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ABSTRACT: We consider a free topological model in 5D Euclidean flat spacetime, built
from two rank-2 tensor fields. Despite the fact that the bulk of the model does not have
any particular physical interpretation, on its 4D planar edge nontrivial gauge field theories
are recovered, whose features descend from the gauge and discrete symmetries of the bulk.
In particular the 4D dynamics cannot be obtained without imposing a Time Reversal
invariance in the bulk. Remarkably, one of the two possible edge models selected by the
Time Reversal symmetries displays a true electromagnetic duality, which relates strong
and weak coupling regimes. Moreover the same model, when considered on-shell, coincides
with the Maxwell theory, which therefore can be thought of as a 4D boundary theory of a
seemingly harmless 5D topological model.
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1 Introduction

It is well known that topological field theories acquires local observables only when a
considered on a manifold with boundary [1]. In an actual language, this is the realization
of a kind of holographic principle not involving gravity [2], since the true physical content
of a d+ 1 (topological) quantum field theory is encoded in its d boundary.

There are several relevant examples of this “correspondence”: it is realized, for in-
stance, for the 3D Chern-Simons gauge field theory which, when quantized on a manifold
with boundary, allows to recover all the states and the representations of the chiral algebra
of 2D rational conformal field Theories [3]. The 2D conserved chiral currents forming a
Ka¢-Moody algebra has been explicitly shown to exist for the Chern-Simons [4, 5] and
BF [6] 3D topological theories with a planar boundary. This latter has been introduced
according the Symanzik’s method [7], which allows local boundary terms in the action,
determined by the general principles of locality, power counting, and a “decoupling” con-
dition on the propagators of the theory: the space is divided into a left and a right side,
and the propagators between points lying on opposite sides of the boundary must vanish.
Later on, the Symanzik’s approach to introduce a boundary in quantum field theories has
been improved and applied in different situations and in various dimensions [8-12], with



growing attention to condensed matter physics. In particular the appearance of topolog-
ically ordered materials, such as quantum Hall states [13], topological insulators [14, 15]
and Weyl semimetals [16] has motivated the investigation of topological theories and their
peculiar behavior at the boundary. The topological order and the symmetries characterize,
again, the physics at the boundary, apart from some non universal constants, which are
free parameters for the theory.

An important point of contact between the description of some topological states of
matter and topological field theories with boundary is represented by [17], where the 4D
BF theory with boundary has been considered to embed a 3D boundary action describing
the edge degrees of freedom of the 3D Topological Insulators. In [11] it has been shown
that the algebra formed by the conserved edge currents lying on the planar boundary
of the 4D BF model can be interpreted as equal time canonical commutation relations,
generated by a 3D action which coincides with the one proposed in [17]. In addition, and
remarkably, the boundary condition on the fields of the 4D theory found in [11] is exactly
the constraint, called “duality” in [18], which allows to build, at low energy, fermionic
fields from bosonic ones, in an analogous way to the fermionization-bosonization procedure
which can be exactly carried out in 2D. This “duality relation” is invoked in [17] to claim
the existence, at low energy, of fermionic degrees of freedom, relevant in the description of
the 3D Topological Insulators.

The fields of the embedded boundary theory are determined by the gauge symmetry
of the embedding bulk theory. In fact, since the full Poincaré invariance is anyway lost
due to the presence of the boundary, the choice of an axial gauge with axis normal to the
boundary appears natural. It is well known that the axial gauge fixing does not completely
fix the gauge [19], so that residual Ward identities remain, one for each gauge symmetry
of the bulk theory. The presence of the boundary breaks these Ward identities, and these
breakings play the double role of fixing the gauge and of determining the boundary fields.
The general rule is that to each p form in the bulk, corresponds a p — 1-form on the
boundary, related one to each other by duality conditions which are the remnant of the
boundary conditions on the bulk fields [11, 12].

The aim of this paper is to build nontrivial 4D gauge theories of two interacting gauge
fields, following the flat spacetime holographic principle [2] described above. Therefore,
the bulk theory should be a 5D topological field theory built with two rank-2 tensor fields,
say By, and C,,, invariant under two gauge transformations, one for each field. This
model has also been considered in the context of D-brane models [20, 21]. Moreover, in
our “top-down” approach, we are not interested to what happens at both sides of a planar
boundary, as envisaged in the Symanzik’s approach, but just on one side. The boundary
is then realized by limiting the 5D action by means of a Heaviside step function 0(z).

It is interesting to notice that the bulk 5D model which fits our requests turns out to
correspond to the one considered recently in [22] in order to study its surface states. There,
the aim is similar to ours: that is to characterize certain states of matter from properties
of their edge states. Although the framework, the motivations and the language of [22] are
different from ours, there are several intriguing analogies, besides the general aim as we said
above. For instance, it is claimed that the edge states are realized locally by the breaking



of “some symmetry”, and are “protected” by a discrete symmetry, called “electromagnetic
duality” involving the two fields. This is exactly what we stated above: the boundary fields
and the boundary actions are determined by the broken Ward identities, and we anticipate
that it will turn out that the gauge models which we will find on the 4D boundary are
identified (and protected) by discrete symmetries in the bulk.

The paper is organized as follows. In section 2 we write the 5D topological bulk
action, with the axial gauge fixing for the two tensor fields B and C, to which we add
the most general local boundary term, compatible with power counting. In section 3 the
symmetries of the bulk theory are described: the broken residual Ward identities and the
discrete symmetries involving the reversal of the xg-coordinate (which by simplicity we
call “Time Reversal”). In section 4 the most general boundary conditions are derived,
classified and discussed. In section 5 the boundary actions are derived, first by finding
out from the broken Ward identities the algebra of the boundary field operators, then
translating them in terms of canonical commutation relations between the boundary fields
and then finding the most general 4D actions which fit the canonical commutation relations
and the boundary conditions found previously and written in terms of boundary fields. Our
results are summarized and discussed in the concluding section 6.

2 The action

In absence of a boundary, we consider the following bulk action depending on two rank-2
tensor fields By, and C},,,, built in the 5D flat Euclidean spacetime:

S:/fxwwﬁw@@ﬁ (2.1)
which is the most general one invariant under both the following gauge transformations

8B, = 9uclt) — 0,cl) (2.2)

sMC,, =0 (2.3)
and

§¥B,, =0 (2.4)

8@ Cpy = 0ucl?) — 0,c?,
where c,(})(x) and cg)(x) are local gauge parameters. We then introduce the boundary at
x4 = 0, implemented by means of the Heaviside step function 6(z4), which changes the

usual by parts integration rule into

because of the distributional derivative of the #-function: 6’'(z) = d(x), so that only two
of the three terms appearing in (2.6) are independent. Our aim is to study the boundary
physics, so we choose to work with the action

Shulk = /d%G(m)eWWT (0pBuwCor + kB10,Cor) (2.7)



which depends on one coupling constant k, which cannot be reabsorbed by field redefini-
tions. It must be

k#1, (2.8)
because otherwise the action (2.7) would reduce to a pure boundary term, because of (2.6).
The notations we adopt in this paper are the following

v, p,0, T = 0,1,2,3,4
i, J,k,1=10,1,2,3
O‘vﬁ/}/’é =1,2,3

€ijkl = €4ijkl

6(0) = 1
€r = .’IJ# = <m07$1,$2,$3,x4>

—

)

(2.10)

(2.11)

(2.12)

€aBy = €400y (2.13)
(2.14)

(2.15)

X = X; = (z0, 71,72, 73) = (0, X), (2.16)

and the canonical mass dimensions of the tensor fields B and C' are

[B] =[C] =2. (2.17)

The presence of the boundary x4 = 0 has as a first consequence that the bulk action is (2.7),
instead of (2.1). In addition, the gauge symmetries of the bulk action are broken by the
boundary.

The complete (classical) action is given by

Stot = Sputk + Sgr + S5+ Sha, (2.18)
where
Sef = / d°x0(x4) (bi By + diCu;) (2.19)
implements the axial gauge choices
By = Cy =0, (2.20)
Sy = / d5x9(x4)<;Ji(JB)Bij 4 ;Ji(f”cij) (2.21)

couples external sources J(B) and J(©) to the tensor fields B and C respectively, and

Shd = /d5$5(9€4)(a132‘j3i]’ + a2€;k Bij By +
+a3C;;Cij + a4€ij11CijCri + a5 Bi;Cij) (2.22)

is the most general boundary term, compatible with locality and power counting, depending
on five constant real parameters a;, which will turn out to be constrained by the symmetries
of the model. Notice that in (2.22) a boundary term of the type agd(24)e€;jnBijCri has
not been included because it can be reabsorbed in (2.7) by means of the integration by
parts (2.6).



3 Equations of motion, Ward identities and symmetries

From the action (2.18), the equations of motion are derived

650 1
5Btl; = 0(x4) [QJi(g‘B) + (k — 1)€ijn1(04Cr — 28;6041)}
+5(x4)[—e,-jkl0kl + 2alBij + 2a26ijlekl + a5Cij] =0 (3.1)
65t0
2 = 0(24)[2(k — 1)€ijr0;Chi + bi] =0 (3.2)
0By
0Sto 1
561;; = 0(x4) [QJi(jC) + (1 = k)€ijri(0sBry — 2akB4l)]
+0(x4)[—ke€ijr1Br + 2a3C;; + 2a4€j3Cri + a5 Bij] = 0 (3.3)
0Sto
0 = O(24)[2(1 — k)es10; Bra + di] = 0, (3.4)
0Cy;

which yield the Ward identities

+o0 B _
/ d240;7%) = 2(k — 10,0 (3.5)
0 x4=0
+o0 c B
/ d$4ajji(j ) = 2(1 — k)ajBZ'j y (3.6)
0 x4=0
where we adopted the short-hand notation
Xij = eijlekl- (37)

It is well known that the axial gauge (2.20) does not completely fix the gauge [19]. The
broken Ward identities (3.5) and (3.6) are the functional description of the residual gauge
invariance (due to the axial gauge choice), broken by the boundary z4 = 0. From the
broken Ward identities (3.5) and (3.6), remembering that & # 1 (2.8), one immediately
sees that Dirichlet boundary conditions for the fields B and C at the boundary x4 = 0
would imply that also the vanishing of the corresponding l.h.s. This would trivialize the
physics on the boundary, which instead is what we are looking for. This is even more true
in our case, since we are considering a topological field theory in the bulk, which lacks of
local observables and physical degrees of freedom. It is well known that the only way for a
topological field theory to get physical observables is to look what happens on a boundary.
Therefore, for our purposes Dirichlet boundary conditions are not interesting, and will not
be considered in what follows:

Bij|$4:0 75 0 5 Cij|$4:0 75 0. (38)

Besides the continuum symmetries described by (3.5) and (3.6), the action Spyx (2.7) is
also invariant under the following two discrete symmetries, which we call “Time Reversal”,



Ty T
ap | = a1 | =a
a9 =0 = ag
as | = a3z | =aq
aq =0 = —a
as | = = a5
k k| =-1

Table 1. Constraints from TR symmetries.

because they both involve the “time” inversion zg — —zg:!

T1Bos = +Bos  T1Cos = —Coy
T1Bso = —Bia T1C40 = +C4a
T1Boq = +Boa  T1Coq = —Coa (3.9)
T1Bog = —Bag T1Cap = +Cag
and
TyBoy = —Cos T2Chs = —Boy
T2Byo = +Caa  T2Cs0 = +Bya
T5Boa = —Coa  T1T5Con = —Boa (3.10)
TQBQB = —f—Caﬂ Tgcag = +Baﬂ~
One has, indeed
T1Sbuik = Sbulk (3.11)
Tngulk = Sbulk + (1 + k’) / d5x6(m4)eijleijCkl. (3.12)
So Th is a symmetry of Sy, provided that k£ = —1. Imposing the discrete symmetries

T'(2) on the boundary action Spg (2.22), yields the constraints on the parameters a; listed
in the table.

4 Boundary conditions

The boundary conditions are obtained putting equal to zero the boundary term in the
equations of motion (3.1) and (3.3):

~Cyj + 2a1 Bij + 2a2Byj + a5Cij =0 (4.1)

x4=0

—kBZ'j + 2agcij + 2a4@j + a5 B;; = 0. (4.2)

z4=0

'We are aware that calling this discrete symmetry “Time Reversal” could be misleading, since in Eu-
clidean spacetime all directions are equivalent. Nonetheless we adopt this nomenclature, as it is widely
done in the Literature, having in mind the possible analytic continuation to Minkowski spacetime



The task is to find out which are the parameters a which lead to nonvanishing solutions of
the 6 + 6 equations (4.1) and (4.2) for the 6 + 6 components of the fields B;; and Cj;. To
each solution, it corresponds a boundary condition for the fields B and C', which will be
crucial for determining the physics on the boundary.

4.1 Solution imposing T3

This corresponds to putting in (4.1) and in (4.2)

as = ag = as =0, (4.3)

which therefore become
—€ijk1Cri + 2a1Bij|a_y = 0 (4.4)
_kez’jlekl + 2a3C¢j‘z4:0 =0 (4.5)

Remembering that Dirichlet boundary conditions are excluded, we observe that the
boundary conditions (4.4) and (4.5) are compatible one with each other if

ajaz =k (4.6)

The resulting boundary condition is

1
Bij — Taleijklckl - = 0. (4.7)
e

This solution corresponds to the situation studied in [22].

4.2 Solutions imposing 75
This is realized by putting in (4.1) and in (4.2)
ag=a1; ag = —as ; k= —1. (4.8)
The resulting boundary conditions are

—€ijk1Cri + 2a1Bij + 2a2€;j11 B + a5Cij|a_q = 0 (4.9)
eijlekl + 2&10@' — 2ageijle’kl + a5Bij\x4:O = 0. (4.10)

The solutions of the above systems are:

1.
Bij = Hléij + K'/Qéij (4.11)
Ci' = —/ﬁ;gBij — Iiléij (4.12)
h
where 4&1&2 — as —2(11 + 2(12@5 (4 13)
K= k) — ———— .
T —4a?) T a1 —4ad)

and a; = +£1./16a3 + a2 — 4, with 16a3+a? —4 > 0. Notice that the solutions (4.11)
and (4.12) are compatible one with each other because it turns out to hold

4(K? —K3) =1. (4.14)



Cij = :|:Bij, (4.15)
which is obtained for
1
a2=:|:§ ;a3 =aj ; a4=:F§ ; CL5=:F26L1. (4.16)
3.
Bij = :F/ﬂBij + Hgéij (4.17)
Cij == —K,QBU + Iiléij (418)
where ) )
_ L, 1T@ 4.19
R1 4a1 ;R 4@1 ( )

and, again, 4(k? — k3) = 1, as it should be. These solutions are analogous to (4.11)
and (4.12), and are obtained for

1
a2::|:§ a3 =a1; a4 = F= ; a5 = +2a4. (4.20)

2

4.3 Solutions without imposing discrete symmetries

Without imposing any of the two discrete T'R-symmetries (3.9) and (3.10), the solutions
which do not involve Dirichlet boundary conditions are

1.
(i) (a5 + 2)(&5 + 2]{2)
ay ) = +2a9 + ) 4.21
1 2 4(&3 + 2(14) ( )
where
a5 £2k #0; az F2aq4 # 0. (4.22)
The boundary conditions are
1 - 1~
Bij =%5Bij 3 Cij =F50C; Cij = A By, (4.23)
(£) _ 4 (a5+2k)
where )\1 = im
2.
as = +2k ;o ag = :|:2a4, (4.24)
to which correspond the boundary conditions
1 -~ 1=

where )\éi) = %, and 2as + a1 # 0, which otherwise would imply the forbidden

Dirichlet conditions. The case 2ay + a; = 0 and as F 2k = 0 gives (4.23).



5 Boundary actions

In this section we identify the dynamical term of the boundary action using the Ward
identities. After that, we will derive the complete 4D action compatible with the boundary
conditions found in section 4.

5.1 Equal time commutators

Going on-shell, that is putting J = 0 in (3.5) and in (3.6), it is possible to identify the
“potential” fields which are the correct variables on which the boundary action depends:

€ijk10iChil ya_y = 0 = Cijla_g = 0i&(X) — 0;&(X)

€105 Brila_g = 0 = Bijla_q = 0i(j(X) — 0;¢, (X) (5.2)

where X has been defined in the notations (2.16).
Deriving the Ward identity (3.5) with respect to J5) (2'), one gets:

(Barmdjn — 0andjm)D0@ (X = X') = 2(1 = F)eapd(t — )[Cr(X), Bun( X)) (5.3)

Putting in (5.3) m = d,n = n, we get the following equal-time canonical commutation
relation:

4(1 = k)O(t — 1) eans0y65(X), Ga(X")] = Gagd™ (X — X') (5.4)
between the 4D canonically conjugate variables
4a(X) = €apr 084 (X) 1 ps(X') = 4(1 - k)(p(X), (5.5)
in terms of which eq. (5.4) reads
[4a(X), ps(X")] = 6050W (X — X). (5.6)
Similarly, deriving the Ward identity (3.5) with respect to IS (') we find
§(t —t)[Cop(X), Crnn(X")] = 0. (5.7)
In terms of the potential £ and putting m = v,n = § one has
B(t — 1) eapoIpo (X), €50 E5(X)] = 0, (5.8)
which, according to the identification (5.5), corresponds to
0(t = t)]ga(X), s (X)] = 0, (5.9)

as it should. Observing that (3.5) <+ (3.6) if B <» C and (k — 1) <> (1 — k), one finds the

commutation relation
5(t —1)[Ca(X), ¢s(X")] = 0, (5.10)

which, in terms of (5.5), corresponds to

0(t = ') [pa(X), pg(X)] = 0, (5.11)



which complete the algebra of the boundary fields.

It is possibile at this point to give a further motivation to the statement according
to which the Dirichlet conditions are the only ones which allow a non-trivial boundary
physics, whenever an algebra such as that found above is present. Just as one cannot
simultaneously impose the initial condition x = p = 0 on a non-relativistic particle, one
cannot impose boundary conditions on both members of a pair of canonically conjugate
variables such as By, and €,5,C3-.

Finally, deriving the Ward identity (3.6) with respect to 749 (2'), we have:

(Bam0in — 0andjm)0;0 W (X — X') = 2(k — 1)eas,0(t — ') [Bay(X), Conn (X")],

where j =0 — i = a,k = 3,1l = 7, and we have used (5.1). The equal time canonical
commutation relation is obtained putting m = §,n =n:

A(k = 1)3(t = 1) eapoDpCo (X), E5(X)] = 00pd ™ (X — X7) (5.12)

between the canonically conjugate variables
Ga(X) = €apy05G(X) 1 pa(X') = 4(k — 1)€s(X), (5.13)

in terms of which the (5.12) can be written
8(t = #)[aa(X), ps (X')] = dagd (X — X). (5.14)

Notice that the identifications (5.5) and (5.13) differs one from each other. Nevertheless,
they are compatible, in the sense that they both lead to the same action, as we show in
the next subsection.

5.2 Compatibility between (5.5) and (5.13)

The identifications (5.5) and (5.13) are compatible, because they both give rise to the same
action. The Lagrangian density induced by the canonical field variables (5.5) is, indeed:

L= pa(ja = [4(1 - k)Ca(X)]ao[eaﬁvaﬁg'y(X)] (5'15)

from which the action is
S = / d*X 4(1 — k)eap,Caodpéy . (5.16)
On the other hand, the Lagrangian corresponding to (5.13) is:

L =pqa = [4(k = 1)&a(X)]00[€apy 08¢ (X)), (5.17)

which, integrated, gives rise to the 4D action

S = / d"X A(k — 1)eapy€adndsly
- /d4X 4(k — 1)€apy 00088

= / d*X 4(1 — k)eaprCaOo0pE,. (5.18)

The actions (5.16) and (5.18) do indeed coincide.

,10,



5.3 The 4D boundary actions

The definitions of the two 4D field “potentials” {(X) in (5.1) and {(X) in (5.2) induce two
Abelian gauge invariance

dWe(X) =00V (X) 5 dPD¢G(X) = 0,09 (X), (5.19)

where () (X) and 6® (X) are local gauge parameters.
We are looking for a 4D action S depending on two vectorial field & (X) and ¢;(X)
which must satisfy the following constraints:

1. S must not contain terms with time derivatives others than (5.16), in order to preserve
the canonical commutation relations (5.4), (5.8) and (5.10);

2. S must be covariant in the spatial indices o = 1, 2, 3;
3. S must be doubly gauge invariant: 6(M.S = §2 8 = 0;

4. S must be compatible with the boundary/duality conditions we found throughout
this paper:

(a) (4.7), (4.11)-(4.12), or (4.17)—(4.18), which we summarize as:

Bz‘j = ﬁléij + Hgéij (520)
Cl'j = Kgéij — Iﬂéij, (5.21)

where, by consistency,
4(K3 + Kak3) = 1; (5.22)

(b) (4.23) and (4.25), which are of the type

Cij = ABy; (5.23)
Cij = i%qjlekl (5.24)
By — :I:%GZ-]-MBM; (5.25)
(c) (4.15):
Ci; = +Bj, (5.26)

with no (anti)self-duality conditions like in the latter case.

5. S is a gauge theory, for which we chose the gauge:
o(X) = Go(X) =0. (5.27)
Defining

Fa,@(&) = aaEB(X) - aﬁga(X) ; Gaﬁ(C) = 8a§/3(X) - aﬁCa(X)v (5'28)

— 11 —



the most general 4D local action which satisfies the conditions 1. 2. and 3. is:

S = / BX (0160 00Cadsl, + a2F?(€) + 3G () + auFas(€)Gas(Q)),  (5.29)

where a1 = 4(k—1), and g, ag, g are dimensionless constants that need to be determined
in terms of the a; appearing in (2.22). One immediately sees that terms of lower dimensions
are ruled out by the request of compatibility with the duality constraints. Notice that by
power counting, the canonical mass dimensions of the potential fields are:

€] =[=1 (5.30)

From (5.29), we derive the field equations of motion:

5S

5o, = —1€05,0005Ey + 403(000C — 0Ca) + 204 (0006 — 0%E,) (5.31)
6S

5, = 1€0,0005Cy + 4a2(0a0E — 0%€0) + 204(0,0C — 0%Cy). (5.32)

In the appendix it is shown that the compatibility between the equations of mo-
tion (5.31)-(5.32) and the duality conditions of the type (5.20) and (5.21) is obtained if

Qg = —5041@ jag = %amg Ty = —Q1K]. (5.33)
In details:
1. solution (4.7):
k1 =0 ; Hg—zil : H3:§a1 (5.34)

The 4D boundary action is
4 Li1 o 2
s=at-1) [ @' [anacos - (5O -ac©)] 6
ay
2. solutions (4.11)—(4.12) and (4.17)-(4.18): the boundary action is
1
S=38 / d'X (€apy008a05Cy + 5ra(F() + G*(Q)) + K1 Fas(§)Gas(C))-  (5-36)

Finally, it is readily seen that, following the same procedure described in the appendix,
the action (5.29) cannot realize the boundary conditions of the type (5.23) in terms of
equations of motion, as we did previously. In other words, it is not possible to write a 4D
action which allows to recover “on-shell” the constraints (5.23) and (5.26). Neither it is
possible an “off-shell” realization of those constraints. In fact, the condition (5.23) can be
solved in terms of potential fields:

& = MG + 0i9, (5.37)

— 12 —



where ¢(X) is a scalar field which must be invariant under translations ¢(X) — ¢(X) + ¢,
in order to preserve gauge invariance on &;(X). If we substitute (5.37) into (5.16) we get
zero, and the requested equal time canonical commutators cannot be recovered.

It is apparent that the discrete symmetries (3.9) and (3.10) play a striking role, since
they select the edge dynamics: 4D boundary actions are possible only if one of the two
TR symmetries are requested in the bulk. In this sense the edge states are “protected”
by the discrete symmetries, as remarked in [22]. Moreover, and quite remarkably, the
action (5.35) displays a true electromagnetic duality, which exchanges the “electric” and
“magnetic” fields, together with the inversion of the coupling constant. We shall come
back to this points in the next concluding section.

6 Summary and discussion

In this paper we considered the topological 5D action
Shute = / B20(21)epvpor (OpBuyCorr + kByy0,Cor) (6.1)

whose physical content is entirely confined on its 4D boundary, realized here by means of
the - function appearing in (6.1). The adoption of the axial gauge for the two rank-2
tensor fields B, and C, and the presence of the boundary results in the broken Ward
identities

+o0 B ~
/ d.ﬁl:4a]JZ(j ) = Q(k - 1)ajCij (62)
0

x4=0

+o00 ©) 5
/ dx48j‘]ij = 2(1 — k:)OjBij (6.3)
0

x4=0 '

From (6.2) and (6.3), at vanishing external sources J, the 4D boundary fields ¢(;(X) and
& (X) are readily derived, as vector “potentials” of the 5D tensors By, (x) and C,(z),
respectively:

=0 = Cij|x4:0 = 815](X) — 81&()() (64)

z4=0

=0 = Bijlyu_o = 9i¢;(X) = 9;G(X), (6.5)

z4=0

which imply the gauge invariance on the boundary
0WeE(X) =060 (X) 5 6@G(X) = 8,67 (X). (6.6)

From the broken Ward identities (6.2) and (6.3), the algebra of the conserved currents
defined in (6.4) and (6.5) is derived, which, written in terms of potential fields ¢ and &,
reads:

[9(X), ps(X")] = Sass™ (X — X)
0(t = )[ga(X), gs(X)] = 0
0(t = ) [pa(X), ps(X)] = 0,

,13,



where
4a(X) = €apy056,(X) 5 pp(X') = 4(1 — k)(p(X). (6.10)

We made the identifications (6.10) to make apparent the interpretation of the algebra
formed by (6.7), (6.8) and (6.9) as equal time canonical commutators derived by some 4D
action living at the edge of the 5D theory defined by (6.1).

The possible boundary conditions are selected by the discrete symmetries (3.9)
and (3.10), which we called “Time Reversal”, because they both involve the reversal of
the (Euclidean) coordinate z. In fact, if we require Time Reversal in the bulk, the bound-
ary conditions are of the type

Bij = m1Bjj + r2Ci (6.11)
Ci' = IigBij — Hléjj, (6.12)

where the k’s are known functions of the parameters appearing in the boundary term of the
BC-action (2.22). Otherwise, if no Time Reversal is imposed, the boundary conditions are

Bz'j = )\Cij, (6.13)

together with (anti)selfduality conditions on the fields

Bij == Bij ; Cij == éz] (614)

1 1
2 2
The main results of this paper are the following:

1. At the boundary of the topological 5D action (6.1) it is possible to define a 4D
action which is gauge invariant according to (6.6) and which yields the canonical
commutation relations (6.6)—(6.9) only if the boundary conditions of the type (6.11)
and (6.12) are satisfied, i.e. only if one of the two Time Reversal discrete symme-
tries (3.9) or (3.10) are respected. In this sense, the edge states of the model (6.1)

are “protected”, as guessed in [22].

2. We showed that the 4D action which respects the boundary conditions (6.11)
and (6.12), with k3 = —ka, is

5 =8 [ 4 (caps 006G, + 5l FA(E) + GP(O) + aFap(©)Gap(c)).  (615)

Notice that the Time Reversal symmetry (3.10) exchanges the (B, C) fields one with
each other.

3. The discrete symmetry (3.9) corresponds to the ordinary Time Reversal symmetry,
under which B (hence ) behaves like an electric field, and C' (hence ) is magnetic-
like. The 4D action

1.1

S =1k 1) [ dX [ean006adsty — 3 (5 FHO - @G Q)] (6.0

— 14 —



is compatible with the boundary conditions (6.11) and (6.12) which, in terms of 4D
field strengths, read

1
Gap(C) = 0aCp — 0pCa = a—leag»yao@. (6.17)

The second identity coincides with the “duality” constraint between the boundary
fields ¢ and ¢ which is used in [18, 23, 24] to build, at low energy, fermionic degrees
of freedom from bosonic fields, and which therefore allows to claim the presence, on
the boundary and at low energy, of fermionic degrees of freedom, as it has been done
in [17] for the 3D Topological Insulators.

We stress that the boundary actions (6.15) and (6.16) depend on the coefficient a;
appearing in (2.22), which are not entirely determined by the symmetries of the bulk
theory, as it should, since they encode non-universal information.

Notice that we are writing the Maxwell equations in terms of two gauge potentials ¢
and &, related by a duality relation, in a similar way as described in [25]. In fact, once
the field ¢ is eliminated in favor of £ through the duality constraint (6.17), which corre-
sponds to going on-shell, the action (6.16) becomes manifestly 4D covariant, and reads

1—-k

ay

S:

/ d*X Fij(&)Fi(€). (6.18)

It is a surprising result that the the Maxwell theory described by (6.18) comes out
as the 4D covariant boundary theory of the 5D topological model (6.1), which at
first glance lacks physical content.

Finally, and even most remarkably, the action (6.16), considered off-shell as it stands,
displays a true electromagnetic duality, because it is invariant under the symmetry

- S 1
¢ 5 a———, (6.19)
ai

which relates the strong (electric) to the weak (magnetic) regime.
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A Matching duality and equations of motion

In this appendix we explicitly study the compatibility between the action (5.29) and the

boundary conditions (5.20) and (5.21). In terms of £ and ¢, eq. (5.20) for i = 0,j = o and
for i = v, j = B gives:

€apyO0Ca = 2[R1(95Cy — 84Cp) + R2(IpEy — 048p)] (A1)

0y — o = 2ea (190G, + Kadh), (4.2)
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where we used the gauge conditions (5.27).
Analogously, eq. (5.21) can be written

€a6v30£a = 2[’{’3(8647 - ’yCﬂ) - Kll(aﬁg’y - ’Yéﬁ)] (A?’)
0aép — 08€a = 2€08(K300Cy — K100&,)- (A.4)

Compatibility between (5.32) and (A.1): taking into account the gauge choice &, =
¢o = 0, the equation of motion (5.32) reads:

40&2 20[4

08l€apy00Ca + ——(0p8y — 0,85) + 71(35(7 —0,(p)] =0, (A.5)

a
which is “compatible” with (A.1) if
2000 + a1k = 0 (A.6)
ag + ok = 0. (A7)
Compatibility between (5.31)—(5.32) and (A.2):

5S  6S

=2 g = = A.
R2 5Ca R1 55& 0 ( 8)
implies
daoky 20uk9
0p eagfy(/ﬂaogy + k200&y) + (0aép — agfa)< o — o > (A.9)
2a4/<51 40[3%2
0aCp — 05Ca — =0,
o (B ]
which is “compatible” with (A.2) if
209K1 — gk = 0 (A.10)
4
—(2aske — ayky) = 1. (A.11)
Qg
Compatibility between (5.31) and (A.3): eq. (5.31) can be written
2044 4C¥3
Opleasy O =~ =058y — y8p) — - =95 — 91C5)] = 0 (A.12)
which is compatible with (A.3) if
20&3 — (1kR3 = 0 (A.13)
oy + a1k = 0. (A.14)
Compatibility between (5.31)—(5.32) and (A.4):
08 08
2 — = Al
ﬁ15€p+1‘<&35§p 0 ( 5)
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implies

8 4
05 | 2eapy (—r300Cy + K100&,) + (als — aﬁga)< oslmg n C:)fl) (A.16)
4a4/<53 80[3%1 .
+<8a<ﬁ - aﬁ(ﬂ)( o + o )] =0,

which is compatible with (A.4) if
2c3k1 + auksy = 0 (A.17)

4
—(2@2&3 + 044/431) = —1. (A.18)
aq

Summarizing, the conditions for the compatibility between the equations of motion of
the action (5.29) and the duality conditions of the type (5.20) and (5.21), are

4(k? + Kokg) = 1 (A.19)
209 + kg = 0 (A.20)
Y _|_ 1K1 = 0 (A21)
2042/%1 — OlyRg = 0 (A.22)

4
—(2a3/<52 — Oz4/ﬁ:1) =1 (A23)

a1
2043 — (X1R3 = 0 (A.24)
2ce3k1 + auky = 0 (A.25)

4
—(2agks3 + auky) = —1, (A.26)

a1

which are solved by
1 1

Qg = —5061,%2 ;3 = 50&1%3 ;g = — (k1. (A27)
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