PUBLISHED FOR SISSA BY 4) SPRINGER

pr

RECEIVED: July 4, 202/
ACCEPTED: September 23, 202/
PUBLISHED: October 4, 2024

Higher spins and Finsler geometry

Alessandro Tomasiello

Dipartimento di Matematica, Universita degli Studi di Milano-Bicocca,
Via Cozzi 55, 20126 Milano, Italy

INFN, sezione di Milano-Bicocca,
Milano, Italy

E-mail: alessandro.tomasiello@unimib.it

ABSTRACT: Finsler geometry is a natural generalization of (pseudo-)Riemannian geometry,
where the line element is not the square root of a quadratic form but a more general
homogeneous function. Parameterizing this in terms of symmetric tensors suggests a possible
interpretation in terms of higher-spin fields. We will see here that, at linear level in these
fields, the Finsler version of the Ricci tensor leads to the curved-space Fronsdal equation for all
spins, plus a Stueckelberg-like coupling. Nonlinear terms can also be systematically analyzed,
suggesting a possible interacting structure. No particular choice of spacetime dimension is
needed. The Stueckelberg mechanism breaks gauge transformations to a redundancy that
does not change the geometry. This creates a serious issue: non-transverse modes are not

eliminated, at least for the versions of Finsler dynamics examined in this paper.

KEYwORDS: Classical Theories of Gravity, Differential and Algebraic Geometry, Higher Spin
Gravity, Higher Spin Symmetry

ARX1v EPRINT: 2405.00776

OPEN AccEess, © The Authors.

Article funded by SCOAP® https://doi.org/10.1007/JHEP10(2024)047


https://orcid.org/0000-0002-5772-5729
mailto:alessandro.tomasiello@unimib.it
https://doi.org/10.48550/arXiv.2405.00776
https://doi.org/10.1007/JHEP10(2024)047

Contents

1 Introduction 1
2 Fronsdal equation 4
2.1 Spin two 4
2.2 Symmetric products 5
2.3 Differential operators 6
2.4 Flat space 7
2.5 Curved space 9
3 Finsler geometry 10
3.1 Distance 10
3.2 Connection 11
3.3 Curvature 14
4 Linearized analysis 14
4.1 Deformations 14
4.2 Parametrization 15
4.3 Sum over spins 17
5 Nonlinearities 18
5.1 General expansion 18
5.2 Spin-six nonlinear equation 19
6 Challenges for Finsler dynamics 20
6.1 Equations of motion 20
6.2 Broken Fronsdal gauge transformations 21
6.3 Perturbations 25
6.4 Discussion 26
A More details on the symmetrized derivative 27

1 Introduction

The dynamics of fields with spin higher than two has an intricate structure. Their free
equations of motion are already quite complicated when they have a mass [1], but simplifies
in the massless case, where their equation of motion mimics that of spin two, using the
so-called Fronsdal operator F [2]. Their interactions have a highly constrained dynamics; for

reviews see for example [3—7]. It has long been surmised that they are important for theories



of quantum gravity. String theory does have a tower of such fields, with masses related to
the string tension. On the other hand, theories of Vasiliev type describe massless higher
spins in (A)dS [8-12]. Their status as quantum theories is bolstered by their holographic
interpretation [13, 14], although some degree of non-locality emerges [15, 16]. Higher spin
fields and symmetries are expected more generally in holography, although most often in a
broken version [17]. Some versions of these theories can indeed be even obtained as limits of
string theory [18, 19]. Restrictions to local covariant massless higher spins in flat space were

found in [20-22]; more recently, progress has been made using light-cone approach [22, 23].

Finsler geometry is a natural generalization of Riemannian and pseudo-Riemannian
geometry; for some recent introductions see [24-26]. In the former case, instead of writing
the length of a curve as [dr+/2g2, where gy = %gw,;t“:i‘y , one considers a more general
JdTF(x,%). The homogeneity rule F(xz,\z) = AF(x,&) is needed to ensure that such
a length does not depend on how the curve is parameterized, but this still leaves many

possibilities. A homogeneous analogue of a power series leads to a fairly general expression:!

1 . .
F2—2gg+§j+§g+... , Os = yqﬁm_._usm“l...m“s. (1.1)
2 .

So the first term in this expansion leads to the usual notion of distance; the others are new.
One can also think of this as a line element ds? = ds +(2/ds3)duwpedrtdz’dazPda’ +. ..,
where ds§ = g,,dz”dz” is of the customary (pseudo-)Riemannian type.

Analogues of the usual notions of connection and curvature have been studied for Finsler
geometry for a long time. These notions are most natural when F' is considered as a function
on the tangent bundle TM,? with #* now promoted to a coordinate y* along the fiber.

Mathematically it looks natural to build a Finsler modification of general relativity (GR);
this has indeed been explored at length in the literature (see for example [27, 28] for reviews).
But from a physical point of view, no model of gravity can be considered to be well-motivated
unless it improves on Einstein gravity on the crucial issue of its quantum behavior. This
important issue appears to have been relatively unexplored.

In any case, the appearance of the symmetric tensors ¢, ., in (1.1) suggests a relation
to higher-spin theories. Given the promising status of the latter as quantum theories, such a
link would also make Finsler geometry a lot more interesting physically. The [d7F would
then be interpreted as a natural coupling of the ¢,,. ,, to a particle.

A version of (1.1) with s = 2 and one s > 2 was considered in this context [29, (5.8)], and
an approximate gauge transformation for the particle action was noticed. This was further

explored and generalized in [30, 31], in a line of research that led to a conformal theory

10dd s can also be introduced, as we will discuss later.
2More precisely, because of the homogeneity constraint on F, one has to work either with the slit tangent

bundle 7'M —(zero section), or with the sphere bundle SM inside it, where each fiber is quotiented by overall

rescalings.



of higher spins [32].> In [35] an analogue of Finsler geometry (without the homogeneity
constraint) was used for W-gravity in low dimensions. Most relevant for us, (1.1) was found
in [36] for s = 4 and g2 = 12 (flat space) to be related to the spin-4 Fronsdal equation [2].

In this paper I will explore (1.1) more systematically, in the spirit of taking the ¢; to
be Finsler deformations around an ordinary (pseudo-)Riemannian geometry described by
g2 = % g y*y”. The first intriguing result is that the Fronsdal kinetic operator F(¢,) appears
for all spins s > 2 and around any g». Among the curvature tensors, one that we will call

p is the analogue of the ordinary Ricci tensor. We will see that

1-s/2 (1
p~ ROy +> gy (_2f(¢s) + ozsd2¢s_2> : (1.2)
5>2
to linear order in the ¢s. The first term contains the ordinary Ricci tensor of go; the rest
is a series similar to (1.1). In a condensed notation to be fully explain below, d represents
the symmetrized derivative V(Mgbz;%us). The coefficient a; = 1(s — 4)(s + D — 4), where
D is the spacetime dimension, which we will leave unspecified throughout. A perhaps

deeper expression is
1
p~ Rogyy” — SF(OF?) (1.3)

with an appropriate understanding of the action of F on arbitrary functions of y. This
is valid for Finsler deformations 6 F? around any (pseudo-)Riemannian geometry, without
even using the expansion (1.1).

A second interesting point is that the Finsler Ricci tensor is not linear in the ¢5; going
to higher orders gives rise to expressions that are more complicated but still manageable,
especially for low s. It is natural to interpret these as higher spin interactions, similar to the
graviton interactions appearing in the perturbative expansion of GR around Minkowski space.

Unfortunately there is also bad news. What makes the Fronsdal operator especially
important is that it admits gauge transformations: under d¢s = dAs_1, 0F (¢ps) = %dB)\(’Sfl,
with X,_; representing the trace A", .. Thus the traceless \s_1 give a large set of gauge
transformations.? On the other hand, the double symmetrized derivative d? in (1.2) is not
invariant. The two terms combine to transform as §(F(¢s) — 2asd%ps—2) = d3(—1N,_; +
asAs—3). The gauge transformation of each field is “eaten” by that of a higher spin, in a
sort of Stiickelberg mechanism. Unfortunately, the surviving transformations can be shown
to be a trivial rearrangement of fields that leaves the geometry unchanged. (An equivalent,
sleeker analysis is possible from (1.3).)

This essential lack of gauge transformations (beyond the usual diffeomorphisms) is

worrisome. We will see that the equations of motion for a Finsler analogue of GR, the

3These references use a Hamiltonian point of view, which was recently further explored in [33, 34] in the
context of self-dual higher spins [23]. I thank D. Ponomarev for insightful comments.
4This traceless condition is often viewed with suspicion; there is a way to get rid of it [37]. In the context

of Finsler geometry we will see that in a sense this condition is rather natural.



simplest of which just reads p = 0, have many perturbative solutions that are not transverse
to the momentum, and thus would presumably create trouble upon quantization. These
solutions also have many free parameters; this might give hope that a gauge transformation
can indeed be defined for this system. Unfortunately I have found no such candidate, but
I have not excluded it either. These negative results are not entirely unexpected, in light
of some of the no-go results mentioned above. The spirit of this paper is that reexamining
an issue in a new light can lead to new insights. Overall, the idea of a Finsler higher spin
theory faces significant challenges. Nevertheless, in my opinion the present results make
it worth exploring further in the future.

In section 2 some aspects of higher spin field theory are reviewed, setting up notation.
Section 3 is a lightning introduction to Finsler geometry. In section 4 I connect the two,
showing that a linearization of the Finsler analogue p of the Ricci tensor contains infinitely
many Fronsdal operators, as promised above. In section 5 a partial analysis is given beyond
the linear order in the ¢5. Section 6 considers the physical issues of gauge transformations

and of perturbative solutions, with some details in appendix A.

2 Fronsdal equation

The Fronsdal equation [2] describes a massless free field in a totally symmetric representation.
We will give here a very basic review of some its features. There are many deeper discussions
in the literature [3-5].

2.1 Spin two

As a warm-up, let us recall the equation for a spin-two field. This can be obtained by applying
the vacuum equations of general relativity, 17, = 0, to an infinitesimal perturbation g, +n,.

of a background metric g,,,. The connection is deformed by

- 1
5Flljp = g" (v(uhp)a - 2vcrh1/p> (21)
and the Riemann tensor by
1, 1
0Ryp =2V, 0T}, = =5V + VIV, — 5vyvph’, (2.2)

where h' = g"hy,,. So setting the right-hand side to zero is the equation of motion for h,,.

Sometimes it can be useful to rewrite (2.2) in terms of the Lichnerowicz operator A:
1 1
OR,, = —§A6gl,p + Vo, V*og,, — ivpvyag’, (2.3a)
Abgyp = V?04up — 2R(,7 89,05 + 2Runpa " . (2.3b)

The gauge transformations of general relativity are infinitesimal coordinate changes;

if we take

s = 2V (460 + (2.4)



(2.2) gives
O¢ Ry = PV Ry + 2V (6P Ry, = Le Ry (2.5)
after using the familiar
Vi, Voo = R gyt (2.6)

and its generalization on tensors. If the original metric is a solution of the vacuum equation,

Ry, = 0, and so (2.2) is invariant.

2.2 Symmetric products

To set the stage for a generalization to higher spins, let us consider now a condensed
notation. A version of this formalism is used one way or another in much of the higher-spin
literature; see for example [3, (2.10)]. My definitions are adapted to Finsler geometry, so
some normalizations might be a bit unfamiliar.

We introduce a formal variable y# (which will later acquire an interpretation as a velocity

vector). To a completely symmetric tensor ¢,,. ,, we associate a polynomial

1
s = §¢mm#sy’“ T (2.7)

this is of course similar to the notation in (1.1). It is convenient to also define

1
¢y = Oyncds = mqﬁ“?---usym eyt

1 .
i = OynOyr g = m¢#3~.~usyu3 Syt

(2.8)

and so on. The s is a label and can be written up or down as convenient, and will sometimes

be omitted when clear from the context. Notice that
Yoy, = sos . (2.9)
The trace is defined as
o= S = 9" Oyulyv g5 . (2.10)

A product of two polynomials ¢s1)s represents in this language the symmetric product
(S+8l)!¢ w

STl Pp1eps Vs pigy o)

with go = % guwy*y” and g, a metric. It is useful to compute the trace of such objects:

. We will often encounter products gap, or more generally g5a,,

(92¢s)" = 9" Oy (Yo s + g29,) = Dops + 241 d;, + gads = (D + 28)bs + ga s - (2.11)
One can rewrite this more abstractly by introducing the operators

t = g" OOy = Oyn0y, , deg = y"Oyn , (2.12)



so that tg, = ¢, and degps = s¢s, respectively. With the usual commutator rules, it is

easy to work out
[t, g2:] = Oyt + y"Oyn = D + 2deg, (2.13)

where go- is multiplication by go. This reproduces (2.11).

Any ¢s can be written in terms of traceless tensors:

s = ¢s,0 + g2¢s,1 + .. ~g§/2¢s,s ) QZ);,k =0. (2'14)

The degree (s — 2k) fields ¢ can also be written in terms of the iterated traces $U) (in

a notation where ¢(1) = ¢/, ¢(?) = ¢" and so on):

2 . .
bs.0 = Ps + ts1g20 + tsz%ﬁbg +..., b5 = (—)Vtsjr1(69)o, (2.15)
where ) :
fg = ——— toi = — s =1 . 2.16
1T T Dy2s—4° T D425 —2j—2 (2.16)

2.3 Differential operators

The placeholder variable y is inert under derivatives. So V¢, = ivmm,,,us yt oyt We

will often encounter the operator
d=y"vV,. (2.17)

This name is inspired by d = dz* A 9, = dz* A V,, in exterior algebra, which represents an

antisymmetrized derivative, similar to how (2.17) represents a symmetrized derivative:

1
dos = EV(M@LL“MS)yuy“l coyhe (2.18)

(Writing the symmetrizer on the indices is here of course optional, as the product of y’s
enforces it anyway.) A crucial difference is that the d in exterior algebra squares to zero,
while (2.17) does not.

In this language, the equation of motion R, = 0 from (2.2), namely %VQh,,p—V“V(Vhp)#Jr
%V,,Vph’ = 0, can be rewritten by multiplying by y"y* as

1
V2hy — V ,dhf + 5d?h’ =0. (2.19)
The gauge transformation (2.4) reads
dhy = d&; . (2.20)

We seem not to have gained much by this rewriting. However, the nice properties of (2.19)

now suggest to replace hy in (2.19) by a polynomial ¢ in y, obtaining the equation of motion

F(6) = V26— Vyudd¥ + 500 =0 (2.21)



irrespectively of the degree of ¢. This is the Fronsdal equation for massless totally symmetric

fields. It is much simpler than its explicit expression: for ¢ = ¢5 as in (2.7),

s(s—1)

v2¢u1~--us - Svﬂv(u1¢u2-.~us)M + )

v(#lvﬂ2¢u3...us)uu =0. (222)

We will see soon that this equation is invariant under a gauge transformation, but only
in maximally symmetric spaces.

We can also rewrite
1 1
.F:VQ—V%@ﬂ+§¥t:A—d&+§¥u (2.23)

with A = V2 — R,,y"0y, + Rupwoy"y’9y,0,, as in (2.3b), recalling (2.12), and with the
definition
A" = ¢"0uV, =0,,V,. (2.24)

We note for later use:
t,dj=2d",  [t,dT], [dT,ge]=d, [d,go]=0,[d,dT]=-2VZ+A. (2.25)

2.4 Flat space

We will now see that in flat space (2.21) inherits some of the nice properties of (2.19). So
in this subsection g,, = 7.

In flat space, a ¢5 give a representation of the Lorentz group; it is irreducible if ¢/, = 0.
Otherwise, (2.14) can be viewed as a decomposition into s irreducible representations.

Generalizing the gauge transformation (2.20), we take that of a field ¢ = ¢4 to be

0ps = dAs_1 . (2.26)
In components this reads 6@, . = 504, Ay, py)- We find
SO = By, (y*0aX) = DN+ AN, 5o = 200N 4 @9\ . (2.27)

(As in (2.21), when the equations don’t depend on the degree/spin we sometimes omit it,

to get more readable expressions.) So for the Fronsdal equation (2.21):

1
0F(¢) = F(dA) = 0%dA — d9,(0"A + M) + Sd*(20, X" + dX')
1 (2.28)
= Sd®N.
2
In particular, F(¢s) is invariant under As—; that are traceless:

N =X=0. (2.29)

Recall that more explicitly this means A%q;. 4, = 0.



Trying to write an action for the Fronsdal equation leads to a second constraint. Up

to integration by parts,

S = / ProG,  G=F(p) - %W’@) . (2.30)

This action is in general not gauge invariant: 65 = [dPz A 9,G* # 0. Fortunately, a few

more cancellations yield

OuG* = —id%”. (2.31)

We see that the action is invariant if we also impose that the double trace of the field vanishes:
¢" = ¢ ap=0. (2.32)

(Recall that more explicitly this means gbaﬁag%,._us = 0.) In this case ¢ consists of two
irreducible representations, its trace ¢’ and its traceless part.

With this constraint, the variation §S = [dPzd¢G = 0 now only imposes that the
double-traceless part of G vanishes. Fortunately, it is simple to see (just by counting the
number of available indices) that (2.32) in fact directly implies 7"/ = G” = 0. So the action
does imply G = 0. This in turn sets to zero G’, which is proportional to F'. So the equation
of motion is indeed F = 0.

For spin two, the first constraint (2.29) was automatic because in that case A; was in fact
&, which only has one index. (2.31) becomes the linearized flat-space version of the spin-two
identity V* (R, — %Rguy) = 0, a consequence of the Bianchi identity. The double-trace
constraint (2.32) is also automatic, since the field only has two indices.

We conclude with a quick review of gauge fixing. First we notice
1 / 2 1 / ' 1 1
0| Ougt — 5d¢" | = 07A, Ougt = 5d¢' | = —5d¢" =0. (2.33)

So we can always find a A such that J,¢" — %dqﬁ’ = 0, by inverting the operator 9%. This
simplifies the Fronsdal equation to 9?¢ = 0. There is still a residual gauge invariance,
consisting of A such that 9\ = 0 (and which are traceless).

We now go to momentum space, where we have p¢(p) = 0, p,¢* = %plgi)’, with p1 = y#p,
as by now familiar. We pick a vector u* such that u*p, = 1. Using (2.27),

S(uldu) = X+ upy“pat = M, M =14 prutdyu . (2.34)

It can be shown that M is invertible, with inverse M ~1 = 3", (=) (p} /1)Dym1 ... Oy . Moreover
MY —ut¢,) = (=)D /1wy, - . uy,@*1-H can be shown to be traceless. So by picking
this A we can set u”¢, to zero. Since M is invertible, it has no kernel, and so there is
no residual gauge transformation. Finally, p,¢" = %plgb’ implies 2p" ¢, = pud’ + p19),;
contracting this with u, we find now that ¢ = 0, and so also that p,¢* = 0. This is the

analogue of the transverse traceless gauge for spin-two fields.



2.5 Curved space

In curved space, the gauge transformation of ¢, is still (2.26), but it now represents 0¢,,, ., =
8V (1 Auiz...pis)

some terms that canceled in (2.28) no longer do so, because of the non-commutativity of

, with covariant derivatives. The transformation of (2.21) is more complicated:

covariant derivatives recalled in (2.6).
Besides the explicit indices, one also needs to take care of the tensor indices inside ¢s,

made explicit in (2.7). In this respect, the following identity is useful:
(Vs Vil = =R gy Oye 6. (2.35)
Using also the second Bianchi identity we obtain
6F (o) = %d?’)\’ — ¥y’ (N'VyRag + 2V (A Rpy,) + Ao A + 2p AN . (2.36)
We have introduced
P = Ryowpy®y” (2.37)

which will be useful later on. The parenthesis with the Ricci terms in (2.36) is reminiscent of
the Lie derivative L¢ Rog = £#V  Rap+2V (4E" Rg),, except that M = AL = ﬁ)‘“uzmusq
has (s — 2) hidden indices. For s = 2 this expression does reduce to the Lie derivative in (2.5).

The appearance of the Riemann tensor in (2.36) is famously problematic [38]. We can
still take \' = 0 to make the first term disappear. The Ricci tensor appears in the ordinary
gravity equations, and in particular it simply vanishes for vacuum GR, so those terms can
also be reasonably set to zero. However, setting the Riemann tensor to any particular value
appears unjustified. So the gauge invariance of the Fronsdal equation is broken in general.

If one simply postulates that the background geometry is maximally symmetric, as
in AdSp or dSp, then

A
R,u,l/po = ﬁ(gupgucr - g,ngzxp) . (238)

The constant is chosen so that R,, = Agu.. (2.36) now becomes the simpler

4A

. 2s—1)(D+s—3)
D-1 5

= . (2.39)

gdXNy = ApZdAo1, g T

1
5F (¢s) = §d3)\’s_1 +

(We reinstated the spin labels because now the equation does explicitly depend on s.) Recall
that g9 = %gwy“y”, per our notation (2.7). This is still non-zero even if \' = 0. But

the modified equation
F(ps) + Aﬂgqss =0 (2.40)

does have a gauge invariance.



3 Finsler geometry

We will give here a relatively quick introduction to Finsler geometry. Some relatively recent

accounts are [24-26], in increasing order of detail.
3.1 Distance

In Riemannian geometry, the length ~ of a curve is given by the integral |. . dry/gu(x)Tray,
with 7 a coordinate on v and & = 0,x". The idea of Finsler geometry is to generalize this to

/dTF(x,a':) (3.1)

with F(x, ) any function of z#, " that is homogeneous of degree one in velocity:
F(x, i) = A\F(x, ). (3.2)

This requirement is needed so that the length (3.1) of ~ is invariant under 7 — 7/(7) and

does not depend on how we parameterize it. Actually it is customary to call
j?'u = y’LL (33)

the velocity variable, and we will do so. This can be viewed as a coordinate along the
fiber of the tangent bundle TM. In this sense, F' can be viewed as a function on T M, a
fact that will be useful later.

Clearly there are many new options opened by the generalization (3.1), (3.2). Two
simple possibilities that have been considered in the mathematical literature are the Randers
choice F' = ¢ 4+ /2g2 and the s-th root choice F' = (¢¢)'/*, with ¢s = L Yyt
as in (2.7) and (1.1). That equation also shows infinitely many new possibilities, which
will be explored in section 4 below.

Most of the mathematical literature has been devoted to the case where F' is positive,
thus defining a notion of distance that generalizes Riemannian geometry.® In that case, I

is also taken to be smooth, and the fundamental tensor

1

Guv = §8y“8y”F2 (3.4)

is required to be positive-definite for all x and y. When there is danger of confusion
between (3.4) and a Riemannian metric, I will call the latter ggy. Notice that (3.4) depends
on y, except if F?2 = 2¢8 = gg,/(:r)y“y” , where g, = gg,,(x) is an ordinary Riemannian
metric. (3.4) is used to lower indices in Finsler geometry; given that it is positive-definite,
its inverse ¢g"” is used to raise them.

For physics, we are more interested in generalizing pseudo-Riemannian spacetimes; for

this, we require instead (3.4) to have signature (— + ++). Now in spite of its name F>

5Not all metric spaces are of this form, as pointed out in [39]. There exist even more general notions of

distance that cannot be obtained as integrals of a function F(z, ).

,10,



is no longer assumed to be positive, similar to how the symbol ds? can have either sign
in ordinary pseudo-Riemannian geometry. We take [ d7VF? to measure distances, and
[drv/—F? to measure proper time.

Even with the understanding that F2 can have either sign, some choices are not defined
for all y. An example is the pseudo-Randers F?2 = ¢1 + /—2gz, with g pseudo-Riemannian.
Another example is encountered when generalizing (1.1) to include odd s, with terms
$3/\/—g2 + ¢5/(—g2)*/? + . ... Physically this appears to be fine as long as, for every x, F
is real above a cone in the tangent space T, M. Definitions in the mathematical literature
vary as to whether to impose F? to be defined for all y or not [40]. The rest of our discussion
in this section will be basically valid for either signature.

Before we proceed further, we note that the homogeneity condition (3.2) has several

interesting consequences. Recall the Fuler theorem for a homogeneous function of degree k:

o(\y) = No(y) =  y e =ko. (3.5)

A monomial such as (2.7) is obviously homogeneous of degree s, as we saw in (2.9). If

¢ = ¢(x,y) is analytic around y = 0, it can be Taylor expanded in such a basis:

1
b= ¢o+ oyt + §¢Wy“y” +.... (3.6)

In this sense, such a function can be seen as a collection of completely symmetric ten-

SOTS Py .. pus-
F? is homogeneous of degree two; moreover, each Oy lowers the homogeneity degree by

one, so for example (3.4) has degree zero. This gives the following useful identities:
HOyuF? = 2F? g = 20,0 F? My g = F? “Oyn Gup =
Y Oyn =2 s Y Guv = 5 yv s YUY Guw = s Y OyrGup = 0. (37)

3.2 Connection

Just like in ordinary (pseudo-)Riemannian geometry, a connection is needed in order to write
derivatives that transform well under coordinate changes. A first piece of information is ob-
tained by varying (3.1): this gives the familiar-looking geodesic equation i +~f,4"4” = 0 with

1
’Yl/jp = 59#0(81/ng + apgua - aagup) . (38)

Recall however that g now also depends on y* = ##. The combination appearing in the

geodesic equation appears often enough that we give it a name, spray coefficients:
1
G = Yurpy ¥ = 5 (4" 0Oy — Ou)F2. (3.9)

The second equality uses (3.7). Recall that we are using here the fundamental tensor (3.4)
to lower indices.
We noticed earlier that F' is a function on TM. It proves useful to also think of

the derivatives 0, and Oy. as vector fields on that bundle. Under a coordinate change

— 11 —



aH — o't = 2'F(x), the velocity variables should transform as y* — y'# = %‘g ~y¥. If we now

view both formulas together as a coordinate change on T'M, it follows that

ox'’v o ayly o ox'v an/V
/ == = / pi v .
= = Oxk dx'v + ozt Oy’ Oz % +y 8x“8xr"8y ’ (3.10a)
v v
e s Opu =00 _ 0T (3.10b)

oyt oy'v = Ok
The 0, transform in a complicated fashion, but it turns out that the combination

1
0y =0, — NY,0yv , N, = 5 G (3.11)
transforms without the second term in (3.10a). A dual issue appears when considering forms:

on T'M the dy* transform in a complicated fashion, and this is solved by introducing
oyt = dy* + N, dx" . (3.12)

To see the importance of (3.11), consider the case of (pseudo-)Riemannian geometry, F? =
298 = ggyy“y” . The fundamental tensor is g, = ggy, and N, =5, y” .5 On each of the mono-
mials T, = éTmmMSy“1 ...y" appearing in (1.1), we obtain §,Ts = ivuTmmusy“l syt
where V is the covariant derivative relative to the (pseudo-)Riemannian metric ggy. So for
ordinary (pseudo-)Riemannian geometry 6, coincides with the usual covariant derivative
V., even when acting on objects that depend on y.

Returning to the general discussion, the importance of (3.11) suggests introducing the
Chern connection

1
Flljp = 59“0(6Vgp0 + 5pgucf - 6crgz/p) . (313)

This has zero torsion, and satisfies
Dugvp = 0u90p — Fzygap — szgw =0. (3.14)

We define the operator D), on any tensor, with I' acting on the indices in the way that is

familiar in (pseudo-)Riemannian geometry, and the partial derivative replaced by §:”

H1--fl M1 ML P2 bk H2 L PHS - ks Mg HE—10
D#Tul...ljl - ,LLTV1...1/1 + FupTul...w + FupTIq.,.l/l +...+ F,upTVlmVl

_ TP B1--Bk _ TP B1---ple _ TP KMk
FMV1TPV2-~V1 FHVQTV1PV3~~~VL FNVZTVl-nVl—lP’

(3.15)

Once again, this reduces to V,, in (pseudo-)Riemannian geometry, even if 7' depends on
y. In this sense, (3.14) is more natural than the analogous equality containing v, and
ordinary partial derivatives.

At a more conceptual level, on T'M there is no connection that preserves the metric

and has zero torsion; this is unlike in (pseudo-)Riemannian geometry, where (3.8) is the

®This is not true in general, because v/, depends on y. By using (3.7) one can show that dy» G = 2v,u.,y”,
but N”, contains the derivative of G* with an upper index.
"In the literature this derivative is usually denoted by a “slash” at the end: TH1#* .
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Levi-Civita connection and does have both properties. (3.8) and (3.13) both have zero torsion,
but both fail to respect the metric in the y directions of TM. If on T'M we write the exterior
differential d7y = da#0, + dyt Oy = datd, + d0y*Oyu, (3.14) implies
1
drm g = 0Y" Oy gy = §5y'°8yu[“)yu8pr2. (3.16)

This property is called almost compatibility with the metric of the Chern connection (3.13).
Other connections exist with nice properties, the most notable being the Cartan connection,
which also has components along the y coordinates; it is metric-compatible but has torsion [41,
Thm. 1.4.2].

The coeflicients we introduced previously are related to the Chern connection:
oy’ =Nt Ny =Gr. (3.17)

The second is a simple consequence of G* being homogeneous in y with degree two; the
first is a little more involved.

It is also useful to notice that
[Oyi, 6] = —Oyu N, 0yp = —(LE, +T0,)0ye , L, =y 0yuly, . (3.18)
We introduced the Landsberg tensor Lf,,. As an application,
Oyud, T = DyOynT — LY, 0yeT (3.19)

on a function 7" = T'(z,y). One can show that

y'Lh, =0, (3.20)
so in particular (3.19) implies
Y Oyr6,T = y'D,0ynT = dOyuT . (3.21)
In the last step we have defined
d=y"D, (3.22)

by analogy with the d in (2.17), to which it reduces in the (pseudo-)Riemannian case.

The contraction
Lt =g¢""Ly, (3.23)
is called mean Landsberg tensor. On the other hand,
1
Ly, =y 0T, = Qypﬁyudp logdet g =dI,, (3.24)

where

1
I, = 50 logdet g, (3.25)

is called the mean Cartan tensor.
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3.3 Curvature

In view of (3.13), we now define

1 A
iR“VpO' = (5[ng]’/ + Ff{p|/\r|o.]u . (326)

It has many of the usual properties of the ordinary Riemann tensor: RF,(,,) = 0, R¥[, 5] = 0.

However, it is not antisymmetric in the first two indices: rather, it is possible to show

Riwypo = _%ayaguvRaﬁpayﬁ : (3.27)

A particular contraction of (3.26) with the y can be reexpressed in terms of N*, or of GH:
Py = Rlapsy™y” = 2476,N") (3.28)
= 0,G" — % o G¥ Oy G — %y”&,aypG“ + %G”(?yuayp(}“. (3.28Db)

(3.27) implies that pu, = ppus Pup = Guvp”p. We already encountered p,, in (2.37) in the

(pseudo-)Riemannian case.® The trace contains the Finsler extension of the Ricci tensor:

p=p'y=Ryy'y"  (when F? =g y'y"). (3-29)

4 Linearized analysis

We would now like to obtain some formulas for infinitesimal deformations of Finsler structures,
inspired by (2.1), (2.2) in the ordinary (pseudo-)Riemannian case. As anticipated, this will

lead to the appearance of the Fronsdal operator.

4.1 Deformations

We first take a small detour and show a formula for a finite deformation. Given a F2, consider
a second Finsler structure F2. It determines a new fundamental tensor, connection and

curvature; we will denote them all with a tilde. After recalling (3.11), one finds
_ 1 _
G'=GI+ §gﬂp(y” ol — 6,)F2. (4.1)

It can be shown [24, Thm. 3.3.1] that the geodesics of F? coincide with those of F? iff
o, F = yuayuduﬁ'; in this case G* = G* + Py*, with P = F~'y§,F. The two Finsler F
and F' are said to be projectively equivalent.

Coming now to the case of an infinitesimal deformation, (4.1) gives
1 1
0G" = 59" (4" Dyedy — 85,)0F? = 59" (ddye — 5,)0F? . (4.2)

In the second step we have used (3.21), (3.22). (6F? is to be understood as §(F?2).)

8In the literature on Finsler geometry, p*, is called (1/F?)R*,. I have decided to change this notation in
order to avoid confusion with the Ricci tensor in (pseudo-)Riemannian geometry. Even more confusingly, p*,

is often called “Ricci scalar”; we will not follow this custom.
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Recall from (3.29) that p = p*, is the analogue of the Ricci tensor. So to obtain the
analogue of (2.2) we need ép = dp#,,. We can use either (3.28a) or (3.28b) to obtain

1
6p = DuoG* + L, 6GY — §d(9yu6G“ . (4.3)
Combining with (4.2):

1 1
op = 59" (D“dﬁyu — D6, — idzayu ayy> SF? i
1 3 , 1 '
— 5d(Lf’ayp&F?) + 5dL,0GY + S 1, dOGH.

(4.3) and (4.4) are similar to the first and second step in (2.2).
These results hold for a general deformation of a Finsler structure F2. If the latter is

in fact a (pseudo-)Riemannian geometry, (4.2) becomes
1
0G" = - (ddy, — VH6F2, (4.5)

As for (4.4), since neither g nor I'7,, depend on y, we have Lf,, = 0 = I,,, so the second line
in (4.4) vanishes. The last term on the first line contains g"”0yu0yv; we saw back in (2.10)
that this gives the trace operator ¢t on monomials such as (2.7), and now we can consider it as
extending it on arbitrary (even non-polynomial) functions of y. This point will be crucial later.
With this understanding, the first line of (4.4) is nothing but the Fronsdal operator (2.21):

6p = —%]—"(5F2) , (4.6)

as anticipated in the introduction.

In the next subsection we will motivate the parameterization (1.1), and apply it to (4.6).

4.2 Parametrization

We will now justify the expansion (1.1). The idea is to start from a (pseudo-)Riemannian
geometry, and to deform it into the more general Finsler type.

(1.1) is not quite a series expansion, since F? should be homogeneous. In Euclidean
signature, one way to deal with this constraint is to think of it as a function on a sphere.
For fixed x, F?(x,y) is a function on SP~! = RP /R, , where the quotient acts by rescaling.
A basis of functions on the round sphere is given by the spherical harmonics. These can
be viewed as polynomials of the type ¢, in (2.7) restricted to {262 = 6, y*y" = 1}, or
alternatively as functions on R” made homogeneous of degree zero by dividing them by

an appropriate power of do:

11
2

where s is any non-negative integer, and the tensors ¢,, ., are irreducible: ¢, = 0.

,15,



This suggests that a good parameterization for F2 can be obtained generalizing (4.7) by
replacing Jo with go = % ggyy“y“. More precisely, F2 is homogeneous of degree two, not zero;

this can be repaired by multiplying by an overall go. This leads us to

F2=2gg+\%+§;‘+...:292+8§g§3/2q55. (4.8)

This extends (1.1) by including odd s. Actually their presence creates a possible issue in the

pseudo-Lorentzian case because of the roots, as we discussed at the end of section 3.1. It

becomes more sensible then to make F? defined above the light cone by changing (gg)s/ 25
(—gg)s/ 2. Our discussion in the following is not influenced by this issue.

As mentioned earlier, the ¢4 should be irreducible for an expansion that is complete and

non-redundant. But no harm is done if the ¢s are not traceless and (4.8) is redundant. In

that case, F? is trivially invariant (even at a finite level) under

6H¢SO = RSO ) 5H¢80+2 = _92530 . (49)

This redundancy will provide useful cross-checks of our results. It can be fixed to make the
¢s traceless again, or fixed only partially by enforcing a weaker constraint such as ¢” = 0.
(This was imposed in (2.32), but only in order to obtain a gauge-invariant action for (2.21);
here we will not be using that action.) Alternatively one can proceed by expanding each ¢
in (4.8) in terms of its traceless components as in (2.14), collecting powers of go. This gives

an expansion like (4.8) whose degree s coefficient is now the traceless
[e.9]
D sy - (4.10)
j=0
Similar to (4.9), there is an invariance where we deform

0go = ko, 0ps = (2 — 5/2)kags—2 - (4.11)

One could even use this to connect higher spins around a curved space to higher spins around
flat space, at the price of making the ¢s maximally non-irreducible.

Strictly speaking, a complete parameterization would have included lower spins in (4.8);
we have not done so because of our focus on higher spins. A spin-one term ¢1,/g2 term
can be generated by changing ¢35 — ¢3 + ga¢1 in (4.8), or in other words (4.9) for sop = 1.
A spin-zero term ¢ogs is equivalent to rescaling the first term in (4.8), or (after renaming
g2 — g2(1 4+ ¢)~1) to rescaling ¢, — (1 + ¢o)*/2~'. In the future it might be interesting
to investigate the effect of including this scalar; I have not done so in what follows. It
would be especially intriguing to explore the limit in which ¢g — —1, and the first term
in (4.8) would disappear.

An alternative to (4.8) would be obtained by applying the same logic directly to F', leading
to F = /292 + f3/g2 + f1/ gg/ >+ .... Adding the spin-one term to this parameterization

leads to a generalization of the Randers choice mentioned in section 3.1.

,16,



We will use an expansion similar to (4.8) also for other y-dependent quantities, such

as the connection and curvature:

1-s/2 1-s/2
G =y Y g PG, =Rt > gy P, (4.12)
5>2 5>2
where as usual a 0 denotes quantities associated to the (pseudo-)Riemannian metric ggy.

Notice that the coefficients in this expansion are typically not traceless even if the ¢, are.

4.3 Sum over spins

Let us take the ¢¢ to be small, and work at linear order in them. In this case we can use
the formalism developed in section 4.1. Namely, we take F? = 2¢y = 9uwy*y” to be of
(pseudo-)Riemannian type, and F2 to be (4.8).

Recall that both D, and ¢, reduce to the usual covariant derivative V,, in the (pseudo-
)Riemannian case. In particular, these operators have trivial action on the powers of go
in (4.12). On the other hand, the y derivatives do act nontrivially.

For GH, (4.5) gives

4—s

1
Gy = 5(ddf = V"6s) + ——y"dgss. (4.13)

Here and later, the label L stands for “at linear order in the ¢;”. Recall that ¢s = 0 for
s < 2, so the last term in (4.13) is actually absent for G%.

G* is related to the analogue of a connection, while (4.13) is a tensor.” The first term in
its expansion (4.12) does contain a connection; the following terms are to be thought of as
deformations, and it is a familiar result that the difference of two connections is a tensor.

A similar application of (4.8) to (4.6) gives

(s—4)(D+s—4),  (4.14)

| =

1
P = () =~ F(00) + ashy s, =

again with L denoting linear order in ¢s. (4.14) are tensors, as manifest from (4.4) but not
in (3.28). This result was anticipated in the introduction as (1.2).

It is instructive to check invariance under the trivial transformation (4.9). Since it does
not change F2, it should not change the geometric quantities above; let us focus on (4.14).
From (2.27) (with 9, — V) we obtain the identity

D
.7:(—92(;55_2) = —ggf((ﬁs_g) + (3 - 5 — 8) d2¢5_2 . (4.15)
Fixing a particular sy > 4, there are two affected ¢, which appear in a total of four terms:

—s —s 1 L o s
Gt = 03P R0y + 95 (<5 0u) + s uny2) = 503 F(Budg-2)
_s 1 D
= g% 0/2 (—a50+2 + ag, + 5(30 -3)+ 4) d%kgy 2. (4.16)

9One of the advantages of working with (4.5) is that it makes this property more or less manifest. It is of

course possible, but more laborious, to get the same results from (3.9).

,17,



In the second step we have used (4.15). Imposing d.p" = 0 for all sy gives a recurrence
relation for the as, which is indeed satisfied by the value in (4.14). This also shows that
the d%¢,_o term in (4.14) is unavoidable.'’

A more complicated computation also gives

1 4—s 1 v
(pg)up = - 5‘7:#/)((%) + T (yuvpd¢s—2 + gupy[ydv“](lﬁs—Q - 555(12(;55—2 - gupy(“dQQéle)
1
- E(4 —5)(6 — 8)y"ypd*ds—a, (4.17)

where we introduced a Fronsdal “precursor”
17 S 1
Flo(¢s) = V, Vs — V, Al — "V, ¢5 + §d2 - (4.18)

whose trace is F(¢s). Recall from (3.28) that p#, contains the Finsler analogue of the
whole Riemann tensor. We will actually not need it in this paper, but it might be useful
in further investigations.
Finally we record the perturbative expression for the mean Cartan (3.25)
4—s
8
and for the Landsberg tensor (3.18):

4_ —
=2, T (04 s - 20 4 udln) + 00T Dy a9)

1 3 S— S—
Ly = 7905, + 54— ) (90 ds)® + yude),) (4.20)
3(4—5)(6—s) s soay , 4=5)(6-5)(8—5)
+ T (y(yyud¢p) 4 + y(ugup)d¢ 4) + 39 yuyuypd¢s—6 .

. 1—s/2 1—s/2
Again here I = Y652 02 of e, Lﬁyp = > 55292 g L;I:lfp'

5 Nonlinearities

We now go beyond the linear order in the ¢s. This quickly becomes complicated, but we will
at least try to make the structure clear in section 5.1. In section 5.2 we make the general

results more concrete for ps and pg.

5.1 General expansion

In this section we raise and lower indices with the unperturbed (pseudo-)Riemannian metric,
now denoted by ggy to avoid confusion with the fundamental tensor (3.4) of Finsler geometry.
We expand the latter and its inverse as in (4.8), (4.12):

1-s/2 v 1-s/2
Juv = 921, + 292 / q/sw ) gwj = gg + Z 92 g plsw : (5'1>
5>2 5>2

Y0A curious possibility is to use (4.15) to express d¢s—_2 in terms of Fronsdal operators, and to substitute
in (4.14). This results in pt = —1F(ths), where pg = — =L ¢ — —%= —g,6. 5, thus getting rid of the

QAgpda—0s42 Qgp2—0g

second term in (4.14). Inverting this relation one would naively seem to arrive at F? = Zgéfsmws. However,

the last step only works by summing a series that does not really converge.
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(4.8) gives

S

s 1 s—4 s— 1
Qv = o P T(¢s—2ggu + 23/(# v) 2) + g(s —4)(s — G)yuyV¢S—4 : (5.2)

As usual, ¢s<3 is understood to be zero; so qu = %(Z)f’w, qf;u = %qﬁﬁy, qZV = %(;52” — id)gggl, —
%y(ﬂgbi), in the usual notation (2.8). The inverse g"” can be found by inverting (5.1). This
is formally similar to several familiar problems in QFT: the answer can be written a bit

implicitly as

= Y (D) (@2t Gsr2)" (5.3)

(815e--y8n)
partitions of s—2

The parenthesis is explicitly gh* 1q211;r12 gt ng‘lffg(l)’w 3. q;jzjfgé””; the partitions are to be
considered in all possible orders. The first two (5.3) are p§” = —¢§”, p}" = —¢}" + & pqg’y.

For G*, we can work with (4.1) instead of (4.5); it is still more convenient than the
original (3.9). The non-linearity in G¥ comes from the inverse g"” in (4.1); in terms of (4.13)

we can write

GE=Gl + > prGL,, (5.4)
s'>2

The curvature is quite a bit more complicated:

s—4

Gl + Q. (5.5)

1
phy = VoGl = Sd0eGh +

The term Q¥, quadratic in G¥, is nastier and reads in general

s—1
1 12 1 12
f=3 (—4(8ypG Vo (D0 G s + 205,(ayyaypcﬂ)ssl+2> :
s'=3
(OyrGM)s = 0y G — =1

yprLQ , (5.6)

(0,000 G)y = Dy Do Gl — S

1
(gqulsth + 2y(1/8y/’) Gg—2> + Z(S - 4)(8 - 6)yVyPGf:f4 .

The expression (5.5) is only linear and quadratic in G¥, but the ps appearing in (5.4) are
themselves very non-linear in the ¢; and hence in the ¢s. In particular we see that the

non-linearity grows with s.

5.2 Spin-six nonlinear equation

To illustrate the general results above, we now consider the case where only even s are
present, and give the first two p;.

The first coefficients of the fundamental tensor and its inverse read

1 1 1
qiu = §¢iy7 qﬁu = §¢2y - §¢4ggy - y(,u,qbﬁ) ; ( 7)
5.

1 ) 1 L1 1
P =—goh" o = dian” — a6 = 0 0" + 500" ea + Yy — 5%

,19,



The first spray coefficients are

1 1 1 1,
Gl = S(def = VPos), G = S(deh — Vié) — 5y"dés — 56 Car. (5:8)

In particular, the s = 4 result coincides with the linear result (4.13).
As for the curvature, again the s = 4 result coincides with the linear (4.17), (4.18),

while for s = 6 a quadratic term appears:
1

Plip = VGl — 50y Gl = (pi)"y, (5.9)
1 1 1. 1,

i = VoGl = 300Gl + SypdGh — 10, GL0 Gl + SGE0 0, Gl = (o) + @ (),

where

" 1 i ay Lo 4y 1 v wo Lo In
Q p(¢4) == *§vp( 4 Gy)+1d(¢)4 pGy+¢4 ypGy)*ZaypG[lavazl+§G48yvaypG4. (510)

This Q now denotes the part that is quadratic in ¢4 rather than in GY, so it contains more
terms than the @ in (5.6).

Notice that the pf, are not symmetric if we lower the first index with ggy (as we are
doing in this section). Indeed the symmetric property advertised in 3.2 holds if we lower
the index with the full fundamental Finsler tensor, p,, = g p",. In our spin expansion,
the s = 4 term of this object reads ggl,pzp + %gbﬁyR”apgyo‘yﬁ; this can indeed be shown
to be symmetric using (2.6).'

Finally, taking the trace:

pr=—3F(@),  po=—yF(66) + (D +2)d%6s+ Qé). (5.11)

Formally this looks like a cubic interaction among two s = 4 and one s = 6 fields.

6 Challenges for Finsler dynamics

Given the appearance of the Fronsdal operator in section 4, we now investigate whether a
Finsler action can indeed propagate degrees of freedom with higher spins. Unfortunately
this will give mixed results.

As commented in the introduction, there are strong arguments against a flat space local
covariant theory of massless higher spins. So the challenges we will find are not unexpected.
Nevertheless, we will start from flat space for simplicity. We will find later that the situation

does not seem to improve much for AdS.

6.1 Equations of motion

For pure GR, Einstein’s equations set to zero the Ricci tensor. This suggests to take for

pure Finsler gravity

p=0, (6.1)

"For the much more laborious s = 6 check, I used the software package xAct.
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sometimes called Rutz equation [42]. For us this has the advantage that we know it already
to be related to the Fronsdal operator. A natural variant is p — kF? = 0, for k a constant,
which is similar to pure GR with a cosmological constant.

On the other hand, it was argued in [43, 44] that this cannot be obtained from an action.
Another natural possibility is to write the closest possible analogue of the Einstein-Hilbert
action for pure GR. p also contain y variables, and to obtain an analogue of the Ricci
scalar we would like to somehow trace over them. This can be achieved by integrating
over them, leading to

S = /d% delgg%. (6.2)
(See [26, 11.3.1] and [45].) The measure is the product of the usual \/gdPz and of \/gd”~'§
along the fiber of the sphere tangent bundle SM. The F? is included to make the integrand
of degree zero, so that it is defined on the fiber of that bundle. The variation of (6.2) gives

1
p=pgFe” (Byudyrp + 2D, A1, — 2d1,d1, + 20,0 . (6.3)

We will see that (6.1) and (6.3) can be analyzed along similar lines.!?

In the rest of this section we will analyze the classical solutions of this theory, perturba-
tively around Minkowski space. In the similar problem for GR, the equations of motion can be
approximated by taking (2.2) for g, = 1u,. Crucially, the infinitesimal diffeomorphisms (2.4)

can be used to set 0"h;, — %Guh = 0, after which the equation of motion reads simply
?h =0. (6.4)

So there are no massive excitations. Diffeomorphisms can be further used to restrict the
massless ones to 0*h,, = u’h,, = 0, with u a timelike vector. These results avoid the
presence of modes with the wrong sign in the action, which would be problematic for
quantization. (While pure GR is ultimately not sensible quantum mechanically because of its
non-renormalizability, it can at least be used as a good effective quantum field theory.)
We thus expect the role of gauge transformations to be crucial. The presence of the
Fronsdal operator F in (4.6), (4.14) seems promising in that respect: F does have an
infinite-dimensional kernel, or in other words it has gauge transformations. In the next
subsection we examine whether these can be considered gauge transformations for our Finsler

equations of motion.

6.2 Broken Fronsdal gauge transformations

The appearance of the Fronsdal operator in (4.14) might give hope that gauge transforma-
tions of the form d¢s = dAs_1 can be introduced in Finsler geometry, at least for a small

perturbation around flat space F? = 2njo (where (2.28) is valid). It is not clear why the F?

12A third possibility was proposed in [46], which is however chosen in such a way that its classical solutions

coincide with those of ordinary GR. Thus we will not consider it here.

— 21 —



parameterization (4.8) should be invariant under such a transformation.'® In other words,
the gauge transformations of Finsler geometry are only diffeomorphisms. A priori it might
be possible, however, that F? changes in a way that does not modify the geometry in a
physically relevant way. We would then declare such transformations to be additional gauge
transformations. This might perhaps be similar to the notion of projective equivalence
mentioned in section 4.1.'

However, the term d2¢,_o in (4.14) should give one pause. Including the Fronsdal term,

the total transformation for a Finsler deformation of Minkowski space reads
L 3 1 !
5p$ = d (—4A51 + CKSAS_3> . (65)

One might try to cancel the two terms in the parenthesis against each other. The structure
looks similar to that of a Stiickelberg mechanism, where a mass term locks together the gauge
transformations of two fields of different spin. It is also reminiscent of the compensator fields
in [37, 47-49], where an equation of the type F(¢s) = d3Hs appears, with dH, = A, ;.1
Unfortunately, this combined gauge transformation is nothing but a particular case of the
trivial redundancy (4.9), which is only present when the ¢, are not traceless. This is easiest
to see when we only transform two spins, d¢s, = dAs;—1, 0¢sy—2 = dAs,—3, and the two only
contain the same irreducible spin-(sg—3) representation: )\20,1 =0,A], 1 =0,and X, 3=0.
Setting 6p" to zero gives Agy—3 = X, _1/(6 — D — 2s), which upon taking d reduces to (4.9).

A faster way to proceed is to assemble all the )¢ into a single

A=Y g A1, (6.6)
s>1
so that now
SF? =dA. (6.7)

Notice that A is homogeneous in y of degree one, since F? is of degree two. When we
perturb around flat (pseudo-)Riemannian space, F2 = 21, and use (4.6), the same steps

as in (2.28) give
1
5p = —Zd3A’, N = 0" 0yuOyr A . (6.8)

The strategy above now corresponds to demanding A’ = 0. This is not simply the sum over

the individual \,_;, because the factors g;s/ % in (6.6) also give a contribution when we take

13129, (5.9)] notes that the invariance of proper time f d7 F can be approximately restored by simultaneously
changing the position z*(7) in a velocity-dependent fashion.

4The infinitesimal counterpart of (4.1) is G* = §Py* with 6P = (2g2) "*ddF = (2¢3)~/?ddF?. From (4.3)
we now find dp = (1 — D/2)ddP; so p is not invariant under a projective equivalence.

5Tn the AdS case an extra term is present because of (2.39); we will deal with this at the end. For theories
of Vasiliev type, a certain boundary condition for the scalar can lead to a Higgs mechanism whose Goldstone
field is a bound state of higher spin fields [50].
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the derivatives with respect to y*. (This is the subtlety alluded to above (4.6).) Rather:

1-5/2
A=) g g (Nom1 — dashs—3) - (6.9)
s>1
The coefficients in this expansion are not necessarily traceless, so to set A’ = 0 we need to use
the logic leading to (4.10). This gives a relation A 5 +Al_; +... = 0, which upon using (4.10)
gives A = 0. Alternatively, the discussion in section 4.2 tells us that the parameterization (6.6)

is redundant unless we impose that the A\;_; are irreducible:
A1 =0. (6.10)

In other words, this choice can be made without loss of generality. Notice that this is the
infamous traceless condition on the Fronsdal gauge transformations, which here appears
rather naturally. In view of (6.9), A’ = 0 implies A\;_; = 0 for all s.

An even nicer way of seeing the failure of this strategy is to notice that A’ = n**9yu0y A =
0 is demanding A to be a harmonic function of the y, while below (6.6) we observed it to be
homogeneous of degree one. These two demands are only met by a linear function A = Ay,
which corresponds to dgo = d)\1, the familiar diffeomorphisms. Ignoring this possibility as
we did above, we recover that A’ = 0 implies A = 0.

We have concluded that we cannot set to zero the parenthesis in (6.5), or A’ in (6.8).
In other words, we have tried to find gauge transformations with an algebraic constraint
(similar to the traceless constraint for Fronsdal), and we failed. We could still hope that the
full (6.5) can somehow be made zero, by playing with the differential operators. However,
d? has a finite-dimensional kernel, consisting of quadratic polynomials in the z*. Thus we
also cannot find gauge transformations this way.'6

We now also analyze this possibility using the parameterization in terms of sum over
spins. It is lengthier, but instructive, and also a good warm-up for the next subsection.
We earlier concluded that we can always fix A,_; = 0. Moreover we recall from section 4.2
that ¢/, = 0 can similarly be assumed without loss of generality. Since (d\) = d\ + 29, ,

we also conclude (as in [51]) that
oM =0. (6.11)

Setting dp* = 0 does not necessarily imply that the coefficients dp% of its g expansion

vanish. The latter are given by (6.5) and are not necessarily traceless; thus their trace

parts can mix in the total sum > . g;_s/zépg. As discussed near (4.10), the series can be

6We can apply a similar argument to projective equivalence to flat space. The variation of (4.5) gives
5GY = 1d%9,, A. From below (4.1) we find §G* = Py*. If we ignore the finite-dimensional kernel of d°, we
are led to postulate dy, A = y*Q, with d?Q = 2P. This implies a “purely radial” dependence, A = A(7}2), and
the homogeneity property lets us conclude A = Xo,/72, which would correspond to the gauge transformations
of a spin-1 field, had we included it in (4.8). This is compatible with [24, Prop. 3.4.8]; notice however that
many other Finsler metrics projectively equivalent to flat space are given in that book, not obtained by gauge

transformations of Fronsdal type.
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equivalently rewritten with coefficients 7% & pL '12j,; (recalling the notation (2.15)), which are
now automatically traceless and can be set to zero. Given (6.10), (6.11) and recalling that we

are taking ga = 12, we compute (d3)\)’ = 6d0?), (d3X)” = 0. So gauge invariance of p" requires

basi2 go25, | —o0. (6.12)

d3Ag_g —
g s—3 D + 25 o

One might hope that the two terms can sum to zero; this would lead to a recursive law on
the A\s_1. We now show that this cannot happen. The action of d can be diagonalized after

going to Fourier transform. Consider first p?> < 0. We can take p* = (p°, 0, ..., 0), so
d = —iy°po, d" = ipgdyo . (6.13)

(6.11) gives us dyoAs—1 = 0. The traceless projection in (6.12) adds a slight complication, which
is reviewed in appendix A. The two terms in (6.12) can be viewed (forgetting the constants)
as (zd)3\s_3 and (zd)As_1, with 2\ = \g the traceless projector. On our 3’-independent \’s,
the action of (zd)? is proportional to multiplication by yg. This means that the two terms
in (6.12) have y° dependence proportional to y3 and yo; thus the two cannot be equal, unless
they are both zero. In the case p? = 0, the second term in (6.12) is directly zero. Moreover,
zd3 = (zd)? is invertible, as also shown in appendix A. Thus there are no solutions to (6.12).

We can also try a similar analysis on a maximally symmetric space such AdS. This a
priori might look more promising, in light of the aforementioned no-go arguments. Here is
what changes. First, covariant derivatives don’t commute, and that complicates the trace
(d3\)’, which is now (6d(2V? — A) — 2[d, V?])A\s_1. Second, now 6.F # 0 even if \, | =0, as
we saw back in (2.39). Third, it makes sense to consider now the variant of (6.1) discussed
below it, p — kF? = 0. This however can be reabsorbed in (2.39) by redefining A. All
in all (6.12) is changed to

—%A/ﬁd/\s_l + asd® A3 — Dafzsd(esv? + Ys)As—1 = 0. (6.14)
where 75 = A(6(s —1)(D +s—3)+ D +2s—3))/(D —1). Now we cannot perform a Fourier
transform to analyze the resulting condition; we should work in a suitable eigenbasis for
AdS. T have not carried out this analysis, but the problem looks similar enough to (6.12)
that at small distances (where Fourier transform can be used at least approximately) it
should reduce to the one for flat space.

In this subsection we have concluded that in spite of (4.6), (4.14), the Fronsdal gauge
transformations d¢s = dAs_1 don’t survive in Finsler geometry except as the trivial redun-
dancies (4.9). It is still possible that there is some other gauge transformation, perhaps
obtained by complementing the Fronsdal ones by additional terms involving df or other
operators. In any case, in the next subsection we will sketch a linearized analysis of the

Finsler equations of motion.
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6.3 Perturbations

Let us first consider (6.1). We use the power series parameterization (4.8), taking ¢, = 0. We
found the linearized p~ in (4.14). Just like for the earlier discussion of gauge transformations,
p" = 0 does not necessarily imply that the p& vanish. As discussed near (4.10), the series
can be equivalently rewritten with coefficients Z?io pr 't2j,7» Which are now automatically

traceless and can be set to zero. Recalling again (2.14), we use (2.25) to compute
(d%¢5)" = —4(Fos) =8(d")2¢s,  (F¢s)" =0. (6.15)

So pY only has single and double traces, and p];+2j7j = 0 for j > 3. This leads to the

linearized equation of motion
1 2 3 roopdr20 v
_§f¢s + asd ¢s—2 + fs (F¢S+2) + fs (d ¢s) - 0; (616>
0

where f3 = (2(D +25)) 7' (1 — dasta/(D + 25 +2)), f} = —as2/(D + 25).
We now turn to (6.3). The linearization of the second term is simply p’. Among the

terms involving I,, we can ignore the quadratic one; the others give
(9" (DydI, + 9yud? L)Y = (V,d0y, + 0,,d%0,, tdF? = (2V,dd,, + dd' + d*)tdF? =

= <f - ;td2> toF?. (6.17)

We used 1/2[t,d?] = V2 + V,dd,, + dd', which in turn follows again from (2.25). Overall

the linearized version of (6.3) reads

2
- tF — 4Ft+2td%t) ) 6F? = 0. 1
(7= goaltF — 47t 4 210%0) ) 672 =0 (6.18)

A lengthier computation gives an equation again of the form (6.16), with more complicated
coefficients.

Given this qualitative similarity, from now on we will focus on (6.16). We take the
pseudo-Riemannian geometry to be flat, go = 7o. This simplifies (d%¢,)’ = (202 + ddf)e,.
Schematically the equation is now of the form [(9% +dd")¢s + d?¢s_2 + (dF)2psi2]o = 0. This
can be clarified further by going to momentum space as in the previous subsection. The
simplest case is p? < 0, corresponding to massive modes. In GR these are gauged away, as
reviewed near (6.4), but for Finsler we haven’t found a gauge transformation that can achieve
a similar result. We can use (6.13) and the explicit decomposition in appendix A, which
tackles the traceless projection in (6.16). Each ¢ is decomposed under the spatial SO(D — 1)
as a sum » Yskégk, where qggk, is traceless, degree k and y"-independent, while Y is a
polynomial whose highest-order yg term is ygfk. The operators zd and zd! (where z is the
traceless projector, z¢s = ¢ ) are proportional to the identity on each Yskgggk

For concreteness let us look at the lowest degrees in (6.16), keeping only even s. For s = 2,
the equation reads [(df)2¢4]p = 0. The <]3474 and (]3473 don’t appear, while $47k<2 = 0. For

,25,



s = 4, schematically we have [(d7)2pg + (9% + ddt)¢4]o = 0. Now 5676 and QA5675 don’t appear,
while for k < 4, ¢A>6,k x (0% + C6.1:)Pak, for cgp some constants; in particular, $G,k<2 = 0.
Continuing in this fashion we see that ¢357k<2 = 0, while the qgs,s and <ng,5—1 are free, and
determine the (i&k with 3 < k < s — 2.

Massive modes would then exist for any mass, and they would depend on many free
variables. In particular there would be many ¢4 not transverse to p*. This would create issues
when trying to quantize this theory. The analysis for massless modes is more complicated,
but gives a similar result.

The result of this perturbative analysis is disappointing, but perhaps also expected.
Without a gauge transformation, the Finsler equations of motion would be problematic from

a perturbative QFT standpoint.

6.4 Discussion

The appearance of Fronsdal operators in the Finsler Ricci curvature is encouraging. But
the associated higher spin gauge transformations are broken.!” Finsler geometry only has
diffeomorphisms as gauge transformations.

A pessimistic conclusion would be that the Fronsdal operator appears only for purely
mathematical reasons, driven by its similarity with the spin-two situation.

More optimistically, perhaps some sort of gauge transformation can still be found. While
the most natural guess for gauge transformations was excluded in section 6.2, I am not
excluding that more exotic possibilities might work. Actually the presence of many free
parameters in the previous subsection seems to indicate that some sort of gauge transformation
should exist. It should be possible to find operators that have those free paramters as their
image. We would also like, however, for such a gauge transformation to have some sort of
geometrical interpretation. It would be difficult otherwise to imagine that it can survive
beyond the linear order. After all, the possibility of some natural interacting structure
is the most interesting possible advantage of using Finsler geometry for higher spins, as
illustrated in section 5.

While the Finsler Ricci p seems important in view of its connection to the Fronsdal
operator, another possibility is that it might have to be modified by additional terms.
Even more radically, one might have to modify the central tenets of Finsler geometry
altogether, as advocated in [35]. In a similar spirit, one might try to adapt the Hamiltonian
approach in [30, 31]. Its advantage is that higher-spin symmetries are manifest as canonical
transformations. It is possible to define a so-called “coFinsler” distance in this way, and it
would be interesting to see how the present results are modified in that language. One should

however recall that the results in [30, 31] were partially negative (see also [33, 34]).

"Holography indicates that higher spin gauge transformations are exactly preserved only in the Vasiliev
theory for a particular choice of boundary conditions [17]; even their weak breaking at the quantum level is
quite constrained [18, 50, 52, 53].

— 26 —



It might be helpful to try and recast in terms of Finsler geometry the existing higher spin
theories such as those by Vasiliev [8-12], the simpler alternatives in three dimensions [54, 55],
or the more recent self-dual theories [22, 23, 56, 57].'% Finally, the higher spin symmetries
might be realized around a solution where all the higher spin fields are non-zero, rather than
around a (pseudo-)Riemannian geometry as attempted here.'?

In any case, after finding a geometrical quantity that is invariant under a set of infinite
transformations that extends diffeomorphism invariance, we would declare such transforma-
tions to be additional gauge transformations, identifying different Finsler geometries that are

equivalent as far as physics is concerned. Time will tell whether any of this can be achieved.
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A More details on the symmetrized derivative

In this appendix we give a more explicit discussion of some properties of the operator
d = y"V,.

We introduce

where the ( denotes the traceless part as in (2.15). We now act with d on the decompo-
sition (2.14), and then we take the traceless part of the result. Since ¢, = 0, we have
(d¢s,k), = QdT(Z)S’k, (d(bs,k)” = 0. Then

(dos)o = (dgs0)o = doso + 2t5+1,1g2dT¢5,0 . (A.2)
We can also rewrite this as
(2, d]¢ps = 2t511,192d 2 (A.3)
In particular it follows

[2,d]2¢s =0, (A.4)

'8In a twistor-inspired approach to gravity, Finsler geometry appears rather naturally [58].
19We thank M. Montero and C. Pfeifer for this suggestion.
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which in turn implies
(zd)F = 2zd*,  zdzd’ = zdd'. (A.5)

We now specialize to flat space. Working in Fourier transform, there are two cases to

consider: p* massive or massless. In the former case, by a Lorentz transformation we can

always take the momentum to be purely along time, p® #0, p' =0,i=1, ..., D — 1. Then
d = —iyOpp, df = ipo0y0. A traceless ¢so can be decomposed in SO(d — 1) representations as
bs0 =D Y2 1 (7), Ve =y + arsudayy 7+ .. (A.6)

k

where qggk is traceless and degree k; the s is kept only as a label. The hat denotes dependence

on the 3’ alone, 3y0§£s7k = 0, and the coefficients are explicitly

(s—k)(s—k—1) o _(s—k—2j+2)(s—k—2j+1)
D+2k—1 dsk = §(D +2j + 2k — 3)

A1sk = Gj—1,sk - (A.7)

Here 69 = %cﬁjyiyj, and the coefficients are determined by (¢s0)" = 0. (An expansion similar
o (A.6) can be found in [2].) One finds

D+s+k—2

dYy, 8% ) = —ipp——— =
(dYerdsr)o = —iPo—p5 5

Yoriwdor o (dVeodl)o = ipo(s — k)Yes1400,, (A.8)

reproducing for D = 4 formulas in [2]. Using (A.5) one can also find similar expressions
for (A"l )o = (2d)* oY,
For massless momentum we can take p~ = 0 = p’; now d = —iy~p_. (A.6) is replaced

by a decomposition in terms of SO(d — 2) representations:

k— 1 k— 1
¢s 0= Z +sk¢s L\Y Z]+Sk‘ = yfys_ I+ + b15k52y]+ ys_ J+= + ... s (A9>

where now 09 is the transverse (D — 2)-dimensional metric, and the coefficients are given by

J+(s —k—j+) U+ =) —k—Jj+—J)
1sk D+ 2k—2 ; jsk j(D—|—2j—4—|—2k‘) j—1,sk ( 0)
(A.8) is replaced by
- . D+2k+25 N
(dZ;, skd)o = 2i —TQ‘HZ 4L L kOO, (A.11)

From (A.8), (A.11) it now follows that d has no kernel.
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