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Abstract. It is shown that in a flat background one can define higher spin (HS) gauge
theories with an infinite number of fields. In particular here HS YM-like in any dimension
and HS CS-like theories in any odd dimension are introduced and analyzed. They are
invariant under HS gauge transformations which include ordinary U(1) gauge transforma-
tions and diffeomorphisms. It is also shown how to recover local Lorentz invariance. The
action, equations of motion and conserved currents in the HS YM-like theories are explicitly
exhibited.

Povzetek. Avtor v prispevku pokaZe, da lahko definira na ravnem ozadju umeritvene
teorije visjih spinov z neskon¢nim stevilom polj. Kot poseben primer uvede in analizira
teorije Yang-MIllsovega tipa z vi§jim spinom v poljubni dimenziji in teorije Cherna-Simmonsa
z vi§jim spinom v poljubni lihi dimenziji. Te teorije so invariantne na umeritvene transfo-
macije za visje spine, ki vklju¢ujejo obicajne transformacije U(1) in difeomorfizme. PokaZze
e, kako znova vpeljati lokalno Lorentzovo invarianco. V teorijah Yang-Millsovega tipa z
vigjim spinom zapiSe akcijo ter enacbe gibanja in ohranitvene tokove.

Keywords: Higher spin theories, Yang-Mills like theories, Chern-Simmons theories,
flat spacetime

3.1 Introduction...

There are compelling motivations for research to study spin (HS) theories, that
is theories with an infinite number of fields with increasing spin. In a theory
that unifies all the forces of nature such a feature seems to be inevitable. First
(super)string theories have this characteristic. It is well known that the infinite
number of fields with increasing spins is related to their good UV behavior. Also
the AdS/CFT correspondence indicates that if we wish to resolve the singularities
of the theory on the boundary we have to turn to the dual theory, which is a
(super)string theory. Other arguments suggest that, when gravity is involved,
infinite many local fields of increasing spins are needed in order to avoid possible
conflicts with causality [1].

Starting from on these general motivations, in this contribution I will focus
on a specific problem, for which for a long time there have been no answers, or
only negative ones, in the literature: can one formulate a sensible local massless
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HS theory in a flat space-time? The standard lore in the literature may be sum-
marized by two objections: first, there are the so-called no-go theorems, which
prevent the existence of such theories under rather general conditions; second, the
construction of massless HS theories has been so far only successful in AdS spaces.
However here I will exhibit examples of HS theories defined in flat spacetime
in any dimension, which are massless, gauge invariant and, at least classically,
consistent.

In [3] and, later on, in [4,7] a method has been proposed to produce HS
effective actions by integrating out matter fields coupled to external potentials
and quantized according to the worldline quantization. The method consists in
computing current correlators, see [5,6], and explicitly determine the effective
action. Barring anomalies, we are guaranteed that the result is HS gauge invariant.
Unfortunately the method is very cumbersome and the resulting effective action
is not guaranteed to be local.

In this paper I would like to show that there exists a shortcut. Exploiting
the analogy of the HS gauge transformations with the gauge transformations
in ordinary non-Abelian gauge theories, one can construct analogous local HS
invariants and covariant objects, and in particular actions. In this way one can
define (perturbatively) local HS Yang-Mills theories in any dimension and HS
Chern-Simons theories in any odd dimension. I will focus in particular on the
former. They are characterized by a coupling constant, like the ordinary YM
theories. I will show how to define the action, their equations of motion and
their conserved quantities. The HS gauge transformations contains in particular
the ordinary U(1) gauge transformations and the diffeomorphisms. They do not
include the local Lorentz transformations. Since the HS YM-like theories are
formulated in a frame-like formalism, local Lorentz transformations are relevant
in order to permit their gravitational interpretation. Below I will show how to
local Lorentz invariance is hidden in the formalism and how to recover it.

3.2 Higher spin effective action

This section is devoted to a concise presentation of the effective action method.
The effective action here is defined via the worldline quantization method. This
method consists, roughly speaking, in considering the coordinates on which the
tield depends, as the position of a quantum particle, while the latter is quantized
according to the Weyl-Wigner quantization.

Let us consider a free fermion theory

So = J A%xP(iy-0 — m), (3.1)

coupled to external sources. According to the Weyl quantization method for a
particle worldline, the full action is expressed as an expectation value of operators

S = (Y| —y*(Pq — Ha) — m) (3.2)
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We recall that a quantum operator O can be represented with a symbol O(x,u)
through the Weyl map

_ d%%  du P
0= Jddxddy 2m)d 2m)d O(x,u) etk (x=X)=ty- (u=P) (3.3)

where X is the position operator. The symbol of the product of two operators is
the * product (or Moyal product) of the corresponding symbols.
In (3.2) P, is the momentum operator whose symbol is the classical momen-

tum uq? . ﬁa is an operator whose symbol is hq (x,u), where

— 1

Z ; (X) Uy oo Uy, (3.4)
s =n+ 1is the spin and the tensors are assumed to be symmetric in py,..., ftn.

Any field like h(x, 1), which depends also from the momentum u, will be referred
to as master field.

One should notice that there are two kind of labels a and p;. They will be
interpreted later as flat and curved indices, respectively, but in a flat background
they play the same role. Their true nature will illustrated later on.

Now one makes the above formalism explicit in (3.2), where we also insert two
completenesses [ d%x|x)(x|, and make the identification P (x) = (x[p). Expressing
S in terms of symbols one finds

S=S0+ J (gi;ld xddz ei‘”‘ﬁ(x + %) v-hix,u) w(x - g) (3.5)
=So + i J AT, GO RE e (%)
s=1
The tensor field hi' " is linearly coupled to the HS current
i 0 0 — z z
T () = i e 5P (x+3) va¥ (x=3) . 69
For instance, for s = 1 and s = 2 one obtains
I = Fyaw 67)
Jal = % (0, VY b — VYady,b) (3.8)
The HS currents are on-shell conserved in the free theory (3.1)
an(“;;]'““S*' =0 3.9)

! Throughout the paper the position in the phase space are denoted by couples of letters
(x,u), (y,v), (z,t), (w, 1), the first letter refers to the space-time coordinate and the second
the the momentum of the worldline particle. The letters k, p, q will be reserved to the
momenta of the (Fourier-transformed) physical amplitudes.
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3.2.1 HS gauge symmetries

The action (3.2) is trivially invariant under the operation

~

S = (|00~ 'GOO " hp) (3.10)
where G = —y- (ﬁ — ﬁ) — m. So it is invariant under
G— 0G0, ) — O ") (3.11)
Writing 0 =eFwe easily find the infinitesimal version.
Shp) =iERp), (Pl = —A(WIE, (312)
and

~

5G =1i[E,G] =ily-(P—H),E] = y-5H (3.13)

Jddy (x — %I[W-ﬁ, E}lx + %> eVt = —iy.d.e(x,u) (3.14)

Similarly

-~

Symb ([Ha, E]) = ha(x,1) 1 e(x, )] (3.15)
where [a § b] = a* b — b * a is the x-commutator. Therefore, in terms of symbols,
deha(x,u) = 0%e(x,u) — i[hg(x,u) ¥ e(x,u)] = Die(x,u) (3.16)

where the covariant derivative defined by
Dy =05 —ilhg(x,u) ¥ ] (3.17)

has been introduced.

The variation in eq.(3.16) will be referred to hereafter as HS gauge transforma-
tion, and the corresponding symmetry HS gauge symmetry. For the transformations
of 1, see [4] .

It is easy to see that the conservation law in the classical interacting theory

Di%alx,u) =0 (on — shell) (3.18)

follows from the above.
Using the *-Jacobi identity (which holds also for the Moyal product, because
the latter is associative) one can easily get

(6526£1 - 651 Bﬁz)hu(x) U.) = 1(53[51 3 52](7() LL) _i[ha(x) u) 3 [51 3 52](X) U,)H)
=1iDg"[er § e2l(x,u) (3.19)

i.e. the HS e-transform is of Lie algebra type.
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3.2.2 The HS effective action

The general formula for the effective action is

ad 1 b ddui
W[h] :W[O}+Z HJHddXi Wc&?}...,a,t(xhuh-">Xn»unae)
n=1 i=1

(2m)d
x h (x7,u7) ... h (X, Un) (3.20)
where Wé?}.__,an (x1,U1,...,Xn,Un, €) are the n-point functions of the currents
Ja: (x1,w1)y .oy Ja, (Xn,y un ). WIO] is the constant O-point contribution, which will

be disregarded in the sequel. There are various ways to compute these amplitudes.
The most popular is by means of Feynman diagrams. For instance, the 3-point
function can be calculated via the Feynman diagram integral

(Jai (x1,w1)]a, (x2,12)J a5 (X3, u3))

:_'J ddq1 ddqz i(QH-QZ)-Xle—iql-xze—iqz-xs
(2m)d (2m)d

X6<u]_2p—q21—qz>5(uz_Zp;m)é(us_Zp—Zg]—qz>

dvp 1 1 1
XJ (Zﬂ)dtr (Yalp +mYazp —d, _’_rnYaa‘p T +m> > (3.21)

to which one must add the cross term. q1, q, are the momenta of two external
outgoing legs. The third one has incoming momentum q; + q5.

These amplitudes have cyclic symmetry. The invariance of the effective action
under (3.16) is expressed by

> 1 n ddy,
0=5.W[h] = ddx; : 3.22
W) ;(n_mm % G (3:22)
><W((l?‘)_._,a“(xhu],...,xn,un)Dj;”‘a(x1,u1)haz(xz,uz)...ha“(xn,un)

The generalized equations of motion are obtained by varying W/[h] with respect to
the master field hq (x,u). Let us write them in the compact form

Falx,u) =0 (3.23)

= 1 [ ddw
Falx,u) = Z —JHddxi (27[); W) (XU X1, Uy e ey Xy Uny,y €)
0

x h! (X],U]) ...h%" (Xn)un)

The EoM’s (3.23) are covariant under HS gauge transformation

deFalxyu) =1ile(x,u) ¥ Falx,u)] (3.24)
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3.3 Yang-Mills-like theories

3.3.1 The gauge transformation in the fermion model

Let us return to the gauge transformation (3.16)
deha(x,u) = 0%e(x,u) —i[hg(x,u) ¥ e(x,u)] = D% e(x,u) (3.25)

and write it down in components. To avoid a proliferation of numerical indices,
let us write the expansion of hq(x, u) as

1 1
ha(x,u) = Aq(x) +xh(x)u, + Ebﬁvuuuv + Ecﬁ"}‘uuuvux +... (3.26)

As noted above we use two different types of indices. In the expansion (3.4) the
indices wy,..., Wy are upper (contravariant), as it should be, because in the Weyl
quantization procedure the momentum has lower index, since it must satisfy
[x*,pv] = 16). The index a instead is traditionally reserved for a flat index. Of
course when the background metric is flat the indices a and ; are on the same
footing, but it is useful to keep them distinct. Let us see why.

For the HS gauge parameter we write

1 1
e(x,u) = e(x) + EFuy, + E/\“"uuuV + a):”w‘uuuvu)\ +... (3.27)

The transformation (3.25) to the lowest order reads,

0Aq =046+ E-0Aq —0pexh +... (3.28)
SXy = 0a&Y 4+ &-0Xy — 0p&vXD +0°AaA,Y —reb M + ...
SHYAN = DAY 4 £-0b N —0,8Vb P — 0,800 Y + X UAL 4+ 0pX DALY
—Xﬁap/\\,)\ +...
The next nontrivial order contains terms with three derivatives, and so on.
It is natural to compare the previous HS gauge variations with the ordinary
gauge, diff, ... transformations. To this end let us denote by A, the standard U(1)
gauge field and by &4 = 64 — x4 the standard inverse vielbein, and let us restrict

the previous general transformation to gauge and diff transformations alone. We
have

SAq =5 (ehA,) =5 ((8% —xMAL) (3.29)
= (—&-0%h + 0EMKG) Ap + (8% — &H) (Que + E-Ay)
~ g€+ E-Aq —Xh0,.€

and

bl = 50l —Xh) = £-08h — \EMey = —E-Xh — 0. EM +NENXL  (3.30)

ORh = E-ORh + 0a &M — NENKD (3.31)
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where we have retained only the terms at most linear in the fields. From the above
we see that the natural identifictions are

Aq = Aa) Xg = )’Zg (332)

The transformations (3.28) are consistent with the ordinary gauge and diffeo-
morphism transformations. Therefore the master field h, can describe in particular
the geometry of the gauge theories and the geometry of gravity. The above does
not explain the nature of the index 4. It is natural to interpret it as a flat index, but
this calls for local Lorentz symmetry. This issue will be resumed later on.

3.3.2 Analogy with gauge transformations in gauge theories

It should be remarked that in eq.(3.25) and (3.28) the derivative 04 means 9, =
840y, not 4 = ehd, = (e —xh +...) .. In fact the linear correction —x59,, is
contained in the term —i[hq(x,u) ¥ ¢(x,u)], see for instance the second term in
the RHS of the first equation (3.28). The obvious remark is that the transformation
(3.25) looks similar to the ordinary gauge transformation of a non-Abelian gauge
field

5rAq = dah + [Ag, A (3.33)

where A, = AJT*, A = A*T%, T* being the Lie algebra generators.
In gauge theories it is useful to represent the gauge potential as a connection
one form A = A, dx%, so that (3.33) becomes

A =dA+ [A)N] (3.34)
We can do the same for (3.25)
dch(x,u) =de(x,u) —ifh(x,u) ¥ e(x,u)] = De(x,u) (3.35)

where d = 04 dx%, h = hqdx® and x® are coordinates in the tangent spacetime,
and it is understood that

[h(X, LL) 3 E(X) u)] = [ha(x>u) 3 €(X, u)]dxa

We will apply this formalism to the construction of HS CS or YM-like actions.

3.3.3 HS Yang-Mills action

In analogy with the ordinary Yang-Mills theory one can introduce the curvature
2-form

G=dh— %[h * hl, (3.36)
whose components are

Gab = aahb - abha - :L[ha 3 hb] (337)
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Their transformation rule is
0:Gap = —1[Gav 7 € (3.38)

Next we will consider functionals which are integrated polynomials of G or
of its components G . In order to exploit the transformation property (3.16) in the
construction we need the ‘trace property’, analogous to the trace of polynomials
in ordinary non-Abelian gauge theories. The only object with trace properties we
can define in the HS context is

d

(fxg) = jddxj (;T)L;f(x, ) * glx, u)

= Jddxj ﬂf(x, u)g(x,u) = {(g = f)) (3.39)
(2m)4
From this, plus associativity, it follows that
(Fr % fp .. x o)) = (=11 (€2tben)p) o wf 5 ) (3.40)
where ¢; is the Grassmann degree of f;. In particular
([f 5 fa% .ok fn}) =0 (3.41)

where [ % }is the x-commutator or anti-commutator, as appropriate.

This property holds also when the f; are valued in a Lie algebra, provided
the symbol {( )) includes also the trace over the Lie algebra generators.

Let us return to G4p. From the propery (3.41) it follows that

5. (G % Gap) = —1(G* % Gap xe —e* G xGap) =0 (3.42)

Therefore

YM(h) = —4;2«6‘“’ * Gap)) (3.43)

is invariant under the HS gauge transformation and it is a well defined functional
in any dimension.

This construction can be easily generalized to the non-Abelian case, that is
when the master field h, is valued in a Lie algebra with generators T*: h, = h§T*.
See [8] .

3.3.4 HS CS action
Using the above properties it is not hard to prove, [7] that

1

CS) = nJ'O dt{(h* Gg * ... x Gy)) (3.44)

where
G, =dh, — %[ht “hd,  hg=th, (3.45)

is HS gauge invariant in a space of odd dimension d = 2n — 1. It defines the HS
CS action in any odd-dimensional spacetime.
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3.3.5 Covariant YM-type eom’s
From(3.43) we get the following eom:
0pG*® —ilhy ¥ G =D;G® =0 (3.46)
which is covariant under the HS gauge transformation
8¢ (DEGP) = —i[D; G, e (3.47)

In components this equation splits into an infinite set according to the powers of
u. Let us expand Ggp in the notation of sec.3.3.1. We have

1 1
Gab = Fab + XH uyu + Enguuuv + gngAuuuvuA +... (3.48)

and express them in terms of the component fields of hq (x,u).
For instance, the first eom (O(u°)) is

1
0=0Ap —050-A + 5 (950-AXE + A" 0axy — 000 AbXE —dAbdX°)

1 1
+§aGAa (aaxg — X + 3 (0rAabE” — 0AALDLT + OaxIXD — axxgxﬁ)>

1
—EXg (aaaaAb — 05,0p,A"

1
+5 (050AA XD + IAADoXp — 00 0rALX™Y — DnABIoX ") ) (3.49)

The second (O(u'))

1
Ot — 020°x}= 5 (97 (0020 b — 9aAn bE* + doxtixh — doxiX?) (3.50)
+0AP0,bL" — 0 AP bAT + 3rx "M aXT — 3X M OuX
—0:0aAb b + 00 A0 BT — 0:0axhX " + aTabxzx‘”) +..
Ellipses denote terms with a larger number of spacetime derivatives.

Let us see a few elementary examples. Consider the case of a pure U(1) gauge
field A alone. The equation of motion is

0,F® =0A® —0,0-A =0 (3.51)

In the ‘Feynman gauge’ 9-A = 0 this reduces to JA® = 0.
Let us suppose next that only gravity is present. Eq.(3.50) becomes

9aXPH =[x}y —0,0-x" =0 (3.52)
In the ‘Feynman gauge’ 9-x* = 0, (3.52) reduces to Ox}: = 02.

% In ordinary gravity (R, = 0) we have to impose the DeDonder gauge in order to obtain
the same result.
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Finally, keeping only the spin 3 field the eom becomes
0,BOPHY = Obp*Y — 009D =0 (3.53)
Again in the ‘Feynman gauge’ 9°bh” = 0 we get Cby,*Y = 0.
In general we can impose for all the fields the Feynman gauge
0% (x,u) =0 (3.54)

As is clear from (3.49), for instance, the above eom’s are characterized by
the fact that at each order, defined by the number of derivatives, there is a finite
number of terms. This defines a perturbatively local theory.

3.3.6 Conserved currents

The conservation laws of the HS models can be found following the analogy of a
current in an ordinary gauge theory or the energy momentum tensor in gravity
theories. For instance, if in HS YM we express the invariance of the action under
the HS gauge transformation we can write

1

0=—78:(Gap *G*) = ((8cha + DyG"))
— (Dae + DG = —((e * DADGY)), (3:55)
This implies the off-shell relation or conservation law
DiD;G =0 (3.56)
from which we can identify the conserved master current
Ja = D;,GP (3.57)

These conserved currents vanish on shell and are conserved off-shell. Expanding
inu

> 1
To = Z mjg“"'”" (), -e Uy, (3.58)

n=0

we find the conserved components.

Remark. The approach to covariance implicit in the HS YM theory (but also in
the effective action method) is entirely new. Unlike most HS approaches we do not
start from the EH action for gravity, and we do not replace ordinary derivatives
with Riemannian covariant derivatives. We obtain nevertheless an action invariant
under HS gauge transformations. The gauge transformation (3.16) reproduces
both ordinary U(1) gauge transformations and diffeomorphisms, but the action
functional is defined in the phase space. It gives nevertheless rise to local (HS
gauge covariant) equations of motion that reproduce the ordinary YM eoms, and,
although not completely, the metric equations of motion of EH gravity: the linear
eom coincide with the ordinary one after gauge fixing. Although the equations
(3.50) is very reminiscent of ordinary gravity, this is not yet enough to identify the
type of gravity described by it. In fact this problem requires further investigation
and will be discussed in a forthcoming paper.
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3.4 Local Lorentz symmetry

As pointed out before the HS YM action is fully invariant in particular under
diffeomorphisms. This prompted us to interpret the second component of hq (s, u)
in the u expansion, x4, as a vielbein fluctuation, and 8§ — x& as a vielbein or local
frame. However this implies that , is a flat index and must transform appropriately
under local Lorentz transformations. But, at least at first sight, local Lorentz
invariance is absent. Consider simply the case in which only the field A, is non-
vanishing, the form of the Lagrangian is

La ~ FauFOP, Fab = 04Ab — 0pAq (3.59)

This is not invariant under a Lorentz transformation, because when A, — A4 +
AqPAp we generate terms ((0,Ab¢) Ac — (0pAa°) Ac) F4P, that do not vanish.
This is a simple example of a general problem in HS YM. It is crucial to clarify it.

3.4.1 Inertial frames and connections

Let us start from the definition of trivial frame. A trivial (inverse) frame el (x)
is a frame that can be reduced to a Kronecker delta by means of a local Lorentz
transformation (LLT), i.e. there exists a (pseudo)orthogonal transformation O, ° (x)
such that

04" (x)ep" (x) = 8 (3.60)

As a consequence ep*(x) contains only inertial (non-dynamical) information. A
full gravitational (dynamical) frame is the sum of a trivial frame and a nontrivial
piece

B (x) = e (x) — XE(X) (3.61)
By means of a suitable LLT it can be cast in the form
EE(x) = 8% — X4 (x) (3.62)

This is the form we have encountered above in HS theories. But it should not be
forgotten that the Kronecker delta is a trivial frame. If we want to recover local
Lorentz covariance instead of 9, = §50,, we must understand

da = ea"(x)dy (3.63)

where ey *(x) is a trivial (or purely inertial) vielbein. In particular, under an in-
finitesimal LLT, it transforms according to

daeat(x) = Aa®(X)en*(x) (3.64)
A trivial connection (or inertial spin connection) is defined by

a

A% = (0(x)3,07'(x)) " v (3.65)
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where O(x) is a generic local (pseudo)orthogonal transformation (finite local
Lorentz transformation). As a consequence its curvature vanishes

R%uv = 0p A%y — 0y A% + A% Ay — A% A =0 (3.66)

Let us recall that the space of connections is affine. We can obtain any connection
from a fixed one by adding to it adjoint-covariant tensors. When the spacetime is
topologically trivial we can choose as origin of the affine space the 0 connection.
The latter is a particular member in the class of the trivial connections. To see this
let us suppose we start with the spin connection (3.65). A Lorentz transformation
of a spin connection A, = A,,*" Ly is

Au(x) = Lx)DLL ' (x) = L(x) (8, + AL (%) (3.67)
where L(x) is a (finite) LLT. If we choose L = O~ we get
Aplx) = 0 (3.68)

But at this point the LL symmetry is completely fixed. Thus choosing the zero spin
connection amounts to fixing the local Lorentz gauge.

The connection A, contains inertial and no gravitational information. It will
be referred to as the inertial connection. It is a non-dynamical object (its content is
pure gauge). The dynamical degrees of freedom will be contained in the adjoint
tensor to be added to A,, in order to form a fully dynamical spin connection?. A,,
is nevertheless a connection and it makes sense to introduce the inertial derivative

D,=29 i A
w=0u— A (3.69)
which is Lorentz covariant.

It is clear that the results ensuing from the effective action method, as well
as the HS YM and HS CS theories, are all formulated in a trivial frame setting,
eq.(3.62), with a trivial spin connection. In other words the local Lorentz gauge is
completely fixed. However from this formalism it is not difficult to recover explicit
local Lorentz covariance.

3.42 How to recover local Lorentz symmetry

Let us restart from the definition of J4 (x,u)

Jalv,w= ) ijﬁa e 0, D(X) Va0, - Oy, W (X)

= 2mtmaiml K
' an+m
5
x Ouy, ...0uy, Ouy, ...0Uy, (w)
B (o A 3 LA 11 (3.70)
— AT =100y, L QU

® The splitting of vierbein and spin connection into an inertial and a dynamical part is
characteristic of teleparallelism, [9]
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from which we derive

Jod e ( Z 5_1 e D(X)Yadu s -+ 0 (xI3.71)

Assume now the following LLT
L
2
5% = ~HA
AT

= Ly vel (3.72)

MY, A=ATEe,  Ian=g

A = —

and replace in (3.71) the ordinary derivative on { with the inertial covariant
derivative

dytb = Dy = (au - ;Au) P (373)
and on 1\ with
b — Dib =0, + %J)Au (3.74)
Eq.(3.71) becomes
J e 2 () (3.75)

=2 ﬁDT +-Dl B(x)¥aDy, s - Dyyy 0(X)

n=

Now, given
INAL = -0 A+ [Au, Al (3.76)
and (3.12), it is easy to prove that

SA(Dub) = —3ADY),  8(Dlb) = (Dlw)A (3.77)

N\l-‘

The same holds for multiple covariant derivatives

i
SA(Dy; .. Dy ) = A(Dy, ... Dy ), et

It follows that
AT S sy (¥)
_ SZ iDT DT 'LI)(X)[ AID D Ll)(x)
N o 55*1(3—])! (L1 """ T Hn Yay Mnagt e Dy )

= AP ()L (%) (3.78)
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Therefore the interaction term

(oo}

SI = Zjddxrgsg]___w (xJhekr -t (3.79)

s=1

is invariant under (3.12) and (3.76) provided
SARIHTHn (x) = A% (x) hPH1-Hn (x) (3.80)

On the other hand, writing
s} = Jddxq‘) (wa (aa - ;Aa> . m) " (3.81)

instead of Sy, also S§ turns out to be invariant under LLT. So, provided we define
LLT via (3.12) and (3.76), S’ = S§ + S{,,; is invariant.

Replacing simple spacetime derivatives 0,, with the inertial ones D, every-
where is not enough. As pointed out above instead of 3, = 840 « we should write
0q = eq"(x)0,, where e "(x) is a purely inertial frame. Moreover, whenever it
appears, we should rewrite Aq (x) = eq™ (x) Ay (x).

With this new recipes all inconsistencies disappear. For instance

5/\(Dalb) = AaC(Dc]b) + AbC(DaIc)
Therefore 5, (M*®*D4Jy) = 0. Likewise
6/\Gab = /\aCGcb + Achac (382)

which implies the local Lorentz invariance of G4, G ab,

Summary. The HS effective action approach fixes completely the local Lorentz gauge.
This is due the fact that in its formalism (and in the general in the HS YM and CS
formalism) the choice efy = 84 and Aq = O for the inertial frame and connection, is
implicit. However the same formalism offers the possibility to recover the LL invariance by
means of a simple recipe:

1. replace any spacetime derivative, even in the * product, with the inertial covariant
derivative,
2. interpret any flat index o attached to any object O4 as el (x)O .

Anticipating future developments we add that in the process of quantization
et (x) and A (x) will be treated as classical backgrounds.

3.5 Conclusions

The main message of this paper is that it is possible to construct field teory models
of Yang-Mills type with infinite many HS fields in flat spacetime in any dimension.
It is also possible to construct similar models of Chern-Simons type in any odd
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dimensional flat spacetime. We have seen that of such models we can define the
actions, invariant under HS gauge transformations, which encompass the ordinary
gauge transformations and the diffeomorphisms. It was also shown that although
the local Lorentz gauge is fixed in this formalism, local Lorentz invariance can be
easily implemented. We can derive sensible eom’s. A more detailed account and
further developments are contained in related papers[7,8] : for instance one can
introduce matter master scalar and fermion fields, and realize the analog of Higgs
mechanism; one can also introduce ghosts, and carry out the BRST quantization
and develop the practical machinery for perturbative calculations via Feynman
diagrams.

All these results may be at first surprising, because, as noted in the intro-
duction, there exist no-go (Weiberg-Witten) theorems forbidding the existence of
interacting massless HS theories in flat spacetime (for a review see [10]). A full
discussion of this problem will be given in [8] . Here let us simply notice that such
theorems are based on a set of hypotheses, which are very plausible in ordinary
field theories, but can be circumvented in theories like the ones introduced here.
For instance two basic requirements are the minimal coupling of the matter fields
to gravity and the polynomial structure of the energy-momentum tensor. It turns
out that none of these requirements is realized in HS YM-like theories: gravity is
non-minimally coupled to HS fields and the energy-momentum tensor is not a
polynomial of the fields, but a series.

Acknowledgments

I would like to thank my collaborators Maro Cvitan, Predrag Dominis Prester,
Stefano Giaccari and Tamara T. Stemberga. I would like to thank Norma Susana
Manko¢ Borstnik and Holger Nielsen for inviting me to give this talk at the
Workshop.

References

1. X. O. Camanho, J. D. Edelstein, J]. Maldacena and A. Zhiboedov, Causality Constraints on
Corrections to the Graviton Three-Point Coupling, JHEP 1602, 020 (2016) [arXiv:1407.5597
[hep-th]].

2. M. A. Vasiliev, Consistent equation for interacting gauge fields of all spins in (3+1)-dimensions,
Phys. Lett. B 243, 378 (1990); Properties of equations of motion of interacting gauge fields of
all spins in (3+1)-dimensions, Class. Quant. Grav. 8 1387 (1991) ; Algebraic aspects of the
higher spin problem, Phys. Lett. B 257, 111 (1991); More on equations of motion for interacting
massless fields of all spins in (3+1)-dimensions, Phys. Lett. B 285, 225 (1992).

3. X. Bekaert, E. Joung and J. Mourad, “Effective action in a higher-spin background,” JHEP
1102 (2011) 048

4. L. Bonora, M. Cvitan, P. Dominis Prester, S. Giaccari, M. Paulisic and T. Stemberga,
Worldline quantization of field theory, effective actions and Lo, structure,, JHEP 1804, 095
(2018)

5. L. Bonora, M. Cvitan, P. Dominis Prester, S. Giaccari, B. Lima de Souza and T. étemberga,
One-loop effective actions and higher spins, JHEP 1612 (2016) 084.



3 HS YM and CS Theories in Flat Spacetime 73

6. L. Bonora, M. Cvitan, P. Dominis Prester, S. Giaccari, and T. étemberga, One-loop effective
actions and higher spins. II JHEP 1801 (2018) 080.

7. L.Bonora, M. Cvitan, P. Dominis Prester, S. Giaccari and T. Stemberga, HS in flat spacetime.
The effective action method, [ArXiv:1811.04847]

8. L.Bonora, M. Cvitan, P. Dominis Prester, S. Giaccari and T. Stemberga, HS in flat spacetime.
YM-like theories, to appear.

9. R. Aldrovandi and J. G. Pereira Teleparallel gravity. An introduction, Springer, Dordrecht
Heidelberg New York London 2013, and references therein.

10. X. Bekaert, N. Boulanger and P. Sundell, How higher-spin gravity surpasses the spin
two barrier: no-go theorems versus yes-go examples, Rev. Mod. Phys. 84 (2012) 987
doi:10.1103 /RevModPhys.84.987 [arXiv:1007.0435 [hep-th]].



