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We discuss a framework for investigation of mixed symmetry tensor fields in Minkowski and (A)dS spaces
and their possible interactions.

Introduction

In four-dimensional flat Minkowski space-time massive particles are characterized by one pa-
rameter — spin s and the most simple and economic description of such particles is the one based
on completely symmetric (spin)-tensors. But moving to the dimensions greater than four, one faces
the fact that representations of appropriate groups require more parameters and as a result in many
interesting cases such as supergravity theories, superstrings and (supersymmetric) high spin theo-
ries one has to consider different mixed symmetry (spin)-tensors. One of the technical difficulties
(besides purely combinatorial ones) one faces working with such fields is that to get analog of gauge
invariant “field strengths” one has to build expressions with more and more derivatives (or has
to work with non-local terms in the equations of motion or the Lagrangians) [1-4]. This problem
appears already for the massless spin two field in gravity, but in this case there exist very elegant
solution: one goes to the first order formalism and obtains the description in terms of tetrad e,*
and Lorentz connection wu[ab] which play the roles of the gauge fields and “normal” gauge invariant
field strengths 77,,)* and Ry, [9b] having nice geometrical interpretation as torsion and curvature.
The structure of gauge transformation laws is also appears to be rather complicated, moreover,
these transformations often turn out to be reducible. All this make the problem of investigation of
possible interactions among such fields a very complicated task [5-10]. In (Anti) de Sitter space the
problem becomes even more complicated because particles in (A)dS reveal a number of very peculiar
features such as unitary forbidden regions (i.e. not all values of mass and cosmological constant are
allowed) and appearance of partially massless theories [11]-[19]. Moreover not all massless fields in
flat Minkowski space could be deformed into the (A)dS space without introduction of additional
fields [20, 21, 22], making the very definition of mass for such fields problematic.

Our aim here — to give a framework which could be powerful enough to allow careful inves-
tigation of all related questions and at the same time simple enough to make such investigations
tractable [22, 23, 24]. Two main ingredients of such framework: first order (“tetrad”) formalism
and gauge invariant description of massive high spin particles.

1. First order formalism

Our first order formalism for mixed symmetry tensor fields is a generalization of well known
tetrad formalism for spin 2 in gravity. It is instructive to compare this formalism with another very
well known example of first order formulation — for spin 1.

Spin 1

For the description of spin-1 particles one use vector field A, and in order to have right number
of physical degrees of freedom the theory has to be invariant under the gauge transformations
0A, = 0,A. In this, it is easy to construct a field strength F,, = 0,4, — 0, A, which is gauge
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invariant and contains first derivatives only. Then the second order Lagrangian could be written
as L = —iFWQ. Moreover, introducing independent object F),, one can construct first order
Lagrangian: £ = %F WZ — F*9, A, which is equivalent to second order one.

Spin 2

The simplest possibility for the description of spin-2 particle is symmetric second rank tensor
h,, with gauge transformations 6h,, = 0,& + 0,§,. But in this case in order to construct gauge
invariant object one has to use second derivatives of h,:

Ruyyag = 0#8ah1,5 - 8,,6ahu/3 — 8u35h,,a + 8,,85h#a.

As a result, there is no gauge invariant “field strength” with one derivative and second order La-
grangian can’t be written in a form quadratic in some gauge invariant object. Thus, straightforward
generalization of first order formalism for the spin-1 field on the spin-2 (and all higher spin) case is
not possible.

However, first order formalism for spin-2 particle does exist. This so called tetrad formulation
is very well known mainly due to its nice geometrical interpretation, but for our purpose it is
instructive to consider this formalism as a transition from second order formulation to first order
one. Then it looks like the following steps.

e Abandon symmetry property of the field: h,, = h,* (thus introducing additional field com-

ponents — antisymmetric tensor hj,q)-
e Change gauge transformations: dh,* = 9,£%.

e Now it is easy to construct gauge invariant “field strength” (torsion): 7),,* = 9,h,* — O, h,*
containing first derivatives only.

e Then second order Lagrangian could be written as:
L= L TH»T, L T, 1T“T
=3 o T paw = 54y

e This Lagrangian is also invariant under the local shifts: dhy, = 7). Due to this invariance
the additional components hj,q could be gauged away leaving us with correct number of
physical degrees of freedom.

e Moreover, this last invariance suggests the introduction of additional field — “Lorentz con-
nection”: wu"b playing a role of gauge field for local % transformations: 5wuab = 8M77“b.

e Using such fields one can easily construct a first order Lagrangian:

1 1 1
Lp = =@ g + Juhwy, — S Tog = T,

which is invariant under £ as well as % transformations.

e Algebraic equation of motion for w““b gives:

1
Wy,af = i[Tuaﬁ —Tugo — Tappl-

Substituting this expression into the first order Lagrangian one obtains exactly the second
order Lagrangian given before.
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e It is very important that this first order Lagrangian could be rewritten as:

1 1
L= 5 U b, = 3 (5} 0 0hat,

where { ¥/} = 6,%0,* — 6,%6,” and so on. Such formulation greatly simplify the investigations
of possible interactions for spin-2 field.

Mixed <I>[ tensor

pr),a

As an illustration we consider here the simplest case — mixed @], tensor in d = 4 space-
time, but such formalism could be easily generalized on other mixed tensors in space-time dimensions
d >4 [23, 25, 26, 27]. Usual description of such field uses third rank tensor ()« antisymmetric
on the first two indices and satisfying the relation ®,, o) = 0. It has two gauge transformations:

5(I)uz/,a = 6;1,-7;1/(1 - 81/-7;;1,04 + 28043/#1/ - auyua + 81/y,uom

where parameter z(,3) is symmetric while y(, 5 — antisymmetric. These gauge transformations are
reducible in a sense that if one set

Tapg = 3(804&6 + 86&1) 5 Yap = — agﬁ + aﬁga 5
then 69, o = 0. One can introduce a tensor 1j,,q] 3
Tuva,p = Ou®Pua,p = OPua,s + a®pvp,

which is invariant under the z,g-transformations but not invariant under the y,3-ones. Then one
can write the Lagrangian in the following form:

1 1
Lo = _ETWQ’ﬁTum,ﬂ + §TWTW'
There exist one more possibility. Namely, one can introduce another tensor Rj,,) (ag]

R/’l‘yiaﬂ = 8(1@/“/“8 - aﬁ@uyva + 811(1)01571/ - 81/@05671/7

which is invariant under the y,g-transformations but not under the z,g-ones and rewrite the same
Lagrangian in a form:

1
Lo= —g[RW:aﬂRW,aﬁ — 4R"R,,, + R?.

Thus, it is not possible to write second order Lagrangian as a square of some gauge invariant
quantity because there is no combination of the first derivatives of ®(,,) , that would be invariant
under both gauge transformations (that will require two derivatives).

This situation resembles very much the one for spin-2 filed. It turns out possible to construct
first order formalism in this case following exactly the same procedure as before. We proceed as
follows.

e Abandon the constraint <I>[W7a] =0: ®up0 = P, (thus introducing additional field compo-
nents — antisymmetric third rank tensor ®(,,q)-

e Change the gauge transformations: 6®,,* = 9,2,* — 8,2,%, where 2, = Tf1 + Y-

e This allows us to introduce gauge invariant “field strength”: T},,0" = 9}, ®,4)" containing first
derivatives only.
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e Second order Lagrangian could be written as:

1 1 3
L= _ETWQﬁTMﬂ - ZTWﬂTM,a + T T

e This Lagrangian is also invariant under local shifts: @, o = Njuq) S0 that completely anti-
symmetric part of ®,,% could be gauged away.

e This last local invariance suggests introduction of an additional field: 2 ,ﬂbc

role of gauge field for such local shifts: 5(2#“176 = 8,L77abc.

which will play a

e With the use of these fields first order Lagrangian invariant under both local transformations
could easily be constructed:

3 3 1. 3
L= 0P, g — 10 ap — SO Tap + 5 Tag,

abc

o Algebraic equation of motion for €2,%*¢ gives:

2 1
Qyap = gTvaﬁ,u + g[Tuaﬁ,v + Tuva,8 + Tup,al-
Substituting this expression back into the first order Lagrangian one obtain exactly the same
second order Lagrangian as before.

e Moreover, this Lagrangian could be rewritten in a very simple and suggestive form:

3 1
L= _Z { ZIZ;/ QMGCdQVde + E { lalgcczlﬁ} anbCTuaﬁd-

2. Massive particles and gauge invariance

As we have already mentioned particles in (A)dS spaces reveals a number of peculiar features.
Let us recall some of them.

e There is no unambiguous definition of mass for general tensor fields in (Anti) de Sitter space.

e There exist unitary forbidden regions i.e. not all combinations of mass-like parameters and
cosmological constant lead to the ghost-free theories.

e There are many massless theories in flat Minkowski space that could not be generalized to
(A)dS space at all.

e On the other hand in (A)dS there exist so called partially massless theories with the number
of physical degrees of freedom different from that of massive or massless theory.

In (A)dS spaces gauge invariant description even for massless particles requires (besides the
replacement of usual derivatives by the covariant ones) addition to the Lagrangian and gauge trans-
formation laws mass-like terms proportional to the cosmological constant value. Such a procedure
looks very much like the transition from massless to massive particle in gauge invariant description
of the later. So it turns out convenient to consider both transition simultaneously. Let us again
illustrate an idea on a simple but non-trivial example.
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Massive spin-2 particle

Gauge invariant description of massive spin-2 particle requires introduction of two additional
(Goldstone) fields: vector A, and scalar ¢ ones. Using first order formalism for all fields we start
with the sum of flat space massless Lagrangians:

Lo = Lo(w,®, hu) + Lo(F®, Ay) + Lo(n%, ),
1 1
ab a v ac, . bc va ab c
Lo(wy ’hu)zﬁ{gb}wu W Ty hbe + Wn” Ouha®,

1 |
Lo(F™, Ay) = T Fu® = 5 {0} FP0uA,

1
Lo(m*, @) = *57"(12 +{h} (I

which is invariant under the following set of gauge transformations:
50h,ua = 8#£0« + Mpas 50wﬂab = #nab, 50AN = auA.

Working with the first order formalism it is very convenient to use tetrad formulation of the
underlying (Anti) de Sitter space. We denote tetrad as e,* and Lorentz covariant derivative as D,,.
(Anti) de Sitter space is a constant curvature space with zero torsion, so we have:

A
Dye,* =0, D, D,Jv* = RW“bvb = —g(euaeyb — eubeya)vb.

Due to non-commutativity of covariant derivatives the Lagrangian no longer invariant under
gauge transformations, but this invariance could be restored by adding to Lagrangian:

m v a a a
AL = TH{ et A+ L FUh) () A
+<”i2—f{ B} hthy? + o { 1) Byt + m2?
9 NG) prme,

as well as appropriate terms to gauge transformation laws:

m
76ﬂaA , 51

il = 5

\/—g,u ’ 61‘)0 = aAv

where
a? = 3m? — 2A.

So we have a one parameter family of Lagrangians in general describing a massive spin-2 par-
ticle in constant curvature space. Let us analyze this theory in de Sitter and anti de Sitter spaces
separately.

De Sitter space

We have unitary forbidden region: m? < 2A/3. One can easily check that if we change the
sign of scalar field ¢ kinetic terms then the construction will work for the forbidden region but the
theory cease to be unitary, the scalar field being the ghost one. At the boundary of this region
m? = 2A/3 = a = 0 = scalar field ¢ decouples. The rest fields with the Lagrangian

L= Lo(w,™, hy®) + Lo(F Ay) +m { B} w, Ay + m {4} Fh,p
and gauge transformations:

Shu® = Du€® + en’™ + me, A, A, = DyA + mepaé”
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describes partially massless spin-2 particles (helicities +2,+1) which has no direct analog in flat
Minkowski space.

Anti de Sitter space
There exists truly massless limit m — 0. In this, the whole system decompose onto two subsys-
tems. One with Lagrangian:

A
L= EO(Wuab7 hu®) = 3 {4} huahvb
and gauge transformations:

a a a al a A a a
0h," = D,£" + eﬂbnb dwy, b= D,n by eu &b — e,}’g )

5 (
corresponds to massless spin-2 particle. Another one with:
L= EO(Fabv A;L) + EO(Waa QD) + m{ ZL} ﬂ-aA;u
0A, = D,A dp = —mA

describes massive vector particle with m? = —2A

Massive mixed tensor

Tensor @, o has two gauge transformations so for gauge invariant description of massive particle
one needs at least two Goldstone fields hy,,; and By,,). But these fields have their own gauge
transformations. Taking into account reducibility of gauge transformations for ®,, , one can show
that for gauge invariant description one needs one more field: vector A,. Thus in first order
formalism we ends with four pairs: (2,9, ®,,%), (w,%, h,%), (C%¢, B,,) and (F,A,).

Again we start with the sum of massless flat space Lagranglans

Lo = Lo(€2,%¢,3,,%) + Eo(w““b hu®) + Lo(C®, B,,) + Lo(F™, A),

1 vo abc
ﬁO(CabchMV) = _6 abc { Zbc }C ’ 8NBVO‘

and corresponding set of gauge transformations:

50(I)Nya — auzya _ 81/2“@ + n'wja’ 5()Qy,abc — aunabc,
Sohua = Ouba+Mua,  Sown®™ = 8™
0B, = 0uC — 0u(y, doA, = OuA.

Then we switch to the (Anti) de Sitter space. To restore gauge invariance we have to add to the
Lagrangian:
/8 pro

{ Q abch +7 { Zbyf}w#abél’ac ~ 4 Labe }QﬂabCB’/a +

2 { by} B, — 7 {h w4, —
B
Dy (P

and to the gauge transformations:

a
01Puw 8(eu“€b - eubfa) - ﬁ(euagb - eubga): 01Buw = Bz,
nh, = az,*— b A, A, = —ﬁfu + av2¢,,

V2 V2
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a? —36% = —2A.
Again we obtained one parameter family of Lagrangians. Let us consider to spaces separately.

Anti de Sitter space
One can set 8 = 0, in this the whole system decompose onto two disconnected subsystems. One
of them

L= EO(Q,uabC, (I),uua) + Eo(w#ab, hﬂa) + m[{ 511)/} anbchuc + { Ml/a} wuab(I)Vac]’

abc

where m? = —A/8 with gauge transformations:

2m

(5CI)MVa = Duzua — Dl,z,f‘ + T]Mya + m

(euagl/ - euagu)7
Ohy,* = Du&*+n," +4mz,°
and describes partially massless theory.
Another one with:

M v a
L = Lo(C% B,,) + Lo(F®, A,) + oy (M F®B,,

where M? = —4A and gauge transformations:
0B, = D,(, — DyCu, 0A, = DA+ M,

gives a gauge invariant description of massive antisymmetric tensor in (A)dS space.

De Sitter space
Now one can set o = 0 and we also obtain two decoupled subsystems. One of them gives us one
more example of partially massless theory:

L= EO(Q,uabC,(I),Lwa) + EO(Cabc’Buy) +m[ P‘l/a}Q'uabCBya + { le; Cabcq),uuc],

abc
where m? = A/24 with gauge transformations:
02, = Duz"—Dyz," +nu," +4m(e ¢ — e,C),
0By = Du¢ —D,(u —4mz,,.

In this, the rest fields (h,%, A,) gives exactly the same partially massless spin-2 theory as in the
previous subsection.

Conclusions

e First order formalism with its simple, geometric in nature and very suggestive Lagrangians
greatly simplifies investigations with mixed symmetry tensors making calculations at least
tractable.

e In spite of large number of fields involved gauge invariant description of massive high spin
particles turns out to be very well suited for investigation of unitarity, gauge invariance,
(partial) masslessness and so on.

e Partially massless theories (though rather exotic from common flat Minkowski space point of
view) can serve as an important laboratory where a number of non-trivial questions could be
answered.
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