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Abstract: The wave equation (free boson) problem is studied from the viewpoint of the
relations on the symplectic manifolds associated to the boundary induced by solutions.
Unexpectedly, there is still something to say about this simple, well-studied problem. In
particular, boundaries which do not allow for a meaningful Hamiltonian evolution are not
problematic from the viewpoint of relations. In the two-dimensional Minkowski case,
these relations are shown to be Lagrangian. This result is then extended to a wide class of
metrics and is conjectured to be true also in higher dimensions for nice enough metrics.
A counterexample where the relation is not Lagrangian is provided by the Misner space.
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1. Introduction

In this note we study the wave equation from the point of view of evolution relations
(as defined in [3,4]). In particular, we show that they are well behaved also in cases
when the boundary does not allow for a meaningful Hamiltonian evolution. This is a
case study for a simple well-studied problem (on which, unexpectedly, there was still
something to say) supporting the relevance of the evolution relation approach. This note
is self-contained and the relevant concepts from [3,4] are introduced when needed.

Fix a dimension m and a signature. To an m-dimensional compact oriented pseudo-
Riemannian manifold (M, g), possibly with boundary, whose metric has the given sig-
nature, we associate a space of fields! Fy; := C*°(M) and an action functional

1
Sm.glp] == §/Md¢ Nxgdg, ¢ € Fy, (D

where *, denotes the Hodge-»* operator induced by the metric g. More explicitly, writing
the integrand in a local chart,

1
Smglol = E/Mglw O dvep /g d"x,

where g = |det(g,,)|. According to the construction in [4], to an (7 — 1)-manifold
Y (with the extra structure of a function, a vector field, and a volume form) we can
associate a space of boundary fields” (or phase space) ®sx endowed with a symplectic
structure wy = day, where oy is the 1-form on &y arising as the boundary term of
the variation of the action (1), such that for every M as above we get an epimorphism
(and hence a surjective submersion) s : Fjy — Pypr; moreover, Ly := mpy(ELyy) is
isotropic in (®ypr, wya), where E Ly, is the subset of solutions to the Euler—Lagrange
(EL) equation d *¢ d¢ = 0 or in local coordinates:

a/t(\/gglwav(b) =0. (2)

I we mainly consider smooth functions in this note, which requires working in the setting of Fréchet spaces.
For less regularity, and the corresponding Banach setting, see Sect. 5.5.1.

2 Notice that F, m and @y are Fréchet spaces and hence Fréchet manifolds.
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Conjecture 1.1. For any compact oriented pseudo-Riemannian manifold (M, g) with
boundary, which can be isometrically embedded into some Euclidean space R equipped
with constant metric, the subspace Ly C ®ypy is Lagrangian.

The Conjecture is easily proved in the case of Riemannian manifolds [3] from exis-
tence and uniqueness of solutions to the Dirichlet boundary problem d * d¢ = 0,
dlam = ¢y where ¢y € C*°(dM) is a boundary condition for ¢.

The Conjecture is also true if M is a pseudo-Riemannian manifold of the form ¥ x I,
where I = [tg, t1]is an interval, provided that the metric g pulls back to a non-degenerate
metric g, on ¥ x {t} for any ¢ € I. This follows from existence and uniqueness for the
initial value problem for the EL equation, with Cauchy data being a point of ®x x4,
implying that Ly is the graph of an isomorphism ® 5y — ®xx{y}. On the other
hand, L, is isotropic by a universal argument of [3,4], hence L, is Lagrangian.

If the boundary of M is split into “incoming” and “outgoing” parts M = (d;, M)°P LI
dout M, then the subspace Ly C ®yy = Py, m x Py, m can be interpreted as a set-
theoretic relation between ®y, » and ®j  y—the “evolution relation”; the property
that L is Lagrangian means that the evolution relation is a canonical relation between
symplectic spaces. Here “op” stands for reversing the orientation and bar stands for
changing the sign of the symplectic form. Gluing of manifolds along common boundary
corresponds in this setting to set-theoretical composition of relations.

In this note, see Sect. 4, Theorem 4.2, we prove the following case of the Conjecture.

Theorem. Let m = 2, M a compact domain with smooth boundary in the Minkowski
plane, such that there are only finitely many boundary points with light-like tangent
and such that the curvature of the boundary is nonzero at these points, and let g be the
Minkowski metric restricted to M. Then Ly is Lagrangian.

Notice that d M generally has several space-like and several time-like pieces separated
by light-like points. A consequence of the theorem is that we can study the wave equation
on compact domains: the appropriate boundary conditions consist in the choice of an
affine Lagrangian subspace L’ of ®j,, that intersects Ly in one point and on which
ayp+3f vanishes for some local functional f on ®y,. This also means that quantization
on compact domains is possible, provided a suitable polarization of ®j,, can be found.

It is tempting to extend the conjecture also to more general pseudo-Riemannian
manifolds. This is expected to be the case for metrics that are nice enough, e.g., which
do not differ much from the constant one (which is the case for small domains). However,
this is not true in general and in Sect. 5.9 we show that the Misner space [8] provides a
counterexample. From a different perspective, we may say that the condition that L is
Lagrangian selects reasonable spacetimes.

If M is of the form X x [tg, t1], one can attempt to define the Hamiltonian evolution
in the “time” parameter ¢ € [fg, t1]. The Hamiltonian H can be constructed in a stan-
dard way via the Legendre transform of the time-density of the action. Generally, for M
pseudo-Riemannian and with no non-degeneracy condition on the metric pulled back to
time-slices ¥ x {t}, H will be singular and one can employ the Gotay—Nester—Hinds
algorithm [6] to construct a smaller phase space on which H and the associated Hamil-
tonian vector field are well-defined. However, generally the Hamiltonian vector field
cannot be integrated to a finite-time Hamiltonian flow: both existence and uniqueness of
solutions of the Hamilton’s equations can fail. In Sect. 5.5 we study in detail an example
of this situation: the radial evolution on an annulus on Minkowski plane. Despite the
failure of the Hamiltonian picture in such cases, the formalism of canonical relations
works perfectly and provides a more general framework for describing the evolution.
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1.1. Plan of the paper.

In Sect. 2 we review the construction of the boundary phase space for the classical
field theory defined by action (1) on a general pseudo-Riemannian manifold with
boundary.

In Sect. 3 we specialize to the case of a domain M in the Minkowski plane and study

several simple examples explicitly. In particular, we show that L, is Lagrangian if

Misa strip.3 In the case when the boundary is light-like, we observe, however, that

no choice of boundary condition leads to uniqueness of solutions. We also consider

a diamond on the Minkowski plane with edges aligned in light-like directions and

show that L, for this domain is Lagrangian.

Section 4 is central to this paper. Here we specialize further to the case of compact

domains on the Minkowski plane bounded by a collection of smooth curves with

only finitely many light-like points (with the technical requirement that the bound-
ary should have non-zero curvature at the light-like points). We prove that L is

Lagrangian for such domains (Theorem 4.2).

In Sect. 5 we comment on several associated issues, in particular:

— Problems with Dirichlet boundary conditions (non-transversality of the corre-
sponding L’ and L ).

— Constraint (Cauchy) subspaces of the phase space (constraints arising from the
requirement of extendability of boundary fields to a solution of the wave equation
in an open neighborhood of the boundary).

— Conformal invariance of the problem. In particular, the result of Theorem 4.2
extends to domains with a non-flat Lorentzian metric conformally equivalent to
the flat one.

— The Hamiltonian formalism corresponding to radial evolution on the plane and
issues with integrating the corresponding Hamiltonian vector field into a flow
(both in the Fréchet and in the Banach setting).

— The representation of the operad of little 2-disks by canonical relations coming
from evolution relations L.

— Interpretation of the property of being Lagrangian for the evolution relation for
a general classical free field theory, possibly with gauge symmetry, in terms of
(generalized) Lefschetz duality, and the specialization to the theory defined by
the action (1).

— Extension of the result of Theorem 4.2 to more general Lorentzian surfaces,
satisfying certain constraints on the metric.

— An example of a Lorentzian surface with a non-Lagrangian evolution relation—
the Misner metric on a cylinder.

2. Classical Massless Free Boson on a Pseudo-Riemannian Manifold:
Boundary Structures

The construction of [4] in case of the free massless boson, see action (1), on a pseudo-
Riemannian manifold associates to a closed oriented (rm — 1)-manifold X endowed with
a triple of a function, a vector field and a volume form (T, u, u) € C*(X) x X(X) x
Q"=1(%), a pre-phase space

Oy =C®(T) x C®(%) 3)

3 Since this is a noncompact manifold, appropriate restrictions on the behavior of fields at infinity are to be

imposed.
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with coordinates denoted by (¢, ¢,,). The pre-phase space is endowed with the 1-form

ay = A 1w (T gy +u(@)dp € Q'(Px) “)
More concretely, for each (¢, ¢y,) € d~>z, ax (¢, ¢p) is the linear map &)2 — R,

(fs fn) = /EM(F% +u(@) f

The presymplectic structure on the pre-phase space is defined as
wy =dax =/ 1 (g, +u(3)) 8¢ € Q*(Px) &)
by

where § in dax stands for de Rham differential on &Dz.“ More concretely, @y is the
skew symmetric bilinear map &y x &y — R,

((f, fn),(g,gn))'—>/2M(an+u(f))g—/EM(an+u(g))f

The phase space @y is defined as the reduction of the pre-phase space by the kernel
of the presymplectic form,

dy = O/ ker(@x)
The 2-form @&y, descends to a symplectic structure on the phase space, wy. € Q*(®y).

Remark 2.1. The geometric data (I", u, ;) on X can be considered modulo equivalence
(T, u, ) ~ (cT, cu, ¢~' 1) for any nonvanishing ¢ € C*°(%). Also, the data (I, u, )
up to this equivalence can be viewed as a section

T+wp eN(E, ROTE) Q A" IT*Y)
where R stands for the trivial real line bundle over X.

In case when ¥ = 9dM is the boundary of an m-manifold M, the geometric data
(T, u, n) are inferred from the metric g on M as follows:

T =g ot nk), ux) =g '(x)nk, o) —Tn, €TdM, 1 =ui,1d6)

Here we chose some vector field on the boundary5 n € I'(OM,i*T M) transversal to
the boundary everywhere (we denote i : dM < M the embedding of the boundary);
n* € T(OM, i*T*M) is the covector field on the boundary defined by (n},n,) = 1,
(nk, T,0M) = 0; ug = /gd™x is the metric volume element on M; ¢, stands for
contraction of a form with a vector field.

The projection 77y @ Fpy — Dy sends ¢ € C° (M) to (lan, dndlom)—values of
¢ at the boundary and derivative along n at the boundary.

4 For more details on “local” differential forms on spaces of fields, see e.g. [5].
5 We do not require any compatibility of n with the metric on M.
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Remark 2.2. Choosing a different transversal vector field at the boundary, n’ = an + w
with nonvanishing a € C*°(dM) and with w € X(dM) a tangent vector field on IM,
results in different induced geometric data on the boundary:

@ 1y =@ T,a v —a?w,ap)

The new projection ), : Fy — ®5;, corresponding to n’, sends ¢ € C®(M) to
(@lom, Owdlom) € &Da m and can be viewed as the old one, composed with a linear
isomorphism of the pre-phase space @331 — Py sending (¢, ¢p,) — (P, ad,+w(P)).

The pull-back of the 1-form &y, to the space of fields Fjy is

Fydam = /8 | Cxdd - 50) o = /a gty 50)law )

It arises as the boundary term of the variation of the action (1):
88 = (—1)’”_1/ dSp A xgdp = —/ (d *g d) - 8¢ + 7y Gom
M M

Remark 2.3. According to the construction of [3,4], one associates to an (m — 1)-
manifold ¥ with a pseudo-Riemannian metric on a cylinder M, = X x [0, €] the
space oy, of l-jets6 of functions on M, at & x {0}. The one-form &s, € Q!(Pyx) arises
as the part of the boundary term of the variation of S on M, corresponding to the con-
tribution of the boundary component ¥ x {0}. The geometric data (", u, n) introduced
above constitute the part of the metric on M, necessary to define the 1-form &x. The
transversal vector field n arises from the 1-jet of the embedding of the cylinder M, — M
as a neighborhood of the boundary of M.

3. Two-Dimensional Minkowski Case
Consider the Minkowski plane R""! with coordinates (x, y) and metric g = dx? — dy>.

Let D be a domain’ of R!:! with smooth boundary, with metric given by restriction of
the Minkowski metric on R!! to D. As above, Fp = C°°(D) and the action (1) is

1
Sp.ald1= 5 /D [(3x6)” — (3y$)°1dx dy

Unless otherwise stated, in case of an unbounded domain D, we assume that kth
derivatives of fields have asymptotics

+k
¢~ 07 +yH™7) (8)
at infinity, where k = 0, 1, 2, ... and n > 0 is some constant.
The corresponding Euler—Lagrange equation is just the wave equation
2 2
059 — 93¢ =0

6 Only 1-jets are required since the density of the action § is of second order in the field derivatives.
7 By domain here we mean the closure of an open subset.
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3.1. Examples of boundary structures. In this section we consider D a half-space in
RL1 with space-like, time-like or light-like boundary ¥ = 9D ~ R.

Consider the case D = R x [yg, 00) with space-like boundary 9D = R x {yp}.
Using the construction of Sect. 2, we choose the transversal vector field at the boundary
to be n = 9y and obtain the geometric structure (6) on the boundary (I',u, u) =
(—1,0, —dx). The pre-phase space is ®3p = C®(R) x C®°(R) > (¢, ¢,) and the
projection 7p : Fp — ®yp sends ¢ € CP¥(D) to (@ly=yy> 0yPly=y,). The 1-form (4)
on the pre-phase space is

a =/dx¢n 56 Q' (@) ©)
R
and its differential
d):/dx8¢>n/\5¢> € Q%(dyp) (10)
R

is weakly non-degenerate, i.e. ker @ = 0. Thus, there is no symplectic reduction and the
phase space coincides with the pre-phase space, ®;p = ®;p, with symplectic structure
w = 0.

Similarly, for D = [xp, 0c0) x R with time-like boundary dD = {xp} x R we
pick n = 9,, which induces geometric data (I', u, u) = (1,0, dy) on the boundary.
The projection mp sends ¢ € C®(D) to (¢|yx=x,, OxPlr=x,)- The 1-form & and its
differential @ are again given by formulae (9, 10). Again, the non-degeneracy of @
implies that ®3p = 5330, w= 0.

Next, consider a half-space on R'"! with light-like boundary. Using coordinates o, =
y+x,0_ =y—xonR" weset D ={(o;,0_) e R |o_ > 00} for some 00 € R.
Introducing coordinate vector fields 04+ = %(By +9,), we setn = d_. This choice yields
the boundary geometric data® (T, u, u) = (0, —20,, —%dm), therefore

&:/dc7+ s 86, @:5&:/:1@ (3:8¢) A 8¢
R R

Using the linear structure on the pre-phase space, we can regard the presymplectic
structure @ as an anti-symmetric bilinear form on & given by

(P, ¢n), (Y, ) = /Rdm ((0+¢) ¥ — (0+9) @) (11)

The kernel of @ and hence the symplectic reduction depend on the allowed behavior
of ¢ at o — oo. For instance, we have the following.

(1) If we require lim,, —, oo ¢ (03) = O then the presymplectic form (11) becomes

o((@. ¢n), (¥, Yn)) = 2/Rd0+ (0+¢) ¥ 12)

8 Tt is useful to note that in coordinates o+, the metric, its inverse and the metric volume element on D are,
respectively, g = —doy - do_, g_l =—404-0—, ug = % doy A do_. Here - stands for the symmetrized

tensor product.



1090 A. S. Cattaneo, P. Mnev

So, (¢, ¢,) € ker w iff 0,¢ = 0, but by the vanishin~g requirement at oy — 00
this implies ¢ = 0. Hence, ker ® = {0} x C*°(R) C @ and the phase space is

®=d/kerd> =C®R) 3> ¢ (13)

with (non-degenerate) symplectic structure given by r.h.s. of (11).

(i) Requiring that ¢ has some (possibly, different) limits at o, — o0, we get a
boundary term, integrating by parts in (11): @((¢, ¢n), (¥, ¥)) = —|PpY [T +
2 J[gdoy (0+¢) ¥. Thus (¢, ¢y) € ker@ iff 9.¢ = 0 and ¢(+00) = 0, which
again implies ¢ = 0. So, ker @ is the same as in case of vanishing condition at
o4+ — o0 and the phase space is again given by (13) (though now we impose
different asymptotical conditions on ¢).

(iii)) Imposing periodic asymptotics ¢ (+00) = ¢(—00), we get back to (12) but now
the kernel becomes bigger:

kero={(¢=C,¢, cC°MR)) | C R} C P

Thus the phase space is ® = C*°(R)/R where we consider functions differing by
a constant shift as equivalent. We can choose the section of this quotient e.g. by
requiring ¢ (0) = 0. In this case the projection wp : Fp — ® maps ¢ € C*°(D)
o (o) = ¢(0r, 02) = ¢(0,02).

3.2. Canonical relations. Related to examples of the previous section, with D ¢ R!-!
a half-space with boundary D = ¥ a line in R"!, are cases when D c R"! is a strip
with boundary X LI 3°P where op denotes the opposite orientation. In all these cases L p
is Lagrangian as we presently prove.

For ¥ space-like, consider D = R x [yo, ¥1]. Denote 7 := dy¢. Then the 1-form on
the phase space

Dyp = CR)** 3 (¢, 70, 1, 1)

o= /R (71861 — Todho) dx

where subscript i corresponds to boundary components y = y; of the strip,i = 0, 1 (and
we are still assuming asymptotics (8) for fields m, ¢). The Euler—Lagrange equation can
be rewritten as a system

=020
oyp =m

The system is Hamiltonian with respect to the symplectic form f]R 8w A 8¢ dx and to
the Hamiltonian function H = % fR(T[Z + (8x¢)2) dx. Since Lp is the graph of the
corresponding Hamiltonian flow from time yq to time yj, it is Lagrangian.

Similarly one proves that Lp is Lagrangian for ¥ time-like, for the strip D =
[x0, x1] x R.
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Finally, consider the case when X is light-like. Passing to coordinates o+, we consider
the strip D = {(o},0-) € R |09 < o_ < ol}. The Euler-Lagrange equation
becomes d;9d_¢ = 0, which has general solution

¢(ov,0-) = f(oy) +g(o-) (14)

with f and g arbitrary functions. Therefore, for any ¢° and !, Lp is the diagonal in

Oy x Oy, where bar denotes opposite symplectic structure, so it is Lagrangian. Observe
however that g cannot be determined by boundary conditions. As a consequence, on such
strips we cannot have uniqueness of solutions.

3.3. Light-like diamond. Consider a diamond in Minkowski plane with piecewise light-
like boundary,9

D={(0y.0)eR" |60 <0, <o), 6 <0 <0}
‘We label the four vertices of the diamond as
a= (020", b=(! 0%, c=( o), d= (L o)

Proceeding as in Sect. 3.1, we obtain the pre-phase space!®

Oyp ={¢ € CO(E)D) smooth on edges of d D}

We denote restrictions of ¢ to the four edges of the diamond by ¢>“” , d)dc eC oo[of, o j 1,
¢, pbc € C®[6?, 0] respectively.
The pre-symplectic 2-form induced on ®jp is

a):/ € dS¢ A 8¢ (15)
aD

where € = +1 on two edges parallel to d; and € = —1 on the other two. Viewed as an
anti-symmetric bilinear pairing ®3p ® ®y3p — R, the pre-symplectic structure is

w(p,¥) = 2/3D €de -V +2 (PaVa — Po¥p + Gc¥e — Pata) (16)

where we used integration by parts to transfer derivatives from v to ¢. Subscripta, b, ¢, d
stands here for evaluation of ¢ or ¥ at the corresponding vertex of the diamond.

It follows from (16) that ¢ € ker w implies ¢ = C € R—a constant on the whole
dD. On the other hand w(C, ¥) = 2C (Y, — ¥y + ¥ — ¥q), hence ker w = 0. Thus @
is actually non-degenerate and (P, p, w) is the symplectic phase space, with no further
symplectic reduction required.

9 The construction of Sect. 2 extends naturally to the case of manifolds with piecewise smooth boundary.
In this case, for the pre-phase space (3) one takes pairs of piecewise smooth continuous functions (smooth
where the boundary is smooth).

10 We are not including the normal derivative ¢, in our description of ®jp, since it does not appear in the
2-form (15) and would be eliminated by symplectic reduction anyway.
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3.3.1. Evolution relation Using the general ansatz (14) for solutions of the wave equa-
tion, the evolution relation L C ®4p can be described as

L={¢(0s,0-) = flor)+glo-) | f €C®[02, 0], g €C®[c’, 011}
——

€dD

To show that L C ®;p is a Lagrangian subspace (and thus verify Conjecture 1.1 in
this case), we check isotropicity and coisotropicity of L. For isotropicity, we have

w|L=/O 1 dsz<ag(oE>—8g<ol>)+/[ . l]ngA(Sf(af)—Sf(ol))

[oy,04]

= ©f (0l =51 @) A 3g(0?) —sf (1) +Gg0l) — 8802 A 3 @) = 5f (0l =0

Thus L is indeed isotropic. For coisotropicity, (16) implies that for ¢ € L and v arbitrary,

o =2 drat oy [ ds -y

[oy .04

+ contributions of corners

Thus ¢ € L+ implies (by setting f (crf) = g(0%) = 0 and taking df or dg to be
the difference of two bump 1-forms localized near two points, so that the total integral
vanishes) ¥ — ¢ = C, ¢ — yb¢ = C’ where C, C’ € R are two constants. This
implies in turn that ¢ € L, with corresponding fy (04), gy (0—) given by

fu (o) = ¥ (0) — @), gylo-) = ¥ (o)

This proves coisotropicity of L and hence L is indeed Lagrangian.

3.3.2. Hamilton—Jacobi action. Restriction of the action (1) to solutions of Euler—
Lagrange equation is in general

1 1 1
S|EL=—/ d¢A*d¢=——/ ¢>Ad*d¢+—/ & A #dd)on
2 u 2 J/m 2 Jom

Oon EL
Since this expression is given by a boundary term, it descends to a function on L (at

least as a subspace of the pre-phase space, in the general case).
In case of the diamond we have

1 1
S|EL=5/ €Pdp = (—9i+¢; — 9+ €C*(L)
aD

Note that this Hamilton—Jacobi action depends only on the values of ¢ at the vertices
of the diamond.
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4. Wave Equation on Compact Domains in Minkowski Plane

Let D ¢ RL! be a connected compact domain in the Minkowski plane. We make the
following assumptions about its boundary y = dD.

(A) Each connected component y,, | < k < N, of the boundary y is a smooth simple
closed curve.

(B) There are finitely many points on y with light-like tangent; we denote this set of
points /.

(C) The curvature of y (as a multi-component plane curve) at points of / is non-zero.

Assume that each curve y; is parameterized by t € R/(Tj-Z), with Ty € R the period.
We assume that the orientation of y; induced from the parametrization agrees with the
one induced from the orientation of D. Define 6 : y — R/(w - Z) and v : yx — R.o

by 6(1) = arctan(¥) + Z, v(t) = (2 +3%)/2.

4.1. Phase space, symplectic structure. The phase space'! (the space of boundary fields)
associated to y is @, = {(¢, ¢) € C*(y) x C*(y)} The projection & : Fp — &,
sends ¢ € C°(D) to its restriction to y and the normal derivative at a point on y;
“normal” means an outward pointing unit normal vector to the boundary with respect to
Euclidean metric on the plane.

The geometric data (6) on y, associated to the choice of the Euclidean normal vector
field n = cos @ 9y +sin B 0y, is: (I, u, ) = (cos(26), —% sin(260)9;, v dt), which yields
the following boundary 1-form (4) on ®,:

a= / dt (vcos(20)d, — sin(26)0d;)¢p 3¢
Y
where 0,¢ := ¢, is a notation. It generates a constant 2-form on &,,
w=da = / dt (vcos(20)9d, — sin(20)0;)8¢p A 5¢
Y

Using the linear structure on ®,,, we can view w as an anti-symmetric pairing ®, @ ®,, —
R3
o (@, ¢n), (U, Yn))

= / dt - (vcos(20)dy ¥ — sin(20)d,d ¥ — ¢ v cos(20) ¥, + ¢ sin(20)d,¥)  (17)
Y

Proposition 4.1. Two-form w is non-degenerate on ®,,.

Proof. Indeed, by (17), a pair (¢, ¢,,) € @, is in the kernel of w if and only if

—vcos(20)¢p =0 ¢ =0
—0;(sin(20)¢) + v cos(20)¢p, — sin(20)d;¢p =0 < ¢n=0

where we use that, by assumption (B), cos(20) vanishes in isolated points. O

1 1n the terminology of Sect. 2, we should be calling it the pre-phase space. Below (cf. Proposition 4.1) we
will show that the presymplectic form on @, is in fact symplectic, so that no further symplectic reduction is
needed. Thus the terminology is justified.
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4.2. Evolution relation: main theorem. Set ELp = {¢ € C®°(D) | d xd¢ = 0} C
Fp—the space of solutions to the wave equation in D and also set

L=n(ELp) C ®,
—the evolution relation.

Theorem 4.2. The evolution relation L is a Lagrangian subspace of ®,,.

4.2.1. Evolution relation in the simply connected case and involutions E . on the bound-
ary. In case when D is simply connected (N = 1), the space of solutions of the wave
equation in the bulk EL p is given by

ELp={p=F+G|F,GeCD), o_F = 3,.G =0} (18)

Note that globally 0_ F = 0 does not imply F = F (o), e.g. if D is not convex.

The two distributions d4+ on D induce two equivalence relations €4 on points of D,
where two points in D are considered equivalent if they can be connected by a light-like
segment with tangent d+ lying inside D. In turn, €1 induce equivalence relations €4 on
points of y.

Denote I+ ={p € 1|6(p) = Fr/4},sothat ] =1, L I_.

By assumptions (A, B), an equivalence class of £1 of order 1 is necessarily a point
of I and an equivalence class of order n > 3 necessarily contains n — 2 points of /..
Thus there is only a finite set of points I}, C y with equivalence class of £+ of order
#*2.

Therefore, equivalence relations £+ induce two orientation-reversing smooth invo-
lutions Ex : (y —I.) — (y — IL), i.e. for a point p € y — I’, E1(p) is the point on
y where one of the two light-like lines in D starting at p hits y second time.!?
Denote

C¥WE = {f eC®()| foEsr= fony — I}

To describe the evolution relation Lp = w(ELp) C $,,, we need the following two
decompositions for the unit (Euclidean) normal vector 9, at a point on y:

On

1
—=cot(® — /4D + ﬁma_

On

! (6 +7/4)d; + 2 3
” TN S in@ +7/4)
If we denote f = F|,, g = G|, € C*®(y), then 0_F = 9,G = 0 implies
1 1
opFF = ——cot(@ —m/4) o f, 0nG = ——cot(6 +m/4) 0:g
v v
Thus, for D simply connected, we may describe L as

1
L={(¢,dn) = (f+g, —;(COt(Q —7/4) 8 f +cot(0 +m/4) 3:8))

| feC®i, gec®m} 19

12 The reader is referred to Sect. 5.2 for explicit formulae for £+ in some examples.
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Note that for this description we implicitly use the property that the maps
(FeC®D)|dF =0y 5 C®(y)k+

are surjective, for which assumption (C) is essential. Note also that the expression cot (6 —
)0 f +cot(8 + 7)d; g in (19) is smooth on the whole y.

4.2.2. Evolution relation in the non-simply connected case. In general, when D is not
necessarily simply connected, the r.h.s. of (18) is valid as a local description of the space
of solutions, but globally F, G may fail to exist as single valued functions on D. One
global description of EL p is as follows:

ELp = {¢ € C®(D) | dp =k + 1, where k, 1 € QL .q(D), t5_1 = 15,1 = 0}
(20)

where (5, is the contraction with the vector field 0.

For D non-simply connected (note that the involutions E4 still make perfect sense,
though now they may relate pairs of points in different connected components of y),
the r.h.s. of (19) defines a subspace L&'°® C L corresponding to solutions of the wave
equation with single valued F, G: L& = 7 (E L%Ob) where E L%Ob is given by r.h.s.
of (18).

Lemma 4.3.
dim(L/L&®) = N — 1 (1)
Proof. In D we have a short exact sequence
ELE® < ELp — H'(D) 22)

where H'!(D) is the de Rham cohomology of D in degree 1; the second arrow sends
¢ — [k] € H'(D) where we use description (20). Surjectivity of the second map
follows from surjectivity of the map {x € Q! . (D)|ty_« = 0} — H'(D) sending
k +— [k]. To prove the latter, note that we can reorder boundary components so that for
any 1 <i < N there exists an open subset U; C y; — I’ suchthat E_(U;) C y;j for some
j > i.Forevery i, take ¥; € Q' (U;) abump 1-form supported on U;, and construct a
closed 9_-horizontal 1-form on D as x; = p* (Y; + E* ;) where p_ : D — y/E_
is the projection to the boundary along d_. It easy to see, by looking at periods along
¥i, that restrictions to the boundary {«; |,,}£V: _1] span the kernel of H!(y) — R (pairing
with the fundamental class of ). Therefore {«;} span H!(D).

It follows from (22) that dim(ELp/EL%) = N — 1 and since 7 : ELp — L is

an isomorphism,'? we have dim(L/L&®) = N — 1. O

13 Surjectivity follows from the definition of L. Injectivity can be seen as follows: restrictions to y of the
1-forms «, A of (20) can be explicitly and uniquely recovered from (¢, ¢,) € L by formulae (24,25) below.
Hence (¢, ¢,,) = 0 implies k|, = A|,, = 0, which in turn implies, by d+-horizontality of «, A, thatk =1 =0
in D. Hence, there can be no non-zero point of E L p inducing zero on the boundary.
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4.3. Proof of Theorem 4.2.

Lemma 4.4. L C ®,, is isotropic.

Proof. Indeed, due to (7) and using Stokes’ theorem, for (¢, ¢,,), (¥, ¥,) € L we have

(P, bn), (W, Y)) = / (xd@) ¥ — (+d¥) D)l
Y
= /D d((xd¢) ¥ — (xdVr) §)
=/D<d*d<7>> J—dxdi)§=0

where ¢, Jf € ELp are extensions of (¢, ¢,), (¥, ¥,) into the bulk D as solutions of
the wave equation. O

This proof is a specialization of a general argument, applicable to any classical field
theory, cf. [3].
Note that Lemma 4.4 implies that L&°° is isotropic in ®,.

Lemma 4.5.
(Lglob)L

Proof. Letus calculate the symplectic complement of L&°° in @, For (Y, ¥r,) € Llob,
with f, g denoting the E—-invariant parts as in (19), we have

(@, Pn), (U, Yn)) = —/ dt (¢ 9(f —g) — (f +8) (vcos(20)¢, — sin(20)0;¢))

14

= —/ dt f (—(1 —sin(20))9;¢ — v cos(20)¢,)
Y

— / dr g (1 +5in(20))d;¢ — v cos(26)¢,) (23)
Y
Therefore (L&°?)L consists of pairs (¢, ¢,) € @, for which the 1-forms
o= —% dt (—(1 —sin(20))8;¢ — v cos(20)¢,) € Q' (y), (24)
B = % dt ((1+5sin(20))3;¢ — v cos(20)p,) € 21 (y) (25)

are E_- and E.-invariant, respectively.
The inverse of (24,25) is given by

dp=a+p, dt ¢, = —% (cot( —m/4) a +cot(0 +m/4) B)

The map p : @, — Q(y) x Q(y) sending (¢, ¢») > (@, p), as defined by (24,
25), has image

im(p) = {(a, B) € Q' (y) x Q' () | @+ B € QL (¥), @ vanishes on I_,
B vanishes on I} (26)
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and kernel

ker(p) = {(¢, ¢n) € Qoosea(¥) x {0}} (27)

On the other hand, the value of p on (¢, ¢,) € L& is (o, B) = (df, dg), where
f, g are the E-invariant parts of ¢ as in r.h.s. of (19). Thus for the restriction of p to
L& we have

im(p] o) = Qayae () X Lixae V) (28)
and the kernel is
ker(p|gon) = ker(p) N LE® = {(¢, ¢) = (C.0) | C € R}
By (23),
(e = p7l@ " x ') (29)
in particular, due to (26),
im(plgaonys) = {(@, ) € Q' N x Q' |a+B € L)} (30)

and ker(p|pgony1) = ker(p), cf. (27). Therefore, the quotient (L&obyL/1.8lob fits into
the short exact sequence

Q0 e (v)/{constants} <> (LEOP)L/p8lob Ly p(pelobyly ppgloby (31

The space on the left here is (N — 1)-dimensional. To find dim((L&"°b)L/Lglob) we
need to find the dimension of the space on the right.

Define the map o : Q!(y) x Q' (y) — RV sending two 1-forms on y to the set of
their periods around the connected components of y,

e (f o f af o f 0)
14! YN Y1 YN

The kernel of o is ker(o) = QL) x Q..(¥). Note that by (28,30), this
implies ker(o) N p((L&*)L) = p(L&°). Thus o induces an injective map o :
p((LEP)Ly /p(L80P) < s R2N Tts image is

o (p((LEP))/p(LECP))
N N
={(a1,...,an, b1, ..., by) | Zai =Zb,» =0, a1 +b1 =0,...,ay +by =0}
i=1 i=1

(32)

Here the relations >, a; = >°; b; = 0 arise because [, & = Ofora € Q'(y)E=, since
the involutions Ey are orientation-reversing. The relations a; + b; = 0 arise because of
the relation o + 8 € Qéxact(y) in (30). The dimension of the right hand side of (32) is
2N — (N +2)+1 = N — 1 (since there are N + 2 relations and one relation between
relations, (3°; a;)+(3; bi)—>; (ai+b;)=0). Hence, dim p ((L&®)1) /p(LEP) = N—1
and, by (31), dim((L&°P)L/pgloby — 2 (N —1). O
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Lemma 4.6. (i) The quotient (L&°P)L /L&Y inherits a non-degenerate symplectic
pairing from ®,,.
(i) The symplectic double orthogonal to L¥°P in d,, is (L&obyLL — glob

Proof. Tt follows from the proof of Lemma 4.5 that (L#°?)L/ L.&°° fits into the following
exact sequence:

R — HO%y) —» (L&P)L/L8° 5 Hl(y) 5> R (33)

Here the maps, going from left to right, are:

realization of constants as constant functions on y,

e realization of locally constant functions on y as elements of (L
¢I‘l)9

e mapo op : (LEP)L/rglod o g1y x H'(y) composed with projection to the
first factor,

e pairing with fundamental class of y.

globy L (with vanishing

The symplectic structure @ on ®,, induces a well defined pairing @ on (L&obyL / glob,
Using the truncation of sequence (33)

HO(r)/R — (LEPYH/LE® — H(p)]f g (34)

and the fact that symplectic structure (17) can be written as
@ (P, bn), (U, Yn)) = / ¢ (—ay + By) — ¥ (—ag + By)
Y

we see that, choosing some splitting of (34) from the right, we can write the block matrix

of w as
0 =2(,)
(%> - ) (35)

where the first and second row/column correspond to the left and right terms of (34)
respectively; (, ) is the non-degenerate pairing between the left and right terms of (34)
induced from Poincaré duality H°(y)® H'(y) — R; the lower right block is dependent
on the choice of splitting of (34). Ansatz (35) implies that the anti-symmetric pairing @ on
L~+/L is non-degenerate. Thus (L&'°°)1/L21°0 i the symplectic reduction of L+ and @
is the induced symplectic structure on reduction. Non-degeneracy of @ also immediately
implies that (L&°P)LL = pglob

Proof of Theorem 4.2. The map p : F), — Ql(y) x Q'(y) defined in the proof of
Lemma 4.5 sends (¢, ¢) € L to (k|,, Al,), where k, A are closed dx-horizontal 1-
forms corresponding to (¢, ¢,,) by (20). Thus the image of p on L is

(L) = {(a, B) € Q') E- x Q') | a+ B € Qe (1)) (36)

Hence, by (29), L C (L#'°*)L. Taking into account isotropicity of L, we have a sequence
of inclusions

Lglob C L C LL C (Lglob)L
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Passing to the symplectic reduction (quotient by L&°P) we get
L/Lglob C LL/LgIOb C (Lglob)L/Lglob

By (21)and Lemma4.5, L /L&' is an (N —1)-dimensional isotropic subspace ina2 (N —
1)-dimensional symplectic space, hence L/L8° is Lagrangian. Hence, L/L&°P =
L+/L#° and therefore L = L. This finishes the proof that L is Lagrangian. O

5. Remarks

Unless stated otherwise, in this section we are assuming the setup of Sect. 4.

5.1. Dirichlet polarization. It is interesting that dim((L&'°?)L/Lg1°®) depends only on
the fopology of the domain D, at least as long as the mild assumptions A, B, C hold. On
the other hand, L itself is sensitive to the geometry of the boundary y, in particular to
dynamics on points of y defined by joint action of involutions E., E_. In particular, for
themap D : L — C*(y), sending (¢, ¢,) — ¢, we have the following (we assume for
simplicity that D is simply connected).

— If there is a point on the boundary p € y and a number n > 1 such that
(E+E_)'p=p (37)

then by (19) on L we have 3-7—) ¢ (E+E_)' p) — ¢(E_(E+E_)' p) = 0, hence D
is not surjective (equivalently, in general there is no existence for Dirichlet boundary
problem for the wave equation on D).

— If there is an open subset of the boundary U C y — I such that (37) holds for every
p € U for some fixed n > 1, then D is not injective (no uniqueness for Dirichlet
problem): for ¥y a bump function supported on U, we define

f= nf, ((EfEi)iwu + Ei(EiEi)’ﬂ/fu) = ni ((EiEf)wa + Ej(EiEj)iwy)
i=0 i=

Then f is simultaneously E.- and E_-invariant, hence by (19),
1
(0, ——(cot(@ —m/4) —cot(@ +m/4)) 0;f) € L
v

is a non-zero vector in L lying in kernel of D.

— If there is a point p € y, such that its orbit under the joint action of E; and E_ is
dense in y, then D is injective (there is uniqueness for Dirichlet problem): by (19),
to have a vector in L lying in kernel of D, we need a function f € C*(y) which
is both E,- and E_-invariant. But f has to be constant on the dense Ei-orbitin y,
thus f is a constant and gives zero vector in L.
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5.2. Explicit examples of involutions E 1 : disk and annulus. First consider a unit disk on
R!-1, defined in polar coordinates x = r cosf, y = rsiné by r < 1 with the boundary
unit circle parameterized by the angular coordinate t = 6 € R/(27Z).'* The four
light-like points on the boundary are:

I ={n/4, —3n /4, —n /4,37 /4}

I L.

and the involutions E+ on the boundary circle are:
E_:0<m/2—-0, Ei: 0 —m/2—-06

Next, consider the annulus defined by | < r < r,. We consider both inner and outer
circle parameterized by the angular coordinate 6. We will put superscripts “in”, “out” to
indicate to which boundary component a point belongs. The eight light-like boundary

points are:

I ={(r/4™, (=3/4)", (x/H, (=37 /4", (=7 /H™, Br/H™, (—7/H, B /4"

I L.

The involutions are:
- T o) T out
Ei :0"™ <> | F— +arccos | — cos(d & —) (38)
4 ) 4

out
Ey 0% & (:F% — 6) for

out T T out 3 3 out
fou ¢ (qEZ_@O’ q:zwo) O£ o7 +0 (39)

where 6y = arccos % and the sign of arccos in (38) is chosen in such a way that in the limit

r1 — ry we get the involution 6™ <> °". For each choice of the sign +, the equivalence
relation £+ has two equivalence classes of order 1: {(F/4)°"}, {(£37/4)°"} and two
equivalence classes of order 3:

77\ in T 0 out T 9 out
- 5 - 5 — + 5
{ (¢ 4 ) (:F 4 0) (¢ 4 0) )

37 in 37 out 3z out
{{t£=) \£=—-6) .(£=+6) }
4 4 4

Elements of the latter classes correspond to points of the boundary where involution E 4
is discontinuous. All the other equivalence classes are of order 2.

14 Note that this convention agrees with conventions introduced in the beginning of Sect. 4, but now 6 is to
be considered modulo 27, not modulo 7.
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5.3. Constraint (Cauchy) subspace of the phase space. Fix a closed curve y C R
subject to assumptions A, B, C of Sect. 4. Denote Dj, the compact domain of R!:!
bounded by y and denote D, the complement of Djj, in RLL

By specializing a general construction of [4], one can associate to y two subspaces
of the phase space Ciy, Coux C Py, consisting of pairs (¢, ¢,) € CC’Q(;/)xz extendable
as solutions of the wave equation into some open neighborhood of y in Dj; or Doy
respectively. Note that one can view Cj,, Coy as being associated to the two orientations
ofy:Cin = C(y) C (®y,wy),Cout = C(yP) C (Pyo» = Dy, 00 = —w), ), Where y
is understood as coming with counterclockwise orientation by default and “op” denotes
orientation reversal.

Remark 5.1. A related concept to the Cauchy subspaces Ci,, Coy introduced above is
the subspace C of ®,, consisting of pairs (¢, ¢,,) extendable as solutions of the wave
equation into a tubular neighborhood of y in R!:! (as opposed to an open neighborhood
in the relative topology of Di, or Dyyt). Obviously, C = Ciy N Coy.

We split light-like points of y into those where Djj, is convex and those where Doyt is
convex: I = I'™ 1 J°U, We also introduce involutions EY, Ei‘“ on points of y, induced
by following light-like lines in Dj, or Dgy respectively. Note that since Dgy¢ is non-
compact, a light-like line starting at a point on y may run to infinity, thus involutions
EQ" are only defined on some subsets of y. In particular, ES" is defined in an open

neighborhood of points of 79" (with the same =+).

Proposition 5.2.(1) The subspace Ci, C ®, consists of pairs (¢, ¢,) € C™ (y)*? such
that:
(a) For every point 7 € I:iél there is an Eiin—invariant open neighborhood z € U, C y

such that the restriction of the I-form p+ € Q(y) to U, is Eiﬁ—invariant. Here
P+ := B, p— := « are the two I-forms on y defined by (24,25).
(b) Forevery point z € 19" the co-jet of the 1-form py. € Ql(y)atzis ES"-invariant.
The second subspace Coyy C @, is described similarly where we should interchange
superscripts “in” and “out” in the description of constraints (1a,1b) above.
(2) Subspaces Cin, Coux C P, are symplectic w.r.t. symplectic form w on ®,,. Symplectic

orthogonals to Ci,, Coy in &, are zero.

Proof. To prove necessity of constraints (la, 1b), assume that a pair (¢, ¢,) € P,
comes from a solution ¢ of the wave equation on an open neighborhood V of y in Dj,.
We can fit into V' a topological annulus D C V with boundary 9D = y’ U y. The
associated involutions E+ (D) on d D coincide with EY!(y) on some neighborhoods of
points z € Ij;‘(y), which implies constraint (1a) by (36). To see (1b), fix a sign £ and
fix a point z € 19" (y). We can choose the annulus D in such a way that the equivalence
class of z under equivalence relation £ (D) is {x, z, y} withx, y € y’. Denote U" C y’
an open interval on y’ bounded by points x, y (among the two possible intervals we
choose the E4 (D)-invariant one). Also fix a neighborhood U of z in y; point z splits U
into two intervals, U and U,. Condition (1b) on the jet of p4 at z arises from necessity
to smoothly sew an E-invariant 1-form p4+ on U’ with E* (p+|y,) at point x and with
E% (p+|u,) at point y.

Conversely, to check sufficiency of (1a, 1b), fix (¢, ¢,) € C®(y)*? satisfying (1a,
1b) and fix an annulus D C Dj, with boundary 0D = y U v/, thin enough, so that for
every z € I'(y), the neighborhood U, where we have E!-invariance of p4 contains the
maximal £+ (D)-invariant neighborhood of z. Then (1a) ensures that 1-form EX (o+],)
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is smooth on the image of y in " under E and (1b) ensures that it can be extended to a
smooth E:"t“t(y’)-invariant 1-form on y’. Thus we obtain a pair («, 8) € Q'OD)E- x

Q!1(3D)E+ which restricts to (o—, p4) on y. Then we construct the solution @ of wave
equation in D as

- ¢
ity =¢(§o)+/{ (PZa+piB), teD (40)
0

where ¢ is some arbitrary chosen point on y, p+ : D — dD/E are projections from
D to the boundary along light-like lines. Integration path from ¢y to ¢ in D is chosen
arbitrarily (the integrand is exact since it is closed and restricts to an exact 1-form on
one of the two boundary components). By construction, ¢ induces back (¢, ¢,) on y.

The case of Cyy is treated similarly.

The calculation of the symplectic orthogonal to Cj, (case of Cyy¢ is analogous) in
®,, follows the proof of Proposition 4.1. We can choose in (17) (¥, ¥,,) € Ciy with
¥, a bump function in neighborhood of any point z € y — I and vanishing in some
open neighborhood of every point of I and ¢ = 0. This proves that (¢, ¢,) € Ciﬁ
has ¢ (z) = 0. Next, choosing ¥ a bump function as above and ¥, = 0 we prove that
¢n(2) = 0. Thus CiJr; = 0. This also implies that Cj, is symplectic. O

Remark 5.3. Note that Ci, Coye cannot be described in intrinsic terms of y, using only
the geometric data (T, u, ) as introduced in Sect. 2: we need more detailed information
on the behavior of the metric near y (since we need to know the involutions E'f"°"" near

light-like points of y).

Remark 5.4. Let D ¢ RY! be a (topological) annulus bounded by dD = y = y; U y»
subject to conditions of Sect. 4. We assume that y; is the inner boundary component
and y, the outer one. Then by Theorem 4.2, the corresponding L is a canonical relation
L C Cout(y1) x Cin(y2). Denoting p; > the projections to the first and second factors in
Cout (Y1) X Cin(y2), p1 is never injective15 on L and p; is never surjective.16 Moreover,
p1 is surjective and py is injective if and only if the following condition holds:

() =2

Note that L cannot be a graph of a map Coy(y1) — Cin(y2) (nor in the opposite
direction).

5.4. Conformal invariance. In case dim M = 2, the action (1) is invariant under Weyl
transformations—local rescaling of metric g, (x) — Q2 (x) - g,,v (x) with Q € C®(M),
Q > 0.Hencefor F : (M, g) — (M’, g’) aconformal diffeomorphism (i.e. F*g' = Q-g
with Q > 0) of 2-dimensional pseudo-Riemannian manifolds, we have Sy o (¢") =
Sm.g(F*¢'). Thus F induces a symplectomorphism of phase spaces F* : @y — Py
which takes Ly to Lyy.

15 Indeed, we can take an open subset U C y» such that E4(U) C y», and a bump function ¢ on U. Then
we construct a nonzero element ¥y + Efyy € L Nker py.

16 The reason is that p2(L) is given by E-invariance constraint for 1-forms p+ |y, on certain finite open
subsets U4 of y», whereas Cj,(y2) is given by the constraint (1a) of Proposition 5.2 on arbitrarily small
neighborhoods of light-like points of y5.
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In particular, in case of domains D in R"!, pairs of a symplectic manifold and an
Lagrangian submanifold (®,p, L p) are canonically isomorphic for domains D related
by a conformal transformation of R!!, e.g. a translation, a Lorentz boost or a rescaling.

Also, Theorem 4.2 implies that for D C R? a compact domain on the plane endowed
with some Lorentzian metric gp, conformally equivalent to a domain D’ C R with
Minkowski metric, Lp C ®jp is Lagrangian.

5.5. Hamiltonian for a circle. Consider polar coordinates'” (£,0) € R x R/(2wZ) on
RUT x = ef cosf, y = ef sin@. Phase spaces <I>S§1 for circles given by & = &g are

canonically symplectomorphic for different values of &y by conformal invariance.
For a circle centered at the origin, define a function on the phase space

H = % f (O cos20) (@) + @$)*) € C(Dg1) (1)
S

where!® ¢, = 0:@| 1. It generates a Hamiltonian vector field H defined byt =—8H.
Explicitly:

. 5 1 .
H = ﬁl n 5¢ + c0s(20) (sin(20) gy, + 3 (sin(20) ¢y, + cos(20)3p¢h)) (42)

)
8n
Then the infinitesimal evolution in & is given by the flow equation for H:

dep=Ho¢, dpo=H o,

—this is just an equivalent restatement of the wave equation (2) in coordinates (£, 6).
One way to get the function (41) is to consider the radial density £ € C®(Pg1) of

action (1) in an annulus Anng(l) defined by &y < & < &,

&1
SZ/ d L(blg1. 0edlg1).
& & &

0
L= f o 5 (cos(20) @2~ 0o)?) — sin(26) 6, 109
sl! 2

Then one defines

3L
H=¢ db ¢, - L (43)
sl Sd)n
which yields (41). Note that (43) is indeed the formula for Legendre transform, but we
do not switch to canonical momenta p = %l = cos(20) ¢, — sin(26)dy¢.

The Hamiltonian vector field H (42) is only well-defined on a subspace
Co = {(§.¢n) € CX(S)? | (dodn — DP)lgersz 131y =0} C P

17 We are using an unconventional radial coordinate, since this choice makes rescaling a translation in &. In
this section we will sometimes refer to & as the “time”, as the parameter of Hamiltonian dynamics.
18 This is a different normalization of the transversal vector field than in Sect. 4. The reason for this choice is
that the isomorphism & SSI ~ P s gl coming from conformal invariance in these coordinates is just (¢, ¢,,)
0 1

(P, Pn).
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due to 8 H not being in the image of the map of vector bundles w* : T® g1 => TH*dg
(which is injective by weak non-degeneracy of w, but not an isomorphism) unless one

restricts the base to Co C ®g1. More precisely, H is defined as a section of the pullback
of the tangent bundle T ® 41 to Cp, but it is not generally tangent to Cy. However, one

may further restrict H to a smaller subspace C; C Co where itis tangent to C; subspace
C is given by certain restrictions on 3-jets of (¢, ¢,) at light-like points on S'. To find
the maximal subspace of ®g1 on which H is defined as a tangent vector field, one can
iterate this process: cf. the Gotay—Nester—Hinds (GNH) geometric constraint algorithm
[1,6]. This way one finds a sequence of subspaces ®g1 D Cp D C; D C2 D --- where

H on Cyy4 is tangent to Cy, with Ci given by constraints on (2k + 1)-jets of boundary
fields at light-like points of S'. The process does not stabilize at a finite step, and the

maximal subspace where H is defined as a tangent vector field is Coo = N Cy which
coincides with Cou(S1) given by constraint (1b) of Proposition 5.2.

Integrating the vector field Htoa flow on Cout(SY) is equivalent to writing the
evolution relation L C ®g1 x ®g for the geometric annulus Anng (we are assuming
& > 0) as the graph of a map F¢ : Cout(SH) = Couw(SY). This is impossible due to
issues with existence/uniqueness for the initial value problem for the wave equation
on the annulus (cf. Remark 5.4). Specifically, projections pj2 : ®g1 x Pg — P
restricted to L yield a diagram

Con(8") < L8 Cin(sh) (44)
—_————
C Cout(S1)

where neither map is an isomorphism.
However, the flow of H in negative time —& < 0 exists as a map

Fe=pi(py'(@)NL): C(—§) = Cou(S"
where C(—£) is the subspace of Cqoy (S 1) defined as
C(=€) = pa(L) = {(§. pn) € C®(S) |

. . . b4 T 3 3
(¢, ¢,) is E_-invariant on (Z —00. 5+ 90) ul(=2Z 60, =2Z +6).

4 4
U_&cs!
B(¢, ¢,) is Ei-invariant on (—% — 6, —% + 90) U (377[ — 6, 377[ + 6?0)}
Ur)cs!

where p; and L are as in the diagram (44), 6y = arccos(e—¢) and involutions on S' are
E_:0<n/2—0,E,:0 <« —1m/2 —0;«aand B are the 1-forms defined by (24, 25).
Note that C(—£&) C g1 is not a symplectic subspace; also F_¢ is not injective. What
happens instead is that C(—&) C P is coisotropic, with

C(—%‘)J‘ =ker F_g = pa(ker py N L)
= {(¢, pn) € C*(S")*? such thatoefgi _y_g) =0, Blsi_y, &) =0,
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aly_) is E_-invariant, B|y_) is Ei-invariant, ¢ (/4)
7 /4+60
+/ o =0} 45)
/4

Formula (45) for ker F_¢ follows from restricting the solution (40) to the inner boundary
circle. Coincidence of the kernel of F_¢ with the symplectic orthogonal to C (—&) follows
from Theorem 4.2:

C6)" ={u=@.¢) C s |VseL { 0.0 .55 a,}
E‘i)SIXCDSl

= (LN 0 x Pg) = pr(L N 0 x Dgr) =ker F_g

Thus F_¢ descends to the symplectic reduction C(—§) = C(—§)/C(—§ )L and yields
an isomorphism of symplectic spaces

F i C(=£) > Cou(SH

which is a symplectomorphism, since before reduction F_¢ pulls back the symplectic

structure on Cou (1) to the presymplectic structure on C(—&), as follows from isotrop-
icity of L, the graph of F_g: for any pair of elements u, v € C(—&) we have

(Fogu), FeeW)og — (U, v)oy = —((Fg@), u), (F), 0))g  xo, =0

el eL

With some abuse of terminology, one may call F_; the “reduced flow” of the Hamil-

tonian vector field H in negative time —£ < 0. Then itis reasonable to define the reduced
flow in positive time & > 0 to be the inverse map:

Foe=F o' Cou(S) > C(—§)

Note that the reduced Hamiltonian flow does not satisfy the usual semigroup law
Eg e = Eg/ o Eg , since thf: range of Eg and the domain pf F d.O nqt match. Instead we
have the following composition law. First consider flows in negative time. The map F_; :
C(—&)/C(=&)t — Cou(S") can be restricted to a subspace C(—£ —&')/C(—&)L; this
restriction is an isomorphism C(—§ — é’)/C(—é)L = C(—£&"). The latter induces an
isomorphism of quotients F_; . : C(—§ — &) 5 C(—¢’). Then the composition
law is:

F %—_gl = E_é—/ o E_%—’_%—/ (46)

In other words, we take the symplectic reduction of the three spaces in the upper row of
the diagram

F_eloi_e_gr F_ s
C—& — &) —E0 c(—g'y —5 Cou(SH

1 |

C—&) s Cou(SH
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by C(—& — S’)J— (done in two steps: reduction by C(—é)L and then by C(—§& —
g )t /C(—§& b, © (—¢&’ )~ and {0}, respectively. Vertical arrows in (47) are inclusions
of subspaces of @ g1; composition of the two arrows in the upper row is F_z_¢/.

For the composition of reduced flows in positive time, we take the inverse of (46)
and interchange & < &', obtaining

Fep =Fegoly (48)

where Fy/ . = E:l,’_s : C(-§) = C(—& — &) is the reduction of the restriction
Fulcg @ C(—8) = C(=£ —&)/C(—&) by C(—£)*L.

Remark 5.5. The Hamiltonian (41) descends to the symplectic reduction C (—&). To see
this, note that one can rewrite (41) in terms of 1-forms (24, 25) as

H = —cot(@—z) L39a~a+cot(9+z) Lo B - B
s1 4 4
Applying this to a point u + v € &g withu € C(=§) and v € C(—é)J- we obtain
Hu+v)— H(u)
F14 T

= % —cot (9 - Z) Ly (20t + ) - oty + cot (9 + Z) Loy 2B+ Bo) - B

Sl

T T

_ / — cot (9 - —) Loy (2t + ty) .av+/ cot (9 + —) Loy 2Bu + Bo) - Bo

U-®) 4 U (§) 4

E_ —invariant E, —invariant

=0

Thus H does indeed descend to C(—&). Moreover, the Hamiltonian vector field H
descends to the reduction too. This follows from the explicit formulae for the action of

H on the 1-forms o, B:
N T . T
Ho = —dy (cot (9—2) -a), HB = —0p (cot (9+Z) .5)

which imply that for H viewed as a linear map Cout —> Cout, both subspaces C(—£)
and C(—£& )* are invariant.

5.5.1. Banachvs. Fréchet. The impossibility to integrate the vector field H intoaflow on
Cout (S1) comes from the fact that since we required from the start that fields are smooth,
Do = C™(S 1)*2 is naturally equipped with Fréchet (but not Banach) topology and
hence the Picard-Lindelof theorem for existence and uniqueness of integral trajectories
for H does not apply. We could have chosen a different model for the space of fields
from the start, e.g., setting the space of fields to be Fp = C?(D) and requiring only
C2-differentiability for the boundary 8 D in case of a general domain. The phase space
then is ®3p = C>(dD) x C1(3D) > (¢, $,), equipped with standard Banach topology.
The proof of Theorem 4.2 goes through in this setting without any change and, being
Lagrangian, Lp C ®,p is automatically closed, and hence a Banach (complete) sub-
space. In this setting we can try to pass to the Hamiltonian formalism on annuli, with H
and H still given by (41, 42). Then proceeding with the GNH construction as above, we
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construct a sequence of subspaces ®g1 D Co D C1 D --- where Cy becomes a subset
of Ck+3(81) x Ck*2(S1) (since an application of H, viewed as a linear map Cy — Cy_p,
decreases the regularity by 1 due to the derivatives appearing in 42), with constraints on
(2k + 1)-jets at light-like points of !, as before. In the end, the maximal subspace Co of
® g1, where H is defined and to which it is tangent, is Coo = Nk Cy. Note that Coo C P g1
is not a complete subspace (already Cy is not), hence again the Picard-Lindelof theorem
does not apply. Note also that in the Banach setting Coo # Cout (S l) since the r.h.s.,
defined as in Sect. 5.3, has only C? x C! regularity (with constraints on the 1-jets of the
1-forms «, B at light-like points, as opposed to co-jets arising in the Fréchet setting, cf.
Proposition 5.21b).

5.6. Relational representation of the little 2-disks operad. Let E; be the operad of little
2-disks [7], with E;(n) the configuration space of n numbered disjoint (geometric) disks
inside a disk of radius 1 centered at the origin in Euclidean R?; these configurations can
be viewed as domains D C R? obtained by cutting n small disks out of a unit disk.
Composition o; : Ex(m) x E2(n) — Ea(m+n—1)for 1 <i < m consists in shrinking
an element of E;(n) and gluing it into an element of E>(m) instead of the ith disk of
the latter.

Part of the data of classical field theory defined by action (1) on Minkowski plane is
the morphism of operads

Z : Ey — IsoRel(®) 49)

where ® = ® g is the phase space for the unit circle in R!! (radius and origin are in fact
irrelevant due to conformal invariance). For a symplectic space V we denote IsoRel(V)
the operad of isotropic relations,

IsoRel(n) ={V x--- x V A V}
—_——
n
={LCcVx--VxV|Lan isotropic subspace}
————

n

where > is the symbol for an isotropic relation, bar stands for changing the sign of
symplectic form. Composition in IsoRel is the set theoretic composition of relations.
Morphism Z sends an element of E,(n), viewed as a compact domain D C R"! with n
“incoming” boundary circles and one “outgoing” boundary circle, to the corresponding
evolution relation Lp C ®5p ~ &> x ®, which is canonical (Lagrangian) by Theorem
4.2. The fact that Z is indeed a morphism of operads, i.e. is consistent w.r.t. the operadic
composition, is an expression of the general gluing property of classical field theory
(here it simply amounts to the fact that a function ¢ on a glued domain D; U D, solves
the wave equation iff its restrictions to D1 » solve the wave equation).

More generally, one can introduce a colored operad E», with colors being closed
curves on R"! modulo conformal transformations and elements of E,(n) being general
compact domains with n + 1 boundary components, with composition defined (when
the colors match) by conformal transformation of one domain and gluing in the hole in
another domain. Then we have a morphism of colored operads from E to the colored
operad of isotropic relations ®,, x --- x &, /4 &,, . with the same set of colors:
conformal classes of curves yi, ..., Y+l
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Note that this discussion is very general: we only used the general gluing property
of field theory, conformal invariance [which is specific for dimension m = 2 in case
of action (1)] and the fact that evolution relations are Lagrangian (and in particular
isotropic).

5.7. Free field theories and Lefschetz duality. An abstract way to view a free classical
field theory, natural from the standpoint of the Batalin—Vilkovisky formalism on man-
ifolds with boundary [3], is as follows. One associates to an m-manifold M (possibly
endowed with some geometric data, depending on the field theory model in question)
a complex of vector spaces Fy, with differential Qs equipped with a degree —1 non-
degenerate pairing a)(k) F 1’{,1 ®F 13/1_]( — R, satisfying a)(k) X,Y) = a)(l k)(Y X)
for X,Y € Fy, and to a closed (m — 1)-manifold X a cocham complex <I>' with dif-
ferential Qaz, equipped with degree 0 symplectic structure—a non—degenerate pairing
a)gf) ®CI> ks ]Rsatlsfymga)(z)(x, y) = —(—l)kwg)(y, x) forx,y € &x.Tothe
inclusmn of the boundary ¥ = dM < M the field theory associates a chain projection
oy Fyy — @F,, intertwining the differentials Q »s and Q. The differential Q py, the
projection s and the pairings wyy, wyy are required to satisfy the following coherence
condition:

om(OuX,Y) — (—=1)%Xwy (X, OnY) = wam (T (X), m (Y)) (50)

for X,Y € Fy.
The short exact sequence

L[] ™ L[]
kermy — Fy — @5
induces a long exact sequence in Q-cohomology:

£

= Hf (kermy) — Hy 5 HE = HE (kermy) — - (51)

The pairings wys, wyp induce well-defined pairings on cohomology
Om : Hg,, ® H, *(kerm) — R, (52)
.k
(om : Hp,, ® HQaM — R (53)

In many cases [3] these pairings can be proven to be non-degenerate. In particular, for
abelian Chern—Simons theory, (, )37 is the Lefschetz duality between de Rham coho-
mology of a 3-manifold and cohomology relative to the boundary, whereas (, )5 is the
Poincaré duality for de Rham cohomology of the boundary 2-manifold.

The non-degeneracy of the pairing (52) in the second argument can be shown'? to
be equivalent to the property of being Lagrangian for im () C H, é{w

In the case of the theory defined by the action (1), the space of fields F, is a two-term
complex (owing to the absence of gauge symmetry) with F{, = C®(M) > ¢, F), =
Q" (M) > ¢*, differential Qp : ¢ — d * d¢ and pairing wy (¢, ¢*) = [}, ¢ A @7,

19 Indeed, one has im(m+)t = {[x] € HY, ., | (Y] [xDay = 0V [Y] € HY ). Using the property

(x[Y1, [X Do = (=D ((y], B[x]) 4 following from (50), we see that im ()~ = B~ kera(, )y,
where we denoted kers (, )/ the kernel of the map H p (ker T) —> (H )* induced by the pairing (52).

Thus 1m(71*)l = ker f = im(7ry) if and only if kers (, )M vanishes.
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The boundary phase space is a one-term complex <I>g u = Pau with zero differential
and symplectic structure wy s described in Sect. 2. The exact sequence (51) becomes in
this case

dxdp =0, Te=Tm B QM (M) Q" (M)
au(g) =0 ) Ebn = oy o =0 Wdxdd]

(54)

0— {¢

and im(mwy) = Ly C Pyp. Thus, whenever Conjecture 1.1 holds for M, the “Lefschetz
duality” (52)
Q"M
(M) - R
{dxd¢ | myu(¢) =0}
is non-degenerate (non-degeneracy in the first term is trivial, whereas for the second

term one really needs that L, is Lagrangian). The pairing between the rightmost and
the leftmost terms of (54),

ELy ®

Qn’l (M)

m®{¢|d*d¢:0» wy(P) =0} — R (55)

is trivially non-degenerate in the second factor, whereas non-degeneracy in the first
factor is non-obvious and constitutes a natural extension of Conjecture 1.1. In the case
of Riemannian signature, (55) becomes, by the Hodge—Morrey decomposition theorem
[2], the pairing

H"(M)® H* (M, M) — R

which is a special case of the standard Lefschetz duality and is indeed non-degenerate.
On the other hand, for M a compact domain in the Minkowski plane as in Theorem 4.2,
one can easily show that both outmost terms of (54) vanish.

5.8. More general Lorentzian surfaces. By inspection of its proof, Theorem 4.2 gen-
eralizes straightforwardly to the case of a compact surface M with smooth boundary
endowed with a Lorentzian metric g smooth up to the boundary, if the following condi-
tions hold:

(a) The two null-distributions 9, C TM, d— C T M of the metric g induce, as in Sect.
4.2.1, two piecewise smooth involutions E+ on the boundary 0 M with finitely
many points removed.

(b) For each choice of the sign =, the restriction map C®(M)%** — C>®OM)F= is
surjective. Here C° (M )% stands for the space of smooth functions on M, constant
along the distribution d; or d_, respectively.

(c) The first Betti number of the cohomology of M relative to the boundary vanishes,
dim H' (M, dM) = 0.

Remark 5.6. 1. Obviously, conditions (a, b,c) hold if (M, g) is conformally equivalent
to a domain D c R!! in the Minkowski plane satisfying conditions (A, B, C) of
Sect. 4.
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ii. For M adomain D c R"! in the Minkowski plane, condition (b) is equivalent to
assumption (C) of Sect. 4, i.e. the assumption that lightlike points of the boundary
are neither inflection, nor undulation points.

iii. The presence of a family of null-curves originating at dM and asymptotically
approaching a limiting closed null-curve in M spoils both conditions (a) and (b),
see the example in Sect. 5.9.

iv. For (M, g) a general Lorentzian surface, if M" C M is a sufficiently small disk
cut out of M, conditions (a, b, ¢) hold for (M’, g|»;) and thus the corresponding
evolution relation Ly C ®yyp is Lagrangian.

5.9. An example where L is not Lagrangian: the Misner space. Consider the follow-
ing Lorentzian manifold (the Misner space [8]): M = S s [—1,1]—a cylinder with
coordinates x € R/2nZ, y € [—1, 1]—endowed with the Lorentzian metric

g =dxdy — ydx*®
The corresponding null-distributions on M are:
0y =0y, 0_=—0y —ydy

In particular, the “in-boundary” S! x {—1} is spacelike and the “out-boundary” S' x {1}
is timelike. Moreover, the circle S' x {0} is a leaf of the distribution d_, i.e. a closed
null-curve.

The equations for the integral curves of distributions d+ (the null-curves) are

dx 1 dx

dy 'y dy
for the 9_- and 0, -curves, respectively. In particular, all d_-curves originating at either
boundary circle asymptotically approach the null-cycle S x {0}. On the other hand, the
d4-curves are simply the vertical lines {x} x [—1, 1], for any {x} € S I
The phase space associated to the boundary of M by the construction of Sect. 2 is

Gapr = C2(SH) x €%(81) x CX(S1) x CX(Sh) 3 (9™, )", 6. g

d>3inM q)aoutM

where we have chosen the transversal vector field to be n = 29, — 9, at the in-boundary
and n = 20y, + d, at the out-boundary. The symplectic form (5) on the phase space is

w= }{ dx (8¢™ A 8PN + 8¢ A 82
sl!
For the evolution relation, consider first the “global” Euler-Lagrange space (in the
sense of Sect. 4.2.2):
EL¥Y ={¢p =F+G € C®°(M) | F,G € C*(M), 0_F = 3,G = 0}

Since all d_-curves asymptotically approach the single closed null-curve S' x {0}, the
function F is forced by continuity to be constant (which can be absorbed into G). Thus
the restriction to the “global part” of the evolution relation is

Lglob — ﬂ(ELglOb)
={(¢™ = g(x), ¢ = —d,8(x), ™" = g(x), ¢ = By g(x))
€ Oy | g € CP(SH)
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The symplectic orthogonal to L& is readily calculated to be

(Lglob)L — {(¢in, ¢’i’lﬂy ¢0Ut, ¢’(1)Ut) c q>aM
| 3™ (x) — P (x) — dep™' (x) — @™ (x) = 0 Vx € R/27Z}

which implies that L& is isotropic and
dlm (Lglob)l/Lglob = 00

(since in (L&°P)L one can choose ¢™, ¢>,i,“, ¢°" as independent functions, whereas in
L& they are all expressed in terms of a single function g).

The true Euler—Lagrange space, where the possible multivaluedness of F, G is taken
into account, is given by (20). In the case of the Misner geometry, t5_x = 0 implies that

f Six(o} K = 0, hence « defines zero cohomology class in H L(M) and therefore x (and

hence A too) is exact. This implies that there is no distinction between EL and E L&°°
in the case at hand. Thus L = L&°b and, by the discussion above, the evolution relation
L is isotropic, but not Lagrangian.

It is easy to check that also the two halves of the Misner cylinder considered above,
M; = S! x[—1,0]and M5 = S! x [0, 1], produce non-Lagrangian evolution relations.
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