic (p, q)-strings

The identification of type IIA with 11D supergravity on a circle and T-duality between
type II theories induces the relation of type IIB on a circle with 11D supergravity on a
torus. We have seen in section (3) that M2-branes on Mg x T? with irreducible wrapping
yield type IIB-string compactified on a circle.

We will now show that the double-dimensional reduction of M2-branes with C4 fluxes
and parabolic monodromy is related to (p, q)-superstrings compactified on a circle, with
the corresponding restriction on the SL(2, Z) symmetry provided by the monodromy.

In [28], the low energy limit of M2-brane with monodromy contained in the conjugacy

2 were related

classes of SL(2, Z), i.e. parabolic, elliptic and hiperbolic according to it trace,
to the type IIB gauged supergravity with parabolic, elliptic and hyperbolic monodromy,
respectively. In the conclusion we will discuss the relation of the parabolic string with the

uplift of type IIB parabolic supergravity in 9D.

6.1 Mass operator of the parabolic (p, q)-string

The mass operator of the M2-brane with C fluxes and nontrivial monodromy (5.8) is de-
fined in the orbit of charges for a given monodromy g € M,, (4.5)—(4.6). For parabolic mon-
odromies, we have shown that it can be consistently formulated on the coinvariants (5.10)—
(5.12) which classify inequivalent twisted torus bundles.

In order to obtain the full mass operator and the corresponding (p, ¢)-strings, we will
consider the Hamiltonian He, |sc given by (5.8) on the string configurations as in section
3 but with the harmonic map written as

dXy, = 2nR(l, +m,7)dX". (6.1)

It lead us to the Hamiltonian given by (3.30), with the bosonic and fermionic potential
written as (3.31) and (3.32), respectively. The SL(2,Z) symmetry on X is given by (4.4).

Let us perform the same change on the canonical basis of homology and the corre-
sponding basis of harmonic one-forms as in (3.33). Nevertheless, instead of using the full
SL(2, Z)72 and SL(2, Z)x, we will only use the restricted SL(2, Z)x, symmetry given by the
induced monodromy in (4.4). In this case, the Hamiltonian remains invariant under such
transformation, but the winding matrix transform according to (4.4). It is evident that
this transformation leaves invariant the harmonic one-form.

2In this paper we will not discuss the case in which the monodromy is nonlinearly realized.
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Therefore, following section (3), the Hamiltonian of the M2-brane in the string config-
urations with nontrivial monodromy is given by

1 (P, \*> T2
Heo_|sc = /dXSAdX9{2PO (\/f‘i) +5p0 (27 R|lg + moT|)20s XMB Xy (6.2)

— T(QWR)éF_ [lgrs + mg(FgRe(T) + FgIm(T))] 88‘9} .

Is easy to see that following the proposition II1.2.3 from [38] we can rewrite the Hamiltonian
as

1 ~o [ (P>
He |so = ﬁ/dXS {(\}%) + T%(2n R|lg + mo7|)20s XM ® Xy (6.3)

— 2P T (27 R)OT [lgT's + mg(TsRe(7) + ToIm(7))] 886?} :

If we consider the global constraint as in the previous section, we will obtain two constraints
due to X" with r = 8,9. It can be seen that the one corresponding to X? lead us to

0 = tgly + tgmy, (6.4)

from which we obtain that mg = 0 as in the previous section and therefore tg = mgmg, tg =
—lgmg. Before analyzing the global constraint for X8, let us recall that X® is adimensional.

Ky/P° -
Therefore, we consider £ given by (3.43) but with a = = with T' = T (27 R)|lg + mgT]|
and K a constant with dimensions of (energy)l/ 2. Consequently, the Hamiltonian can be
written as

1 i T, onrpe S e
Ho |SC* / {2 < ) +28§X 0~ Xum \/EP 859 R (65)
WhereM—l,...,8and

(lg + mgoRe(7))I's + molm(7)I'g

'™ =
|l9 +m97'\

) (6.6)

satisfies the corresponding Clifford algebras.
Following the same decomposition as in the previous section, we can write the string
Hamiltonian in terms of the re-scaled SO(7) spinors (3.47) as
i

He | —/d§ 1(P]/”>2+T8XM85X ——P—B(XlaXl—X%P) (6.7)

and the same expression in terms of the oscillators is given by

Hc |sc = T8m2R|mgt + lg| (N7 + Nr), (6.8)

where we have set ¢ = h = 1.
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Consequently, the mass operator corresponding to an M2-brane with C_ fluxes and
monodromy, can be written on the strings confiurations as

mg|(mot + lo)|?
(RIm(7))?

M2 = (TnAp)? + + T87%R|mg7 + lg| (N7 + Nr), (6.9)
and it remains invariant under the transformations given by (4.4), (4.5) and (4.6), respec-
tively, restricted by the monodromy g € Mg, instead of the arbitrary matrix of SL(2, Z)
for trivial monodromies.

Finally, from the mass operator (6.9) we notice that

mgm1|qT — p|

2
ME = (TunAp)? + ( ) + T87*Rma|q7 — p| (Nt + Nr),

RIm(T)
= (TunAgp)? + mi|thQI* + T8m*R*Im(7) |74 Q|(N7 + Nr), (6.10)
M, = Mg —2P°T Apank,, (6.11)
with
miq = my, mip = —ly, (6.12)
T mq p

= ity (17) Q (q) (6.13)
and it is consistently defined on the orbit of KK charges generated by any monodromy

g€ M,.

As happens in (5.8) for the M2-brane, the mass operators (6.10) and (6.11), are in-
variant on the coinvariants for a given parabolic monodromy g € M,,, hence describing the
same twisted torus bundle with parabolic monodromy description. Inequivalent coinvari-
ants are given by different values of ¢’ = mqq, while p’ = mip € Z defines the different
elements within the same class. At string theory level these coinvariant classes defines the
equivalence classes of charges.

If we now follow the same procedure as in section 3, we can obtain the parabolic
(p, q)-string mass operator given by

, 02 o 2POTO R Pk,
MZ, = (RB)  RTRAT,) + 47T, (N + N~ = b, (614)
where 12
r=X, A= T?FTQ, RE = (TAYPT) (6.15)
and )
Te, = (NTCy|T., AT = (Im(TW (=1 ) (6.16)

with C; as in (5.15), T. = T?/3 the string tension as in (3.54) and \g = & + iexp ¢ the
axion-dilaton of the type IIB theory.

The associated pair of (p,q) charges of the parabolic string gets all identified for any
given ¢ from an 11D point of view.
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In fact, from (5.10)—(5.12), we have that the mass operator (6.14) is invariant under
the following SL(2, Q) transformation

Q' = AQ, (6.17)
0= )\0+? (6.18)

where A is given by (5.13). This symmetry relates states of parabolic (p, ¢)-strings, classified
with ¢ fixed and p any integer number, with the same local and global origin in 11D. The
tension Tg, is invariant under this transformation. It means that states with the same g,
and p, Ao transforming according to (6.17)—(6.18) describe the same string with a unique
tension T¢,. This transformation arise from the one obtained in (5.10)-(5.12). It defines
inequivalent classes of parabolic (p, q)-strings compactified on a circle. It can be verified
that (6.17) preserves the quantization of charges.

The transformation that relates different coinvariants is given by A according to (5.33)

Cy = AC,,. (6.19)
Therefore, it can be checked from (5.32), that

Q = AQ,

A/:(1+%ﬁ))‘0+(_%+%(1_%ﬁ>) (6.20)
0 ﬂ)\0+1—%,3 ‘

leaves invariant the tension T¢, and hence the parabolic string mass operator (6.14). This
transformation is analogue to the SL(2, Z) symmetry between (p, q)-strings introduced by
Schwarz corresponding to the case with trivial monodromy.

As a result, we will have parabolic (p, q)-strings on Mgy x S (strictly, g-strings), which
are obtained through a double dimensional reduction from M2-branes with parabolic mon-
odromy. Moreover, the low energy limit of the M2-branes in 9D is related to type IIB
gauged supergravities in 9D. In fact, it was already shown in [28] that the eight inequiv-
alent classes of M2-branes with nontrivial monodromy are in correspondence, in the low
energy limit, with the type II gauged supergravities in 9D. Therefore, we claim that the
corresponding parabolic (p, ¢)-string must be associated with the type IIB gauged super-
gravity in 9D with a parabolic gauging group.

7 Conclusions

We characterize the string description of the toroidally wrapped M2-branes with KK
charges and a quantized three-form Cj3, that induces two-form fluxes on the target, formu-
lated on a twisted torus bundle with monodromy. In the case of a trivial monodromy the
formulation reduces exactly to the one considered in [1] and the double dimensional reduc-
tion coincides with the (p, ¢)-strings with SL(2, Z) symmetry. We analyze the formulation
for nontrivial parabolic monodromies and identify the “gauge” symmetry in the M2-brane
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formulation related to the associated supergravity. We perform explicitly the construction
for a generic parabolic monodromy, we will discuss the other monodromies elsewhere.

We first characterize the role of the central charge in the supermembrane double re-
duction on a Minkowski target space toroidally wrapped. It is well-known that a su-
permembrane on a torus is associated to a wrapped type I1IB SL(2,Z) (p,q) string on a
circle [1]. M2-brane with Cy fluxes has a purely discrete mass spectrum. It is equivalent,
through a canonical transformation of the phase space variables, to the M2-brane with
central charge [19]. The equivalence is exact when only C_ fluxes are present and the
C4 component vanishes [21] and it has a constant shift in the presence of C fluxes [21].
We show that the existence of a central charge condition is a necessary prerequisite to
obtain the sectors of the (p,q) string mass operator with p,q # 0, which are associated
with string bound states. A central charge condition is necessary to define the embedding
map onto circles and hence, an actual wrapping of the M2-brane on a torus. The type
IIB (p, q)-string KK-term is inherited from the central charge condition. Furthermore the
characteristic tension of the wrapped (p,q) string with p,q # 0 cannot be obtained from
vanishing central charge (reducible wrapping) in the M2-brane theory.

When the monodromy is trivial, the symmetries on 72 and ¥ are given by the full
group SL(2,Z) and for C_ # 0 and C; = 0 the results coincide with those obtained
by [1]. The coinvariant class contains solely one element, each pair of charges (p, q) define
one coinvariant. Different coinvariants are related by an SL(2, Z) transformations. When
doubled dimensionally reduced, each wrapped (p,q) strings is connected by an SL(2,7)
transformation.

We have concentrated this study on the case when the M2-brane is formulated on a
twisted torus bundle with monodromy contained in SL(2, Z), the group of isotopy classes of
area preserving diffeomorphisms (symplectomorphisms) [28, 34]. In that case, the discrete
symmetry is restricted to the monodromy subgroups, generated by elliptic, parabolic, and
hyperbolic SL(2, Z) matrices. The inequivalent classes of twisted torus bundles are given
by the coinvariants on the fiber and base manifold, for a given monodromy M, and C4
fluxes. The Hamiltonian of the M2-brane with Cy fluxes is invariant on an orbit of charges
gQ C Cr generated by g € M in [28]. Furthermore, we show here that the Hamiltonian
with parabolic monodromies, can be consistently defined on the coinvariant C'z. There are
infinite inequivalent coinvariants associated to the parabolic monodromy M,. They are
determined by one of the KK charges, hence they are classified by the integers. We showed
that the mass operator’s symmetry group is an extension of the subgroup generated by a
parabolic generator in SL(2, 7). Its generator is a parabolic matrix in SL(2,Q), Q being
the rational numbers. This symmetry is not present in [1] where each coinvariant has solely
one element. When the monodromy is nontrivial, we identify the symmetry relating the
elements of the coinvariant as a “gauge symmetry” of the formulation. In fact, not only
the physical content remains invariant but also the geometric formulation is defined on the
same twisted torus bundle. The theory is the formulated on equivalence classes classified
by only one charge q.

We demonstrate that the transformation between M2-brane twisted torus bundles with
parabolic monodromy but different second cohomology class, i.e. different coinvariants, can

~ 98 —



be expressed in terms of a subgroup Mp conjugated to the M,,. It leaves the M2-brane
mass operator invariant, although they describe formulations of M2-brane on inequivalent
symplectic torus bundles.

These sectors, globally described in terms of twisted torus bundles with nontrivial
monodromy, are described at low energies by the type II gauged supergravities in 9D. The
double dimensional reduction of the M2-brane Hamiltonian yields a Hamiltonian of a class
of (p, q)-string with a parabolic SL(2,Q) symmetry (strictly, g-strings), inherited from the
monodromy of the M2-brane from which it descends. Their low energy should be the same
as that of the correspondind M2-branes, i.e. the type IIB gauged supegravities in 9D. These
parabolic (p, q)-strings (strictly, g-strings) may correspond to the parabolic Scherk-Schwarz
reduction of type IIB superstring, considered in [23] in terms of F-theory compactified on
a twisted torus.
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A SO(8) spinor decomposition

Let us recall that M = 1,...,8 on the Hamiltonian (3.44). Moreover, as we are considering
string configurations, we may compare this expression with the string type II Hamiltonian
in the closed sector.

Let us consider next representation of gamma matrices in 11 dimensions

Tt =iv2 (0 HW“‘) T = Z\/§< 0 0) T = <7a 0 ) (A1)

0 0 —Ii6x16 O 0 —*

where v* € SO(9) are 16 x 16 matrices and a = (m,r) with m =1,...,7 and r = 8,9. It
can be check that these representations satisfies the anticommutation relations

{r+,r—} =2y, {I*, T} =0, {ra,rb} = 2y (A.2)
We may choose
9:(?), o=(0-¢7), (A.3)

such that T'"0 = 0. Therefore, in terms of the SO(9) Majorana spinor v, it can be seen
that the fermionic term is given by

5«*

Wr*age = V2P 130t (A.4)
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where the representation of SO(9) matrices is given by

M= —02Q02Q02 01, (A.5)
Y2 = —02® 02 Q02 ® 02, (A.6)
V3 = —02® 02 Q02X 03, (A.7)
Y4 =02Q02Q01 @1, (A.8)
V5 =02®02®03R]1, (A.9)
Y%= —02 @0 @I, (A.10)
V7= —02Q03QI®I, (A.11)
=0 ®lelsl (A.12)
v =0321@I1, (A.13)

with
01 0 i 10
01—[10], 02-[_@, 01, 03—[0 _11 (A.14)

the Pauli Matrices 2 x 2 and o¢ = I. It can be seen that the SO(9) spinor can be splitted
as Y = ¢t + 1~ with

Yt = Py = (XJ) Ly =Py= (;) (A.15)

and Py = 1(I+v9) written in terms of the chiral matrix of SO(8) such that

YT =+, (A.16)

B Supersymmetric M2-branes string configurations

The Hamiltonian (3.48), or equivalently (6.7), are reminiscent of the LCG type II super-
string Hamiltonian. It can be checked that the equations of motion for the bosonic variables
are given by

XM =cPoixM, (B.1)

if K = ,/P°. On the other hand, the equations of motion for the fermionic variables are
given by the standard expressions

(8r + A =0, (9 — cde)N2 =0, (B.2)

In order to obtain the mass operator in terms of the oscillators, let us impose the boundary
conditions on the bosonic and fermionic fields. The canonical pairs of bosonic variables is
given by (X™, Pp,) y (X*, P.). Therefore, the periodic boundary conditions characteristic
of closed strings is

Xm(§+a70_0) = Xm(fa00)7 (B'S)
X*(&+a,0%) = X*(£,0°) + (27Rp)A, (B.4)
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However, we know that the Hamiltonian (3.48) corresponds to the excitations of the non-
trivial M2-branes with respect to the center of mass. The zero modes contributions has
been used on the winding and KK term. In consequence, we have that

/ M imn oY aM —2irn(¢—o?
XM(§,UO) — i/ Z [%62(?) + a—"(i% , (B.5)
nez—foy L " n
with M = 1,...,8. If we set ¢ = h = 1 we have the M2-brane tension has dimensions
1 1
of o and the string tensions can be written as T, = Y= with the fundamental length
T
/
given by [ = v/2a/. Therefore, as a = 27l we have that % = ﬁ. On the GS formalism,
P2
the boundary conditions on the spinors are given by
MED) =M +ar), NEr) = (E+arT), (B.6)
then (4+8) ( )
~ 2rn(r+ ~ —i2rn(—74+E€
A= B T, N=D Bl T (B.7)
n n

Finally, inserting this on the Hamiltonian (3.48) and using the standard (anti)-commutation
brackets for the (fermionic) bosonic oscillators we have that

He |sc = T87*R'|7'|(Nr + Nr), (B.8)

where N0 = Np + N}, Ny = Np + N%, are the total number operators

>y, = 2(Np + E), (B.9)
n#0
Yo aall, = 2(Np + Eo), (B.10)
n#0
Y nbaBl, = —2(Np — Ey), (B.11)
n#0
2452 _ 2
n#0

and the vacuum energies has been cancelled as in the Ramond sector on the NSR formalism.
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