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Surface charges and their algebra in interacting Lagrangian gauge field theories are
constructed out of the underlying linearized theory using techniques from the varia-
tional calculus. In the case of exact solutions and symmetries, the surface charges
are interpreted as a Pfaff system. Integrability is governed by Frobenius’ theorem
and the charges associated with the derived symmetry algebra are shown to vanish.
In the asymptotic context, we provide a generalized covariant derivation of the
result that the representation of the asymptotic symmetry algebra through charges
may be centrally extended. Comparison with Hamiltonian and covariant phase
space methods is made. All approaches are shown to agree for exact solutions and
symmetries while there are differences in the asymptotic context. © 2008 Ameri-
can Institute of Physics. [DOI: 10.1063/1.2889721]

I. INTRODUCTION

Surface charges, both in general relativity and in Yang—Mills-type gauge theories, have been
extensively studied because of the central role symmetries and conserved charges play in analyz-
ing the dynamics. In the case of general relativity, for instance, these charges describe total energy
and angular momentum (see, e.g., Ref. 1), while for gauge theories of Yang-Mills type, electric,
color,? or even magnetic (:harges3 may be encoded in this way.

In the Hamiltonian formulation of general relativity, these surface charges appeared originally
in the Arnowitt-Deser-Misner approach (see Ref. 4 and references therein). In this context, the
general theory of such charges and their algebra was developed in Refs. 5-9. In the Lagrangian
framework, a variety of approaches have been proposed: pseudotensors,10 Komar integrals,11
Noether’s method applied to linearized field equations,lz_14 a quasilocal approach,ls’16 and cova-
riant phase space methods.'”* Recent related work can be found, for instance, in Refs. 25-34.

Two categories of conservation laws associated with local symmetries in gauge theories can
be distinguished: exact conservation laws associated with families of symmetric solutions and
asymptotic conservation laws where symmetries are defined “close to infinity.” The underlying
idea of the framework developed hereafter is that, in both cases, the surface charges and their
properties are rooted in the linearized theory.

The starting point for this work is the result that exact conserved surface charges are
classified by so-called reducibility parameters, i.e., parameters of symmetries of field configura-
tions. For general relativity, for instance, this means that there is no “universal” nontrivial surface
charge because no nontrivial Killing vector field exists for a generic metric. Rather, for gravity
linearized around a background solution, surface charges are classified by the Killing vectors of
the bacl<gr0und.37’38
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More precisely, equivalence classes of reducibility parameters have been shown™ to corre-
spond to characteristic cohomology classes in degree n—2, i.e., cohomology classes of the exterior
space-time differential pulled back to the space of solutions. If f denotes the reducibility param-
eters, the representatives k;’-_z of characteristic cohomology are constructed from the Euler—
Lagrange derivatives of the'Lagrangian.39 Surface charges are then defined by integration of this
representative over a closed n—2 dimensional hypersurface.

These surface charges, which are linear in perturbations around a background field, reproduce
the familiar results obtained in general relativity and Yang—Mills theories' and, in the first order
formalism, reduce identically to the Hamiltonian surface term that should be integrated and added
to the constraints in order to obtain a well-defined Hamiltonian gener.auor.i7

In the full nonlinear theory, the surface charges of the linearized theory can be reinterpreted as
1-forms in field space, the appropriate mathematical framework being the variational bicomplex
associated with a set of Euler-Lagrange equations (see, e.g., Refs. 40-42 and references therein).
These surface charge 1-forms can be used both in the exact™?* ™ and in the asymptotic
context.*”*

In the case of exact solutions and symmetries, surface charges in the full theory are con-
structed by integrating the surface charge 1-forms of the linearized theory along a path in the space
of symmetric configurations. The surface charge then depends only on the choice of solution,
reducibility parameter, and on the homology class of the n—2 dimensional hypersurface. For
configuration spaces of trivial topology, independence on the path holds if and only if an integra-
bility condition is satisfied. As a new result, we prove the following theorem: under appropriate
conditions, the surface charges associated with elements of the derived Lie algebra of the algebra
of reducibility parameters vanish, so that the surface charges represent the Abelian quotient alge-
bra of exact symmetries modulo its derived algebra. We also clarify in what sense integrability is
governed by Frobenius’ theorem. An important new feature of the present analysis is that we allow
the reducibility parameters to vary along the field configurations.

Since the surface charges are defined from the Euler—Lagrange equations and from an on-shell
vanishing Noether current, they do not depend on total divergences that are added to the Lagrang-
ian nor on total divergences that may be added to the Noether current. From the outset, our
approach thus allows us to control the ambiguities inherent in covariant phase space methods.”

In the asymptotic context, we elaborate on the properties of asymptotically conserved charges
constructed from the linearized theory. The methods developed hereafter generalize the analysis
initiated in Ref. 39 by removing the assumption of “asymptotic linearity” and generalizes also the
proposal of Ref. 31 in first order theories to the case of Lagrangians depending on an arbitrary
number of derivatives.

More precisely, we derive a Lagrangian version of the Hamiltonian results of Refs. 8 and 9 in
the integrable case, a suitably defined covariant Poisson bracket algebra of charges forms a
centrally extended representation of the asymptotic symmetry algebra. Besides dealing with am-
biguities, it also generalizes to generic gauge systems the original Lagrangian derivation of Ref. 25
in the context of covariant phase space methods for diffeomorphism invariant theories.

The paper is organized as follows. We begin by recalling how central charges appear in the
context of Noether charges associated with global symmetries.

Next, we fix our description of irreducible gauge theories and recall that Noether currents
associated with gauge symmetries can be chosen to vanish on shell. The surface charge 1-forms
are defined and their relation to what we call the invariant presymplectic (n—1,2)-form is estab-
lished. In order to be self-contained, some results of Ref. 39 are rederived, independently of BRST
cohomological methods: surface charge 1-forms associated with reducibility parameters are con-
served, reducibility parameters form a Lie algebra, the symmetry algebra in the present context,
and, on shell, the covariant Poisson algebra of surface charge 1-forms is a representation of the
symmetry algebra.

For variations that preserve the symmetries, we then show that the charges associated with
commutators of symmetries vanish. The integrability conditions for the surface charge 1-forms are
discussed next. In the context of the covariant phase space approach to diffeomorphism invariant
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theories, they have been originally discussed for a surface charge 1-form associated with a fixed
vector field.”* Here, we point out that for a given set of gauge fields and gauge parameters, the
surface charge 1-forms should be considered as a Pfaff system and that integrability is governed
by Frobenius’ theorem. This gives the whole subject a thermodynamical flavor, which we empha-
size by our notation Q,[dy¢] for surface charge 1-forms. In the integrable case, finite charges are
defined by integrating the surface charge 1-forms along a path starting from a fixed solution.

In the asymptotic context, we define a space of allowed fields and gauge parameters with
respect to a closed surface S. Asymptotic symmetries at S are defined as the quotient space of
allowed gauge parameters by “proper” gauge parameters associated with vanishing charges. We
prove that asymptotic symmetries form a Lie subalgebra of the Lie algebra of all gauge parameters
and show that the representation of this algebra by a covariant Poisson bracket for the associated
conserved charges may be centrally extended.

In Appendix A, we give elementary definitions, fix notations, and conventions and recall the
relevant formulas from the variational bicomplex. In particular, we prove crucial properties of the
invariant presymplectic (n—1,2)-form associated with the Euler—Lagrange equations of motion.
Appendix B is devoted to establishing the covariance of surface charge 1-forms, while the key
result needed in order to show how integrability implies the algebra of charges is established in
Appendix C. We further motivate our Lagrangian approach in Appendix D by applying it to the
case of a first order Hamiltonian action and recovering well-known results of the Hamiltonian
approach. Finally, in Appendix E, we apply our approach in the context of pure gravity and
highlight the differences with the expressions of covariant phase space methods in the asymptotic
context.

Il. GLOBAL SYMMETRIES, NOETHER CHARGES, AND THEIR ALGEBRA

In a Lagrangian field theory, the dynamics is generated from the Lagrangian n-form £
=Ld"x through the Euler-Lagrange equations of motion,

SL
—=0. (2.1)
o'
A global symmetry X is required to satisfy the condition dyL=dyky. The Noether current jy is then
defined through the relation

oL
Xlg?y‘ =dpjx, (2.2)

a particular solution of which is jy=ky—Iy(L). The operator,

- JL
(L) =|X'—+ ) d"'x),.
is defined by Eq. (A26) for Lagrangians depending on more than first order derivatives. Applying
5X1 to the definition of the Noether current for X, and using (A37) together with the facts that X,
is a global symmetry and that Euler—Lagrange derivatives annihilate dj-exact n-forms, we get

oL
dH( Ox Jx, — Jix, x,0~ Ix, [Xz,%} ) =0, (2.3)

with Txl[Xza 8L/ 8¢] linear and homogeneous in the Euler-Lagrange derivatives of the Lagrang-
ian and defined in (A22). If the expression in the parentheses on the left-hand side (LHS) of (2.3)
is dy-exact, we get
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O ix, = jix, x,) + dul*), (2.4)

where =0 means equal for all solutions of the Euler—Lagrange equations of motion. Upon inte-
gration over closed n—1 dimensional surfaces, this yields the usual algebra of Noether charges
when evaluated on solutions.

The origin of classical central charges in the context of Noether charges associated with global
symmetries is the obstructions for the expression in the parentheses on the LHS of (2.3) to be
dy-exact, i.e., the cohomology of dj in the space of local forms of degree n—1. This cohomology
is isomorphic to the Rham cohomology in degree n—1 of the fiber bundle of fields (local coordi-
nates ¢') over the base space M (local coordinates x*) (see, e.g., Refs. 40 and 41). The case of
classical Hamiltonian mechanics, n=1, £L=(pg—H)dt, is discussed, for instance, in Ref. 46. Ex-
amples in higher dimensions can be found in Ref. 47.

lll. GAUGE SYMMETRIES, SURFACE CHARGES, AND THEIR ALGEBRA

A. Gauge symmetries

In order to describe gauge theories, one needs besides the fields ¢/(x), gauge parameters f%(x).
Instead of considering the gauge parameters as additional arbitrary functions of x, it is useful to
extend the jet bundle. Because we want to consider commutation relations involving gauge sym-
metries, several copies ff;( w 4= 1,2,3..., of the jet coordinates associated with gauge parameters
are needed.! We will denote the whole set of fields as CDf:((/)i .f%) and extend the variational
bicomplex to this set. More precisely, we continue to denote by dy, the vertical differential that also
involves the f;, while d¢ denotes the part that acts on the fields ¢/ and their derivatives alone.

Let 6 ¢'= Rl be characterlstlcs that depend linearly and homogeneously on the new jet co-
ordinates f“#), R (W) ff’m We assume that these characteristics define a generating set of gauge
symmetries of E Th1s means that they define symmetries and that every other symmetry O that
depi?,?)ds hgearl}ii and homogeneously on an arbltrﬁlr;y gauge parameter f is_given by AQ}
=R 9,2+ M[[SLI 5¢] with Zf=Z*"f, and Mf’[(SL/5¢]=(—a)(w(M[/W)’(ﬂ)]a(y)(5L/5¢/)f)
(see, e.g., Refs. 36 and 48 for more details). For simplicity, we assume in addition that the
generating set is irreducible: if R, (1 )o"( M)Za 0, then Z{~0. Our results can easily be extended to
the reducible case (see, e.g., Ref. 49 for a recent apphcatlon)

For all collections of local functions Q;, let us define

V0, f“RiQ;=R(Q) + 9,54 (f* Q). (3.1)

oL o, L (oL oL
Mt Q,=M K a()égb] ,u)Qz+& MM (32)

5 5" od)”

If Q,= 6L/ 8¢, we get, on account of the Noether identities R*'(SL/ 5¢')=0 and the skew symme-
try of M[] Vilw)] , that the Noether current for a gauge symmetry can be chosen to vanish weakly,

) oL
R.—=d,S,, M* =dyM, 3.3
f5¢z HY f |:5¢:| 5¢)z H (3.3)

where Sf=SZi(5L/ 5¢',f*)(d"'x),, and M=M*(SL/ 8¢/, 5L/ 5¢')(d"'x),,.

In the simple case where the gauge transformations depend at most on the derivatives of the
gauge parameter to first order, Ry=Rf*+R'd, f* the weakly vanishing Noether current reduces
to

;= Rl”f'(?#(d" 'x) . (3.4)

lAlternativcly, one could make the coordinates f{‘"ﬂ) Grassmann odd, but we will not do so here.
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B. Surface charge 1-forms

Motivated by the cohomological results of Ref. 39 summarized in the Introduction, we con-
sider the (n-2,1)-forms>

kfdye] =1 4Sy, (3.5)

where the horizontal homotopy operator Ig;j,, is defined in (A26).
For first order theories and for gauge transformations depending at most on the first derivative
of gauge parameters, the forms k{dy¢] reduce to those proposed in Refs. 29 and 31,

P o
kf[dvcz)]_ —dv¢ ¢ (adx”Sf)’ (3.6)

with S, given in (3.4).

The forms kf[dv¢] are intimately related to the invariant presymplectic (n—1 ,2)-fqrm
Wzisp=—31 ¢(dv¢i (6L/68¢)), discussed in details in Appendix A 5. Let ip=d,)Q'[°/ddy¢,]
denote contraction with &, and W, s.[dyeb, Rf]——lRfW§£/5¢

Lemma 1: The forms k{dy¢)] satisfy

oL
dykddyd] = Wspiseldyd,Ry] - d$Sf+ TRf|:dV¢’ EJ , (3.7)

where TR [dye, SLI 6], defined explicitly in (A22), vanishes on shell.
Indeed it follows from (3.3) and (A52) that

13, o(duSp) = Weg sl dveb. R + Tk, [ dyo, <ZJ (3.8)

The result follows by combining with Eq. (A29). O

We will consider 1-forms dj¢ that are tangent to the space of solutions. These 1-forms are to
be contracted with characteristics Q; such that &, (8L/ 8¢)=0. In particular, they can be con-
tracted with characteristics Q; that define symmetries, gauge or global, since 5Q L=dg(-) implies
that 5Q (8L/ 8¢') =0 on account of (A18) and (A36). For such 1-forms,

dykddyd] = W seldyd,Ry]. (3.9
Applying the homotopy operators I;Z‘l defined in (A31) and (3.9), one gets

kA dy Bl = 177 W sgldyeb, Ryl + dp(-). (3.10)
Note that this relation holds off shell,

kddy] =17 Wog spldyh, R + (), (3.11)
if

n—1 n—1 oL
Iy7'Sp=0, I}7'Ty, dvqs,% =0. (3.12)

As we will see below, the relevant components of this condition hold, for instance, for Einstein
gravity and in the Hamiltonian framework.

For a given closed n—2 dimensional surface S, which we typically take to be a sphere inside
a hyperplane, the surface charge 1-forms are defined by

*For convenience, these forms have been defined with an overall minus sign as compared to the definition used in Ref. 39.
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5Qf[dv¢]=35 ) (3.13)
S

Lemma 2: The surface charge 1-forms contracted with gauge transformations are on-shell
skew symmetric in the sense that

Applying inl to (3.7) in terms of f, and using 1/’11'1, we get

ku[Rfl] = - I;:1W§£/5¢[Rf|’Rf2] + dH()

Comparing with in applied to (3.10) in terms of f,, this implies
1

kp[Rp 1=~ —ke[Rp1+dy(-), (3.15)

from which the lemma follows by integration. O

At a fixed solution ¢, to the Euler—Lagrange equations of motion, we consider the space ey
of gauge parameters f* that satisfy R;.S|¢,S:O. We call such gauge parameters exact reducibility
parameters at ¢;. '

The surface charge 1-forms associated with reducibility parameters are dy-closed on shell.
More precisely, Eq. (3.7) implies that dyk;s [d§,¢]|¢v=0 for 1-forms dy¢ tangent to the space of
solutions. As a consequence of Lemma 1, we then have the following.

Corollary 3: The surface charge 1-forms 6Qs [dy o]l o, associated with reducibility param-
eters only depend on the homology class of S. .

In particular, if S is the sphere (¢, r constant) in spherical coordinates, for instance,
bQ s [d{,¢]|(/,s is r and ¢ independent and thus does not depend on any of the coordinates, but only
on the solution and the tangent vector in the space of solutions.

Remarks:

(1) Trivial gauge transformations 5¢i=M;i[5L/5¢] can be associated with an (n—2,1)-form
kf:IZ;JﬁM +in the same way as (3.5) with M defined in (3.3). Now, k;~0 since the homotopy
operator (A26) can only “destroy” one of the two equations of motion contained in M.
Therefore, trivial gauge transformations are associated with on-shell vanishing surface
charge 1-forms.

(2)  As briefly recalled in the Introduction, one can, in fact, show under suitable assumptions
that any other (n—2,1)-form that is closed at a given solution ¢, when contracted with
characteristics tangent to the space of solutions differs from a form kx[dy¢] associated with
some reducibility f* parameters at most by terms that are dy-exact or vanish when contracted
with characteristics tangent to the space of solutions.

(3) We will show in Appendix A 5 that

35-39

~Wigisp=Qr+dpEy,  dyQ,=0, (3.16)

where () is the standard presymplectic (n—1,2)-form used in covariant phase space meth-
ods and E is a suitably defined (n—2,2)-form. Contracting (3.16) with a gauge transforma-
tion Ry, it follows from (3.10) that, apart from on-shell and dj-exact terms, k{dy ] differs
by the additional term E E[dvqﬁ,Rf] from similar (n—2,1)-forms derived in the context of
covariant phase space methods in Refs. 20, 22, and 23.

C. Algebra

Because we have assumed that & ¢ =R;- provide a generating set of nontrivial gauge sym-
metries, the commutator algebra of the nontrivial gauge symmetries closes on shell in the sense
that
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i i oL
O, Rj,=(12) =—Rj;, )+ M} fz{ &J (3.17)

with [f},f>]"= Cy(” )(V)fl'( M‘f(,,) for some skew-symmetric functions CZ%‘)(V) and for some charac-
teristic M fpfz[éL/ 8¢).
At any solution ¢,(x) to the Euler-Lagrange equations of motion, the space of all gauge

parameters equipped with the bracket [-,-] is a Lie algebra.
Indeed, by applying 8R to (3.17) and taking cyclic permutations, one gets R[U1 FARA!

+cyclic (1,2,3)=0 on account of 5R (SL/ 5¢%) =0. Irreducibility then implies the Jacobi identity

[Lf1.f2).f3]" + cycelic(1,2,3) = 0. (3.18)

It then also follows from (3.17) and (3.18) that ¢y, is a Lie algebra, the Lie algebra of exact
reducibility parameters at the particular solution ¢.

Proposition 4: When evaluated at a solution ¢, for 1-forms tangent to the space of solutions
and for a reducibility parameter f* at ¢, the (n—2,1)-forms kddy ] are covariant up to dy-exact
terms,

5Rflkf;[d{/¢] ~ = ki, pldve] +dy(-). (3.19)

This proposition is proved in Appendix B. If the Lie bracket of surface charge 1-forms is
defined by

[6Qy,,6Qs,1= = 8, 6y, (3.20)

we thus have shown the following.
Corollary 5: At a given solution ¢ and for 1-forms dy¢ tangent to the space of solutions, the
Lie algebra of surface charge I-forms represents the Lie algebra of exact reducibility parameters

qus,

[6Qp.6Qp1 [dybll s, = 6Q1ps g31 [dv el (3.21)

D. Exact solutions and symmetries

Suppose one is given a family of exact solutions ¢, € £ admitting (¢-dependent) reducibility
parameters f* e € which contains a background solution ¢. Elements of the Lie algebra of exact
reducibility parameters ey at ¢, are denoted by f°. Let us denote by ¢ an element of this family

that we single out as the reference solution and let f € ¢ 4 be the associated reducibility parameters.
We consider 1-forms dyf that are tangent to the space of reducibility parameters. They are to be
contracted with gauge parameters ¢° such that

0 = (d‘lef)|¢s’fw’QS’qs = 5Q3Rfa| d’x + Rqs|¢s. (322)

Definition (3.20) and Corollary 5 imply the following.
Corollary 6: For variations preserving the reducibility identities as in (3.22), the surface
charge 1-forms vanish for elements of the derived Lie algebra e;, of exact reducibility parameters

at ¢,
5Q[ﬁ»f§] [df/(;')]us =0. (3.23)

In this case, the Lie algebra of surface charge 1-forms represents nontrivially only the Abelian Lie
algebra e¢v/e;5‘.

The surface charge Q, ; of ®,=(¢,.f") with respect to the fixed background d=(,f) is
defined as ‘
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Q, A®,d]= f b [dyd' 1+ N{ ], (3.24)
‘yS

where integration is done along a path 7, in the space of exact solutions & that joins ¢ to ¢, for
some reducibility parameters that vary continuously along the path from f to f°. Note that these
charges depend only on the homology class of S because Eq. (3.7) implies that defv[d§,¢]| o,
=0. Because (3.23) holds in this case, we have the following.

Corollary 7: If the normalization of the background is chosen to vanish, the surface charges
associated with elements of the derived Lie algebra e;,g of reducibility parameters vanish at any

¢, €&,

Q1 f) =0 (3.25)

The integrability conditions for the surface charges involve the 2-forms §Sd§}kfs[d§,¢]|¢v.
Assumption (3.22) together with (3.7) and (3.16) implies that de{,kfw[d§,¢]|¢$:O, so that the
integrability conditions also only depend on the homology class of S.

We now assume that solutions to the system 6L/ d¢p=0, R}:O are described by fields ¢,(x;a)
depending smoothly on p parameters, a®, A=1,...,p and reducibility parameters f*(x;a,b) de-
pending linearly on some additional ones &), i=1,...,q. It follows that e;,(x;a)
=(9/9b")f*(x;a,b) is a basis of the Lie algebra ¢y i=1,...,r. For each basis element ¢,(x;a), we
consider the 1-forms in parameter space 6,(a,da)=$sk, [d*d,(x;a)], where d° is the exterior
derivative in parameter space. We thus have a Pfaff systeml in parameter space and the question of
integrability can be addressed using Frobenius’ theorem.

In the completely integrable case, for instance, there exists an invertible matrix Sj-(a) such that

d*f (a) = Si(a) 6(a,da) = 35 ksie[d,(x:a)] (3.26)
S

In other words, if g j(x;a)=S§(a)ei(x;a), the surface charges,

Q0. 1= | 50,14,41+N;[3) 6.27)
Vs ’

do not depend on the path 7, € £ but only on the final point (¢,g;) and the initial point (¢,g,).
Remarks:

(1) Because defs[d§,¢]|¢v=O for solutions of the source-free equations of motion, one gets the
following generalization of Gauss’ law for electromagnetism in the case where the surface S
surrounds several sources i that can be enclosed by surfaces S,

5Qf5 [d{/¢]|¢s = 2 % _kff [d§/¢]|¢s’ (3~28)
i Js

with similar decompositions holding for the charges nyf and Qj[CD,CI_D].

(2) 1In the case of exact solutions and exact symmetries thereof, the theory of charges developed
above does not depend on asymptotic properties of the fields near some boundary.

(3) 1In the case where the surface charge is evaluated at infinity, for instance, a simplification

occurs when ® approaches @ sufficiently fast at infinity in the sense that the (n—2,1)-form
can be reduced to

ke [dyep; plls== k7 [dy s @]|s=. (3.29)

We call this the asymptotically linear case. It was treated in detail in Ref. 39. In this case, the
charge (3.24) is manifestly path independent and reduces to
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Q0. 81=$ Klo-F:31+N L7 (3.30)
S

IV. ASYMPTOTIC ANALYSIS
A. Space of admissible fields and gauge parameters

Consider for definiteness the closed surface S, which is obtained as the limit when r goes to
infinity of the surface S™, the intersection of the spacelike hyperplane 2, defined by constant ¢ and
the timelike or null hyperplane 7, defined by constant r. The remaining angular coordinates are
denoted by @ and y“=(t, #"). Most considerations below only concern the region of space-time
close to S§*.

We now define the space of allowed (asymptotic) solutions F° and for each ¢, € F*, the space
of allowed gauge parameters g € A¢T. They are restricted by the following requirements.

e The allowed gauge parameters should be such that the associated gauge transformations leave
the allowed field configurations invariant,

6Rg¢i = Ri, should be tangent to F°. (4.1)

It implies that all the relations below should be valid for dy,¢' replaced by R;.
e Integrability of the surface charges,

3@  dyk,[dy ] = o(r). (4.2)
srt

This condition guarantees that the surface charges (3.24) are independent of the path y
e JF provided that no global obstructions occurs in F°.
¢ Additional conditions on dyE,

f ix AYEC[dy,dy ] = 01, 35 5o BEAdY . dp] = o). (43)
Sr,t Sr,t

These assumptions are needed below in order to prove that asymptotic symmetries form an
algebra. As we will see below, they are automatically fulfilled in the Hamiltonian formalism
in Darboux coordinates.

* Asymptotic r-independence of the charges,

b Lokfaigl= o), (4.4)
Sr,t

where £; is defined by (A7). This condition expresses that the surface charge 1-forms (3.13)
for S=S"" are r-independent when r— . It implies, in particular, finiteness of the charges.

* Conservation in time of the surface charges for solutions ¢, € 7 and tangent 1-forms dj ¢ to
F?

ff; Lok ldyp] ~ o(rY). (4.5)
SH

B. Asymptotic symmetry algebra

As a consequence of the requirements (4.1)—(4.3), we prove in Appendix C the following.
Proposition 8: For any field ¢, F°, 1-form dy,¢ tangent to F° at ¢, and for allowed gauge
parameters g,,8, € Adw the identity
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% k[gl,gz][d;d’] = § di/kgl[Rgz] + O(ro) (46)
Sr,[ Sr,t

holds.
This allows us to show the following.
Corollary 9: The space of allowed gauge parameters A¢ at ¢y F forms a Lie algebra.
Indeed, owing to (3.17), if Rg1’Rgz are tangent to JF°, then so is R[g &) and, furthermore,
conditions (4.3) hold for [g;,g,] if they hold for g;,g, because of relation (A6) and the last of
(A11). Applying d}, to (4.6) implies that the charges associated with the parameters [g,g,] are
integrable. Finally, applymg Eﬁ with u=t, r to (4.6) and using (4.1) shows that conditions (4.4)
and (4.5) hold for [g,,g,] if they hold for g,,g,. [ |
The subspace of allowed gauge parameters, gp € A(bv, satisfying

b ka1~ o0" @)
Sr,t

for all dj¢ tangent to F* will be called proper gauge parameters at ¢,. The associated transfor-
mations S¢' =R; will be called proper gauge transformations. On the contrary, gauge parameters
(transformations) related to nonvanishing surface charge 1-forms will be called improper gauge
parameters (transformations). Improper gauge transformations send field configurations to in-
equivalent field configurations in the sense that they change the conserved charges.

Proposition 8 also directly implies the following.

Corolly 10: Proper gauge transformations at ¢, F° form an ideal N, o, of .A¢,

The quotlent space A¢ IN. o, is therefore a Lie algebra which we call the asymptotic symmetry
algebra ¢ at ¢, e P,

Rema;ks.'

(1) Exact reducibility parameters f* € e, belonging to Ay survive in the asymptotic symmetry

algebra if there exists at least one solution ¢, 7 and a tangent 1-form dy¢ such that
5Qf5[dv¢]|¢s #0.

(2) If the relevant components of condition (3.12) hold and if the bracket of gauge transforma-
tions closes off shell, i.e., if (3.17) hold with M;Zl”fz[b‘L/ 8¢]=0, the whole discussion can be
done off shell. In other words, one can define the space of allowed field configurations ¢
€ F and of allowed gauge parameters g € A, by imposing the requirements of Sec. IV A
with strong instead of weak equalities with all results of the present subsection holding true
for F and A, instead of 7 and A¢ These conditions hold, for instance, in the case of the
Hamiltonian formalism discussed in Appendix D and also for the Einstein gravity discussed
in Appendix E.

(3) A way to avoid assumptions (4.3) is to consider instead of the (n—2,1)-forms k{dy¢] the
forms

kildyp]=kdldyep] - E [dye,R/]. (4.8)
Using (3.16), we now have instead of (3.7) and (3.10),

oL
de}[dV¢] =Q/[Rdyd] - d$Sf+ TRf|:dV¢’ gﬁ} ) (4.9)

kf[dyp] = I} QR dyy ] + dpg (). (4.10)

In the proof of Proposition 8 in Appendix C, this amounts to replacing W5, by —{) and
the additional conditions (4.3) are not needed on account of d{),=0
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Contrary to k/{dy¢], however, the forms k{[dy¢] depend on the explicit choice of boundary

terms in the Lagrangian. Indeed, if £— L+dypu, one has Ep— Ep+dyly gu+ %dHIZ;(ZﬁIﬁ;Jﬁ/L

and the resulting change in the n—2 form is given by

kildyep] — kildyeb] + G L gt = dylp s = du( 3in 15 5l ybt). @.11)

C. Poisson bracket representation

Applying consecutively i R, and iRg to the integrability conditions (4.2) gives
2 3

jgsm ko [Rig, 1) = im (85, kg [Re,] = (2 3)). (4.12)
Using Proposition 8 on the two terms on the right-hand side (RHS) and the antisymmetry (3.15),
we get
% k[gl’gz][Rg3]|d7Y + CyChC(l’293) =0. (413)
Sm,[
If we define
n—1
K== i ki [Ry Ml = jgsm I Woriao Ry Ry ]l g (4.14)

we have the following.
Corollary 11: ICgl’g2 defines a Chevalley—FEilenberg 2-cocycle on the Lie algebra e?;,

K 0, (4.15)

g T ’ng,gl =

’C[gl,gz],g3+CyC1iC(1’2’3) =0. (416)

The surface charge Qy[q),(i] of ®=(¢,f) with respect to the fixed background ®=(g,f) is
defined as

Q0 [0.&]:= f fﬁ K.[dye']+ NLB], (4.17)
¥ o S

where the integration is done along a path 7, joining ® to ® in /°. We assume here that there are
no global obstructions in F* for (4.2) to guarantee that the surface charges,

Q[d),(f)]:j ng ko/[dye' ]+ N &, (4.18)
¥y o S

do not depend on the path ye . If we denote Q;= Q[®,,®,] the charge related to ®;=(¢,g,),
the covariant Poisson bracket of these surface charges is defined by

{Ql’QZ}C = 5Rg 92:_§ ng[Rgl]' (419)
1 st

For an arbitrary path y, € F*, definitions (4.19) and (4.14) lead to
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{QI’QZ}L-_K§1,§2[($] =—f jg d{/,s(kgé[R;,’])7 (4.20)
¥4 ot 1

- J ﬁct Ko, e LAVl g 4.21)
Vs ’

where Proposition 8 has been used in the last line. Defining Qp, 5] as associated with [g;,g,], we
thus get the following.

Theorem 12: In F°, the charge algebra between a fixed background solution ¢ and a final
solution ¢, is determined by

{Q1, Qote= Qo+ ]Cgl,gz[@ - N[gl,gz][@, (4.22)

where the central charge ’C§1~§z[(?)] is a 2-cocycle on the Lie algebra of asymptotic symmetries eg.
Remarks: )

(1) The central charge is nontrivial if one cannot find a normalization Ng—[J)] of the background
Such that K§I’§2[$]=N[§l’§2][$]

(2) The central charge involving an exact reducibility parameter of the background vanishes.

(3) For a semisimple algebra e , the property H2(e ) 0 guarantees that the central charge can

be absorbed by a suitable normallzatlon of the background while the property H l(e )=0
implies that this fixes the normalization completely. "

(4) As a consequence of Theorem 12 together with Corollary 10, proper gauge transformations
act trivially on the charges,

5RgPQi= 0, (4.23)

once we assume that the normalizations associated with proper gauge parameters all vanish.
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APPENDIX A: ELEMENTS FROM THE VARIATIONAL BICOMPLEX

1. Elementary definitions and conventions

We assume for notational simplicity that all fields ¢’ are (Grassmann) even.

Consider kth order derivatives & ¢'(x)/dx*1, ..., dx* of a field ¢/(x). The corresponding jet
coordinate is denoted by gb Because the derlvatlves are symmetric under permutations of
the derivative indices u,... ,,uk, these jet coordinates are not independent, but one has d)
=¢' W etc. Local functions are smooth functions depending on the coordinates x* of the base space
M, the fields ¢', and a finite number of the jet coordinates ¢’Ll,..., - Horizontal forms involve in
addition the differentials dx* which we treat as anticommuting (Grassmann odd) variables,

dx*dxV=—dx"dx"*. We also introduce the notation
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1

(dn_px),u,l,...,/.z,p = '(l’l—p)' o dprH’ e ’dan’ €o,....(n-1)= 17 (Al)
which implies that dx“(d”‘p‘lx) = (d”‘px)[ e 5“ ., If the base space is endowed with
a metric g, (Which can be contamed 1n the set of ﬁelds) the Hodge dual of an horizontal p-form
w” is defined as *w’= w|g|w“1 '“P(d”"’x) , where indices are raised with the metric. As a
consequence, * * w”=(—)"""P)*SwP where s is the signature of the metric.

As in Refs. 40 and 50, we define derivatives &/ 0¢;L1’_'_,ﬂk that act on the basic variables
through
P P
W:a{&gﬁl-- &%k, W:o for m # k,
Moo Moo
(A2)
Pxt Pdxt
; =0, ; =0,
ﬁd)f’“l"'"”’k (9¢[.L1,.4.,/.Lk

where the round parentheses denote symmetrization with weight 1,

L2 —-(5’”(9“2+ 8,18,2), etc.
9] (oINS

(V1 Vz)

For instance, the definition gives explicitly (with ¢ any of the ¢')

079(,25112

(9S¢11=1 3g¢12=07g¢21=l 1 P bios 1
Iy O dp 20 dbin 3 dpis 6
We note that the use of these operators takes automatically care of many combinatorical factors

which arise in other conventions, such as those used in Ref. 42.
The vertical differential is defined by

&

YT (A3)
By 1
"&(ﬁ”l’ i

dy=2> dv‘ﬁi,,l,..
k=0

with Grassmann odd generators dvgbLIM e SO that dy=0. The total derivative is the vector field
denoted by 4, and acts on local functions according to

&
N :
ﬁ(ﬁﬂl’ s

J i
=- V+§0¢MW (A4)
Here, X,_, means the sum over all k, from k=0 to infinity, with the summand for k=0 given by
d)’;ﬁ/ d¢', i.e., by definition k=0 means “no indices w;” Furthermore, we are using Einstein’s
summation convention over repeated indices, i.e., for each k there is a summation over all tupels
(w1, ..., ). Hence, for k=2, the sum over u, and u, contains both the tupel (u;,u,)=(1,2) and
the tupel (u;,u,)=(2,1). These conventions extend to all other sums of similar type.

The horizontal differential on horizontal forms is defined by dy=dx"d,. It is extended to the
vertical generators in such a way that {dj,d,}=0. The derivative of a (n—p)-form k")

=k[m,...,up](dn—px)ﬂl’ oty is given by

dy k) — o"k["' Mp_m](dn—(p—l)x)ﬂl

Kp-1°

A vector field of the form Q'd/d¢', for Q' a set of local functions, is called an evolutionary
vector field with characteristic Q'. Its prolongation which acts on local functions is
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A
0= (dy 1,0 )M—, (A5)
k=0 e oMy
so that [8p,dy]=0. The Lie bracket of characteristics is defined by [Q;, 0,]'= 5Q1Q§— 5Q2Q’i and
satisfies
[5Q1’ 5Q2] = 5[Q1sQ2]‘ (A6)

One also has [Jy.dy]=0.
An infinitesimal transformation v is defined by x*—x“+ec* and ¢ — P'+eb’ with
cMx,[]),b'(x,[ ¢]) local functions. If we denote by i.=c*(d/ ddx*) and

(A7)

. . J
’CC = lcdH + dHlL' = CM(?M + dHC'uadxlu .

the transformation can be extended to act on the horizontal complex as

prv=26y+L,,

where Q'=b'— <;bibc". It satisfies [pr v,dy]=0. For example, a vector field acting on an n-form Ld"x
can be written as

pro(Ld"x) = dpLd"x + dy(c*L(d"'x) - (A8)

The vector field &y can be extended so as to also commute with dy: if we continue to denote
the extension by &, the defining relation

[6p.dv]=0 (A9)
implies that Sydy¢'=d(Q). If ig=0,)Q[/ c?dv¢éﬂ)], we have

{lQ7dV}= 5Q’ [1Q|’5Q2] = i[Ql’QZJ' (Al())

In the context of gauge theories with ®=(¢,f%) and d, defined in terms of ®2, the relations

{in,dv}z 5Q1’ [5Ql,dv]=(), [iQ1’5Q2]:i[Q1’Q2] (All)
continue to hold when 01=Ry, 0r=R;,
The set of multi-indices is simply the set of all tupels (u,,...,uy), including (for k=0) the

empty tupel. The tuple with one element is denoted by u; without round parentheses, while a
generic tuple is denoted by (). The length, i.e., the number of individual indices, of a multiindex
(w) is denoted by |u|. We use Einstein’s summation convention also for repeated multiindices as
in Ref. 40. For instance, an expression of the type (-d); #)K(") stands for a free sum over all tupels
(w1, ..., ) analogous to the one in (A4),

(= DK™ =2 (=)4d,, . .. .9, Kr1--t,

If Z=2"g, ) 18 a differential operator, its adjoint is defined by Z*=(=9),y[Z"-] and its “compo-
nents” are denoted by ZHW e Z+=Z+(“)(9(M).

More details on the variational bicomplex can be found, for instance, in the textbooks, *0:4231:52
2. Higher order Lie—Euler operators

Except for a different notation, we follow in this and the next subsection.*

Multiple integrations by parts can be done using the following. If for a given collection Rf“ )
of local functions the equality
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3y Q'PY = 3,(Q'R¥) (A12)

holds for all local functions Q’, then

+ |7
Rgﬂ)z <|M|| || |)(_ &)(V)PE(M)(V)) (A13)
o’
or, equivalently,
k+1
R,(-"):E( )( Y3y e Gy PR (A14)
1=0

i.e., there is a summation over (v) in (A13) by Einstein’s summation convention for repeated
multi-indices, and the multi-index ((u)(v)) is the tupel (w;, ..., s, vy, ...,v;) when (u) and (v)
are the tupels (u;,...,m) and (v, ..., ), respectively. Note that the sum contains only finitely
many nonvanishing terms whenever f is a local function: if f depends only on variables with at
most M “derivatives,” i.e., on the d) (p) With |p| <M, the only possibly nonvanishing summands are

those with [v|<M—|u| (I<M-k). Conversely, if (A12) holds for a given collection R(“ ), then

|l + ]
Pgmz( i G RIPM)., (A15)

By definition, when PS” '=#f1 ﬁ(ﬁé ) the higher order Euler-Lagrange derivatives of/ 5¢é )
are given by the associated Rf“ ),

L{=<|u|+|v|)(_§)<y)l{7s_f' (A16)
5P |l ID((u)(v))
AS a consequence,
o
VQ': S,yf = a(ﬂ){Q#} (A17)
0

Note also that 8/ 8¢' is the Euler-Lagrange derivative. The crucial property of these operators is
that they “absorb total derivatives,”

| =0:—27~=0, (A18)

)
> 02000 _ g
5¢’<#> P (wy)

s () =(lu")), (A19)

where, e.g.,

L Ny g
od'yy 2\ "oy o,

It may be also deduced that

N _ L ol ¥
5(725;)(#,) |,LL| +1 5¢EM) |,lL| +1 6¢lpp,2,...,,u,|#|)

By considering the particular case where (A12) and (A13) are used in terms of Q, with

(A20)
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Pf-”)[y} _ 70 0 (A21)

¢ ) ‘9##) 5¢j ’
we get 6Q2(Q{)(5w”/ 5¢7):&(M)(Q§Rl(.“ )[5w”/ S¢)). Splitting the term without derivatives on the
RHS from the others and defining

5(1)” i (,lL)V J 5(1)”
TQI Q2’5_¢ =(9(M) 2Ri ddx" 5¢ ’

1 ; P Sw"

|l +1 9By X" 54/
gives
. o' ; ow'" PQ) bo"
50,(0) 2 = iR+ AT | 00 |, Ri= (= )| =22 ). A23
0,(Q1) 54 = QaRi+ du Ql{Qz 5¢} =9 )<a¢>@) 5¢“> (429

We also need the definition
oo Sw" Sw'" So' So"
lo| 025 | 7o 2002 gy |+ To| Onfos 5y | * Trao| 025 | ~Voro| 0275y |
(A24)

where

ow" | |M|+|P|+1) ; d 5_w”0"’gf9(g)Q§ ;O
YQ"Q3{Q2’ 5¢}_< +1 )W 0= N\ G 8 Iy Iy ) | (A25)

3. Horizontal homotopy operators

Define

Igv¢wp’s =

+1 5 G
| ) (A26)

— ) d i -
n—p+pl+1 W( vé 5 )y "
for w”* a p,s-form. Note that there is a summation over (u) by Einstein’s summation convention.

The following result (see, e.g., Ref. 40) is the key for showing local exactness of the horizontal
part of the variational bicomplex:

0<p < n:8pe’ =1 (dyo) + dy(l)o’™), (A27)
p=n:dpw™* = Q' o0 +dy(Ipe™). (A28)
This last relation is sometimes referred to as “the first variational formula.” Similarly,
0<p<ndyw’ = Iﬁ‘t}b(dep*s) —dy(l 4™, (A29)
n,s i o™ n 7,8
p=n:de ’ =dv¢?¢l—d1_l(ldv¢w ’ ). (A30)

In the context of the extended jet bundle of gauge theories, we will also use the following
homotopy operators that only involve the gauge parameters: for local functions G¢,
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N+1 S db’
IGo}’ = Lﬁ(m G* —L . (A31)
n—p+\+1 &) 9dx”
When applied to p,s-forms that are linear and homogeneous in f* and its derivatives, we have
0<p<mof=1"dye}’) + dy(a)), (A32)
RN X aﬁwnz ? n  n,s
p=nowi =G o +dy(lG07"). (A33)

4. Commutation relations

Starting from 5Q15Q2w"— 5Q25Q1w"= 5[Q],Q2]w” and using (A28) both on the inner terms of the
LHS and on the RHS gives

6 5(0” T 7 Ul 71 U 71
Q25Q1 5¢l Qlan(S## = dH(I[Ql,Qz]w - 6Q1]Q2w + 6Q21Q1w ) (A34)

Using dy(8pw)=8p(dyw), we get d(,(dyd'(88pw! 5(,)))=d(,(8p(dv(8w/ 54,,))), which
can be written as d,(dy @[ 8/ 6, 5plw)=d,)(dyQ'(8w/ 5¢(,,))). Applying &/ &dyep), ., gives

{ 9 ,5Q]w=2<”|”|)(— >(V( T e ) (A35)

1
5¢M1»--~»Mk I=k a¢((V)M1:~-nM1 5¢1M1+1w~sl’vk)

In particular,

5 FQ Sw
{—., 5Q] 0= (=), ZL 2 (A36)
o' I, o)
When combined with (A23), we get
,- P S0 "
Q2 5Q|’5T,si 5Q2Q]1 6¢] + dHTQ] QZ’ ¢ (A37)
Similarly, applying &/ (de(bi”lv"'wu’k to d(#)(dvcj)’(é( Spw)/ 5¢’(M)))=ﬁ(u)(dV(Qi(5w/ 5¢E#)))) gives
— T (dw)= 2 (Qf o ) (A38)
Q(l) - .
5¢l‘1 Mg I=<k 54)(#1 6¢1M1+1’-~-’Mk)
Applying &/ 6dv¢é)\) to dy(Sw"/ 8¢/)= (51 6¢)(dyP'(dw"/ 5¢')), we also get
1) 5 &P O
@ ( )N . i: . (A39)
5y, 68 Il 99
+Q2[5(5Q ")/ 8¢'] and using (A37) to compute the last two terms we find
n 71 5(1)
du([8p,.1p, 10") = dy(lfg, 01@") = duTg,| Q2. 56 (A40)
Similarly, for p<n, by evaluating dH([ﬁQ1 ,I’éz]wp), one finds
di[ 0,15, 10") = A1, 0,16") + (3 0,1~ [ 80,115 D(dpe). (A41)

By the same type of arguments, one shows
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5 n
dH(agl(zgzw—(lH2>)=dﬂ(1fgl,gz]w ~ I} (Bg,0") - TQI[QZ, 5“(;]—(1%)),

(A42)

dp(8p, (I &) = (1 2)) =dyIfy,. QZ](DP)+(1[QI 0,1~ %0, +1+5Q21PQ+1‘)(c1HwP). (A43)

5. Properties of the invariant presymplectic (n-1,2)-form

Let us define the (n—1,2)-forms

ow"

Wﬁw"/&]ﬁ = ¢l ), an = dvlgv¢w”, (A44)

1
zldvqs(dvfl"

and the (n—2,2)-form

E = %Ig;‘ e (A45)

Using [dV,IﬁV¢]=O, (A29) and (A30) imply

iéwn n n 1 n—1 yn n
so that
- Wﬁw”/&ﬁ = an + dHEw"’ dVQw” =0. (A47)

Q,» is the presymplectic (n—1,2)-form usually used in the context of covariant phase space
methods. The “second variational formula,” obtained by applying dy to (A30), can be combined
with (A47) to give

o
dyd'dy— b =dy Qe =—duWesums4- (A48)

Our surface charges are related to W, 54, which is dy-closed only up to a dy-exact term,

deﬁwn/&z’ = devan. (A49)

Contrary to (), it involves the Euler—Lagrange derivatives and is thus independent of dy-exact
n-forms that are added to ". For this reason, we call W, 54 the invariant presymplectic (n
—1,2)-form.

When w":de"‘l, we have

Eg, o1 :dvlg;; Yy dylly ;1” Lo, (A50)

The following proposition, proven at the end of this section, is crucial and generalizes corre-
sponding results in Ref. 39 and 31.
Proposition 13:

|l + ol +1 &g 9 s
iL pV)

Together with the definition of the homotopy operator (A26), the definition of the higher order
Euler-Lagrange derivatives, and definition (A22), we find from (A51) that
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n( ib‘wn) w T |: 5(0”] (A52)
0\ Q27 54 som5gl Q1. Q2]+ T, | O, 5

We can then define

B0, Wsuwn gl @1: Q2] = Wsumsgl 80,01, 02+ Wisumsgl Q15 00,021 + Zsu 54l 1,02, Q1.
(A53)

where

~ |,u|+|p|+l> ( & & J Sw"
Zﬁw"/5¢[Ql7Q27Q3] = ( |,LL| 1 ‘9(;4,) ( a)(p) Q]2 (U)Q3 &(ﬁ]((o') aﬁbé(ﬂ)(p)y) dx” 5¢/ .

(A54)

Note also that it follows from Proposition 13 that, in the case of first order theories, Wy, 54
coincides with the covariant symplectic density @ considered in Ref. 31,

& 9 s
Wswnisp = dv¢ v — ¢ (&dx” 5(;,) (A55)

Additional relations are obtained by applying dy to (A52) and using (A37), which gives

o ow
d (Wéw”/§¢[Q19Q2]+TQ2|:Q1’ 5¢] Ql|iQ2» 5¢D
=dy(- I'le!Qz]w" + Irél(égzw") - 162(5Q1w")). (A56)

Starting from [5QI , 5Q2]w"= d0,.0,10" and using (A28) on the outer terms of the LHS, (A52) and
(A37) gives

o' ow" .,
Q 5Q2 5¢l Q25Q1 5¢1 dH(I[Ql 0,]% _2W5w’1/§¢[Q19Q2] 5Q IQ 0"+ 5Q IQ w )
(A57)
Adding to (A34) gives, in particular,
daWswmsal Q1. 0] = dullfp, o,100" = 8p I, " + Sp, 1 ). (A58)

Proof of Proposition 13: Let R[Q;,Q,] be the RHS of (A51). By applying iy ig, t0 Wy s,
it follows that Proposition 13 amounts to showing

R[Q1,0,]1=-R[0,,0:]. (A59)

Splitting the derivatives (u) in those acting on Q}, denoted by («), and in those acting on the
remaining expression, denoted by (u') and regrouping the indices ((u')(p))= (o), we get

ROL0I=S S ('"|+|a|+l )('“H'a')(—)ﬂ’

=0 |g]=|'|=0 |/~L’|+|a|+ 1 |a|

& J 5(»”)

(A60)
I oy (cp) Ix” O/

A0} (- 3)(0)<Q’z
|o]

We now evaluate 2|,= /=0 as Z|0‘>OE|M,‘:0 and use the fact that
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|0" ’
ol +|al+1 + |a /
D (I ,I |al )(|M| | |)(_)u|=1, (A61)
=\ +lal+ 1)\ ol
for all |a|,|d], so that
. . & d O

R[01,05]1=61»01(= ) (s ra— - . A62
[01,02] =90} (= ) )<Q]2a¢l((a)(0')v) ddx” 5 (A62)

Expanding the o derivatives,

R[Q,.05]= 9@ 35 Q5CP, (A63)
where
+ & 5 9
I L) THP AR ) (Ao
18l 318y OF' I

Antisymmetry (A59) amounts to prove that

Clo® — _ @, (A65)
From Eq. (A39), we get
+ 1) 5 9
nga)(ﬁ) =—(- )a|<|p| & )ﬁ(p) - ; d ", (A66)
18l 5{a)(p) () O Idx

Using the definition of higher order Lie operators (A16), we get

C(J{r)(ﬁ)z_ E (_)|a|+|gf|+|p|(|P|+|/8|><|a|+|,3|+|0' |+ 1 )ﬁ( — A i J o
I a J i v :
o 8 Nlal+lgl+lol+1 ) g7 54 aas

(A67)

Evaluating 2|,/ /=0 as E|gr|>02‘g‘=‘0 and using the equality

|o’] ’ ’
g (_)p(|p|+lﬁl>(lal+lﬁl+l<f |+1)=<|o |+|a|), e

Ipl=0 1Bl /\ el +18]+|p| +1 ]

we finally obtain

. o'| + ] & s 9
Ct(j @ == (_ )|a< |a| (_ a)(a'/) j 57# adwin' (A69)
9P a(@(o)v
Comparing with (A64), we have (A65) as it should. O

APPENDIX B: ALGEBRA OF SURFACE CHARGE 1-FORMS
For compactness, let us define a generalized gauge transformation through
6)?1(1)% = (R}l’ [f] ’f2]a) .

According to the same reasoning that led to (2.3), combined with (3.17) and the definition (3.3) of
Noether currents for gauge symmetries, we get
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T oL
dH afISfZ_Mfl’f2_TRfl sz,gﬁ =0. (Bl)
Applying the contracting homotopy with respect to the gauge parameters 7 now gives
T oL
5f15f2:Mf1’f2+ TRfl Rf2’§ﬁ +dHNf1,f2’ (BZ)
where
oL Y oL
Nfl’fz 5_¢ =If1 5fle2_Mfl’f2_ TRfl Rf2’5_¢ . (BS)

By applying 1={I; ,dy} to 5Jflkf2 and using def2=—d$Sf+IZV¢(dHSf), we get
O kry =177 (= 87,47y, + 87, (U g(dpsSp)) + dg(). (B4)

Using the properties of the homotopy operators, the expression inside the parentheses of RHS of
(B4) becomes

T q¢ T - A T n—1 ¢ o
— &7, dYSy, + 5 (g g(duSy) = =167 ,dY1Sy, + [6] I 4)(dpSy) + dply (87 Sy).  (BS)

From Eq. (B2), we get

oL
A _ -1 I ¢ n—1
S k=177 (= e, Sy, + 187,04 g1(dSy,)) +dYN g + Idvf,)(zvlflj2 +Tg, [sz, 5 ¢>]) +dy().

(B6)
Using (3.8), (A24), and (A53) for the direct computation of [52 ,Igv¢](dHSf2) gives
. . b oL oL
(651, 0)(duSs) = Worsspl Ry Ry 1+ T dval’gb ~Yr, &, dv¢,5_¢
+Zseisol Ry dyh Ry 1 - WaRf (ocrsg) Ry dy]. (B7)
1

If

. P P oL oL
7}'1,f‘2[dv¢] = Ifl - 5RdeISf2 + W&E/ﬁd)[dVRfl’sz] + Tsz dVRfls% - Y/ef2,1efI dvd’,%

+Zseis6ldve. Ry Ry 1 - WﬁRf (55/5¢)[dv¢,Rf2])
J1

¢ n—1 oL
+dVNf1’f2+ dyé Mfl’f2+TRf| sz’% ’ (B8)
we finally have
5Rf,kf2[dv¢] =" k[flsfz][dV‘ﬁ] + 7}1,f2[dv¢] +dy(-). (B9)

Note that Tfl,fz[dv(/’]=0 if (i) ¢* is a solution to the Euler-Lagrange equations of motion, (ii)
Rf2| =0, and (iii) dy¢ is tangent to the space of solutions at ¢’. This proves Proposition 4. []

APPENDIX C: INTEGRABILITY IMPLIES ALGEBRA
Owing to (3.10)
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dykddye] = I (Wldye,ReD) = 17~ (dy WIdy b, Ry]) + (). (C1)

After application of iRg, we find that the integrability condition (4.2) for the charge associated
1
with g, reads

fﬁ (U5, WIRy Ry D) + 1 (5, WIR, dyh] = dYWIR, R, 1)) = 0(r"). (C2)
s
Notice that it follows from (3.9) that

iy, gy [dy ] = I (WIdY,Ryy, D) + () (C3)

and

Ifl 1(5Rf Wldyo'.R; ) = 1?2 1(5Rf Wldye',R; 1) - sz(W[sz Ry D) +dp(-). (C4)

Applying I;’; to (A49) contracted with Ry , Ry, and using (C4), we get

17 (dyWIRy, Ry 1= 6, WIRy, dy] = IRy, 1 dye]) + 17 (S, WIRy, dvb)) + g 7 (WIRy, Ry, )
= iy, ig, AYE +dy(-). (C5)

Integrating over " and using gauge parameters g, ,g, so that (C2) can be used to treat the second
and fourth terms on the RHS, we find

(- 157! (WIR, R, ) + I (@ WIR, R, ]) = fﬁ (I WIRy, o 11 &5b]) +0(r).  (C6)

Srt

if and only if ‘7San 1R dyE =~ o(r), which holds as a consequence of assumption (4.3). Using
(3.10) on the LHS and (C3) on the RHS, we get (4.6) and have proved Proposition 8. [ |

APPENDIX D: HAMILTONIAN FORMALISM

In this appendix, we will analyze how the results discussed so far appear in the particular case
of a Hamiltonian action where the surface S is a closed surface inside the spacelike hyperplane 3,
defined by constant .

We follow closely the conventions and use results of Ref. 48 for the Hamiltonian formalism.
The Hamiltonian action is first order in time derivatives and given by

Sulz,N] = f Ly= j dtd"'x(Aa, — h—\%,), (D1)

where we assume that we have Darboux coordinates z4=(¢%, m,) and 74a, = ¢*,. It follows that
Oap=0sag—dga, is the constant symplectic matrix with 0*Poyc=8p and d""'x=(d""'x),. We
assume for simplicity that the constraints 7, are first class, irreducible, and time independent. In
the following, we shall use a local “Poisson” bracket with spatial Euler—Lagrange derivatives for
spatial (n—1)-forms g=gd" 'x,

581 O'AB 582

{81,821 = (D2)

If EH denotes the spatial exterior derivative, this bracket defines a Lie bracket in the space

H"‘I(EH), i.e., in the space of equivalence classes of local functions modulo spatial divergences
(see, e.g., Ref. 53).
Similarly, the Hamiltonian vector fields associated with an (n—1)-form ft=hd"—1x,
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() = ZA()oABa<, = { A} (D3)
(i)

52<->=a<, oﬂf‘wo {h, - Yo (D4)
(i)

only depend on the class [/] € H""!(dy,). Here, (i) is a multi-index denoting the spatial derivatives,
over which we freely sum. The combinatorial factor needed to take the symmetry properties of the

derivatives into account is included in és/azﬁ-). If we denote by 9,=7,d"'x and I;Ezfz+)\“§/a, an
irreducible generating set of gauge transformations for (D1) is given by

8,2 = {2 Fuf s (D5)
5f)‘a - % + {]mle}an + C‘b‘c(fb,A") - VZ(]‘{’), (Do)

where the arbitrary gauge parameters f* may depend on x*, the Lagrange multipliers and their
derivatives, as well as the canonical variables and their spatial derivatives, and

D J . d ..
— = NN+ (D7)
Dt ot O\ ING
{7a’ i,b)\h}alt = C:Z(’YU )\b) ) (D8)
(Yo hbae ==V, (%) (DY)

For later use, we define [f;,f,]%=Cs.(f}.f5) and assume the f’s to be independent jet coordinates.
Let us denote the set of fields collectively by ¢'={z*,\%}. In order to construct the surface
charges, we first have to compute the current S, defined according to (3.1) and (3.3),

.C Sh 5)\b Yo

(O'ACZ —g Y ) (D +{r, hE}alt+C (f”,k”)—VZ(f”)>

. oL S
R;(f*")—5(;= {G‘B (y“f)
X (= )}d"x—[——d( J”)+&(V:{ZB—UBA—5hE af“}+ jka( fh)}d”x

Ya - dt Y. k\ VB 5ZA’Y Jb Yas .
(D10)

Here, the current jﬁ”(ya ,f?) is determined in terms of the Hamiltonian structure operators through
the formula

I Varf?) = Y V) = PV () = Lo (FND) + F2C5 (s ND), (D11)
while VQ(QA,g)=é’U)(QA(5g/ ‘Sz(i)i))' We have
9, 408 ; Vi( ), (D12)
(k)Qa(k) 5ZA+ W(0%.g

if the function g does not involve time derivatives of z*. In other words, VZ(QA ,g) coincides with
the components of the (n—2)-form I" !(gd"'x), as defined in (A26) and (A28) with ¢ replaced by
74 and n replaced by n—1, i.e., for spat1a1 forms with no time derivatives on z*.

The weakly vanishing Noether current S” is thus given by
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S0 ==y (D13)

Sh
5§=V§[Z’B—UBA5—Z5,M”] + 75 (Yart). (D14)

Note that k[O'][dvqﬁ ¢], which is the relevant part of the (n—2)-form kg at constant time, only
involves the canomcal variables dyz4,z* and the gauge parameters f%, but not the Lagrange
multlphers A? nor their variations, dy\°. Th1s is so because S does not involve A%, while the terms
in S% '+ with time derivatives only involve time derivatives of z% and no Lagrange multipliers,

kP dyep, d] = K dyz,2]. (D15)
More precisely, it follows from (A49), (D13), and (D14) and that
K+1 8= v SVl 28, y.r"]
—dy " |.
A A VA

Equation (A19) then allows one to show that 6Vi[z? ,yaf“]/éz‘(“k)0=(1/|k|+1)[6(yaf")/5z‘(4k)i] )
that the terms nicely combine to give

k}Oi][de,z] (D16)

K dyz, 2] = = Vildyz®, vaf"]. (D17)

Let do;=2(d""%x)y;. For S, a closed surface inside the hyperplane 3, defined by constant ¢, the
surface charge 1-form is given by

b0 (dyz] = f K dy2ldo, (D18)
N

Taking into account (D12), we thus recover the following result from the Hamiltonian approach.5

Proposition 14: In the context of the Hamiltonian formalism, the surface charge I-forms at
constant time do not depend on the Lagrange multipliers and are given by the boundary terms that
arise when converting the variation of minus the constraints smeared with gauge parameters into
an Euler-Lagrange derivative contracted with the undifferentiated variation of the canonical
variables,

— iy = - dyA T 7;{” + 092,21, (D19)

In addition, because of the simple way time derivatives enter into the Hamiltonian action Ly,
we have for all 07,05,

W%ﬂH/5¢[Q17Q2] = - 0430105, (D20)

T"[dm 5 ¢] 0, E7 [dyp,dyp]=0. (D21)

Note that the last relation follows from our assumption that we are using Darboux coordinates. As
a consequence of the first relation, we then also have

S04
W%£H/5¢[dv¢,Rf]d"—1x =—d,* (gz“f ) , (D22)
W%cﬂxaqs[Rfl,sz]dn_lx = {31, 35} (D23)
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Let us now analyze how we can recover the results of Ref. 8 from the present perspective.
Suppose that X, has a unique boundary S, assume that the fields and gauge parameters belong to
the spaces F and Ay defined “off shell” (cf. Remark 2 of Sec. IV B), and that

79 oL 24
R, dyo, 56 =0. (D24)
We can define the functionals
G[D, D] =- J S, + Q[®,D], (D25)
3

i.e., the Noether charges associated with the weakly vanishing Noether current (n—1)-forms S,
“improved” by the boundary term Q[®,®]. In the Hamiltonian formalism, G[®,d]=[%,g"
+Q[®,P]. It then follows from Stokes’ theorem and (3.7) that

d(,’G:—J Werisgldyd,R]. (D26)
%
By analogy with the Hamiltonian analysis,5 in which we get

7.8
d?%G = f dy —2—,
\%4 Et 5ZA

we say that the functional G is differentiable. Because R, is by assumption tangent to J, we say
furthermore that G is a differentiable generator.
We can define the covariant Poisson bracket of the functionals G;= G[®;,®,] by

{G1,Go}. =~ 5Rgle‘ (D27)

By applying iRg1 to (D26) in terms of g,

{GlsG2}c:f Wicispl Ry Ry 1. (D28)
3,

In the Hamiltonian formalism, it coincides with the usual one,

{GI’GZ}cz{J ’5’ag(1l’G2} ZJ {i’agllls’i’bgg}-
% alt %

If we now assume that the integrability conditions for the gauge parameters g are satisfied
without the need to vary the parameters g, as usually done in the Hamiltonian formalism,

fﬁ ka,l[dv] =0, (D29)
gt

it follows that {G,,G,}. is differentiable,

d{G,,Go}. = L WcispldyduRig, o,1]- (D30)
t

Indeed, applying d? to (3.7) and using (D24), we get
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f dYWor sildyep.R,] =~ f APk [dye].
Sm,[

1

Using integrability (4.2) and (D29), and the off-shell assumptions, the expression on the RHS
vanishes so that

f dPWseis4ldyh,R,]=0. (D31)

t

Using (A10) and (A47), we have

d${G1,Gz}c-=f d$W5£/5¢[Rgl’Rg2]=fz (W5£/6¢[dv¢7R[gl,g2]]+iRgld$iRg2W5£/5¢
t

3,
—ig dYip Wseiss—dyip iz dJE,)
82 v 81 ¢ 81 & v ’

where the second and third terms on the RHS vanish as a consequence of (D31), while the last one
vanishes on account of the off-shell version of (4.3).
This is the theorem proved in Ref. 8 in the Hamiltonian framework, where

Valg1,8217
4G, G}, = f dvzf‘%’-

APPENDIX E: GENERAL RELATIVITY

We start from the Einstein—Hilbert action with cosmological constant A,

_ EH_ | m V/E _
Slgl=| £ = dx167'rG(R 2A0). (E1)

A generating set of gauge transformations is given by

5§g,uv = gpapg,tw + a,ugpgpv + aygpgp,p (EZ)

Reducibility parameters at g are thus given by Killing vectors of g. The weakly vanishing Noether
current (3.3) is given by

SLEH ] sLE" gl
SE =2 = - G* = Ag")é,. E3

An explicit expression for k§=Iﬁ‘_/2,S ¢ using (A26) has been originally derived in Ref. 39% and
compared to other proposals in the literature. We point out here that k§=Ig;;,S ¢ can also be written
in the compact form

kdygl=3(d"2x) ., PP B(2D dyg upts— dvgapDEs), (E4)

where

3Note, however, that we have changed conventions, which are here taken to be those of Misner—Thorne-Wheeler,54 and
introduced an overall minus sign in the definition.
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EH
P,uva,By5= 55 ( oL ) , (ES)
&gyb‘,aﬁ 5g,uv
!/_
- (g17g " g B3 4 gy g OgaB 4 gula g Brgys_ quvgYqaB _ quly o e g By
327G
_gil@ g By g ) (E6)

The tensor density P#**A7? is related to the supermetric defined in Ref. 55, which has the sym-
metries of the Riemann tensor, through

2
_n - zgwpumﬁﬂ/ﬁz Gaﬁyﬁ’ (E7)
where
aSLEH
G = . (E8)
‘9g'y§,a,8
—
V=8 (L oy ps. L as py By6>
= —o? + - @ —g“ . E9
16776(2‘? 8"+ 58"g" - 8" (E9)

The tensor density P#**#¥% jtself is symmetric in the pair of indices uv, a3, and y8 and the total
symmetrization of any three indices is zero. The symmetries of these tensors are thus summarized
by the Young tableaux

mlv
| prapys _ [

B

a
GBS
S

v|é (E10)

Note that in the context of covariant phase space methods,** a similar tensor density P#vPYd is
defined, which lacks, however, the above symmetry properties. In order to compare further with
the formulas obtained in that approach, it is convenient to rewrite kJdyg] as

k{dye]=- de’ZEH, et k',gEH, aeti §If;vgﬁﬁ‘”’ —Epen[ Lep,dyh], (E11)
where

I

K _ V’_g v v n—2
kﬁEH,g— 167TG(D“§ -D gﬂ)(d x),uv (E12)

is the Komar integral,

A \”_ g o Q, n—
I3, L dvgl = — ~(g" DPdyg .5— g“PD*dyg ) (d" ' x),, (E13)
and the additional term
e (1
EcenlLeg.dvgl =7~ ( Eg"”‘dvgaﬁ(D’6 E+D") — (n— V)) (d"%) . (E14)

vanishes for exact Killing vectors of g but not necessarily for asymptotic ones.
Explicitly, the quantities involved in dyk{dyg] in (3.7) are given by
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Wseet sldyg, Leg]= PHPYU(dyg 5.V sLegor — L85,V 5dvge)(d"'X) ,,

(E15)

scH EH

Tﬁgg[dvg,g_g} :dVga,B 59 5

E(d"'x),,.

It follows that all conditions are satisfied to proceed with an off-shell analysis in the asymptotic
context (cf. remark 2 of Sec. IV B).
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