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It is known that the Maxwell theory in D dimensions can be written in a first-order form (in derivatives)
by introducing a totally antisymmetric field which leads to a (D — 3)-form dual theory. Remarkably,
one can replace the antisymmetric field by a symmetric rank-two tensor (W,, = W,,). Such master
action establishes the duality between the Maxwell theory and a fourth-order higher-rank model in a
D-dimensional flat space-time. A naive generalization to the curved space shows a connection between the
recently found D = 4 critical gravity and the Maxwell-theory plus a coupling term to the Ricci tensor
(R,,,A*A"”). The mass of the spin-1 particle which appears in the D = 4 critical gravity linearized around
anti-de Sitter space is the same one obtained from the Ricci coupling term. We also work out, in flat space-

time, the explicitly massive case (Maxwell-Proca) which is dual to a second-order theory for W,,,.
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I. INTRODUCTION

The power of duality in field theory can hardly be under-
estimated, specially if we take into account the variety of
applications of the AdS/CFT conjecture [1], see e.g. [2].
An earlier example where duality has also played an im-
portant role is the rigorous proof of confinement in a four
dimensional (supersymmetric) field theory [3]. Those are
examples of interacting theories.

In free (quadratic) field theories a typical approach to
duality makes use of a master action [4] which depends on
two different fields. Schematically, for massless fields, one
starts from a Lagrangian density £[A, B] = BB + 2ADB,
where D is some differential operator. On one hand, the
Gaussian integral over the B field furnishes L[A] =
ADTDA while the path integral over the A field leads to
the functional constraint DB = 0 whose general solution
B(C) introduces another field C. Back in the master action
we get L[C] = B(C)B(C) which is dual to L[A]. Along
those lines the authors of [5] have shown the duality
between a massless scalar field (zero-form) and a massless
2-form in D = 3 + 1 dimensions. Later this was general-
ized to p-form and (D — 2 — p)-form duality, see for
instance [6].

For massive particles we have duality between a p-form
and a (D — p — 1)-form. Now the master action is a bit
different since we have also a quadratic term in the A field
such that we can obtain the dual theories by Gaussian
integrating either the B field or the A field. Usually, there
is no constraint to be solved in the massive case. We review
this procedure in both massless and massive cases in
Secs. IT A and IIT Arespectively. There we also introduce
sources and determine a local correspondence (dual map)
between the dual theories which guarantees equivalence of
correlation functions up to contact terms. Although the
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above dualities involve free theories, they may suggest
new interesting interacting theories as in [7].

For our purposes it is important to consider L[A, B] as a
lower order (in derivatives) version of L[A] and notice that
there is no need of using antisymmetric fields to decrease
the order. Our starting point here is a first-order version
of the Maxwell theory in D dimensions obtained in [8] with
the help of a rank-two symmetric tensor. In Sec. IIB we
obtain, in flat space, the dual to the Maxwell theory by
solving a functional constraint. We compare correlation
functions of gauge invariants in both dual theories. We
make some comments on a possible curved space version
of this master action. In the curved space the Maxwell
action is modified by a an interaction with the Ricci tensor:
R, ,A*A". On the dual side, a naive solution of the con-
straint equation leads to a dual gravitational theory in
D = 4 which has been recently considered [9] in the
literature and known to possess spin-1 massive particles
in the spectrum after linearization around Anti-de Sitter
(AdS) spaces [10]. The mass of those spin-1 particles
perfectly agrees with the one obtained in the dual vector
theory when we consider the additional term R, ,A*A”.

In Sec. III B we work out the massive formulation of the
master action of [8] and show the duality between the
Maxwell-Proca model in a flat space with D dimensions
and a second-order model for the rank-two symmetric field
(Sy). In the last section we draw some conclusions. In the
Appendix we run the Dirac-Bergmann algorithm in the
Hamiltonian approach as a double check on unitarity and
the counting of degrees of freedom for the dual Sy, theory.

II. THE MASSLESS CASE

A. (D—3)-form/1-form duality

In this section we recall the (D — 3)-form dual theory to
the Maxwell theory and establish a local dual map between
correlation functions in both theories.
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It is known that in D dimensions we can rewrite the
Maxwell theory in a first-order form by using a totally
antisymmetric tensor of rank D — 2, i.e., a (D — 2)-form.
Namely,1

(D—-2)!
LIAB I = =By,
et Mp
+ 2 B.U«l"',U-D—za,U«D—lAMD
+ By, PR, (1)

We have introduced a source term. Integrating over
the (D — 2)-form B, ..., , in a path integral we have
the Maxwell theory plus source terms:

1 1
.E[A, J] 4F/2“} meﬂl‘“ﬂn‘]’u] Mp-2 gMp-1 AMD
J2
+ M1 "Hp—2 (2)
2D -2)"

On the other hand, if we integrate over the vector field
we obtain a functional delta function enforcing the vector
constraint:

GMI.“MDaMu—lBM'“MD—z =0 (3)
whose general solution introduces a (D — 3)-form:
B upy s = Oup ,Cuiopp - Back in (1) we have a dual

model to the Maxwell theory:

(D —2)!
- 4 (a[ﬂn—zcﬂl"'ﬂn—ﬂ)z

4+ JHUT D=2 a[,unfzcm"'#of.?]' “

L[CJ]=

Thus, we end up with the known duality between a 1-form
and a (D — 3)-form which is a particular case of the
p-form and (D — p — 2)-form duality for massless parti-
cles. Furthermore, by taking functional derivatives with
respect to the source we have the local dual map:

JMD-1 AMD

PN EMl"',U«D
C.“l"'.“u—,%] 2(D — 2); : (5)

a[Mu—z

The map connect gauge invariant quantities in both
theories L£[C, J] and L[A, J]. It is such that the correlation
functions of the left-hand side of (5) calculated in the
theory (4) agree with the correlation functions of the
right-hand side of (5) calculated in the theory (2) up to
contact terms which have no particle content and stem
from the quadratic term in the source in (2). The corre-
spondence (5) also maps the equations of motion (in the
absence of sources) of (2) and (4) into each other.

"In this work we use Ny = =(—+ -, +) and e

Mo

Mo Mg php €F 12 Vi by = —k!(D— k)‘det5 . Moreover
for totally antisymmetric indices we have [al cay] =
S (=D P(ay, -+, ay)/N! while (aB) = (af + Ba)/2.
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B. Fourth-order Maxwell dual

Remarkably, one can use instead of a (D — 2)-form a
symmetric tensor W,, = W, , to rewrite the Maxwell
theory in a first-order form:

v

W2
S[A, W, T] = deX(WMVWMV - ﬁ
+2WE (A, + W, TW) (6)

where W = W,’f . As far as we know, the above theory has
first appeared in the appendix of [8] in the case of D = 4
dimensions. Its D dimensional generalization is trivial
from formulas of [8]. We have added an external source
term W, T#”. Despite of depending only on the symmetric
combmatlon duAy = (0,4, +3,A,)/2, the action (6) is
equivalent to the Maxwell theory. Th1s can be made clear
rewriting (6), after neglecting a surface term, as

S[A, W, T]= [ de{[WW +9rpAY)

TH  phvTT2
2 2
1 ]k 1
——|w--D[o-A+Z)| —-F2
sl 0o ) 5
2 2

T2—T
+TW[nWa-A—a(MA,)]+T"”}. (7)

_n,U«Va.A+

After  the shift WH» = Wr» — glep”) — TrY )2+
n*"(d - A+ T/2) we have two decoupled mass terms
without dynamics for the W#,, fields plus the Maxwell
theory and source terms. After integrating over W, we
have the Lagrangian density:

)
Ty,

1
LA T]=— 2

4 MV"‘T'“'V[T]I_WG A— a(,u ,,)]‘i‘

®)

Equation (7) makes patent the invariance of (6), in the
absence of sources, under the gauge transformations [8]:

0A, = d,¢; ©)
oW, =06,,¢ = 6W = (D — 1)0¢.

Where we define the projection operators

aaﬁ = (naﬁ - walB)’ (10)

On the other hand, if we start from the action (6) and
integrate over the vector field we get the functional con-
straint below which plays the role of (3)

W, = 0. (11)
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In D=1+1 the reader can check that the general
solution, linear in fields, of (11), ie., W,, =
6M56V78587h is pure gauge W,, = 60, h. This is in
agreement with the fact that we have D — 2 degrees of
freedom for a massless spin-1 particle in D dimensions.

In D =2+ 1, the general solution of (11), linear in
fields, is given by W,, = €,*€,f7d59,h,p, where
hap = hge- Plugging it back in (6), at T#” = 0, we have
the linearized version of the massless limit [11] of the new
massive gravity [7], the so called K-term

st [ v=2(R2 _ng)]’”’

=fd3xha3(2D0““D6’B”—DGO‘BDG’“’)h (12)

p

where g, = 1, + hy,. Although of fourth-order, the K
model is unitary [11,12] and describes one massless mode
in agreement with its dual theory (Maxwell) which is on its
turn equivalent to a massless scalar theory in D = 2 + 1.
The duality between the K-term and the Maxwell theory in
D =2 + 1is not new [13]. However, in [13] the K model
appears upon integration over a symmetric rank-2 tensor
while the Maxwell action is obtained via solution of a
constraint equation, in this sense the master action (1) is
dual to the corresponding one of [13]. We also notice that
the gauge symmetry 6W,, = [10,,¢ follows from the
linearized Weyl symmetry 64, = 7,,¢ of (12).

For arbitrary dimensions D = 2 the general solution
of (11), linear in fields, is given by

o e 28 Bpy
Wiy = G,U«a] a2 GVBI po _ya587h[a1”'010—2][31"'ﬁu—z]’

13)

nv

where h[al'”an—ﬂ[ﬁ]'”ﬁl)—z] = h[ﬁl"'Bn—z][al"'aD—z]'
Alternatively, we can write, as in the D = 3 + 1 case
treated in [14], the general solution (13) as
W,, = d%9"B

uévys (14)

where

apap-, P

“Bp-2
B €us €y " h[al”'aD—z][Bl"'BD—z]‘ (15)

wévy =

Substituting the general solution in (1) we have a dual
fourth-order description of the Maxwell theory in any
dimension D = 3:

(aﬁayB,Uv 2
STh] = f de[(a‘SaVBWS,,y)Z =00 Pony
D—1
0007 B 15,7 | (16)
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where B,5,,(h) is given in (15). In D = 3 + 1 the same
theory was obtained before [14] in a different approach and
shown to be unitary by means of a canonical analysis. In
D =2 + 1, as we have already mentioned, the theory is
also unitary. Based on the master action (6) we believe
that unitarity will hold in arbitrary dimensions as a con-
sequence of the unitarity of the Maxwell theory and the
fact that (13) is the general solution of (11).

As we have done in the last subsection, see (5), we can
compare correlation functions of gauge invariants in both
theories, i.e., Maxwell, see (8), and its dual S*[/]. Perhaps,
the most natural invariant under (9) in the dual theory S*[ /]
is 9#W,,,. However, due to the functional constraint (11)
its correlation functions are trivial (vanish). Later we
will see that they correspond to correlation functions of
—0*F,,(A) /2 in the Maxwell theory up to contact terms.
In searching for a nontrivial gauge invariant, we consider
that on the Maxwell side the basic local gauge invariant is
the antisymmetric tensor (F,g) and on the dual side we
must take at least one derivative of W, in order to have in-
variance under (9). So we can think of taking linear com-
binations of 9,Wg, — dgW,, and (94,05 — 1g,9,)W.
Along this way we end up with the gauge invariant below
which has nonvanishing correlation functions in the dual
theory S*[h]

(77011/6,3 - nﬁvaa)

w.
D -1

a7

G[QB]V = 8QWBD - GBWW +

Replacing the source term T#”W,, by a new one
T[“B]”G[aﬁ],, in (6), it is clear that we can keep the gauge
invariance of the action without requiring any constraint on
the sources. Integrating by parts one derivative we can
rewrite the source term once again in the form T‘“’W/_“,,
where TH” contain combinations of one derivative of
Tl*Bl 5o we can still use the action (8) replacing T#*
by T#”. This procedure leads to the dual map,

1
G[a,B]V o= EauFaB' (18)

Thus, correlation functions of Gi,gy, in the dual theory
S*[1] correspond to correlation functions of d,F,z/2 in
the Maxwell theory up to contact terms which are due to
quadratic terms in 7#” in (8). From those correlation
functions we can infer the correlations of F,,.

Now we finish this section commenting on a possible
curved space generalization of the S*[4]/Maxwell duality.
The natural curved space version of the master action (6),
in the absence of sources, is given by
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2

S[A, W, T] = [de,/—g<W’“’W#,, -

= [deJTg{(WMV + Vikpgy) — ghV -A)2 _

w2 o1

- [deV_g<WWW"” “po1 gl

Where V,, is the curved space covariant derivative and
w y = W,uv + V(MAV) - gM,,V -A.

The Ricci tensor R,, has appeared due to the non-
commutativity of the covariant derivatives: V,V, A" =
V,V,A”" = R,,A”. In (19) we have two trivial (nondy-
namic) terms for W/w decoupled from the vector field.
After neglecting those trivial terms we end up with the
Maxwell theory plus a Ricci “mass term” in the curved
space. So, the minimal coupling to gravity in the master
action (6) originates a nonminimal coupling for the mass-
less vector field which breaks the U(1) gauge symmetry.

On the other hand, integrating over the vector field A, in
the first line of (19) we have the curved space version of the
constraint (3):

VEW,, =0, (20)

We do not know its general solution but we can certainly
begin with the lowest order terms in derivatives of
the metric W,,(g) = apgu, + ax(R,, — g,,R/2) +
asK,, + -+, where ag, ay, ay, - - - are arbitrary constant
coefficients. The tensor K, = (1/,/=g)8S,/8g"” is ob-
tained from a general fourth-order Lagrangian density
which can be written as L, = aR* + BR;, + yLgp,
where «, (B, y are arbitrary constants and the Gauss-
Bonnet term is Lgg = R},,,5 — 4R;,, + R*. Plugging
the solution W,,,(g) back in the first line of (19) we get

a’D D—2
S[W,.,(g)]= dex\/—g{DO_ Tt aOaZﬁR

_ D 2] _ 2(10a4
4D-1)

+a%|:Ri,,
(21)

where the dots stand for terms of sixth or higher order in
derivatives of the metric and

K= g””iélf,,_TD (aR* + Bwa +vyLgp) + [Za(D - 1)

4 % 4 4y:|VMV"R — 4yV,V,RH, 22)

The last two terms of (22) are total derivatives which can
be neglected in (21) for arbitrary D dimensions. In D = 4
we can discard K completely and (21) becomes exactly,
dropping the dots, the critical gravity theory recently found
in [9].
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W
o+ ZWWV(MA,,)>

[W—(D-1V-AP 1,
— + LAYV
o 1Pl + Ry AkA }
+ RWA“A”). (19)

Upon linearization around an AdS background
R,, = Ag,, the authors of [10] have shown the existence
of ‘“Proca-log-modes” in the critical gravity theory
in D = 4. Those spin-1 massive modes can be derived
from a curved space Lagrangian density, in the notation”
of [10], of the Maxwell-Proca form Lyp = —F2,/4 +
3m*dA*A,. This is in full agreement with (19) since the
criticality condition [9] requires A = 30-m? in the notation
of [10]. A unitary theory requires the unusual sign o <0
for the Einstein-Hilbert term as in the D = 3 case [13]
which is an earlier example of a critical gravity.

Regarding the general case of critical gravity in D di-
mensions (see [15]) we must mention that the mass of the
Proca modes predicted by (19) is still in agreement with the
results obtained for the critical gravity but in the absence of
the Gauss-Bonnet term where the criticality condition be-
comes, in the notation of [10], A = (D — 1)om?. From the
point of view of (21) we must set a4, = ag = -+ = 0.
Apparently, the key point is to make sure that upon linea-
rization the solution W,,(g) is in fact a general solution
to the constraint (20) without redundancies. We believe
that possible redundancies can be eliminated by field
redefinitions.

We finish this section by mentioning that, alternatively,
in order to keep the U(1) gauge invariance in the curved
space we could have added the nonminimal coupling term
with negative sign —R,,A*A” to the first line of (19) such
that we end up with the pure Maxwell theory in the curved
space after the shifts in the W, fields. At the level of
master action the U(1) gauge invariance would be restored
in the curved space. However, due to this new term there
would be no functional constraint equation for the W,
fields, and we could in principle Gaussian integrate over
the vector field and obtain a dual theory containing the
exotic term VAW, ,(R™")"AV*W,; which involves the
inverse of the Ricci tensor. It is not yet clear if this a
consistent solution, even for special backgrounds, to the

>The notation of [10] can be recovered by matching the
coefficients of the terms proportional to aga, and a3. This leads
to ay = 1/(km+/D — 2) and ag = mo(D — 1)/(k/D — 2), up
to an overall sign. The coefficient of the a2 term (cosmological
term) in (21) comes out correctly without any fit just like the
relative coefficient between Ri,, and R? inside the term propor-
tional to a3.
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gravitational coupling problem mentioned in [14]. We are
still investigating this possibility.

III. THE MASSIVE CASE

A. (D-2)-form/1-form duality

This subsection parallels the Sec. Il A. Adding a mass
term and a source term for the vector field in (1) we have
the master action, see [16],

D-2)
ram ==
L.
+ 2 et MDBMl"'MD—zaMD—lA,U«D
m’
T By, SR — TA'U“AM + J, AR

(23)

Integrating over B, ..., , in the path integral we have the
Maxwell-Proca theory plus source dependent terms:

1 m?
‘[:m(A) = _ZFZ _TAILAM +JMA’u

e /LDJ#I"'#D—za#D—lA,U«D _+_JIL|"'/-LD—2 (24)

* (D—2)! (D—2)!

On the other hand, integrating over the vector field in (23)
we have the Kalb-Ramond (D — 2)-form dual model:

[(D— 1P
L,(B)= _T(a[ﬂlBﬂz“'MD—l])z
D -2,
o T M1t p—2 + BM] ',U«D—z‘]’u] Ho=2
et1’Brn ] 9 B, .. J, J*
_ Mp nf:2D—1 M1 "Mp-—2 + Mm2 . (25)

Comparing (24) with (25) we can calculate correlation
functions in the Kalb-Ramond model in terms of correla-
tions in the Maxwell-Proca theory and vice-versa by using
the dual maps below, respectively:

Mp—1MD al’«

€y pup—y
BMl"‘MD—z - (D _ 2)y

D—IAH'D , (26)

et p-1 1 g B
Mp—1 ey p—2
D-1 1 D=2 (27)

AF = —

Notice that in the massive case we do not need to worry
about gauge invariance. The maps (26) and (27) are con-
sistent with each other up to contact terms as expected.
This completes the 1-form/(D — 2)-form duality which is a
special case of the p-form/(D — 1 — p)-form duality for
massive theories.
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B. Sy /Maxwell-Proca duality

Similarly we can define the massive version of (6),

2

+2WHTA LA,

S, (W, A] = f de(WWWW -
)
- TAMAM +J- A), (28)
which can be written as

S, = dex{(W“V + AV — prrg - A)?

W= (D—1d-AP
D—1

L, 2A2
—ZFMV—m 7+J'A}
(29)

Thus, after a shift in W,,, we have the Proca action
plus some decoupled mass terms for W, which can be
dropped; whereas integrating over the vector field and

rescaling W, — mW,w/\/i we get

72 IRaW,,
Sm:SW+[de[2_\/-— ©

m? m?

m? 20'W,,,  J,\2
s L

where

Sy = dex[(aVWM)Z + ";z(wﬁy - D“iz 1):| 31)

After a shiftin A, in (30) it is clear that Sy, must be dual to
the Maxwell-Proca theory. Indeed, from (31) we can read
off the propagator

(2) (1)
P P
W/\,u 1% — A SS
< (.X') a,B(y)> {mz [ — m2
_ (0)
. [25(02 D, D]Ps,j
m m

JD 1 i
- (PG +P)E . B2)

m2
ap
where the differential operators are defined as

1 06
(2) _ apB
(Pys)™ g =5 (0%0% 5 + 0400 ) ———=, (33)

N

1
(P(Sls))’\“aﬁ = E(HAawMB + 9’“01&))‘5 + ﬁAﬁw”a

+ 0400, (34)
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1

(P g = 55— 00,
D—1 (35)
(P(O) )/\,u — w/\,uw
ww af afs
1
(0) YA — A
PO, = 0,5,
(Psy) af D — 1 B
1 (36)
(Pg)/)S)AMaﬁ = w)hueaﬁ'

vD —1

It turns out that single and double poles of (32) at [1 =0
cancel out exactly such that (W*”(x)W,g(y)) is analytic at
[0 = 0 and contains only one single pole at (] = m? in the
spin-1 sector. In order to check the particle content of Sy,
we look at the saturated two-point amplitude

Ay (k) = T}, (W (=)W, 5 (K))T7 (k)
2i y

= _m(keTeﬂeﬂyk/\T)w + - ‘), (37)
where TM,,(k) are symmetric sources which are analytic
functions of the momentum. The dots stand for analytic
functions at k> = —m?. It is instructive to compare (37)
with the corresponding amplitude of the Maxwell-Proca
theory:

Anp(k) = T (kAR (= k)A” (k) (k)

(910 0o
== l + X
( K+ m? m?

(38)

As in (37) the pole at k* = 0 cancels out in (38). The
imaginary part of the residue at k> = —m? is positive as
expected:

R, = Skzlim 2(k2 + m?)Apoca(k) = J5 - J,, (39)
where J; is the transverse part of the source, k- J, = 0.
Choosing k,, = (m, 0, 0) it becomes clear that J; - J, =
[7}1* + |[J7]* > 0. Analogously, identifying k*T),, < J,, it
is easy to see that R,, = Jlim_,_,2(k* + m?)A,,(k) > 0.
Therefore, both Sy and Sp,,., have exactly the same particle
content, one massive spin-1 mode in a D-dimensional space-
time (D = 2). In D = 3 + 1 the action Sy has appeared
before in [17] as a special case of a general expression for a
second-order action quadratic in symmetric rank-2 tensors
and restricted to be unitary. Here we are showing that
Sy is dual to the Proca theory for any D. The linear terms
in the source J ,, after the trivial shiftsin W, and A , in (29)
and (30), reveal the dual map

A, < —favww (40)
which allows us to compute correlation functions in the
Maxwell-Proca theory from the Sy, action. Conversely, the
correlations of the fundamental field W, can be obtained
from the Maxwell-Proca theory via the map

PHYSICAL REVIEW D 84, 045027 (2011)

V2
W/.LV - ;[77;“)8 "A— a(,u,AV)] 41

which could be derived by introducing sources for W,
see (8). Those maps are similar to (26) and (27). As before,
the correlation functions in the dual theories must match up
to contact terms. We can give a simple argument to show the
consistency of (40) and (41) as follows. Substituting the left-
hand side of (41) in (40) we get the Maxwell-Proca equation
of motion (45). From an integral of a total (functional)
derivative

o .
f D 1S Al) - Al)] =0, (42

where symbolically S = [ dPxAOA /2, we can derive
(OA(x1)A(xy) - - - A(xy)) = 0 whenever x; # x; for all
j=2,-++,N. So the equation of motion OA = 0 is en-
forced in the correlation functions if we neglect coinciding
points (contact terms), which is exactly when the dual maps
are supposed to hold.

Regarding the classical equivalence between the
Maxwell-Proca theory and the Sy, model, from the equa-
tions of motion

58Sy
SWHY

=0,0Wyo +9,07W,,

4
(5= W) =0 @)
we can derive 949" W, = —m*W/(2(D — 1)) and
O(0*W,) — 0,(90PW,p) — m*0*W,, =0 (44)

which is equivalent to the Maxwell-Proca equation with
the identification (40):

A, —9,(0-A) —m?A, = 0. (45)

From (45) we can derive the transverse condition d + A = 0
and the Klein-Gordon equation ((J — m?)A » = 0 which
describe a spin-1 massive particle. Since (44) has been
derived from (43) by applying a derivative one might
wonder whether the general solution of (43) contains
more information than the transverse condition and the
Klein-Gordon equation. In order to answer that question
we start with a general Ansatz for a symmetric rank-2
tensor: W, = d,f, +0,f, + W,(LT,E, where W,(LTV) is given
in (13) and f, is arbitrary. From (44), which follows
from (43), we deduce o'W, = 0, consequently due
to 9*9*W,, = —m*W/(2(D — 1)), which also follows
from (43), we have W = 0. So, back in (43) we conclude
that W, is purely longitudinal, i.e., W,(LT,,) = (. Substituting
Wy, =0,f, +9,f, in (43) we obtain the third order
equation

(O = m*)d(,fr + 0,0, f)=0. (46)
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From W = 0 we deduce 9 - f = 0 and from (46) d,¢g, +
9,8, =0, where g, =(0—m?f,. Assuming that
the fields vanish at infinity, the solution is g, = 0.
Consequently, we conclude that (43) describes a massive
spin-1 particle and nothing else in agreement with our pole
analysis of (32). In the Appendix we perform the Dirac-
Bergman constraints analysis for Sy,. We end up with D — 1
degrees of freedom and a positive definite Hamiltonian as
required for a unitary massive spin-1 particle.

Since we have rescaled W, — \/EWW/m it is worth
looking at the massless limit of Sy,. At m = 0 we have the
local gauge invariance &, WH?” = i@ @20 gvBiBpay
050y Ao, -ap TB,py ,]- BY adding a symmetry breaking
term with an arbitrary coefficient A we have

_ A
L0 =(0"W,,)* + E(aMW)2 47)
which allows us to obtain

2P3 , (Psw + Piyg) _ Py

U OvD — 1 U

A P
_(2+—D—1>/\—SDS} . (48)

a

WE )W (¥)m—0 = —{

It contains single and double poles at [1 = 0. However, if
we add a source term and require gauge invariance
S,(W,,,T*") = 0, the source (in momentum space) must
be of the form T#"(k) = k*J"(k) + k”J*(k) where J,
does not need to be conserved. The saturated (gauge in-
variant) two-point amplitude gets contribution only from

the P(SIS) and P(v?/)w pieces (which are A independent). At the
end the poles cancel out and we are left with an analytic
function:
_ -
AOK) = ST KXW (W (D)5, -0 T K)
= —2iJ;, (k)J* (k). (49)

Thus, the m = 0 limit of Sy has no particle content in any
dimension D. This is in agreement with the study of [17]
for the case D =3 + 1. In the Hamiltonian formalism
one can show that Sy at m = 0 has enough first class
constraints to gauge away all degrees of freedom.

IV. CONCLUSION

We have reviewed the usual duality between a 1-form
and a (D — 3)-form (massless case) and between a 1-form
and a (D — 2)-form (massive case) in Secs. II A and IIT A
respectively. We have established a local dual map in both
cases, see (5) and the pair (26) and (27), respectively. They
allow us to calculate correlation functions of local physical
quantities in one theory in terms of the dual quantities in
the dual theory, up to contact terms.

PHYSICAL REVIEW D 84, 045027 (2011)

In Sec. II B, starting from a master action recently ob-
tained in [8], we have derived a fourth-order (in derivatives)
dual model to the Maxwell theory in arbitrary D dimen-
sions. In particular, in D = 2 + 1 the corresponding dual
theory is the massless limit, see [11], of the linearized new
massive gravity of [7]. Once again we have determined a
dual map between gauge invariants in both theories.

Remarkably, a naive curved space version of the master
action of [8] leads, on one hand, to the Maxwell action plus
an interacting term with the Ricci tensor (R, A*A”). On
the other hand, the “dual theory” (21) (neglecting higher
than fourth-order terms) corresponds in D = 4 to a critical
gravity theory which was recently found in [9]. It contains
curvature square terms with fine-tuned coefficients plus
a fine-tuned cosmological term and the usual Einstein-
Hilbert action. The linearized theory around an AdS back-
ground contains [10] Proca modes (spin-1) whose mass
matches exactly the one obtained here via master action.
However, a remark is in order. Namely, the linearized AdS
critical gravity of [9] contains also spin-2 modes [10]. It is
not clear how our naive generalization of the master action
of [8] to curved spaces could be improved in order to
encompass the spin-2 modes appropriately on both sides
of the duality.

In Sec. I B we have generalized the flat space master
action of [8] by adding an explicit mass term for the vector
field (Proca term). Integrating over the vector field we have
obtained a second-order dual theory to the Maxwell-Proca
action in terms of a symmetric rank-2 tensor. We have
found the dual map between those models in arbitrary
D-dimensional flat space-time with D = 2 and checked
that the dual theory indeed shares the same particle content
of the Maxwell-Proca theory by analyzing the analytic
structure of the symmetric tensor propagator. In the
Appendix we confirm that one has (D — 1) degrees of
freedom in the Hamiltonian approach by running the
Dirac-Bergmann algorithm. We also show that the
Hamitonian is definite positive. The massless limit of this
higher-rank description of spin-1 particles has no particle
content.
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APPENDIX

Here, we analyze the Hamiltonian constraints generated
by the massive action (31), dual to the Maxwell-Proca
model in D dimensions.

Since W,, =W,,, in order to avoid unnecessary
constraints we work only with independent phase space
variables W, and 7#” with u = v. From the Lagrangian
density,
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2 WZ
L=0"W,,0,Wee + 2w, wer —
prra 2 wr D-1

= —(=9Wyo + 9;Wp)* + (—3gWp; + 9;W;;)?

m? w2
+—| W, W~ — , Al
2 ( wr D —1 (AD
we can calculate the conjugated momenta:
oL 4
70 = 9000 Wo) =~ 2(=dyWp + 0'Wy;) — 99Woo
00
- — % + GiWO,-, (Az)
: oL :
0= = = —2(—d,Wy; + 0/W;;) — doW,,
3(80W0,~) ( 0Yroi 1/) 0¥V oi
77.01
= 7 + 9/ W”, (A3)
. oL
ai =T ~0; =] (A4)
(W)

In (A4) we have w primary constraints. Now, we can
calculate the canonical Hamiltonian:

HC = [dDilx[’?TOOa()WOO + 7T0i(30W0i + Wijaowij - £],

(A5)

0012 0i\2

H, —[dD ! [ it ) wOOafW0i+(7T4)

o m w2
+ 7igiw.. — — my — . Al
AW, 2(W we =S @e)
The total Hamiltonian is

H, = H, + [ P~ x Ay (A7)

where the sums above exist only for i = j. Using the
canonical Poisson brackets for the D(D — 1) phase space
variables,

W, WP} =05, (x), 774 (y)} = 0;

W, (0), 72 (0)} = 8,838(x — y). (A8)
We have the secondary constraints:
X =gk =oka% + ola% + 2mW, = 0; <k
(A9)

PHYSICAL REVIEW D 84, 045027 (2011)

w
_ ~ ();
5o1)

In (A10) there is no sum over k. The consistency con-
ditions x* = {y'X, H,} = 0 fix the coefficients Ay, [ <k
and do not generate new constraints, while y* = 0 deter-
mines all Ay (no sum) except the sum A;;. This can be
easily seen from the combination

X —Wkk_ak Ok-l-m(Wkk

k

,2,---D—1. (A10)

>}

-1
x =D x*=07%+mWy = 0.
k=1

(A11)

The consistency equation y = 0 leads to another
(tertiary) constraint:

2 m’ 00 24i -

where V2 = 9 ja/ . Finally, rewriting ¢ =~ 0 with the help
of (A10) and (A11) we have

From W = 0 the constraint y* = 0 can be written as

(no sum)

ok 7% + m2W,, =~ 0, k=12---D—1. (Al4)

In summary, adding up (A4), (A9), (A10), (A12), and
(A14) we have D(D — 1) + 2 independent second class
constraints. Thus, we end up with 2(D — 1) unconstrained
phase space variables which correspond to (D — 1) degrees
of freedom as expected for a massive spin-1 particle in D
dimensions. In particular, we can eliminate all variables in
term of (W, 7). Back in the total Hamiltonian, after
some cancellations we have

H = ,/VdD*l 8 WO (V2 - 3m2/4)8/W0
’ (V2 — )2

iy zk(aj,n.Ok — 9k 702
Jj<

+ mZWOjWOJ- + 4 + 4m2
(A15)
Decomposing Wy; = W + W}, where
Wi =0, Wy Wi = w ;W (A16)
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we can rewrite H, in a explicitly definite positive form as
expected from our proof of unitarity

4 Wh(m? — V) Wk
H,=[dD—1x mT ’(v2 =) L+ mWIWT
7
(w0 Zk(aj,;TOk — gkg0iy2
+ + =
4 4m?

(A17)

PHYSICAL REVIEW D 84, 045027 (2011)

The positiveness of the first term in (A17) can be checked
by integrating by parts the factor V? in the numerator or
by going to the momentum space (Fourier transform).
Notice that the poles at V> = 0 present in the projection
operators 6;; and w;; cancel out in (A17) in agreement
with (A15).

We have checked that, by using the appropriate Dirac
brackets, the reduced phase space Hamiltonian (A17) leads
indeed to the equations of motion (43).
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