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1 Introduction

The PST (Pasti-Sorokin-Tonin) approach [1, 2] provides a manifestly Lorentz invariant
Lagrangian description of the self-dual gauge fields as well as of more general duality-
invariant theories. Ome of the simplest examples is provided by D=6 theory of chiral
2-form potential By, where the PST action allows to reproduce the self-duality or anti-
self duality condition H3 = + % Hj for the field strength Hs = dBs. It is also known
the Dirac-Born-Infeld type version of this model producing the nonlinear generalization of
the self-duality conditions and describing the M-theory 5-brane (M5-brane) in its bosonic
limit [3] and in a complete form [4, 5].

The PST action involves an auxiliary scalar field a(z) which enters the Lagrangian only
through its derivatives d,a(x). Hence its shift by constant parameter is a (Pecci-Queen)
symmetry. But moreover, the PST scalar a(z) is a Stiickelberg field as far as the PST
action possesses a gauge symmetry (so-called second PST or PST2 symmetry) which can
be ‘parametrized’ by (almost) arbitrary variations da(z) of a(x). The square of derivatives
of this PST scalar enters the denominator of the Lagrangian so that it is not allowed to
be zero or constant, but it can be gauged to coincide with e.g. one of the space or time
coordinates (but not with their light-like combinations z* = ¢ 4 z). Fixing da = dt in the
PST Lagrangian for 6D chiral bosons we arrive at the non-manifestly Lorentz invariant
Henneaux-Teitelboim (HT) action [6]; while fixing, say, da = dz!, we arrive at the Perry-
Schwarz-type (PS) action [7].

As we will discuss in the main text, the gauges da = dt and, say, da = dx' cannot be
connected by a nonsingular PST2 gauge transformations. Thus the PST action actually
describes a dynamical system with two branches, where, respectively, the gauge da = dt and
the gauge da = dz' can be fixed; let us call these da-timelike and da-spacelike branches of
the PST-system. In topologically trivial situation these branches are classically equivalent
in the sense that both can be used to produce the (anti-)self-duality as a gauge fixed version
of the equations of motion.

In this paper we study the PST system in spacetime of nontrivial topology. The
standard PST action is well defined if the spacetime admits a nowhere vanishing vector
field. This is always the case in the spacetime with metric of Lorentzian signature. To
be more explicit, generically the nowhere vanishing timelike vector field exists in it; this
can be related with the exterior derivative of the PST scalar da thus allowing for a da-
timelike branch of the PST system (and for its gauge fixed version, the HT action), while



to have also da-spacelike branch (and its gauge fixed version, the PS action), we need the
Lorentzian spacetime to admit the second, spacelike nowhere vanishing vector field.

In a topologically nontrivial spacetime with Euclidean metric which does not admit
nowhere vanishing vector field, the standard PST construction is not well defined. However,
if it allows for existence of a nowhere vanishing ’q-plane field” with ¢ > 1, then a modified
version of the PST action with several (¢) PST scalars [8, 9] can be constructed. These
cases (which are associated with different D = ¢+ (D — ¢) splittings of spacetime [10-12])
are beyond the scope of this paper.

The standard PST action possesses one more gauge symmetry, the so-called PST1
symmetry, which leaves inert the PST scalar a(xz) but plays a very important role in
derivation of the self-duality (or duality) equation. The point is that the variation of the
PST action produces (a special type of the) second order equation, and the self-duality
equation can be deduced from it by using the gauge fixing of the PST1 symmetry. In the
original discussion of [1, 2], as well as in all presently known applications of PST technique
(see e.g. [13-17]), this procedure included the stage of solving the condition for some p-form
to be closed, dG), = 0, by writing it as an exact form, G}, = dP,_1. Then one can show that
P,_1 can be gauged away by the PST1 symmetry and that the remaining equation G, = 0
is equivalent to the self-duality equation for the field strength of the gauge potential.

The procedure described above is literally applicable to the case of flat or topologically
trivial spacetime. To be more precise, it is valid when the p-th Betti number of the
spacetime manifold M vanishes, b, = dim(HP(M,R) = 0. However, if b, # 0, there exists
a (set of) closed but not exact p-form(s) w;}, A =1,...,b, so that the general solution of

bp
dG, = 0reads G), = > cAw;,\—i—de_l with constant cp. (This is the place to stress that our
1

discussion here is schematic, and actually in some cases we will arrive at the expressions
with functions [ (a(z)) of the PST scalar a(x) instead of constants cp). At the first glance,
this seems to spoil the derivation of the self-duality equation from the PST Lagrangian.

The main aim of the present paper is to show that this is not the case: the PST
approach is pretty consistent and is able to produce the wanted (anti-)self-duality equations
also in the case of topologically nontrivial spacetime.

To see this one has to notice the presence of an unusual type of symmetry parametrized
by function(s) of the PST scalar, f(a(t,Z)), which we call “semi-local symmetry”.! In the
da-timelike branch, where the PST scalar can be gauge fixed to coincide with the time
coordinate, this semi-local symmetry is a gauge symmetry which can be used in the above
mentioned derivation of the self-duality equation. In contrast, in the da-spacelike branch,
where a(x) can be gauge fixed to coincide with one of the special coordinate, the semi-
local symmetry is an infinite dimensional local symmetry, similar to the two dimensional
conformal symmetry. This cannot be used to fix any gauge and, as a result, in some
topologically nontrivial situations the self-duality equation cannot be produced in this
branch.

"When this paper was finished the author have become aware that for the noncovariant HT action in
R ® M? spacetime with bo(M?®) # 0 such a symmetry had been found in [18]. The author thanks Marc
Henneaux for having brought this paper to his attention.



Thus, interestingly enough, the nontrivial spacetime topology singles out the da-
timelike branch of the PST system.

The rest of this paper is organized as follows. In section 2 we review the PST approach
to Lagrangian description of the chiral bosons in flat six dimensional spacetime. We obtain
Lagrangian equations of motion form the PST action for two-form gauge potential Bs,
describe the gauge symmetries of this action, the set of which includes the so-called PST1
and PST2 gauge symmetries, and show that these allow to fix a gauge where the Lagrangian
equations of motion reduce to the anti-self-duality equation.

In section 3 we elaborate this formalism in topologically nontrivial spacetime M% =
M'*> and prove its consistency. In section 3.1. we obtain the first order form of the PST
Lagrangian equations and find that in certainly topologically nontrivial spacetimes, includ-
ing M with by # 0, this contain additional topological contribution defined by a number
of functions of one variables. In section 3.2. we show that in such spacetimes, in addition
to the PST1 and PST2 gauge symmetries, the PST action also possesses an additional
semi-local symmetry and that the additional topological contributions to the first order
form of the Lagrangian equations can be compensated or generated by transformations of
this semi-local symmetry. In section 3.3. we show that in the da-timelike branch of the
PST system, as well as in its gauge fixed version described by HT action, the semi-local
symmetry is a gauge symmetry, while in the da-spacelike branch of the PST system and
in its gauge fixed version described by the PS action, this is an infinite dimensional rigid
symmetry (similar to 2d conformal symmetry). This allows us to derive (in section 3.4.)
the anti-self-duality equations as gauge fixed version of the Lagrangian equations of motion
which follows from the da-timelike PST action and HT action.

In section 4 we discuss the two dimensional PST action for the chiral bosons, where
the counterpart of semi-local symmetry is present also in the case of topologically trivial
2d spacetime. The case of chiral bosons in a topologically nontrivial spacetime of arbitrary
even dimension D = 2p+2 is addressed in section 5. A strong similarity with 6D case allows
us to be short and to restrict ourselves by presenting the basic equations and formulating
the results for this general case. We conclude in section 6.

In appendix A we give additional technical details on derivation of the first order
form of the PST Lagrangian equations in flat spacetime. In appendix B we discuss the
properties of Noether currents for gauge symmetries on a specific example of 2-form gauge
fields theories in D=6.

For the reader convenience we have make the presentation of D=6, of D=2 and of
the general D=2p+2 cases self-sufficient, so that each of these three can be read sepa-
rately; the price to pay was repetition of the basic statements, although with some specific
modifications.

Abbreviations:

e PST is used for Pasti-Sorokin-Tonin approach [1-3]. The PST action for 2-form gauge
field in D=6 can be found in eq. (2.11); see (5.8) for the case of p-form gauge fields
in M?P*2. The PST action for 2d chiral bosons [19] is presented in (4.4).

e HT is used for Henneaux-Teitelboim action (2.25) [6].



e PS is used for Perry-Schwarz action (2.26) [7].

e FJ is used for Floreanini-Jackiw action [20] which can be found in eq. (4.13).

2 PST Lagrangian for 6D selfdual gauge fields

2.1 2-form gauge field in D=6
2.1.1 Free action for 2-form gauge potential in M'+°

We begin by discussing the theory of free non-chiral 2-form gauge potential

1
By = idm” N dat By, (x) (2.1)
in six dimensional spacetime. In eq. (2.1) 2* are local coordinates of M%, yu,v =0,1,...,5,
and A denotes the exterior product of differential forms, dz* A dz¥ = —dz¥ N dx*, so that
the second rank tensor By, (x) contributing to (2.1) is antisymmetric, B, (x) = —B,,(z).

The standard field strength of the 2-form gauge potential is
Hs = %dazp ANdx” NdxtHpyyp(x) := dBo (2.2)
where d = dz"0,, is the exterior derivative which in our notation acts from the right, e.g.
dBy = %dw“ Ndz” A dxP0,By,(x)
= %d:r“ A da® A dx? (8,Byy(x) + 8, By () + 8, Bpp(2)) | (2.3)

so that (2.2) implies H,,, = 301, By = 0uByp + 0y Bpy + 0p B
The free field action for the 2-form gauge potential reads

1
So= [ £° L= _HzAxH;3, (2.4)
M6 2

where the Lagrangian 6-form £° is written using the Hodge star symbol,

]. ]. 13,0 A
xHs 1= ida:"’ AN dat A dx¥ (xH )y (xH)MP = ——=eM"PHY P H 1y (2.5)

31/1g]

gtwppv' — clmwop'v'o'] g the Levi-Civita antisymmetric tensor density normalized so that
eV1245 = 1 and g = det(g,uw) is the determinant of the spacetime metric which in our
conventions is of mostly minus signature.

Varying the action (2.4) with respect to the gauge potential, one finds the standard
free "Maxwell-like’ equations for the 3-form field strength

d+«Hs3=0. (2.6)
By construction, the field strength also obeys the Bianchi identities,

dH; =0 . (2.7)



In spacetime of nontrivial topology, (2.2) generically gives only a particular solution
of (2.7). The general solution

H3 = dBy + kp QL dQt =0, QF £ dz% L=1,...,bs, (2.8)

contains a topological contribution k LQ§ determining the cohomological class [Hs] of H3 as
[H3) = k1, [QF]. Here QF is the basis of the 3rd cohomology group H?(M?®) of the spacetime
MO, by = dimH3(M?Y), and ky, are constant coefficients (see e.g. [21]).

Despite the presence of topological contributions, the variational problem is usually
defined within a fixed cohomology class (see [22, 23] and e.g. [10]), this is to say

0H3 = dd B> (2.9)
with an arbitrary d 5.

2.1.2 (Anti-)self duality equation

A particular solution of the second order equation (2.6) is provided by 3-form field strength
obeying the anti-self-duality condition

Hs 4+ xHs =0 & H,,,+ \é@éuupu/,/le“/wp/ =0. (2.10)
Clearly, this first order equation is not satisfied by the most general solution of (2.6).
Furthermore, the action (2.4) vanishes on this solution. (The above statements are also
valid for the self-duality condition Hs — xHs = 0).

It was natural to wander whether it is possible to construct the action which produces
just the (anti-)self duality equation, or dualities between the field strengths of different
ranks, as equations of motion. The action principle of such a type was of great interest
for the development of supersymmetry and string theory as far as many important super-
multiplets, such as the ones of 10D type IIB supergravity and of the M-theory 5-brane,
included self-dual and/or anti-self-dual tensor fields. Such duality invariant actions with
broken Lorentz symmetry (better to say, which are not-manifestly Lorentz invariant [19])
were proposed in [29] and in [6, 7]. The covariant action principle was developed in [1, 2].2
The properties of this PST action in spacetime of nontrivial topology is our main interest
in this paper.

2Notice also the existence of a covariant action principle with infinitely many auxiliary fields [24, 25]
which describes just the gauge fields obeying (anti-)self duality equations if the additional restrictions to the
configurations containing only finite number of fields is imposed. A quite curious nonlocal approach to chiral
bosons was proposed in [26]; it implies 145 splitting of 6d coordinates and the canonical brackets for 6d
2-form potentials is the same as in HT approach, but its relation with HT action [6] is not clear for us. There
exists also a pragmatic approach in the frame of which the (anti-)self-duality or/and duality equations do
not follow from the action but are imposed by hand afterwards. In such a way the ’"democratic’ formulation
of 10D type ITA and IIB supergravities [27] and the alternative 5-brane action of [28] were constructed.
However, for instance, switching on interactions in a covariant approach of this type does not look so
straightforward as when having the action principle of canonical type, like [4, 5, 13, 14, 16].



2.2 Duality invariant action for the 2-form gauge field. PST, HT and PS
actions; da-timelike and da-spacelike branches of PST system

2.2.1 PST action
The standard PST Lagrangian 6-form

LT = —(iy x Hy +i,H3) N Hz Av =
1
— id% VI0glv? (xHpp + Hypp) * H™ vy, (2.11)

is defined on any 6-dimensional manifold M® which allows for the existence of nowhere

vanishing vector field; it is real when spacetime has a metric of Lorentz signature, M% =
M1+5.
In (2.11) z# are local coordinates on M®, |g| = |detg,.|,

da
/|0ada]’

where a(z) is a(n auxiliary) scalar field, called PST scalar, xHj is defined in (2.5), and

v =dx'v, = dada := Oua g" (x) Oya , (2.12)

1
iyHz = dep N dx v Hyyp() (2.13)

is the contraction of the three form (2.2) with the vector field v* = ¢g"”v, dual to the one
form v in (2.12). Notice that, by definition,

v? = vk, = +1 . (2.14)

As we discuss below (and as we have already mentioned in the Introduction) the sign plus
corresponds to the da-timelike branch and the sign minus to the da-spacelike branch of the
PST system.

In the spacetime of nontrivial topology it may be convenient to consider da(x) as closed
but not exact 1-form, this is to say to consider a as an angle variable (which implies an
equivalence relation of the type a ~ a + 27). This is consistent as a(x) enters the action
under derivative so that the constant shift of its value, a(z) — a(x) + const is a symmetry
of the action.

When working with the differential form representation, it is convenient to use the
identities

E, =i, Fy Av/v? + x(iy x Fy Av) 0?7 Fs = i,Fs Av/v? (2.15)
iy * Hg = *(Hs Av) , (2.16)
3 and F, A *G, = G A xF,. We can also write the first equation in (2.15) as

*(iy * Fp A 0)

. v _ . _ _
szvapAvﬁJrF;), WwFO) =0, FO) = =

| (2.17)

In the case of da = dt, F,S*) is a p-form on the spacial slice M} of the spacetime M5,

®To have #* = 1 we define *By = — Ldxf{ A... Adz! 2|g‘ €p1...papvB"" while keeping the plus sign in the

definition *G4 = $dz” A da* V4‘]g| €uvpr...pa GP1 P2 This provides the plus sign in (2.16).




2.2.2 Lagrangian equations from PST action

PST
Lﬁ

We begin by reviewing the properties of the PST action fM6 in the case of topo-

logically trivial spacetime.
The variation of EGP ST reads

1
Mé?ST = £2G> Ada A <5H3 — §d(5a) A g2> F H3 ANOH; (2.18)

where the sign F in the last term corresponds to £1 = v? and

iv(*Hg =+ Hg)
Vdada .

As we are interested in Hy = dBjs, or (2.8) but with the variation within a fixed topological
class (2.9),

Go = (2.19)

1
SLEST = 2Gy A da A <d632 ~ 5d(6a) A QQ> Fd(Hs N\ 0By) . (2:20)

For the case of spacetime without boundary, OM® = 0, the last term does not contribute
SPST o fMG ﬁgST.

Now it is easy to see that the Lagrangian equation of motion for the 2-form potential,

into the variation of the action

which follows from the PST action, reads
d(GaNda) =0. (2.21)
The equation of motion for the PST scalar have the form
GaANd(Ga ANda) =0. (2.22)

Clearly this is satisfied identically due to (2.21). This dependence of the da equation makes
transparent the pure gauge (Stiickelberg) nature of the PST scalar; in other words, it is the
Noether identity which manifests the presence of the gauge symmetry (called PST2 gauge
symmetry) with respect to arbitrary variations da(z) of the PST scalar supplemented by
a suitable variation of By (the second term in (2.24) below).

But this is not the end of story. Eqgs. (2.21) can be solved formally with respect to Ga.
In the case of topologically trivial spacetime M® (with by = 0 and b3 = 0) the solution is

Go Nda = —d(¢1 Ada) , (2.23)
where ¢1 = dzt¢,(x) is an arbitrary 1-form.

2.2.3 Gauge symmetries and branches of the PST system

Now we come back to eq. (2.20) and observe that it also makes manifest the gauge sym-
metries which act on the 2-form potential by

0By = o1 ANda + da Gy . (2.24)



Here ¢ = dax*p,(x) and ¢, () is an arbitrary x-dependent vector function parametrizing
the PST1 gauge symmetry and da = da(x) is an arbitrary x-dependent variation of the
PST scalar a(x) (parametrizing the PST2 gauge symmetry).

Roughly speaking, the PST2 gauge symmetry can be used to gauge a(x) away. How-
ever, not all the gauges are admissible as far as the presence of vdada in the denominator
of the Lagrangian, and of the equations of motion as they obtained from the variation of the
action (Lagrangian equations), put some topological restrictions on the PST scalar. Nei-
ther a(z) = const (which implies d,a = 0) nor identification of a(x) with the combination
of coordinate parametrizing a light-like direction (for which y/|0ada| = 0) is allowed. How-
ever, the configurations where a(x) is identified with coordinate in timelike or a spacelike
direction are not forbidden.

In the case when J,a is a timelike vector, dada := J,ag"”0,a > 0, the PST2 gauge
symmetry of the PST action can be used to fix the gauge a(z) = 2° = t (or better
da(x) = dt). In the case of the PST action with spacelike 0,a, dada < 0, we can use the
PST2 gauge symmetry to fix the gauge a(x) = 2° (better da(x) = dz®). We will call these
da-timelike and da-spacelike branches of the PST system, respectively. These branches are

disconnected as far as the configurations a(z) = ¢ and, say, a(z) = 2°

4

cannot be related by
a smooth PST2 transformation.

2.2.4 Gauge fixed form of the PST action: HT and PS actions

Fixing the gauge da = dt in da-timelike branch of the PST system we arrive at
non-manifestly Lorentz- invariant (non-manifestly diffeomorphism invariant) Henneaux-
Teitelboim action [6, 31]

SHT MGﬁng, LHT = _GHT NHyndt,  GIT = ig(Hs +Hs) . (2.25)

On the other hand, fixing the gauge (say) da = dx° in da-spacelike branch results in the
Perry-Schwarz action [7]

SPS o » cls . Ll =—-GPSANHsNdx®, GPY =is(Hs +xH3).  (2.26)

It is easy to write the (counterparts of the) PST1 gauge symmetry leaving invari-
ant (2.25) and (2.26):

6By = o1 A dt = 6SHT =0, (2.27)
6By = 1 A da® = 6879 =0. (2.28)

“Indeed, let us define one-parametric family of the configurations a(z) = (1 — a)t + ax’, which coincides
with a(z) = ¢ and a(x) = = for @ = 0 and o = 1, respectively. The fact that o = 1/2 representative
of this family corresponds the prohibited configuration a(z) = 1/2(t + z'), for which dada = 0 and the
action and the Lagrangian equations become singular, indicates that the PST2 transformation relating the
a(z) = t and a(z) = 2" configurations is inevitably singular. This shows that, even in a topologically trivial
situation, the dynamical system described by the PST action has two disconnected branches, which we call
da-timelike and da-spacelike branches of the PST system.



2.2.5 Anti-self-duality from Lagrangian equations of motion

Under the PST1 gauge symmetry dHs = d(p1 A da) and dGa A da = —d(p1) A da so that,
making this transformation in (2.23) and choosing ¢ = ¢1 we arrive at Go = 0 which is
equivalent to the anti-self-duality condition (2.10),

Goa=0 < H3++H3=0. (2.29)

In the same manner one can proceed in the case of HT and PS actions (2.25) and (2.26).

Notice that there exists another, although equivalent, way of reasonings, which is often
used in discussion of not manifestly invariant HT and PS actions. First one observes that
the symmetry (2.27) of the HT action (2.25) actually implies that By; component is absent
in it. In other words, Eé{ T contains B;; = —Bj; fields only,

_ _ _ _ 1 . .
CHT — _io(dBS?) + «(dBS ) AdBS) ndt,  BYY = 5ot Adal Byi(a) . (2.30)
Varying with respect to these fields we find
(=) _ (=) _ (=) (=)

Notice that (dB; )ijk = Hjji := (ng)ijk does not feel presence or absence of By; component
so that ig(*dB; ) = io(*dB2) and we can write the Lagrangian equations of motion (2.31)
in the following first order form (cf. (2.23))

géi) ANdt =dp; N dt =4 (dBéi))oij + (*dB2)0ij = 8,(;5] — 8]@ . (2.32)

This includes (dBy )oij = 0oB;; while the complete (dB2)oi; = doBij — 20); By|;) would in-
volve By; absent in (2.30). The next, final observation is that we can identify the component
By;, absent in the HT action (2.25), with the arbitrary ¢; appeared in the solution (2.32),

Boi = ¢i (2.33)
after which (2.32) acquires the form (dBs)oij + (¥*dB2)o;; = 0 and implies the anti-self
duality equation for the standard field strength

1
(dB2)0ijl 5y, -, + §5ijklm(dB2)klm =0, = H3+xH3=0, H3 = dBs

7

(2.34)

‘B()i:% :

It is useful to keep in mind this alternative way of thinking on the derivation of anti-self-
duality relation from the HT action, and similar approach to the PS formulation. However,
let us stress that the two forms of HT action, (2.25) and (2.30), and two forms of equations
of motion, (2.32) and (2.10) ((2.34)), are equivalent because the arbitrary variation of By,
‘parametrizes’ a gauge symmetry of (2.25).

Summarizing, as we have reviewed above, in topologically trivial spacetime M% =
M5 the anti-self-duality equation (2.10) can be obtained as a gauge fixed version of the
Lagrangian equation of motion (2.21) which follows from the PST action (2.11). The main
question we address here is whether this is also the case when the spacetime topology is
nontrivial.



3 PST action and equations of motion in topologically nontrivial M+3

A topologically nontrivial spacetime manifold M6 may have some number by of closed but

not exact 2 forms wf,

doy =0,  wh#d,  A=1,...b, (3.1)
and also some number b3 of closed but not exact 3-forms Q§
k=0, QL+ d=l L=1,...,bs (3.2)

(see (2.8)). The number of these closed forms, by and b3, determining the dimensions of
the second and the third de Rahm cohomology groups of the spacetime manifold M5, are
called the second and third Betti numbers of M9,

by = dimH*(M®), by = dimH3(MO). (3.3)

The PST action is well defined if M5 admits a nowhere vanishing vector field. As
the existence of at least one such field is necessary condition for a manifold to admit
Lorentz-type metric, the PST action always makes sense in M1® with nonsingular metric
of Lorentzian signature. However, if on M'*5 under consideration such a nowhere vanishing
vector field is unique, then both dt and the derivative of PST scalar da(x) should be
identified with a dual of that; as a result, da(z) = dt and the PST action coincides with
the HT one on such a manifold. The difference between PST and HT action occurs when
several (more than one) nowhere vanishing vector fields can exist on M% = M1*5. Simplest
examples of such spaces are given by direct products of flat spacetime with an arbitrary
internal manifold, R'" @ M®™™ with 5 > n > 1.

3.1 First order form of the PST Lagrangian equations in a topologically non-
trivial spacetime

In a topologically nontrivial M®, as far as the Bianchi identities (2.7) are still valid and
we use the variation within fixed topological class 0 Hs = ddBs, eq. (2.9), the variation of
the Lagrangian form is given by (2.20), and the Lagrangian equations of motion keep the
same form (2.21),

d(GaNda) =0. (3.4)
However, when resolving them with respect to Gy (defined in (2.19)), we first find
Go Nda = doo + ];/‘Lﬁg . (3.5)

with constant k;, and arbitrary 2-form ¢o. To proceed, we need to project this differential
form equation into the part which contains da and its complementary, which does not
contain da. Although this can be done with generic da, the discussion becomes much more
transparent if we consider the case da = dt, in which eq. (3.5) acquires the form

Go Adt = do + kL QL | Gy = ig(Hz + %Hs) . (3.6)
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Let us decompose the forms and differential on the pure spacial and dt dependent parts,

d=d7) +dto,, d°)=dzd, (3.7)
by = &5 +igpa Adt = ¢S + ¢y Adt (3.8)
wh = wh ) bigwd Adt (3.9)
OF = k) 40k Adt (3.10)

With splitting (3.9) and (3.10), the closure of basic 2-forms and 3-forms, egs. (3.1) and (3.2),
imply that the pure spacial part ((_) part) of the closed forms should be ‘spatially closed’,
or d")-closed forms, and 9, derivatives of the spacial ((-)) part of the closed forms should
be d(7)-exact,

Twy =0, hwy © L =d\ igwy 3.11
d();\() 89()d()A

A0k =0, 90k = a0k (3.12)
Decomposing in the same manner eq. (3.6) we find

Go Ndt = dO ¢y Adt + (D8 + Friok) Adt (3.13)
A7) + k) =0 (3.14)

Taking into account eqgs. (3.12), we see that (3.14) implies that 2-form atgzﬁé_) + krigQ¥
is d) closed, d(_)(ﬁtd)g*) + %Lioﬂg) = 0 so that it can be decomposed into a sum of a
d)-exact form and a d(-)-closed but not d(~) exact 2-form:

Ao (7 =0,

_ . _ . (3.15)
@7, 3) # dON (1, 7).

(065 + ErioQd) = d ) + ol ¢, 7) {

When substituting this into (3.13), the exact form can be absorbed into the first term, in
which d() can be equivalently substituted by d, so that the result reads

Aot 7) =0,

_ - _ . (3.16)
o$(t,3) # dOX T (@, 7).

Ga Ndt = —d¢1Adt+az§‘)(t,:E)Adt, {

A nontrivail topology of M% may manifest itself in the second term in right hand side
(r.h.s.) of this equation.

As one can see from (3.11), a particular case of d(=) closed but not d(~) exact dj(_)(t, Z)
is provided by pure spacial components of closed but not exact forms wé\, possibly multiplied
by an arbitrary function of ¢. In general

@7 7) = W OwhO + 207, a8 3 =0, 96717 £dOyD (3.17)

with be arbitrary functions [ (¢) of time coordinate only and spatially closed w(_)(t, Z) the
time derivative of which is not d(~)-exact (so that, in distinction with wé\ ~/, this is not a
spacial part of a closed form in M17?).
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In the case of M6 = R! @ M5 all the nontrivial forms have only spacial parts, in
particular wy = wé\(_)(a_:'), so that all the @i~ = oﬁ(_)(:ﬁ') is decomposed on these, the last

term is absent, @, ' =0, and eq. (3.16) reads
Go N dt = dpy A dt + 15 (t)wd Adt . (3.18)

In this suggestive case, which we will widely use in our discussion below, it becomes
especially transparent that the presence or absence of nontrivial 3-forms Q§ (bs # 0 versus
bs = 0) is not important when studying the consequence of the Lagrangian PST equation.
What does matter is the possible presence of closed but not exact 2 forms in the spacetime
(b # 0 versus by = 0) and on its 5 dimensional slices (spacial slices M} in the case under
consideration).

When da is not identified with dt, one can also arrive at the counterpart of eq. (3.16)

GoNda = —dpy Ada+ s Nda,  diw =) Ada . (3.19)

(1)

Here wy’ can be considered as an arbitrary 2-form which can be identified with d%wg.

However, the consistency conditions of the second equation in (3.19) require it to obey
the equation of the same structure dd)él) = (I)§2) A da. This chain is continued up to
infinity (dd}f) = cbég) Ada, ..., dd}én) = wé"“) Ada, ...) and represents a counterpart of
d 7y = 0 condition in (3.16) (actually it can be equivalently written in this form provided
d @y = divg F iydios A v with v  da (2.12)).

In some cases (for some M®) we can write eq. (3.19) in the form similar to (3.18),

Go ANda = dgy Ada+ Ip(a(z))wh Ada(z),  A=1,... by, (3.20)

In addition to the arbitrary 1-form ¢;, the r.h.s. of this equation contains a topological
contributions determined by by arbitrary functions of the PST scalar, 5 (a) = lx(a(z)). As
in the case of topologically trivial M6, the first term can be gauged away using the PST1
gauge symmetry, but the fate of the second term, containing topological contribution, have
to be studied.

3.2 ‘Semilocal symmetry’ of the PST action in topologically nontrivial M6

Coming back to the variation of the Lagrangian form, eq. (2.20), we find that in a topolog-
ically nontrivial spacetime M® = M'+5 it vanishes under the transformations of the PST2
gauge symmetry 0By = da(z) Gy (which are the same as in the topologically trivial case)
and also under the variations 6 Hs = dd By which obey

da NdéBy = d(6Ba Nda) =0 . (3.21)

Actually this equation for (SBé_) := 0By F 1,0 B2 A v (with v  da, eq. (2.12)) have the
same structure as eq. (3.4) for Go  i,(Hs + xHs). Hence, using the results of previous
subsection, we can immediately write its general solution for d Bo. Combining it with the
above mentioned PST2 transformations (and ignoring the conventional gauge symmetry
0By = day), we find

0By =1 Ada+0aGa+@a,  dpy =) Ada, (3.22)
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which, at least in some particular cases (see above) can be written as
6By = @1 Ada + da Gy + wb fala(z)) (3.23)

(see (3.1) for properties of w).

In addition to an arbitrary x-dependent one form variation ¢; = daz*p,(x), and an
arbitrary variation of the PST scalar da(x) (parametrizing the PST1 and PST2 gauge
symmetries, respectively), this contains be arbitrary functions of the PST scalar field a =
a(x) , fala) = fa(a(x)). These parametrize transformations of semilocal symmetry.

In general case the semi-local symmetry is described by two-form 9 in (3.22) which
obeys dpo = gbél) A da; as such a description seems to be less transparent, it is very useful
to keep in mind the particular case described above.

To gain more comprehension of the properties of our system, let us discuss the con-
figurations with da = dt of the da-timelike branch of the PST system, or the case of HT

action. Then (3.22) acquires the form
5By =i Adt+ ¢S del) =0, (3.24)
and (3.23), valid in particular cases (including M5 = R! ® M?® ), reads
6By = @1 Adt +wb fa(t) . (3.25)

We see that in these cases the semilocal symmetry transformations are parametrized by by
functions of time variables only, fa(t). In general case of topologically nontrivial spacetime
M5 the parameters of the semi-local symmetry of HT action are hidden inside a t-
dependent d(~)-closed but not d(~)-exact 2-form, gb(_)(t,a?) in (3.24).

The symmetry transformations of the field strength Hs = dBs read

SHs = d(py Adt) — @S At dOlT) (8,8) =0, (3.26)
and, in the particular case,

§Hs = d(py Adt) + fa(t) wh Adt (3.27)

where fA(t) = dfgt(t). As it is easily to see, ig x 0H3 = igd * H3 = 0, so that
5Goy Adt = —d(p1) Adt+ 0,05 Adt,  dTPT (4 3) =0. (3.28)

Eq. (3.28) implies that, as in the topologically trivial case, we can gauge away ¢; in (3.16)
using the second PST symmetry with the one-form parameter ;. Furthermore, the second
term in (3.16) can be also removed by the ’semi-local symmetry’ if we choose @gf)(t, Z) to
be a solution of atgb(f) = —wéf)(t, 7).

In particular cases when gbgf) (t, &) and @l (t,Z) can be expressed as a linear combina-
tion of w(f)A(t, ¥), the above arguments can be formulated in a more transparent manner:

®The semi-local symmetry of the HT action in such spacetime was observed in [18].

,13,



the r.h.s. (3.18) can be removed by a semi-local symmetry provided the by functions in (3.25)
(and (3.27)) are chosen such that fa(t) = —Ix(t) holds.

Similar statement is true in the generic case of (both branches of) the PST action
with an arbitrary (nowhere vanishing) da. Let us begin from the PST system in particular
type of spacetime where the general solution of the Lagrangian PST equation (3.4) can be
written in the form of (3.20). The r.h.s. of this equation can be removed by the standard
PST gauge symmetries and the semi-local symmetry 6By = wh fa(a,d), eq. (3.23), with
a-dependent variation fj(a) obeying f)(a) := d%fA(a) = —Ix(a).

In general case the r.h.s. of the first order form of the PST Lagrangian equation,
eq. (3.19), contains 2-form @y obeying dwy = d)él) A da, the r.h.s. of (3.19) can be also
removed by the standard PST gauge symmetries and the semi-local symmetry, 0 Bo = (9
with d@o = gbgl) A da in (3.22), provided we choose gbél) = —Wo.

Then, if the semilocal symmetry is a gauge symmetry, the above statements imply that
eq. (3.19) (eq. (3.20)) is gauge equivalent to Go = 0 which, in its turn, is equivalent to the
usual anti-self-duality equation Hs + *Hs = 0, eq. (2.29).

As we will show in section 3.3 this is the case in the da-timelike branch of the PST
system, while in the da-spacelike branch the above semilocal symmetry is an infinitely
dimensional global symmetry, similar to d=2 conformal symmetry.

To make the above statement intuitively clear, we just mention that the gauge nature
of semilocal symmetry in the da-timelike PST system is suggested by observation that in
it, after gauge fixing the PST2 symmetry by da = dt, the parameters of the semilocal
symmetry (3.22) (or (3.23)) can be collected in functions of time variables; in a particular
case these are by functions fu(t) (see (3.25)). Indeed, the t-dependence is characteristic
for parametric functions of gauge symmetries of one-dimensional systems, and, in a d > 2
field theory, the dependence on spacial coordinates can be considered as a kind of index,
although continuous. In contrast, in the da-spacelike branch the parameters of semilocal
symmetry can be collected (after gauge fixing the PST2 symmetry by, say, da = dz°) in
functions of one of the spacial coordinates, which suggests an infinite dimensional global
symmetry nature of semilocal symmetry in this case.

3.3 On Noether current for semilocal symmetry

A formal way to distinguish a gauge symmetry from an infinite dimensional rigid symmetry,
a typical example of which is provided by the 2d conformal symmetry, is to calculate the
Noether current J* and Noether charge Q = [ dP~12J% For the gauge symmetry this
latter is identically equal to zero, Q = [ dP~1xJ° = 0, while for the rigid symmetry this is
not the case (see [30] and refs. therein).

In this section we address the question of whether the semilocal symmetry of the PST
action in a topologically nontrivial spacetime, which in some particular cases of M6 with
by # 0 have the form of §By = w) fa(a,d) in (3.23), is the gauge symmetry.

To streamline the discussion, we can consider the non-manifestly Lorentz invariant
Henneaux-Teitelboim (HT) and Perry-Schwarz (PS) actions, eqgs. (2.25) and (2.26), which
can be obtained by gauge fixing from the PST action in its da-timelike and da-specelike
branches, respectively.
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Furthermore, we will begin by discussing these actions in particular classes of topolog-
ically nontrivial spacetimes, including R! @ M® and M'T* @ R!, for which the semi-local
symmetry of these actions can be expressed in terms of bs functions of only time coordinate
and of only one spacial coordinate respectively, so that

6SHT =0« 6By =dog + @1 Adt+ fa(t)wd . (3.29)
5575 =0 <« 6By =day +¢1 Ada® + fo(z®)wd . (3.30)
Let us recall that w®, A = 1,..., by are closed but not exact 2-forms (3.1) which provide

a basis of H?(M®) which, in these particular cases, is equal to H2(M?®) and H?(M*4),
respectively.

In the case of HT action for chiral bosons in R! @ M®, we can write the semi-local
symmetry transformations of (3.29) in the form

(n)
0

5By = (fA(O) +tfg(0)+...+t”fAn,( ) +> wh (3.31)

(n)
and identify (the infinite set of) their parameters with f"T(O) forn =0,1,.... Then the

5-forms dual to the Noether currents for these symmetries,

n 1

«JMA = £ AL A Azt ey, s MON (3.32)

read (see appendix B for the proof of the First Noether Theorem in our notation)

s JN 4 at A Gy Awd (3.33)

Jl(n)A

This form is closed on the mass shell, d % = 0, which is tantamount to state the

current conservation Q#J“(”)A = 0. Moreover, one can observe that the time component
of the Noether current dual to the 5-form (3.33) vanishes, JOMA =@ (JHA = gt Jiln)A),
Then, as far as the Noether charge is defined as an integral over the space of the timelike

component of the Noether current, it also vanishes,
QA .= / PO = (3.34)

as it should be for the case of gauge symmetry.

This allows us to conclude that the semi-local symmetry (3.29) is the gauge symmetry
of the HT action (2.25) in a spacetime M of nontrivial topology with by # 0.

Such a conclusion does not follow in the case of semi-local symmetry (3.30) of the
Perry-Schwarz action (2.26) on M1+ @ R!,

(n)
0
6By = (fA(O) + (2®) fA0) 4 ... + (:c5)”fAn'( ) +) wh (3.35)
Its Noether current reads
*Jl(n)A = (2°)"dz® A Go Awh (3.36)
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so that in this case J° ™A =0, but JO™A is generically nonvanishing. Thus the standard
Noether charge is generically nonzero, QWA := i oz JOA £ 0 which indicates that the
semi-local symmetry (3.30) of (2.26) is infinite dimensional rigid symmetry.

The above statement is true also in the case of HT, PS and PST actions in generic
MP (allowing for the existence of nowhere vanishing vector field(s)), when the semi-local
symmetry is described by eq. (3.22) rather than (3.23). To make this transparent let us first
return to the above particular case and introduce generated functionals for the Noether
currents and Noether charges,

o £(n)
et 0) = S0 IO AN = g n G
n=0
QU] = [@artise)= [ atism]=o
QUAAMwy] = > QM fa(1)] =0, (3.37)
A
©  £(n)
1) = 3T O SN = e Gy
n=0
QU] = [@artise)= [ atiso] 2o
QU (")l (3.39)

I
-]
O
=
=
5
ot
=
N
o

In general the generating function for the Noether changes of semi-local symme-
try (3.22) can be written as

Qlpa) = [y da(z) ANGa A @a,  dps = @) Ada, (3.39)

where M® can be defined as a constant ¢ slice of M. In the da-timelike branch of the
dynamical system described by the PST action we can use the PST2 symmetry to fix the
gauge da = dt in which it is immediate to see that Q[@2] = 0. This is not the case for
the da-spacelike branches of PST system, where we can rather fix the gauge da = dx° in
which, generically, Q[p2] # 0.

Hence the semi-local symmetry is a gauge symmetry in the da-timelike branch of the
dynamical system described by the PST action and an infinite dimensional rigid symmetry
in the da-spacelike branch of the PST system.

3.3.1 A speculation on possible alternative

It is tempting, following the spirit of recent [33] (devoted to the Euclidean 5d SYM de-
scription of the mysterious non-Abelian 6d (2,0) superconformal theory), to speculate on
possible alternative canonical formalism allowing to treat the semilocal symmetry of PS
action as a gauge symmetry.

Indeed, the above observation that the Noether current of semi-local symmetry of the
PS action obeys J?™A = 0 (in particular cases, and i5 * J1[[@2]] = 0 in the general case)
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implies vanishing of 'pseudo-charge’ constructed in the same way as Noether charge but

with interchanging the role of time z° =t and the special space direction z°,

QA = / dtda' da?dzPdzt JPMA = 0 . (3.40)

Then, following [33], one can build formally the canonical formalism based on using x°
instead of time direction 2 = ¢. In its frame the semilocal symmetry of the PS action
can be treated as a gauge symmetry and used to obtain the (anti-)self-duality equation. A
necessary condition for the above treatment of PS action and of the da-spacelike branch of
the PST system in a topologically nontrivial spacetime with by # 0 is that this M% allows
for the existence of a nowhere vanishing spacelike vector field, which can be associated with
25 direction (besides the timelike nowhere vanishing vector field which is strictly necessary
to have the metric of Lorentz signature). If so, one could state that also da-spacelike
branch of the covariant PST action, like da-timelike one, can be used to obtain the anti-
self duality equation, provided certain alternative canonical formalism is used. The authors
of [33] noticed that different choices of the basic variables of canonical formalism should
correspond to restriction to a special field configurations for which the physically relevant
integrals of the field variables (including the ones defining charges) do not diverge.

In this paper we will not elaborate the idea of alternative canonical formalism and
keep the conservative point of view according to which the semilocal symmetry of the PS
action and of the da-spacelike branch of the PST system is an infinite dimensional rigid
symmetry.

3.4 (Anti-)self-duality equation from PST action in topologically nontrivial
MG

Thus, as we have shown above, in the topologically nontrivial space-time M+ the PST
action produces the dynamical equations of motion (2.21), which are equivalent to (3.19). In
particular cases of topologically nontrivial spacetimes this first order form of the Lagrangian
equations can be written in a more transparent manner (3.20),

Go Ada = iy(Hs + xHsz) Av = lz(a) w™ Ada, (3.41)

in which the r.h.s. is expressed in terms of by arbitrary functions of the PST scalar [y =
Ix(a(z)). Below we will carry the discussion in terms of this particular case and give the
generic form of the equations in parenthesis. (See (3.19) for the first order form of the PST
Lagrangian equations in a generic spacetime).

On the other hand the PST action possesses, in addition to the PST1 and PST?2
gauge symmetries, also the semi-local symmetry which in these particular spacetimes, is
parametrized by by arbitrary functions of the PST scalar fa(a(z)) in (3.23),

6By = @1 Ada+ da Go + wb fala(z)) (3.42)

((3.22) in the generic case).
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3.4.1. da-timelike branch

In the da-timelike branch of the PST system, described by the PST action with timelike 0,a,
all these are gauge symmetries and one can use them to gauge away the r.h.s. of (3.41), thus
arriving at GaAda := i, (H3+*H3)Av = 0 which is equivalent to the anti-self-duality (2.29),

Hs +xHs =0 (343)
for the ’original’ field strength (2.8) entering the action (2.11).

3.4.2. da-spacelike branch

As we have already discussed in section 3.3.1, to treat similarly the da-spacelike branch of
the PST system, as well as the PS system appearing as the gauge fixed, da = dx® version
of this branch, one might try, following the spirit of [33] to develop an alternative canonical
formalism using 2° variable instead of time.

In this paper we will follow a more conservative approach keeping the standard re-
lation of canonical formalism with the timelike direction of M. Then, the semi-local
symmetry of the da-spacelike branch of the PST system is an infinite dimensional global
symmetry, which cannot be used to fix a gauge, and the Lagrangian equation (2.21) is
gauge equivalent to

Go Ada =iy (Hs + xH3) Av = Iz(a) w™ A da (3.44)

with arbitrary functions of the PST scalar Ix(a) (to (3.19) with ¢1 = 0 in the general case).

Thus the standard anti-self-duality equation (3.43) for the field strength Hs entering
the action cannot be reproduced in the da-spacelike branch. However, let us observe that
we can remove the additional topological contributions by redefining the field strength as

Hz = Hs — Iz (a(z)) w™ A da(z) (3.45)
(or, in the general case,
Hy = Hs — s Ada(z),  dis = ol Ada(), (3.46)

with @ being arbitrary in all other respects). Indeed, due to (3.44) (or (3.19)), such Hs
obeys, besides the standard Bianchi identities dH3 = 0, also iv(I:Ig, + *ﬁg) =0 and hence

Actually, when we can consider da(z) (and hence da(x)lj(a) in (3.45)) as an exact
form, we can write the redefinition of the field strength as a redefinition of the potential,

H3 = dBQ s ffg = dég s BQ = BQ + wé‘fA(a) + dOél s %f,\(a) = lA(CL) (348)

(Bg = Bg + B2 with df2 = &2 A da in general case).
This allows us to state that, in a topologically nontrivial spacetime with by £ 0, and
more generally in the spacetime which allows for an existence of a nontrivial solution

,18,



(We # dx1 + ipdx1 A v) of the equation dws = d)él) A da, the da-spacelike branch of the
PST system, as well as the non-manifestly covariant PS action, can be used to produce
the (anti-)self-duality equation only for the redefined field strength Hz (3.47) or redefined
potential By (3.48). In particular cases where the redefinition has an especially transparent
form, it involves by arbitrary functions of the PST scalar (of a special spacial coordinate x°
in the case of PS action) which can be associated with the set of parameters of semilocal
symmetry. However, as far as this symmetry is an infinite dimensional global symmetry
rather than a gauge symmetry, the original and redefined potentials, By and Bs, cannot
be considered as equivalent in this case.

Thus the topology makes difference between da-timelike and da-spacelike branches of
the PST system as well as between non-manifestly invariant HT and PS actions. The
timelike branch of the PST system and its gauge fixed version described by HT action,
become preferable as they produce the (anti-)self-duality equation for the original field
strength (field strength of the original potential), which enters the action, also in spacetime
with by # 0 and more generally in spacetime allowing for existence of a nontrivial solution
(We # dx1 — ipdx1 A v) of the equation dwe = d)él) A da.

3.4.3. On spacetime of Euclidean signature M% = A/6+0

In the case of topologically nontrivial spacetime of Euclidean signature, M% = M5+ the
main problem is that, to obey %> = 1, the Hodge duality operation is to be imaginary,
(xH3)* = —« (Hs3)* so that the (anti-)self-dual gauge field should be complex, (H3)* # Hs.
However, if we allow for complex fields and non-Hermitian actions (this is widely used
e.g. in pure spinor approach to quantum superstring [34, 35]; see also [10]), then the only
requirement for the spacetime MY = MY to define (a complex) PST action is to allow
for a nowhere vanishing vector fields. Then if such field is unique, the only possibility is to
identify da and dt with it(s dual) and the PST action automatically reduces to HT one.

In M% = M5+ of Euclidean signature with several nowhere vanishing vector fields all
the allowed choices of da can be related by a nonsingular PST2 gauge transformations so
that no separations on the branches in (complex) PST action occurs and the (complex)
HT and PS actions are gauge equivalent. In some particular cases, including M® with
bo(MS) # 0, the additional contributions to the r.h.s. of the first order form of the La-
grangian equation which follows from the PST action do appear; however the PST action
possesses the semi-local symmetry, and this can be treated as gauge symmetry. Hence the
(complex) PST action in such an M% = M%*0 produces the Lagrangian equations which
are gauge equivalent to the anti-self-duality conditions (2.29) for the original (complex)
gauge field strength which enters the action.

3.5 Summarizing the case of chiral 2-form gauge potential in 6 dimensions

Thus we have shown that the PST action for the 6D 2-form potential can be used to obtain
the self-duality equations also in the topologically nontrivial spacetime.

Interestingly enough, the da-timelike and da-spacelike branches of the PST system
become nonequivalent in the spacetime Mt with by = dimH2(M'*®) # 0 or, more
generally if M allows for a nontrivial solution (3 # dx1 F i,dx1 A v) of the equation
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dae = dzél) A da with some closed 1-form da = da(z) (v < da). Also the non-manifestly

invariant HT and PS actions, which can be obtained from these branches of PST system by
gauge fixing of PST2 symmetry, are non-equivalent in such spacetimes. In both cases the
Lagrangian equations are equivalent to the (anti-)self-duality conditions for redefined field
strength and the redefinition can be identified with some semi-local symmetry of the PST
action. However, the da-timelike PST system is preferable as in it the semi-local symmetry
is a gauge symmetry so that the redefined field strength is gauge equivalent to the original
one which enters the action. Thus, in this da-timelike branch of PST system (and in the
HT action) the Lagrangian equations are equivalent to the anti-self-duality equation for
the original field strength entering the PST action.

Similar situation occurs for the chiral 2/-form gauge field in topologically nontrivial
spacetime of D = 4]+ 2 dimensions and, with a minimal modification, also for any even D.
But before describing this general case, we turn to the simplest D=2 chiral boson system,
in which a semi-local symmetry occurs also in PST action in the topologically trivial D=2
spacetime.

4 Prototype of the topological gauge symmetry in 2D PST action for
chiral bosons

The simplest, but also special case of theories of self-dual and anti-self-dual tensor fields is
the theory of chiral boson in two dimensional spacetime. In a topologically trivial spacetime
one can fix the conformal gauge, where the chiral (anti-chiral) bosons are represented by
functions of only ¢ —z (only t+).% In terms of differential forms, one defines the 2d Hodge
star operation by

s dp = *(dz™ 0 ®) = dr™/|glemng™ Ok

1
x1 = d*z/|g| := §dxm/\d93"enm\/|g|, xx =1, (4.1)
with €pn = —€pm, Ol = —¢g; = 1, and writes the chirality condition

as 2d anti-self-duality equation,
dp + *dp =0 . (4.3)
The Lagrangian 2-form of 2D PST action can be written as
Lo = iu(do+ *d0) g N v = oo A sdd — Lin(dd + #dg) =iy(dé++d) . (4.4)

For completeness of this section let us recall that v = dx™wv,, is defined in (2.12), v? = 41,
and i, — by i,d¢p = v ¢ and by the 2-form counterpart of (2.13). Denoting F' = d¢,
we can write the variation of the Lagrangian form (4.4) as

6Ly = 6F Nv iy(F + xF) — 6v Av (iy(F 4 *F))? + #F/\(SF (4.5)

SIn this section we use the notation 2™ = (z°,2') = (¢,), so that f(x) denotes the function of one
rather than of two coordinates.
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and, ignoring the total derivatives, as
0Ly = da N dGy (5(b — 20a go) . (4.6)

Here

0 Voada VOada '

From (4.6) one can clearly read the second PST symmetry with d¢ = 2da Gy and arbitrary

function da(t, x). But, as far as our basic field is now scalar, the straightforward counterpart
of the first PST symmetry (6B, = ¢,—1 Ada, see the first term in (3.23)) is actually absent.

A more careful analysis shows that d¢ = f(a(t,x)) gives only a total derivative contri-
bution to (4.6) so that the complete symmetry variation leaving invariant the PST action
for the chiral bosons reads

0¢ = 26a Go + f(a(t,z)) . (4.8)

On one hand, as the function f(a(t,x)) depends on the 2d spacetime coordinates through
its dependence on the PST scalar only, the second term is the clear counterpart of the
semi-local symmetry of the above section 3.2. On the other hand this symmetry is present
in the action for chiral bosons in a topologically trivial spacetime as well, and, as we
will see below, plays the role of PST1 symmetry. This is why we would like to call it
semi-local PST1 symmetry. Let us study how it works in the derivation of the chirality
(anti-self-duality) equation (4.3) in topologically trivial spacetime M'*1.

Eq. (4.6) makes transparent that the equation of motion which follow from PST action
with (4.4) reads

da N\ dGy = d(da go) =0. (49)
In the topologically trivial situation (by = dim H'(M'*1) = 0) it is solved by

gO = f(a(tvx)) ) (410)

where f(a(t,z)) is an arbitrary function of the PST scalar a(t, z).
Now we observe that under the semilocal PST1 symmetry (4.8)

5g0 = f’(a(t,a:)) ) (411)

so that r.h.s. of (4.10) can be removed or generated by the transformation with f/(a) :=
%f = Ff(a). Then, if the semilocal PST1 symmetry is a gauge symmetry, eq. (4.10) is
gauge equivalent to Gy = 0 which in its turn is tantamount to the chirality equation (4.3),

Go=0 & dp + xdp =0 . (4.12)

As we will see, this is the case for da-timelike branch of the dynamical system described
by the PST action (4.4) (da-timelike PST) which is gauge equivalent to the not manifestly
Lorentz invariant Floreanini-Jackiw (FJ) action [20],

Spy=— / dtd2(D,00,6 + 0,60,6) (4.13)
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In contrast, for the da-spacelike branch of the 2d PST system (da-spacelike PST), which
is gauge equivalent to non-manifestly Lorentz invariant ’anti-FJ’ or PS-like action,

Sury = / dtdr (9,00, + 0160,6) (4.14)

the semi-local PST1 is an infinite dimensional global symmetry.

4.1 Semi-local symmetry as gauge symmetry of FJ and da-timelike PST ac-
tions

Using the PST2 symmetry of the da-timelike PST system to fix the gauge a(t,z) = t,
where the PST action is reduced to the FJ action (4.13), we notice that the 2d counterpart
of the PST1 symmetry, the semi-local PST1 symmetry, is parametrized by a function of
time coordinate z° = ¢ only,

So(t, ) = f(t) . (4.15)

Notice that, if the spacial coordinate takes values in a final interval, x € (zf,x;), (4.15)
is also the symmetry of the action provided the scalar field ¢(t,x) obeys the following
boundary conditions

ot xp) = p(t, m;) - (4.16)

The fact that (4.15) is a gauge symmetry is intuitively clear. However, it is instructive
to prove this formally.

As it was stressed in recent [30] (see also [31, 32]) the difference between gauge sym-
metry and infinite dimensional global symmetry, the characteristic example of which is
given by the 2d conformal symmetry, is that for the former the Noether charges vanish
identically, while for the latter this is not the case.

Decomposing the parametric function( ?n (4.15) in series, f(t) = f(0) +tf'(0) + ...+

()

%f(")(O) + ..., and considering ¢ = 1 as the symmetry parameters, we find the

corresponding Noether currents J#™ = (.J 0(”), JH)),

JOM = 19,6 = —8,(t"9) ,
JHR) = 470y + 20,)¢ + nt"rp = By (t"¢) — 2™ (Dy + D) - (4.17)

It is not difficult to see that these currents are conserved on the mass shell, QLJ“(”) =
9, J0M) 4 9, gl ) = _9mg, (0y + 0,)¢, and that the corresponding Noether charges

QW — / dp g0 _ / 20, (") = —t"(d(t, 5) — B(t, 7)) = 0 (4.18)

vanish identically with the boundary conditions (4.16).

Hence, the semilocal PST1 symmetry of the FJ action (4.13) is gauge symmetry. The
same conclusion holds for the semi-local PST1 symmetry of the da-timelike branch of the
dynamical system described by the manifestly Lorentz invariant 2d PST action (4.4).
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4.2 Chirality equation as gauge fixed form of the Lagrangian equations of the
FJ action and of the da-timelike branch of the PST action

The Lagrangian equation of motion which follows from the FJ action (4.13), 0,(0;+0,)¢ =

0, can be written in the first order form as

(O + 0x)9 = (1) - (4.19)

However, the action (4.13) and the second order form of the equations are invariant under
the semi-local PST1 symmetry (4.15) which, as we have shown above, is a gauge symmetry.
Choosing f(t) in (4.15) to be a solution of f(t) := d;f(t) = o(t) we can gauge away the
r.h.s. of (4.19) and write this equation in a gauge fixed form

0+ 0s)d=0. (4.20)

Hence the FJ action (4.13) can be used to obtain the chirality condition (4.20) as equation
of motion.

This is also the case for the da-timelike branch of the PST system. The Lagrangian
equations (4.9) which follow from the PST action (4.4) are gauge equivalent to the chirality
conditions (4.12), d¢ + xd¢p = 0, as the semi-local PST1 symmetry is a gauge symmetry in
this branch.

4.3 Issues of anti-FJ action and da-spacelike branch of the 2d PST system

In the case of anti-FJ action (4.14) which can be obtained from da-spacelike branch of
the PST system by gauge fixing of the PST2 symmetry, the semi-local PST1 symmetry
transformation are characterized by a function of spacial variable x,

5(t,x) = f(x) (4.21)
A more careful look shows that this symmetry requires the ’initial’ conditions
O(ti,x) = P(ty, ) (4.22)

(in contrast with the boundary conditions (4.16) required for the semi-local symmetry of
the FJ action). The components of Noether currents J#™ = (JO) 1)) corresponding
to (infinitely many constant parameters of) this symmetry are

JO0) = 227(8; + 8,)p — Dy (a"9) ,  JHM = 9,(a"9) . (4.23)

These currents are conserved on the mass shell and have the Noether charges

Qi — / de g0 — _ / dd, (2") = 2P p(t, 2;) — A}t wp) £ 0 . (4.24)

Generically, these do not vanish. Hence we conclude that the semi-local PST1 sym-
metry of the anti-F.J action (4.14) and of the da-spacelike branch of the 2d PST system is
not a gauge symmetry but an infinite dimensional rigid symmetry, similar to the famous
2d conformal symmetry.
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That infinite dimensional rigid symmetry cannot be used to gauge away the r.h.s. of
the first order form of the anti-FJ Lagrangian equation which, thus, contains an arbitrary
function of the spacial coordinate x in r.h.s.,

(O + 02)¢ = () . (4.25)

Of course, this can be written as a chirality equation for the redefined field ¢ = o(t,x) —
p(x),

O+ 0:)0=0,  ¢=0o(t,x)—p(z). (4.26)

However, this does not help much as far as the redefinition is done with an arbitrary
function and it does not change the conclusion that the general solution of the equations
of motion which follow from the anti-FJ action,

o(t,x) =h(t —x) — p(z), (4.27)

contains, besides the arbitrary chiral function h(t—x), also arbitrary function of the spacial
variable o(z).

Thus in the case of 2d chiral bosons, even when 2d spacetime is topologically trivial,
the da-timelike branch of the 2d PST system and a non-manifestly Lorentz invariant F.J
action, which can be obtained from that by gauge fixing, are preferable over the da-spacelike
branch of the 2d PST system and anti-FJ action. Only formers can be used to obtain the
anti-self duality equations, (4.12) and (4.20), the general solution of which are given by
one arbitrary function h(t — x). In contrast, for da-spacelike PST and anti-FJ action the
general solution of the equations of motion, eq. (4.27), contains also an arbitrary function
of the spacial coordinate, ¢(z), and in this sense is rather similar to the solution of the
equations of motion of ‘usual’, non-chiral massless boson.

4.4 A speculation on alternative canonical formalism in 2d

In search for possibility to rehabilitate the da-spacelike branch of the PST system and the
anti-FJ action one may turn to the idea of [33] to develop the canonical formalism using z
instead of ¢ variable.

Indeed, the pseudo-Noether-charge assiciated to this formalism,

QM = / dtJ ) = / dtoy(z"p) = x"(p(tf, ) — (t;, ) = 0 (4.28)

vanishes identically as a result of ‘initial’ conditions (4.22). As it was noticed in [33], differ-
ent choices of the basic variable of the canonical formalism should correspond to restrictions
to different field configurations, for which the different physically relevant integrals con-
verge. In the two-dimensional case spacial and temporal slices are one-dimensional so that
the exchange of the roles of space and time variables, and the convergence conditions for
spacial and temporal integrals, does not look unnatural.

However, after fixing once the basic variable (time) of canonical formalism, one sees
that the dynamical system described by the PST action splits on two branches, da-timelike
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and da-spacelike, and that the semi-local PST symmetry is the gauge symmetry in one,
usually chosen to be the first, while it is the infinite dimensional rigid symmetry in the
other. Then the da-timelike branch, the gauge fixed version of which are given by non-
manifestly Lorentz invariant F\J action, is preferable as it allows to obtain the chiral boson
equation as a gauge fixed version of the Lagrangian equation of motion.

4.5 Chiral bosons on a Riemann surface

On Riemann surface X, with nonvanishing genus g # 0 the first cohomology group H!(Z,)
is 2g dimensional, b; = 2g # 0, so that there exists a basis {QF} of 2g closed but not
exact forms on ¥,. If ¥, allows for the existence of a nowhere vanishing vector field, the
PST action (4.4) is well defined and produces the Lagrangian equation (4.9).” On %, the
general solution of (4.9) reads

daGo = da f(a) + krQF .,  dQF =0, QF #dy(x), L=1,...,2g. (4.29)

It includes 2g constants ky,.
Contracting this equation with v = da/+/|0adal, we find

Go = fla) + k1 i,QF/\/|0adal , (4.30)

while contracting the Hodge dual of eq. (4.29) gives the following equation for the coeffi-
cients kp:

kpi,«QF=0. (4.31)

Similar equations can be derived from non-manifestly diffeomorphism invariant FJ-
type action obtained from the da-timelike branch of PST action by setting da = dt. These
read

Go := io(d¢ + xd¢) = f(t) + kr ioQf (4.32)
krig«Ql =0 & krinQF=0. (4.33)

The last equation restricts the set of constants kz, to be such that k;QF = dtk:Lion . Then
the closure of QF forms implies d(k; Q) = dt A d(krigQF) = 0 and hence that krigQl is

z-independent, kz, igQF = f(t).8 As a result, eq. (4.32) can be written in the form

Go := io(dé + +dg) = (1) + [ (1) - (4.34)

It is known that if the Riemann surface is compact, connected and admits a nowhere vanishing holo-

morphic one-form ((1,0)-form), then it is a torus (quotient of C by a lattice) which implies g = 1. An
exhaustive study of the canonical and BRST quantization of the FJ model on the torus and comparison of
the particion function for chiral bosons obtained on this way with the results of holomorphic factorization
approach [36] can be found in recent [37].

8Then the form krQF = dtf(t) is not exact iff dt is not exact, i.e. iff our time is an angular variable. If
not, then the condition that QF forms are not exact would require to set f (t) = 0 and we can proceed as
in the topologically trivial case.
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Then the second term together with the first one can be gauged away using the semilocal
PST1 symmetry (4.15) with f(t) obeying f'(t) = —f(t) — f(t). After this stage we arrive
at the chirality equation (4.3).

In the same manner we can reproduce the chirality equation (4.3) as a gauge fixed
version of the Lagrangian equations of motion which follow from the PST action (4.4)
written on a Riemann surface g4, but only in its da-timelike branch in which the semi-
local PST1 symmetry in (4.8) is a gauge symmetry (see however the speculations in the

previous subsection).”?

5 Twisted anti-self-duality of p-form gauge fields from the PST action
in a D=2p+2 dimensional spacetime of nontrivial topology

The generalization of the analysis of section 3 to chiral bosons in spacetime of an arbitrary
even dimension is quite straightforward. In this section we will present the basic equations
and formulate the conclusions for the Lagrangian description of chiral p-form gauge fields
in topologically nontrivial spacetime of D = 2p + 2 dimensions.

5.1 Twisted anti-self-duality in D = 2p + 2

Let us define the measure of D = 2p + 2 dimensional spacetime by dz** A ... A dz"P =
dPxe1-VD = —(—)PdPxe’p-V1 with 01 (2p 1) — —€01...(2p+1) = 1, and consider the set of
n p-form gauge fields Bé, I=1,...,n, with the field strength (see also (5.19) below)

H1{+1 = dBé = |d$up+1 A...Nda" H), (z), (5.1)

1
m V1..Vpt1
v=0,1,....,2p+1).

If we define the dual of an arbitrary g-form F, = %dm”‘l A Ndx" Fy, ., (7) by

1 Vgl
*Fq = Mdl‘l”j*q Ao A dxt (]! 61/1...VD—1M1-~~MqF“1MMq (CC) ’ (5'2)

then * x* HI{+1 = (—)pHZ{H so that for odd p (in particular for p = 1 corresponding to
D = 4) to be consistent one has to consider a twisted (anti-)self-duality condition imposed
on the even number of gauge field strengths (n = 2m for p = 2¢ + 1), rather than just
(anti-)self-duality condition. The twisted anti-self-duality equation has the form

H =0 (5.3)
where

°If ¥, has the metric of Euclidean signature, then there is no separation of PST system on two branches,
all the possible values of da are related by nonsingular PST2 symmetry transformations, but the chiral boson
and the PST Lagrangian become complex. See section 3.5.3 for more discussion in the D = 6 model.
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This contains an invertible n x n matrix £2;; with the properties

Qry=(—)PQr, Qg = (—)Po1s , I,J=1,...,n. (5.5)
As a result,
HL L =Q M1 (5.6)
and
QuHL NH] =0 (5.7)
hold.

5.2 PST action for chiral bosons in M?2Pt2

When spacetime MP = M+t g topologically trivial, it is known that the twisted
anti-self duality equation (5.3) can be obtained from the PST action ST oc [ £E5T with

) 1
LB — —QUZUH}],H A Hi7]+1 ANv = ade v |g|vp7-[fm1m#p vy x HMLHe (5.8)
v = dz"v, = da/+/|0adal , dada := g"0,a0,a . (5.9)

Indeed, modulo exact forms, the variation of £gST can be written as!”

SLpT =2(=)PQy d(da AGL) A (6B — daG)) (5.10)

where

;oayl ; 1 ; J
g o i Ol Qi .11

\/|0adal| \/|0adal|

Eq. (5.10) makes manifest the PST gauge symmetries

5B} =@}y Ada+da G (5.12)

with an arbitrary da(x) and gof“m“pfl(:ﬂ) = gp[lm”_up_l](;r) in cpzl,_l = ﬁdx“?*l A
...dx“lcpﬁlmup_ (x). The presence of the former shows the pure gauge (Stiickelberg) na-
ture of the PST scalar, while the arbitrary gof“m Ly () allows to gauge away the general

solution da A G, = da A d¢,—1 of the Lagrangian equations of motion

d(dang))=0, (5.13)

10 In terms of the variation of the field strength
1
SLET =20 5da A GE A (6H§+1 - 595 A d(&;)) F (=) Qs HL A ANSHY
where the sign of the last term is related to £1 = v,v*. The property (5.7) is essential to derive this result.

The other useful identities are +Fy = i, Fg A v + #(iy % Fy Av) and i, x Fy = —(—)% % (Fy Av), in particular,
iy x Hpp1 = ()" * (Hp41 A ).
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thus arriving at QI{ = 0 which implies the twisted anti-self-duality equation (5.3)

gl=0 = 1 =0. (5.14)

Like in D = 6, for our discussion below we need to define da-timelike and da-spacelike
branches, in which the partial derivative of the PST scalar is spacelike and timelike vector
respectively:

da — timelike branch : dada := ¢g""0,a0,a > 0, (5.15)
da — spacelike branch : dada = g""0,,a0,a <0 . (5.16)

In the da-timelike branch, the PST scalar a(x) can be equated to the time coordinate
by using the smooth local PST2 transformation, while in the da-spacelike branch this is
impossible but it is possible to equate a(x) with one of the space coordinates, say da(z) =
dr'. Indeed, these two choices, da(r) = dz' and da(z) = dx', clearly corresponding
to (5.15) and (5.16), cannot be related by smooth local PST2 transformations (see section
2.2.3 for more details).

5.3 Twisted anti-self-duality from PST action in topologically nontrivial A/%P+2

In the topologically nontrivial spacetime M2 = M'+(2P+1) with nonvanishing Bette
numbers b, = dimHP(M?P+2) £ 0 and by,1 = dimHPHL(M?P+2) £ 0 there exist b, closed
but not exact p-forms w;} which provide the basis of HP(M?2P12),

dw) =0, wh#dxy,, A=1,...b, (5.17)
and b,1 closed but not exact (p + 1)-forms which provide the basis of HPT(M%+2),
A, =0, Q@) #dyy,  L=1,...by1. (5.18)
These latter enter the general solution of the Bianchi identities dHé 1 =0,
Hl  =dB)+ ki Q) (5.19)

with constant kI ’s.

The PST action (5.8) makes sense in a topologically nontrivial spacetime allowing for
the existence of a nowhere vanishing vector field; it can be written for the generalized field
strength (5.19). Varying this action within a fixed topological class, 6 Hp11 = ddB,, one
finds the same equations (5.13) (see section 3 for more discussion). However, an equivalent
first order representation of these equations, which can be obtained as the general solution
of (5.13) with respect to QII) A da, now contains additional topological contributions.

A straightforward generalization of our approach of section 3 allows to show the fol-
lowing facts.

e The first order form of the PST Lagrangian equations (5.13) can be written in the
form

Gl Nda = —d¢} | Ada+ @) Nda, (5.20)
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where @! are nontrivial solutions of

p

do) =V Nda,  do(V =0T Nda, ..., delT =T Nda, L. (5.21)

In the configuration with da = dt the above conditions imply that the forms wI{ are

‘spatially closed” but not ‘spatially exact’, i.e. obey d(*)dj; = 0 and (,Z)]I) =+ d(*)xzfj_l

where d(=) = dzd and Z are coordinate on the slice Mt2p Loof M2p+2,

In a spacetime with b, # 0 a solution of (5.21) is given by w{, = l/I\(a(x))w]‘DX were w{,\
are b, p-forms forming the basis of HP(M?P*+2), (5.17), and I} are arbitrary functions

of one variables. In the above solution this is taken to be the PST scalar.

At least for particular cases of M?P*2 the above solution is general (a particular
example is R ®@ M2+ with da co-tangent to R) so that

g; Ada = —dcb{,,l A da + lf\(a(x))wé\ Ada(z) . (5.22)

with arbitrary /4 (a(z)). In this case it becomes especially transparent that the value

of b, (rather than of b,;1) is relevant when considering the PST action for B, in
M?P+2,

The complete set of symmetries of the PST action is described by (to simplify equa-
tions in this item we omit the superindex /)

0B, = day—1 + pp—1 ANda + da G, + @p , dp, = 4,51(01) Ada (5.23)
with
dgp =@M nda, dp) =P Ada, ..., dpl” =0 Ada, ... (5.24)

At least in the particular cases (see above) this can be written as
0B, = dop—1 + pp—1 Nda+ da G, + wﬁ fala(z)) (5.25)

with b, arbitrary functions of one variable fa(a). These parametrize the semi-local
symmetry. In generic case the parameters of this semi-local symmetry of the PST ac-
tion are hidden inside of p-form ¢, which obey the (infinite chain of) equations (5.24).

The r.h.s. of the first order form of the Lagrangian PST equations, eqs. (5.20)
or (5.22), can be removed by the standard PST gauge symmetries, described by
the second and the third terms in (5.23) or (5.25), and by the semi-local symmetry.

Thus if the semi-local symmetry is gauge symmetry, the first order form of the PST
Lagrangian equation, (5.20) or (5.22), is gauge equivalent to QII) =0, eq. (5.14), which
in its turn is equivalent to the twisted anti-self-duality equation

Hyo=H  +Q«HJ =0 (5.26)

for the (field strengths of the) potentials which enter the action.
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e This is the case for the da-timelike branch of the PST system, and for the HT action
which is obtained from this by fixing the gauge da = dt.

e For the other, da—spacelike branch of the PST system, and for the PS action which is
obtained from this by fixing the gauge (say) da = dx°, the best what one can obtain
is the twisted anfi—self—duality equation ?:[110 L= H II) 1t Q0 « H p{ 1 =0 for redefined
field strength, H{DH = H{)H - lf\(a(x))wé\ A da in the particular cases (see (5.22))
and IEI{,H = HZI,Jrl —(IJ}{ Ada in generic spacetime (see (5.21) and (5.20)). As far as da
can be considered as exact form, this can be interpreted as field strength of redefined
p-form potential, B; = BII) - f,{(a(m))wﬁ in the particular cases and B]I) = B[I, — Bp
with 8, = @&p A da in general. Although this redefinition is given by the semi-local
symmetry transformation, this is not a gauge symmetry of the da—spacelike branch
of the PST system, nor of the PS action, so that its parameters should be considered
as additional degrees of freedom of the dynamical system.

To resume, the PST formalism is consistent and can be used to obtain the (twisted
anti-)self-duality equations for p-form gauge potentials also in spacetime M?P*2 of non-
trivial topology (admitting a nowhere vanishing vector field). To be more precise, in
the spacetime with b, # 0 and, more generally, in M 2r+2 admitting a nontrivial p-forms
obeying (5.21) this conclusion holds for the da-timelike branch of the dynamical system
described by the PST action, as well as for the non-manifestly invariant HT action which
can be obtained from that by gauge fixing.

6 Conclusions

In this paper we have shown that the Pasti-Sorokin-Tonin (PST) approach [2, 3] is consis-
tent and produces the (twisted anti-)self-duality equation as a gauge fixed version of the
equations of motion also in spacetime of nontrivial topology.

We have began by the basic example of chiral 2-form gauge field in D=6 spacetime
M6, which has been elaborated in detail in sections 2 and 3. This allowed to shorten the
presentation of the generic case of chiral p-form gauge fields B; in D=2p+2 dimensional
spacetime M2P12 = M1+Er+D) of nontrivial topology in section 5. The intermediate section
4 is devoted to the special case of D = 2 chiral bosons.

The PST action contains an auxiliary scalar field a(z) which is pure gauge ( Stiickelberg

field) with respect to a specific gauge symmetry (PST2 gauge symmetry). However, as far
I S

> V/IPa@)da)]
of a(z) are allowed. We stress that this topological restriction implies the existence of two

enters the action and the Lagrangian equations, not all the configurations

branches of the dynamical system described by the PST action (PST system): da-timelike
branch in which the PST scalar can be gauged to coincide with time coordinate, or better
to say da = dt, and da-spacelike branch in which the gauge da = dx' is accessible.

In the gauge da = dt the (da-timelike branch of the) PST action reduces to the
(non-manifestly Lorentz invariant) Henneaux-Teitelboim (HT) action [6, 32]. In D=2 such
an action was discussed in [20] by Floreanini and Jackiw so that we call this FJ action.
In the gauge da = dz' the (da-spacelike branch of the) PST action reduces to another
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non-manifestly Lorentz invariant functional which in D=6 was considered by Perry and
Schwarz [7]; we call this PS action while for its D=2 counterpart we also use the name
anti-F'J action.

The PST action can be written in any curved spacetime M?P+2 = M1+ provided
it allows for the existence of a nowhere vanishing vector field. However, in some case the
topology intervenes the process of derivation of (twisted anti)-self duality equations from
the Lagrangian equations of the PST action. Namely, this happens if M2P12 = p71+Er+1)
allows for the existence of nontrivial p-forms w, which obey dw, = (11,(31) Ada(z), where da(x)
is an arbitrary nowhere vanishing closed 1-form (which could be exact and identified with
the derivative of the PST scalar field) and a;,&” is implicitly defined by the same equation.
If M?P*2 allows for the existence of b, linearly independent closed but not exact p-forms

b
wz/,\ (A =1,...,by) at least a particular class of such @, is provided by Zp fA(a(x))w;},
A=1

where fj(a) are arbitrary functions of one variable.

In this case the first order form of the PST Lagrangian equation acquires an additional
contribution to its r.h.s. and, on the first glance, are not gauge equivalent to the (twisted
anti-)self duality equation. However, a more careful study shows that in such spacetimes
the PST action also possesses an additional semi-local symmetry and that the additional
terms in the r.h.s. of the first order form of the Lagrangian PST equations can be removed
or generated by the transformations of this semi-local symmetry. Furthermore, we have
shown that for the da-timelike branch of the PST system this semi-local symmetry is a
gauge symmetry and, hence the additional terms in right hand side can be gauged away
reducing the Lagrangian equations to the (twisted-anti-)self duality equations.

In the other da-spacelike branch of the PST system the semi-local symmetry is an in-
finite dimensional rigid symmetry, similar to the conformal symmetry in 2d, which cannot
be used to remove degrees of freedom. As a result, although the Lagrangian PST equa-
tions in this branch can be written as (twisted-anti-)self duality equations for a redefined
potential, and the redefinition can be identified with semi-local symmetry transformations,
the parameters of these should be considered as parameters of the general solution of the
equations of motion and thus as additional degrees of freedom making the content of the
model different from just chiral boson(s).

As we have commented in the main text, it is tempting, following [33], to speculate
on a hypothetical possibility to improve the situation with da-spacelike branch of the PST
system by developing an alternative canonical formalism which uses one of the spacial
coordinate instead of time. However, if one would like to deal with two branches of the
PST system simultaneously, one should use the same formalism for both, so that our
problem remains for one of two branches. This provided us with an additional reason
to keep in this paper a more conservative point of view and to stay within the standard
canonical formalism.

Thus, curiously enough, the topology makes difference between da-timelike and da-
spacelike branches of the PST system making the first preferable as its equations of motion
are gauge equivalent to the (twisted-anti-)self duality equations and, hence, the field content
in this branch is given by one (or several) chiral boson(s).
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An important problem is to understand the implications of our results for quantum
theory of D-dimensional chiral bosons.

Another interesting issue is the influence of the spacetime topology on the generalized
PST approach of [8, 9] with several PST scalars: a” = (a',...,a?) with ¢ > 1 (¢ = 3

in [8, 9]). Instead of ————— the generalized PST action and equations of motion would
|0a(z)da()|

include the inverse Y, ;! of the matrix Y = g"(x)d,a(x)"dya®(x). Hence the requirement
for spacetime manifold to have a nowhere vanishing vector field will be replaced in this case
by the requirement of a nowhere singular ¢x ¢ matrix Y"* = ¢g"(z)0,a(x) 0,a(x), detY ™ #
0, or, equivalently, of the nowhere singular rank q projector P,” = d,a(z)"Y,;10"a*(z).
(This can be formulated as requirement of the existence of nowhere singular ¢-plane field).
We hope to address this problem in near future.
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A On first order form of the Lagrangian equations of the PST system in
flat spacetime

Here we present some details on the derivation of the first order form (2.23) of the La-
grangian equations (2.21) which follow from the PST action (2.11) in topologically trivial
6D spacetime.

At first glance, it seems that one can solve (2.21) by a more general expression

GoNda=dyAda,  dpy=¢S) Nda, (A.1)

where d(;Sgl) = ¢§2) A da etc. However, we will see that in the case of topologically trivial
spacetime this does not go beyond the solution (2.23).

For simplicity, let us discuss the case da = dt, when the PST action reduces to the
HT action. Let us define the splitting ¢o = gi)g_) +igda Adt, d = d) + dtd; etc.. Then
eq. (A.1) can be written in the form

Go Ndt = ¢S Adt (A.2)

where dgi)g*) = gl)(f) Adt. This last equation can be equivalently written as d(_)(ﬁéi) =0.
As far as we are in topologically trivial spacetime, its spacial part is also topologically
trivial so that d(*)qﬁg_) = 0 is solved by gbg_) = d(*)gbg_). This can be equivalently written
as ¢g_) = do1 — (6t¢g_) — dS)igg) A dt. Clearly, only the first term contributes to the
r.h.s. of (A.2) which, hence, can be equivalently written in the form of eq. (2.23),

Go Adt =dpy ANdt = —d(¢1 Adt) . (A.3)
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B Noether currents and Noether charges in a 6d theory of 2-form gauge
potential

The variation of the 6d action | Lg for the 2-form potential By can be written as

Juro L6 = Jypo (358 N8By + 58 N dOB2) = [1y0 €4 A 6Bs + [0 d (356 N 6B2)
(B.1)

where
4= — —d—r (B.2)
is the Lh.s. of the Lagrangian equations of motion. A transformations of the 2-form poten-
tial
8,82 = Roap™ (B.3)

with constant parameters ¢ and field dependent 2-forms Ry = R» A(Bs2) is a symmetry
if 6,L6 = ¢©AdK54. As, on the other hand, eq. (B.1) implies 0L = E4 N Roap? +
d (% A R2A>, we see that the 5-form

oL
*Ji4 = ﬁ N Roa— Ksa (B.4)

is closed on the mass shell,
dxJiga=0 when E4=0. (B.5)
The Noether current J can be defined by
xJ1 4 =: %dac”5 Ao Ndat ey s’y (B.6)
and eq. (B.4) is equivalent to its conservation,
OuJly =0 when E4=0. (B.7)

For a gauge symmetry the 5-form ((D — 1)-form) dual to the Noether current is not
only closed, but exact on the mass shell so that the corresponding Noether charge vanishes
identically.

As an example let us consider the standard 2-form gauge symmetry 6 Bo = day of the
action with Lagrangian form dependent on By through Hs = dBy only. In this case the

equations of motion read d <%> = 0. Rewriting the gauge transformations in the form of

[e.°]

0By = dzt Ndx” Y %%p" @10y, . Oy, Oy and identifying the constant parameters
n=0

as {1} = {50, ...0,, dp )}, we find the 5-forms dual to Noether currents

0L
*Ji/wz Ple-Pn __ 6 A (da:m A dxlfz xpl -prn)DD

5H3 g 0o - (B8)
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The graphical subscript BD """ in this expression indicates that one should take only one
irreducible part of the tensorial 2-form in the brackets, that corresponding to the Young

diagram represented by the subscript.!! This extraction of one irreducible part allows to

conclude that (dz*' A dz™? o' ... xP")qn o =oc d (del1a™l 2Pt aPn)on o and, thus,
0 0
that, on the mass shell, the 5-form dual to Noether current is exact
oL
s Jy 12 PP =0 d <5H63 A (dx[”lx”z] . ..:cp")%m ______ IZI) : (B.9)

This is tantamount to saying that the Noether current is given by the divergence of an
antisymmetric tensor, JHY1¥2 PP — 67,/(...)’1*/“ YIvz PP g0 that the Noether charge
vanishes, QWV1v2 P1Pn — fd5xJ0 ViV Pl.Ppn — de:Eai(_“)ilO Vive p1-Pn (we do not
consider here the possible boundary contributions).

As a second example, we can consider the PST1 gauge symmetry, or better its coun-
terpart for the Henneaux-Teitelboim action § By = ¢y Adt = —dt Adx'¢;(t, T), for which the
constant parameters are —%8,“ oo 0, 040, 6) and the formal expression for the 5-forms
dual to the Noether currents read

A 5 .
s JU L 522 NN (B.10)

However, for the Henneaux-Teitelboim action which have the above described symmetry,
% = Gy A dt so that the Noether current vanishes identically, .J; "' = 0.
The same conclusion follows for the 6By = ¢ A dx® of the Perry-Schwarz action,

confirming that this is also a gauge symmetry characterized by vanishing Noether current.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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