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ABSTRACT: In this paper we continue and improve the analysis of the effective actions
obtained by integrating out a scalar and a fermion field coupled to external symmetric
sources, started in the previous paper. The first subject we study is the geometrization of
the results obtained there, that is we express them in terms of covariant Jacobi tensors. The
second subject concerns the treatment of tadpoles and seagull terms in order to implement
off-shell covariance in the initial model. The last and by far largest part of the paper
is a repository of results concerning all two point correlators (including mixed ones) of
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massless case we also provide formulas for any spin in any dimension.
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1 Introduction

This paper is a follow-up of [1]. In that paper we analyzed the two-point functions of
conserved currents of two models (a free scalar and a free Dirac fermion model coupled
to diverse backgrounds) in various dimensions. For a background, represented by a com-
pletely symmetric field, the two-point function of the current minimally coupled to it is
the basic ingredient of its (quadratic) effective action (EA). We found in [1] that the ef-
fective action for any background field obtained in this way is based on the corresponding
linearized Fronsdal kinetic operator, [2, 3|, in the nonlocal form introduced by Francia and
Sagnotti, [4, 5]. In view of constructing a covariant action for a completely symmetric
tensor field, this result is promising. It suggests that integrating out scalar or fermion
fields (or any other field by which one can form conserved currents) may be a useful way
to analyze the dynamics of higher spin fields. But of course what we have done in [1] is
only the beginning. The crucial next step is the calculation of the three-point functions



of conserved currents, the analysis of the (lowest order) interaction terms in the effective
actions and their consistency with covariance. Before arriving at the three-point functions,
it is however necessary to improve our analysis of the quadratic EA. In fact in the course
of our research we realized that it inevitably branches out in different directions. At the
same time, in [1], several aspects and questions were left behind. In this and a subsequent
paper we would like to cover as thoroughly as possible any aspect of the quadratic EA’s.

The first issue is the geometrization (at the linear level) of our results in [1]. They were
expressed there mostly in terms of a projection operator, which is very convenient in that
context because it automatically ensures conservation. But, in this way, the geometrical
content of the resulting equations of motion or the EA remains implicit. Now the formu-
lation of our results in terms of geometrical objects is essential, if our target is to arrive at
covariant EA’s. One first aim of this paper will be to geometrize the results of [1]. We will
do it in terms of Jacobi tensors.

A second related important point is related to local subtractions. In [1] we found
several violations of the Ward Identities induced by the conservation of the initial current
(which induces a gauge invariance of the relevant minimal coupling). Such violations consist
of local terms, so that it is rather elementary to recover conservation by subtracting local
counterterms from the EA. There is nothing special in this, it is a very ordinary procedure.
The interesting point is that it is in general not necessary to do it, because the perturbative
field theory formalism already automatically takes care of covariance, provided one takes
into account not only the two-point bubble diagrams but also other diagrams such as
tadpole and seagull ones. Now, from a practical point of view it is much easier to subtract
easily identifiable local counterterms, than calculating additional diagrams to guarantee
conservation. The latter could appear as an academic exercise for spin 1 and 2, where we
already know the covariant form of the minimal coupling. But, it is important to show
that dimensional regularization, which we use, is giving manifestly covariant expressions
(without subtractions by hand) as was e.g. done in [6] for scalar matter coupled to gravity.
For spin 3 and higher it may be a very useful and even necessary calculation. The reason
is that seagull diagrams are related to terms in the initial action that do not belong to the
minimal model we start with (a scalar or fermion field minimally coupled to a background
field). Conservation (without subtractions) requires the presence of such additional terms
and constraints not only their form but also their coefficients. It is clear, that when we
consider higher spin backgrounds, this remark may be used in order to determine additional
action terms, as well as conditions for their coefficients. This goes in the direction of
constructing an initial off shell covariant model, an important target in itself and a necessary
step in the construction of a covariant EA.

The third important issue is represented by mixed two-point correlators. In [1] we have
considered only two-point functions of each current with itself. Of course this provides basic
information about the relevant EA. However higher spin theories are known to be consistent
only if they encompass an infinite number of fields (although in 3d consistent theories may
exist with a finite number of fields). It is obvious that this requires not only the knowledge
of the two-point correlator of each higher spin current with itself, but also of any two
currents (mixed correlators) coupled to fields that may enter the action. This part has the



structure of a repository of results about the two point correlators of symmetric currents
of spin up to 5 in dimension 3 < d < 6 for both the massive scalar and fermion theory. In
3d we also consider the odd parity sector which emerges from the parity-breaking fermion
mass term, and we find a nice generalization of Pope and Townsend’s Chern-Simons-like
action in the case when different higher-spin fields are taken into consideration. In the
case of equal spins this is the action considered in [7, 8] and recently discussed by several
authors, see e.g. [9-16].

In this paper we will deal with these three issues. Other topics, such as the discussion of
the ambiguities inherent in the choice of the conserved currents in the initial matter model,
will be included in a subsequent article. This is a good point to mention that our research
is indebted to several preexisting works, in particular with [17-19] as far as the inspiration
is concerned, with [20-29] as far as the methods are concerned and with [4, 5, 30-41] for
HS theories. Other papers of ours, related to the present one are, beside [1, 42, 43]. For
future developments we think that important references are [44-47].

The paper is organized as follows. In the next section we show how to geometrize the
results of [1] and of this paper, that is how to express them in terms of Jacobi tensors.
In section 3 we discuss the issue of tadpole and seagull terms and how they guarantee
covariance without subtractions in the case of spin 1 and 2. Section 4 forms the bulk of the
paper. After an explanatory introduction we list all possible conserved two-point correlators
for currents up to spin 5, including the mixed ones. This part of the paper (section 4.3)
is intended as a source book. Due to its size it is presented in a supplementary material,
although several samples of the results are shown also in the main text in sections 4.1-4.2.
The results of this part consists of the complete correlators as well as their UV and IR
expansions. Several results were already contained in [1]. We have left them here for
completeness. Finally, section 5 is devoted to some conclusions.

2 Geometry in effective actions

The construction of interacting quantum field theories with massless higher spin (s > 2)
fields still poses an interesting theoretical problem. On the one hand, there are different
“no-go” theorems putting serious constraints on such theories, especially in flat space-
time (see e.g. [48] and references within). On the other hand, we have significant higher
spin results: free fields can be constructed in the same manner as in lower spin cases (see,
e.g. [49]); a few cubic interaction terms have been constructed in the literature (see [31-38]);
most notably, a full consistent covariant HS theory in AdS background has been constructed
by Vasilev and collaborators [50-53]. In our previous paper, [1], we remarked that free lower
spin field theories possess conserved higher spin currents which simply ”beg” to be coupled
to higher spin fields. Therefore such simple models seem to be a useful tool to study higher
spin theories. A basic ingredient of the approach in [1] is the connection between the on
shell conservation of the initial free field theory current and the gauge invariance of the
minimal coupling term with the higher spin field, which induces a gauge invariance of the
linearized higher spin EA (or covariance of the corresponding equation of motion). In [1]
this invariance was left somewhat implicit. There is, however, a way to make it explicit,



by expressing the results in terms of covariant ‘geometric’ tensors constructed out of the
symmetric higher spin fields. In this section we would like to make connection with such a
geometrization program.

In the sequel we first introduce well-known definitions and properties about higher
spin tensors, their linearized eom’s and their possible geometrical formulations. Then we
show how to use this material to express the results obtained in [1, 42] and in this paper
in a geometric language.

Differences between lower spin (s < 2) and higher spin theories emerge already at the
level of classical free field theories. The simplest way to construct a free theory of higher
spin field is provided by the Fronsdal equation, [2, 3, 54-56]:

F=0Op—00-p+0% =0 (2.1)

where the spin-s field is described by the completely symmetric rank-s tensor field ¢ =
©puy-pe- In this expression standard HS conventions from [4, 5, 39, 40] are assumed.! The
Fronsdal equation (2.1) is invariant under local transformations parametrised by traceless
completely symmetric rank-(s — 1) tensor fields A = Ay, ..,

Sp = OA (2.2)

with A’ = 0. While this gauge symmetry guarantees that the field propagates only free
spin-s excitations, we see that for s > 3 the gauge symmetry is constrained to trace-
free parameters A. One can rewrite the Fronsdal equation in an unconstrained form by
introducing a rank-(s — 3) compensator field « transforming on (unconstrained) gauge
transformations (2.2) as da = A/, in the following way

F =da (2.3)

This equation is invariant under the unconstrained gauge transformations (2.2) because the
variation of a exactly cancels the variation of the Fronsdal tensor. Most important, the
system ¢, a can be cast in a (local) Lagrangian form. By the partial gauge fixing condition
a = 0 one obtains the original Fronsdal’s equation (2.1).

The generalization F™ of the Fronsdal differential operator, which is gauge invariant
for n large enough, is given in terms of the recursive equation

1 &P iy 10

(n+1) _ g(n) e Y a9 a(n)
7 7 +(n+1)(2n+1)D&r n+1D8 J (24)
with F©) = Oe. So, in particular,
FU =F =0p—080- o+ 0%y (2.5)

is the original Fronsdal operator. However, the connection with our results cannot be
in terms of the tensor (™ because the latter does not satisfy a conservation law, while

!Conventions assume symmetrization over free indices with minimal number of terms and without any
symmetry factors. Also, a prime denotes contraction of a pair of indices, so, e.g., ¥ = Qu,.cp, 5 =
nte=tHsp, L, 1s a completely symmetric rank-(s — 2) tensor field.



our results are conserved two-point functions. To make the connection one constructs the
Einstein-like tensor

n

— )l
G Z(_l)pmnp Fm)[p (2.6)
p=0 '

where the superscript in square bracket denotes the number of time F(™ has been traced,
and 7 is the Minkowski metric. The association of ¢ with the spin s is as follows:

s=2n s even
s=2n—1 s odd

The G tensor is divergenceless
9-9™ =0 (2.7)
The free (unconstrained) linearized equations of motion for ¢ are
g =0 (2.8)

Once again, it can be shown that such an equation can be cast in local Lagrangian form,
provided one introduces auxiliary fields (compensators). G(") are the objects that can be
directly connected with the Lh.s. of (2.15) below.

2.1 Geometrization in terms of Jacobi tensors

In [1] all the two-point correlators and corresponding effective actions are presented in
momentum space and expressed in terms of the projector

Kk
nid) = — 22 (2.9)

Applied to k¥ gives 0, so any two-point function expressed in terms of it alone is conserved.
We showed that any conserved correlator for spin s can be written in terms of the following

structures:
ASS)(k’nth) — (nl.ﬂ(k).nQ)s (2.10)
AP (k,n1,ma) = (na-m® ng)* =2 (ng w ™) ony ) (g ®) o) (2.11)
AP (k1 m2) = (n1-1® ng)* 2 (ng 7w ny ) (ng- ™y’ (2.12)
where ni,no are generic polarization vectors, and nj (k) Ny = n’f w,ﬁ";)ng . There are

|s/2] independent such terms. The generic term in the final formulas are combinations of
Al(s (k,n1,n2) with numerical coefficients a;, say

Ls/2]
E®) (k,ny,ng) = Z CLlAl(s)(ki,nl,ng) (2.13)
1=0



preceded by a function of f(|k|,m) and the mass m.2 Eq. (2.13) can be easily translated
into a corresponding differential operator by Fourier anti-transforming

[s/2]
E(8,n1,n) = Z alAl(S)((ﬂ, ni,ng) (2.14)
1=0
These are the types of differential operators that appear in the EA’s acting on the spin s field

©ui...us- The corresponding eom will take the following form. Set (m®-p) = Jmy,, ., @HFs

and ny =n = {nu}, no = Oy, = {%} The eom are

%(871)512(8) (0,n,0m)(m” - ) =0 (2.15)

multiplied by a function of k? and m.

The purpose of this section is to rewrite the equations such as (2.15) in the geometrical
form of [4, 5].

To this end let us introduce the symbol of G g(”)(kz,nl,ng), as follows. First we
saturate all its s naked indices of §(™ with ny polarizations, then we Fourier transform
it and replace the Fourier transform of ¢, ¢, with a symmetric tensor made out of the
product of s polarizations ny. Finally we define

1

g = =
s!

(0n)°G™ (0,1, 0m) (m* - ) (2.16)

Then the connection between (2.8) and (2.15) is given by

/2]
% G (k,n1,mg) = Y (—1) (LS/QJ) Ak, n,ma), (2.17)

=0 l

which corresponds to a particular choice of the coefficients a; in (2.13).

Of course we are interested not only in the relation (2.17), but in expressing all the
fll(s) (k,n1,n2) in terms of the g (k,n1,m2). To do so we have to take the successive traces
of (2.17). We have, for instance

G —2(s/2|(2]s/2] + D — 4)5(”*1) (ng-ﬁ(k)-ng) (2.18)

In general

b oo @ls/2) D (2D ,
GO = (0 G T D g~ an(sa] o (el (219)

and

2This function can be expanded in series of m/|k| or |k|/m near the IR and UV, respectively, which gives
the tomographic expansions considered in [1]. The latter clearly show that the structures of the two-point
functions (and corresponding linearized EA’s) are determined by the unique Fronsdal operator appropriate
for the given source, although, generally, the operator appears in a nonlocal form and in different gauges.
In this paper we consider only these operators and disregard the function f.



for s even, with §<0) = k:z, and

g”(n)[n—l} _ (_Q)n—l (2 L3/2J 4(_;)__4‘;3'”( LS/QJ )'g”(l) (TLQ"/T(k) .n2)n—1 (221)

for s odd, with GV = k2(ny-n¥) .ny).

Now, using (2.17), one can write

(s 1 5,
(ny-m*) .ny)® EA[() )(k,nl,m) = ﬁg( )(k,ny1,n2) (2.22)

LS/QJ_]' LS/QJ
+ Z (_1)1 (l i 1) (nl‘ﬂ_(k).nl)ﬂrl(nl'W(k)_n2)sf2l72(n2'ﬂ_(k)'n2)l+1
=0

for even s, and a similar expression for odd s. Now the strategy consists in repeating the
same step for the second line in (2.22), by using (2.18) and successively (2.20). The end
result is

Ls/2] p —9m A\ .
kQ(m_W(k)_m)s:Z(j) (2[s/2] + D —2p 4)“(m.ﬂ(k).nl)pg(n)[zﬂ(k’nl,nz)

= 2 pl(2[s/2] + D — 4)!!
(2.23)
In a similar way one can obtain
E2(n1-m® ng) =2 (ng -7 ® on ) (ng-m ) ong ) (2.24)

1 By 2s/2| + D — 2p — 4! o
:<Ls/2J> ; <_2) @ (pL!éLi/aprm) (na-7® )P G (k)
l

In conclusion any expression of the type (2.13), i.e. any conserved structure, can be ex-
pressed in terms of the generalized Einstein symbols () (k,n1,n2) and its traces. Thus any
EA (or any eom) we obtain from our models, by integrating out matter, can be expressed
in terms of the generalized Einstein tensor (™ and its traces preceded by a function of O
and the mass m of the model, with suitable multiples of the operator

oro”
O

0%

acting on the traces. Using (2.6) one can replace the dependence on G of such expressions
with the dependence on ™. The geometrization program can be completed by introducing
the Jacobi tensors Ry, ..., (one of the possible generalizations of the 4d Riemann
tensor, [7, 57]) by means of

L e S)_i(_il)l( )5 (n-9) (m'-p-n*h) (2.25)
G2 =2 s -y e '

The tensors R() are connected to the ¥ as follows:

1 qp(s)in] _9
Fn) = { T o (2.26)
%8‘?(8)[” 1} S = 2n — 1



where the traces in square brackets refer to the first set of indices. In this way we can
express any EA or any eom in terms of R(®) and traces (in the second set of indices)
thereof. Further formulations of eoms that are local and include mixed symmetry cases
can be found in [58, 59].

Since above we have referred to [4, 5], we feel that, to end this section, it is opportune
for us to clarify the context in which our results are derived and point out the differences
with the spirit of [4, 5, 39, 40]. In these papers the initial purpose was to write down
a generalization of the Fronsdal equations for higher spin in such a way as to avoid the
constraints needed in the original formulation of [2, 3]. The authors of [4, 5] chose to
sacrifice locality in favor of an unconstrained gauge symmetry. The typical (linearized)
non-local equation of motion one obtains in this way is (2.8). As we have already pointed
out, it can be shown that such an equation can be cast in Lagrangian form, provided
one introduces auxiliary fields (compensators). Therefore one can say that the nonlocality
of (2.8) is a gauge artifact, with no physical implication. However equations of motion
invariant under unrestricted gauge symmetry are far from unique. There actually exist
several families of them depending on arbitrary parameters (by the way, this is evident
by reversing the argument above and starting from the generic operator (2.14), instead
of the completely fixed one (2.17)). These are all equally valid as long as the field ¢ is
considered in isolation and the linearized eom is the free one, (2.8). However, if the spin s
system is minimally coupled to a conserved current the question arises as to whether the
propagating degrees of freedom are the truly physical ones, i.e. those corresponding to the
appropriate little group representation for massless fields. The authors of [39, 40] were able
to prove that there exist only one choice for the Einstein-like tensor which is Lagrangian
and satisfies such a physicality condition.

Such ‘physical’ Einstein tensors do not correspond, in general, to the kinetic operators
we find in our effective action in section 4 below. This is not surprising, as our main goal
is covariance: our purpose is to arrive at a covariant EA with respect to a completely
unfolded gauge symmetry. In a logical development the next step will be to introduce
auxiliary fields to eliminate nonlocalities. Following this we would need to gauge-fix the
action and introduce appropriate ghosts to produce the physical propagators. At that
point would the problem handled by [39, 40] come to the surface. However, we would
like to recall that our immediate prospect is to construct the linearized covariant EA in
preparation for the analysis of the three-point function.

3 Tadpoles, seagulls and conservation

In this section we wish to illustrate the role of tadpole and seagull diagrams in implementing
conservation in two-point correlators. In [1], in order to evaluate the two point correlators
of conserved currents we computed only the bubble diagrams formed by two internal scalar
or fermion lines and two vertices. In this way we found several violations of the relevant
Ward identities. Such violations consist of local terms, so that it was rather elementary
to recover conservation by subtracting local counterterms from the EA. However it is in
general not necessary to do this, because the perturbative field theory formalism already



automatically takes care of it provided one takes into account not only the two-point bubble
diagrams but also other diagrams such as tadpole and seagull ones, [60, 61]. Although this
is a rather well-known fact, we would like to show it in detail here for spin 1 and 2 as
a guide for the more challenging higher spin cases. The reason is that seagull diagrams
reflect the presence in the initial action of additional terms, additional with respect to
the minimal couplings (symbolically [ jo), which are on-shell covariant, but off-shell non-
covariant. One of the crucial steps in our program is clearly implementing off-shell gauge
covariance of the initial models, that is adding to the minimal couplings in the relevant
actions the terms that render them off-shell covariant, at least to the lowest order in a
perturbative approach to the gauge symmetry. We know such additional terms exactly in
the case of spin 1 and spin 2 (because we know the full covariant action), but not yet for
higher spins. In the latter cases, however, we can implement off-shell current conservation
by satisfying the corresponding two-point function Ward identity. In turn this requires
considering tadpoles and seagull terms. The latter, in particular, originate from the above
additional terms, which in this way may hopefully be identified.?

Hereafter in this section we work out the cases of spin 1 and spin 2 in any dimension
(in 3d for the odd parity part) in detail, showing the role of tadpole and seagull terms in
the Ward identities for two-point functions of spin 1 and 2 respectively, and their origin in
the various terms of the initial actions. We keep the derivation at a pedagogical level and,
for completeness, we analyze the full structure of the relevant two-point functions and, in
particular, their IR and UV expansions, as well as their contributions to the EA’s.

Starting from the generating function

Z[a) = eWla] — /Dwaei(SOJrSint[aD (3.1)

where a is the external higher spin field, we will compute the effective action for the external
source fields up to the quadratic order:

iWla] = i W[0] +/ddac Ay () OFLHs (20)

1
‘|‘§ / ddl‘ddy Qpy.ps (l‘)am...us (y)Tul...usul...us (:U? y) Tt (3'2)
where
@,ul...us (SL’) — M (33)
(5a,u1~~~/»1«s(x) a=0

is a tadpole (1-point function) and

6% (i Wla])
JU1 . fhs V.. Vs —
T (:an) 5a#1“.“s(ﬁl}')5ayl,_,ys (y)

(3.4)
a=0

3 An approach related to ours is outlined in [24, 25]. Tt is based on Weyl quantization. Its main advantage
is that it provides a full quantum action and quantum symmetry for the initial scalar model. It will be
interesting to compare the two approaches.



is a 2-point function. Using Feynman diagrams we wish to compute the 2-point function
including not only the bubble diagram (as in [1]) but also tadpoles and seagulls.

The one-loop 1-pt correlator for the external field is (up to the linear order):
IWla]

6al"l ceefhs (SC)

= —i <®“1"'“5 (x) + /ddy Ay, (y)THE Vs () 4 ) (3.5)

(JHr-te () =

External spin s fields a,,..,, are in particular

Spinl a, = A, gauge field (3.6)
Spin 2 ay, = hy,  graviton field

We will need one-loop conservation which for spin 1 reads
Oyl (@) = 0 (3.7)
The Ward identity for the two-point function in momentum space can be written as
k, TH (k) =0 (3.8)

Furthermore, for spin 2, the energy-momentum tensor is defined with (T (x))) =

%%. The full conservation law of the energy-momentum tensor is

Vu(TH () = 0 (3.9)
Hence, the Ward identity for one-point function is
0,0M"(x) =0 (3.10)
while for two-point correlator we have

1 1
O THHYY (z,y) = 577"”5(56 —y)0,0M (z) + 59"”(:{;)6“5@ )

—0u (6 (z —y) O (2)) n'” (3.11)

As we will see, the tadpole contribution is ©#(k) = @ 7" where © is a constant. The
Ward identity in momentum space is now

- 1 -
ke THY (k) = [—k”n“” + Sk | © (3.12)

3.1 Fermions — spin 1

The action for the theory of fermions interacting with gauge field can be written as

S = /dx (¢ (iv" Dy — m) ] (3.13)

,10,



where D, = 0, — i A,. There is one fermion-fermion-photon vertex

VM

(L (3.14)

In the case of fermions coupled to gauge field the tadpole diagram vanishes, while the
seagull is zero because the theory is linear in the gauge field. The only contribution we get
from the 2-pt correlator ((11.7) from [1]) which in the momentum space reads

- 9-dt+15] j s md—2 d
T (k) = -
X | —4m? + oF; 1,1 — 3k (4m? + (d —2)k*) | 7 (3.15)
’ 2727 4m?2 ’
where % = nt¥ — k;;]zfy is the projector. Since the 2-point correlator can be expressed

in terms of the projector, it satisfies Ward identity (3.7) We can expand the two-point
correlator in the IR region

nm 2T (2n — 7)

o0
2l _ ol—d+|4]. -2 _—4
T (k) = —2 2limd=2x 22 7 @n 1 1)1

n=1

k2t (3.16)

Using the Fourier transform of (3.16) in the one-loop 1-point function (3.5) we get

pm 2T (2n

2m(2n + 1)!!

(@) = 2= i-2d 5 g 3a7)

n=1

The one-loop 1-point correlator satisfies (3.7) Using the same expansion in the IR (3.16)
for the effective action (3.2) we obtain

"pm 2T (2n— 4)

o0
W = 27 1= d+| & md—2 -4
T Z 27(2n + 1)!!

n=1

2727d+L*J d
R _% md—4r=5r <2 - 2) / daF,, P (3.18)

/ A4z, O P

So, in the IR region (large m) we get the Maxwell action.
Furthermore, the dominating term in the UV (O(m”)) of (3.15) corresponds to the
massless case (B.2) from [1]

(k) Y — : (k2)s L (3.19)

Fw0s2F, (3.20)
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3.1.1 0Odd parity part

For the analysis of the odd parity correlators we will restrict ourselves to d = 3. The odd
part of the two-point correlator is non-vanishing only in 3d and it is given by

o

_ 2
THv (k) = %Arccoth <1T> Ny (3.21)

The expansion of (3.21) in the IR reads

e 2N, —2n
Ty = 230 By (3.22)
’ & n=0 22(n+1) (2n + 1)

Using the IR expansion in (3.5), the odd part of the one-loop 1-point correlator is now

oo

(=13

n=0

(_1>nm—2n

SR — 2 0 3.23
22043 (27, 1 1) A (3.23)

and just like the even parity part satisfies (3.7). The effective action in the IR (the domi-

nating term)

1
wE 86’“”\/61395 AL AN+ ... (3.24)

T
corresponds to Chern-Simons term in 3d

Scs = 81/d3:cT7' (A/\ dA + gA/\A/\A> (3.25)
T

3.2 Scalars — spin 1

The action in the scalar QED model is
S = /ddx [D”gOTD“gD — mggngo] (3.26)
where D, = 0, — i A,. The full covariant action is
S = / dz [3N<pT3“g0 +iA, (waw - awgp) + A, Arptp — mQ@Tgo] (3.27)

In the scalar model the scalar-scalar-photon vertex is

V(. p) « —i(p+p')" (3.28)
and we also have scalar-scalar-photon-photon vertex (coming from [ dda:A“AugoT(p term in
Lagrangian)

Ve, p) = 2int" (3.29)

The two-point function for the massive scalar in any dimension d for spin s =1 is

- d d 3 k? Ktk
nz _ _ol—d; —d/2, d—2 ¢ LY. pv
TH (k) 27t meTe T (1 2) <2F1 [1,1 55’ 4m2} T+ 12 > (3.30)

— 12 —



which has a non-conserved part. However, since the theory is quadratic in the external
photon field A we also have a seagull diagram (which is obtained by joining with a unique
a fermion line the two fermion legs of the vertex (3.29)) for which we obtain

N d
Tl (k) = 21~ djr =5 2T (1 — 2> nH (3.31)

After combining (3.30) and (3.31) we can write down the full 2-point function
- d d 3 Kk
T (k) = 22 L~ am® 2T (1= 2 ) (1= oFy [1,1— 535 ——| ) 7 32
(k) T 2m 5 247 |1, 2 a2l )™ (3.32)
which is conserved.
Expanding the two-point function (3.32) in the IR gives

(oo} —2n d
P . o—d; d—4_—42 m I‘(2_|_n_§)
T (k) = —27%m* “n 2 E T T3

n=0

22 (3.33)

Using the IR expansion together with (3.5), the one-loop 1-point function (3.5) now reads

o nm—2n n_d
<<J“>>=—2‘dmd_47f_5z( g zn(znr+(23)+!1 2

n=0

0", P (3.34)

On the other hand, the dominating term of the effective action in the IR region is
274 d
wE _de—‘*w—%r (2 — 2) / Az F,, F™ (3.35)

In the IR (for large mass m) we get the Maxwell action.

0

The leading order term of the expansion in the UV (term m" corresponds to (B.13)

from [1])

T (3.36)

uv . (_1)52372d7r2 g d 0% d_og
w Y . =y dlzPrvOs—2F,, (3.37)

3.3 Fermions — spin 2

Let us consider the free fermion theory in a generic dimension d
_ 1 _
5= [l [wEW (am " 29m> % - mww} (3.39)

where E;" is the inverse vierbein. From now on we will set g, = 1., + hy,,. Using the
following expansions

1,1 1
g =t — W (R + Vgl =14 3h+ gh* = 20 + ..,

1 3 1 1
eg:55—§h5+§(h2)g‘+..., eZ:5Z+§hZ—§(h2)Z+... (3.39)

,13,



we can expand the parity even part of the action (3.38) in powers of h:
d i— ms " 1 i— m " i— m_a'y
Se = /d x [211)7 Omy¥ — myyp + ihﬁ <2¢w Om — mwz,z)) — tha YO
1 y i— _
5 ()? 2518) (50 Bt =
i Tama'e 3i— 2nm_a's
_ghzwha Y am¢ + Eq/)(h )a Y 8mw + ... (340)

There is one fermion-fermion-graviton vertex:*

i

Lo+ B) L+ o — 2m) (3.41)

Vitn(p.p') -
and one vertex with two fermions and two gravitons:

3Z v 174 14 v
Vit 0:0) + 76 (0 + )"0 + (0 +07)"7"n™)

?
S+ = 2m) (o = 2 )

Z 2% vV _ UV
-3 ((p+ ") """ + (p+ ')y n"*) (3.42)

We can also expand the odd parity part of the action (the latter contains a part proportional
to the completely antisymmetric symbol). We will restrict ourselves to 3d because only
in this case can we get a non-vanishing contribution to the effective action and 1-point
correlator.

1 _
S, = T / A3z €0, hye hS Y (3.43)

The relevant vertex with two fermions and two gravitons is

1
VI e (k= ) (3.44)

3.3.1 Even parity part

The tadpole contribution is now
&1k (k) = —27 24+ 5) i T <_62l) = @ (3.45)

where © is a constant. Since the theory of gravity is non-linear we have a contribution
from the seagull term, which can be written as

) d
TP (k) = 2754 La) i mintr (_2> (3o — 20" (3.46)

4We use the convention according to which two repeated identical indices represent a symmetrized couple
of indices, and so on.

— 14 —



The bubble diagram contributes two parts, the transverse (conserved) part,

- 1 d
Y _ —2— d+[ ] _ -
T (k) ddT iz 2 im 7r2F<1 2)
2 2 d 1 k2 2 2 v,
—8m” + (d+ 1)k* + o F} |1, 3 3 2 (8m* 4 (d — 1)k*) | wt¥nh

d 1 kK
- (—4m2 + (d+ 1)k* +oF, [1, — ] (4

- - 2 2 _ 1.2 L, Vv
52" 12 k:))ﬂ' ™ } (3.47)

whose expansion in the IR is

no (1=

TH (k) = R Z 2n(2n + 1)!!

n=1

K ((2n — )T ah" —ghhg??) | (3.48)

and the non-transverse (non-conserved) part

- d
T (k) = —273=4FL8) j iz <—2> (™t — ). (3.49)
Taking formulas (3.45), (3.46), (3.47) and (3.49) and substituting them in (3.12) we can
see that the Ward identity is satisfied for any dimension d.

The one-loop 1-point function (energy-momentum tensor) defined as (TH”(x))) =
%% now becomes

" (n— )
2n+1 2n + 1!

(T (@) = —27 1z i {F < ) e Z
x ((2n — DO IG* + (n — 1O 2 (0 — 9"0")R) ] +O(h?)  (3.50)

where G, = Ry — %UWR is the Einstein tensor. The energy-momentum tensor is clearly
divergence free (3.9). For the effective action in the IR we obtain (in the even parity sector)

_d
W IR _2—1—d+|_%de7T—% /ddZE g X [F <_d> _ r (1 2>R

2 24m?

re-4 1
Bth )] (RMPRWP — 2R, R* + 3R2> +

SO +O(h?) (3.51)

The divergent part of the effective action for d =4 (i.e. d=4+¢) is

R 1 4 a1 op 1o 3
_87r25/d x\/§<m +12mR 4OW +... ] +O(h°) (3.52)

The first term is a cosmological constant term and the second is the linearized Einstein-
Hilbert action. The third term (m° term) is the Weyl density W? = RMV,\,;RW)"” —
2R, R + 1 R? (conformal invariant in 4d).
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The dominating term in the UV (O(m?) term corresponds to (B.3) from [1]) of the
transverse part T/ (k) is

Ty () 2 (d = D mh — i) (353)

9—4-2d+| 4

T d
(—1 +e d)F (T

w L (—1)t

1
+6 (RMPDS—QRWP — 2R, 0% 2RM 4 3RD‘§—2R> +.. ] +O(?)  (3.54)

3.3.2 0Odd parity part

In 3d the contribution from the seagull diagram with vertex (3.44) becomes
2
T m v _pUA
T(/:flol;l/(k) == _ﬁn“ et k‘)\ (355)

The odd part of the two-point correlator is non-vanishing only in 3d (the vertex is (3.41)).
The transverse part can be written as

m

jl‘ffyy(k) Y

2
<(k2 — 4m?)ArcCoth (]T) + 2mk:> T A Ly (3.56)

and the expansion of T/ (k) in the IR is

1 & kQ(nJrl) m—2n

T (k) = ——— Ho A, 3.57
o (B) = ~Go Zopnmrz-1) © 7 (3.57)
The odd non-transverse part reads®
VY m2 NN
Thto (k) = e e ko (3.58)

and can be canceled by the seagull contribution (3.55). So, only the transverse odd part
remains. The odd part of the one-loop 1-pt function (energy-momentum tensor)

e IR <_1)nm72n 7V
(T (@) = 55~ ZO Fam oo ¢ (3.59)

where CH* is linearized the Cotton tensor (A.16). The effective action in the IR (the
dominating term)

1
w B —@6’“’)‘ / d*x hyy (030"0 hyy — 0\OR,) + O(R®) (3.60)
corresponds to gravitational Chern-Simons term in 3d
2
Secs = 1927re“”’\/d3$ ((%cuy“bwl)’\“ + 3w#abwybcw>\ca> (3.61)

®In the notation from the previous paper 7 e"**ky corresponds to (n1 - 7 - na)e(k - ny - na).
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3.4 Scalars — spin 2

Let us consider the action of a scalar field ¢ in a curved space (g, = N + hyw) with a
scalar curvature coupling

S = /ddx\/§ (g“”@ucpmygo — m2<pTg0 + ngngo) (3.62)

Let us redefine ¢ = g%go. The expansion of the action in the external field h is

S — /dd:U [nuuauqﬁal@ _ m2¢T¢+ BV (leqyf 3u3u b+ <§ — i) ((%81, — me)d%)

+hH7 B 0,9 0y + %hDhng ¢+ (—i + ;) O h0"hel § — 261 0,0\hy o' ¢

+ER Oy ¢ ¢ — £0,WY by b + Z&axhwyh“”cfﬂ ¢ — %@hﬂ”ath ¢
1 1
(g - 4> W 9,0,he e + <g - 4> auhayhuvqugﬁ]

(3.63)
The scalar-scalar-graviton vertex is:
Vih(.1) - —%(p“ +p)?—i (E - i) (" =" = —p)®)  (3.64)
and there is a vertex with two scalars and two gravitons:
VIR (pp K 2 i (0 4 pp) i [ (s - i) (PR R )
+2 (577””77”” + 11677”“77””> K — 4§n””k”k”]
—2‘[ ((i — g) HinY 4 2577””77””) kK (3.65)
+ <£ — i) ("M EVEY + PV EFE) — 260"V EREY — Ent RV R
The result for the tadpole diagram is
Orr = 9=d=1 j p=d/2ppdp <—;l> nHH (3.66)

while the contribution from the seagull term is

T (k) = i (-5)

x (dk*(1 — 4&)n" 0" + dnn (4m? — dk>E) + 8dén" k'kY)  (3.67)
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Furthermore, the transverse part of the bubble diagram reads

=y 1 o—d—2 —Yird_—d/2,  2vd/2, —2 d
Ttuu (k) = —m’lQ e 2 T / (—m ) / m “I'|1-— 5

[(12 (d° —1) k'm? (862 =8¢ + 1) +d (d* — 1) k® (24¢* — 1)
+24dk*m*(3 — 8¢) — 192k>m*¢ + 96mS
+ (—6k"m® (d*(1 — 4€)* + d(86 — 2) — 2 (8¢* — 8¢ + 1))

1 2
+24k*m* (d(8¢ — 2) + 8¢) — 96m°) o Fy {1, _d L k} )ﬂ%w

2" 27 4m?
+ (—12d%k*m? + d (d* — 1) k® + 48dk*m* — 96k*m* + 12k*m? + 192m°
d 1 K
—12m2 (K — am?)? 0Py |1, - 55 — =5 —— | ) wvat .
m” (k m?)” o Fy 5T | )T (3.68)

The expansion of the transverse part T/**” (k) in the IR is

x@quﬁWW) 569
where a(n, &) is a constant
a(n, &) = (2n+5)(2n+3)(46 — 1) +2(2n + 5)(46 — 1) + 1 (3.70)

The non-transverse part of the bubble diagram is
B 2—4—(1 d
T (k) = 3 i~ 2ma=2r <—2>

(0" nt (24m® — 2dk?) + 4d " kFE” + 2d (6 — 1) kY K
+0"" (" (dk*(5 — 24€) + 12m?) + 2d(66 — 1)k"kH)) (3.71)

The seagull diagram and the non-transverse part of 2-pt function together give

- d
T (k) + T (k) = —2~ 2 mr <‘z) (20 — i) (3.72)

427 L= /2 =2 <§ — é) r (1 — ;i) k2 (mHvhy — i)

Taking formulas (3.66), (3.67), (3.68) and (3.71) and substituting them in (3.12) we can
see that the Ward identity is satisfied for any dimension d.
The one-loop 1-point correlator

(o)) = - [( P N

m

2n1“ (TL B g) n—2
+Z 2n (2n + )N

X (—QDGW + (1 — “(”25)> (n**0 — 8“6“)}%) ] +0(h?)  (3.73)
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satisfies (3.9). For the effective action in the IR we obtain

()0 (e 1)

<R/w/\pR'uV/\p + a(027 9 R2) + ...

Wih] B 2-dmdr—2 / d'z\/g

r(2-3)
T 120mi

+ O(h%) (3.74)

For & = % (the conformal value) the third term in the expansion is proportional to

1
ox md~* / d*z\/g (RW,)RW*P — 332) (3.75)
We can use the Gauss-Bonnet theorem
Ry R — 4R, R™ + R? = total derivative (3.76)

to write the divergent part of the effective action in d = 4 as a Weyl square density

R 1 4 4 i 2 3
W B 16F28/d:c\/§<m+3ow>+0(h) (3.77)

In the massless case (m” is the dominating term in the UV) we have

a4 21— %7% k? % v __ v b d7§ vy
Trmv () & (_1+6:rd)r((d;3) <7r“ s (Q)Wuuﬂ > (3.78)
where
b(d,€) = (d?> —1)(4 — 1)? +2(d+ 1)(4€ —1) + 1 (3.79)

The effective action in the UV now becomes

) / dda <RWPD‘§—2RWP+ b(d2’ E)RD3_2R> (3.80)

After we use (3.76) and put & = % in 4d we will again get the Weyl square density

w L [ qdz w2 (3.81)

4 Correlators

This section of the paper is a systematic collection of results concerning all types of two-
point correlators, including the mixed ones, for symmetric currents of spin up to 5 and in
dimension 3 < d < 6. It also contains results concerning the correlators of currents of any
spin and in any dimensions, in the case of massless models, for which it is possible to write
down very compact formulas.
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Since the volume of these formulas is rather big it is presented in the supplementary ma-
terial. A part of this material is nevertheless kept here in the main text: sections 4.1 and 4.2
contain some representative calculations for spin 3, and spin 3 — spin 5 mixed amplitudes.

We start by introducing the necessary quantities. The two point amplitudes in question
for fermion and of scalar currents for spins up to 5, are schematically denoted as follows:

Tosyopay sy (B) = (g i (ZF) Jon vy (K)) (4.1)
Scalar and fermion currents are given by
S s T <\ f -s—1,7 o\t
Jm---us =re (a#) ¥ J,u1...us =1 wﬁyﬂ (aﬂ> 77/) (4'2)

(For fermions in case s = 0 we use J!_, = t1).) These currents will be henceforth referred

to as simple currents. In the fermionic case the two point correlator is

Tt k) = d'p T ! ! Ve o yT 4.3
Hl-n/lfsll/lu-l/sz( ) - (27T)d r ?7 mfyUp_k_m’yT H1fhsy TV Vsg ( : )

whereas in the scalar case it is

~ dp 1
T;1...u511/1...1/52 (k) - / (27T)d (pg — mg)((p - ]{7)2 - mg) V,ltl...,usl ‘/111..‘1132 (44)
with the Feynman vertices for fermions and scalars respectively

V;Z...us = MZ (2P — ku)s*1 v Viaows =1 (2pp — ky)? (4.5)

To label the correlators we often suppress indices and add the number of space-time
dimensions in the subscript on the left hand side. Additionally, when s1,s9 # 0, we split
the amplitudes in the transverse and the non-transverse part, so for the correlator of e.g.
fermionic spin-s; and spin-se currents in d dimensions we write:

Tf §= Tf,t J + Tf,nt (46)

51,82, 51,52, s1,82,d

There is no preferred way to do the splitting in (4.6) because one can always add some
transverse quantity to 7% and subtract the same quantity from T™. However, it always
happens that the non-transverse part can be chosen to be a polynomial in k and m (i.e.
local). Here, we always make this choice so that the non-transverse part is local. After this
choice is made there is still some remaining freedom in the splitting into the transverse and
the non-transverse part in (4.6), nevertheless the quantities we define below do not depend

on this remaining freedom.

Tf,UV—IR
517327d ’

in the shortly explained sense. Since, as explained above, the non-transverse part is always

One such quantity is the difference between the UV and the IR expansions

local the non-transverse parts of UV and IR are the same and therefore cancel so that only

. . = f UV-1
transverse parts remain in the expression for TS’UV dR
1,52,
~fUV-IR _ UV FEIR
Tsl,sz,d T Ts1,82,d (0)31:527d (47)
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where the UV and IR expansions are denoted by TSf ‘ SU \; and Tsf’lt’sIR 4 respectively, and

(fOI)PS{I s,.q 18 the part of the IR expansion of order O(m") with n > 0.

Another such quantities are the divergences of the correlators:

f L fnt
(k TS1,82,d) =k ( s1,82,d
M2 fhsq V1. Vs M1 fbsq V1eeVsg

f V1 fnt
(Tshsz,d ’ k) =k ( 81,52,d> (4'8)
Hloeefbsy V2. Vs Hloefbsy V1 Vs

The definitions (4.6), (4.7), (4.8) are analogous in the scalar case.

Before listing the results for the massive models, it is worth to show some general
formulas (for any spin and any dimension) that it was possible to obtain for the massless
case. (We recall that the results for the massless cases correspond to the dominant term
in the UV expansion of the massive case.) In addition some general formulas are easy
to write in terms of particular linear combination of the previous currents which become
traceless in the massless case. These “traceless” versions of the currents can be defined in
the following way:

Bl

=t =gt £ = ¢

T Zasl DWW prtteor? Lpnpe = Z sl (DWNH) Taroppe (49)
1=0

where

s (FDSIT (s+ 452 —0) ¢ (EDHs—DIT (s+ 52— 1)
ol T (s — 20T (s+452)° ol T Qa5 — 2l — 1)IT (s +452)

(4.10)

It is easy to see that amplitudes for two general spins s; and so for the “traceless” currents
can be written as linear combinations of the amplitudes (4.4) and (4.5) of the “simple”
currents (4.2)

5] 1]
Tsimuslm...llsQ - Z aihlai%k (k277/W o ki)l (k k2) ul sy —21V1.-Vsy—2k
=0 k=0
|55 1257
Tlitl sy V1eVsy a£1l @sy.k (k M — ki)l(k2n’/l’ k;Q) Hl Hsp—21V1-+-Vsg —2k
=0 k=0

The result for the traceless currents in the massless limit is

g L5
9d—2d—s 54 s (k2)? 2 T5—2
t,massl 2l
T, = (=1)° ind) T (21 Za T Ty (4.11)
(=1+4€m)T (
94—2d—s 54 | (

— (-1

k2)2+5 2 2 1—s s 5—d—2s mu T
(_1+elﬂd)F(d+22S 1) ,LLV 2471 2 9 2’ 2 9 7'['3”

We note that for traceless currents mixed spin terms are zero i.e. the result vanishes for
spin s; # so. For simple currents this is not the case and the general expression for spin
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S1 X 89, S92 > 51 is
31232( B ISP 2d—13°2 34 (k2 =

(20%] - l%lJ) (— 1+ewd)r<d+aigsrl)

7s,massless _ (_ 1
H1--fsq V1. Vsgy

By
52751 Sl 2

(s9 — sp)!!
X T Z 2= s1)! oL (4.12)
—0 2 81—2l)(2—81+2l)”

For fermions in the massless limit it also happens that only the diagonal (s; = so = s and

s > 0) amplitudes survive for the traceless currents

93—2d— s+[ ] % %(S 1) (d 3+S) (kg)%—i-s—Q [5]

it 1 _ il ?
Tt masslesseven _ (_qys (_1 = eiwd) - (%) ZaSﬂTN# Ty ZV

H1...[sV].. Vs

93-2d=s+151nd 4 (s — 1)l(d — 3+ 5) (k2) 272

™
(_1 + eiﬂ—d) T (d+22$—1)

= (-1y

1—s s 5—d—2s mu,mw
X QFI < [P ) £ > (413)
g 2 2 2 WEW

The formula above is valid for d > 4 and for the even part in d = 3. For the odd part
in d = 3 we obtain for traceless currents, for the dominant term in the UV, a general
expression for spin s1 X s9, S9 > 81, s1 > 0, 59 >0

LLA

Tft,UVdominant,odd:(_1)¥imksl+sg_3 2 ST (5120 e

o
M1 flsy V1 Vsg 33D 9s2+1 vy 22ll'F (81—2l) Wuuﬂ—uyﬂ—uy eaﬂl‘k

=0
; s1+s2—3 -
(R T

9s2+1 vy pv

1—s S1 T T

pp vy
><2F1 ( 9 ,1— 5,1—81, 3 Eguykg (414)
T

In appendix B we show that this formula is a straightforward generalization of the linearized
action proposed long ago by Pope and Townsend, [8], for conformal higher spin fields. In
the case of simple currents we instead get

2LV (s + 89 — 2| 81| — 3) lhmksitea—3

=f UV dominant,odd _ (_1)¥ (2

' = 4.15
Moo fhsq V1o Vsg ;3D 22(81 + 59 — 2)”( L%J o LSIJ) ( )
L312—1
sg=s1 51— 1)!(sg — s —
X T2 eauuka Z l<l+1) ( 1 ) ( 2 1) Wiuwlyywzly 201
-0 2 (81 —2[—1)!(82—814—21)!'

In the case of simple currents it is possible to write the formula for the IR expansion of
the transverse part:

TftIRodd _(_1)¥_1 (2L82;1J) (81 +82—2£ 3 J —3)!!k31+82—2 (4 16)
Haeeelsg VL Vsg 33D 227 (s1 4 so — DIN(2] 2] —2[ ] )!! '
= (51~ Dl(s— 1)
sp—s1 > 51— 1)!(sg — s I I—
X T eauvk Z z(z+1) Wwwwﬂfﬁ/ A

=0 2 (81—2[—1)!(82—814—2[).
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In the rest of the section we list the results for the massive case. The results are given
for d = 3,4,5,6 and spin s < 5. For even d, we use d — d + ¢ and expand around ¢. For
odd d this is not necessary. It is convenient to use the following shorthand notation

2 m?2 "1
L,=—-+1 — — - 4.1
5+0g<4ﬂ>+7 P (4.17)
k=1
as well as
k2
P—g+lo —kj + (4.18)
e & A7 K '

We see that there is a relationship
P=K+ L (4.19)

Furthermore we define

B _22’ coth™! (277”)

T
S = \/4m? — k2csc! <2m) (4.20)

k

It turns out that 7T is useful in even dimensions d and S is useful in odd. The branches of
the functions T" and S are chosen such that the IR and UV expansions are

P L L L T
mm  127m3  80mm?d
IR k3 k5
= k- — — — + ... 4.21
S 12m?2  120m* + ( )

and

UV 4im  16im>  64im® N
mk 3mk3 5mkd
vv kK m?(1+K) m*(1-2K) mb(5-6K)

§ 5 -t Tty (4.22)

In the results for UV-IR which follow, the difference is shown for the terms containing the
powers of m and k that “overlap” in UV and IR in sense that those powers appear both
in UV and in IR expansions. The rest, i.e. the UV expansion that does not overlap with
the IR, is denoted by ellipses.

In the following two sections we list the results for fermions for spin 3 and mixed
spin 3—spin 5 amplitudes for dimensions 3 and 4. Section 4.1 contains the full transverse
analytic expressions of the correlators. Section 4.2 contains the UV and IR expansions of
the latter, as well as the above-mentioned UV-IR expressions.

The method to obtain the results below has been explained in [1] and is largely based
on the approach of Davydychev and collaborators, [62-64], see [65].
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4.1 Fermion amplitudes for spins 3 x 3 and 3 x 5

Fermions, spin 3 x 3, dimension 3:

- i (1m  1m? mP 11 1m2 1m* mS
it 63 (L (M _Im oM (2 2me tm m
3330 = T\ 5 82 T3 T ) T e 16 aw T ) )T

+k6 L _iﬂ_§m73+3m75 +
T Tvr \ o \T16k2 ~ 2 k4 U kS
11 5m2 7m* 3mS
T|———F+—— ——— + —— 4.2
+ ( 128k:+32k3 8k5+2k7>>+ (4.23)
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Fermions, spin 3 x 3, dimension 4:
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Fermions, spin 3 x 5, dimension 3:
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Fermions, spin 3 x 5, dimension 4:
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4.2 Expansions in UV and IR for fermions for spins 3 x 3 and 3 x 5

Fermions, spin 3 x 3, dimension 3:
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Fermions, spin 3 x 3, dimension 4:
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4.3 All types of correlators

The contents of this section are presented in the supplementary material.

5 Conclusion

We finally sum up our main results. In this paper we have pursued further the program
started in [1], considering in particular the quadratic part of the effective action.

First of all, we have discussed the relevant issue of the geometric interpretation of
the obtained effective actions. The basic outcome of [1] was that, upon considering on-
shell conserved higher spin currents, the corresponding effective actions inherit an off-shell
gauge invariance once a finite number of local counterterms are subtracted. In particular
our (linearized) gauge invariance involves unconstrained fully symmetric parameters and
is the same as the one considered in [4, 5, 39-41]. We are therefore naturally led to the
problem of expressing our results in the geometric language of [7, 57]. This is done in full
generality in section 2.

Another relevant issue is whether it is possible to construct a gauge invariant effective
action without the subtraction of ad hoc non-invariant counterterms. The answer to this
question of course requires the choice of a specific regularization scheme. We decided
to work in dimensional regularization, which turns out to be particularly convenient for
the lower spin cases. In fact, in section 3 we have explictly shown that for spin 1 and
spin 2 gauge fields it is generally possible to introduce additional local terms allowed by
covariance (involving the spin 0 current) such that the effective action is gauge invariant
with no non-covariant subtractions needed thanks to the tadpole and seagull diagrams
entering the Ward Identities. This is no surprise, as in these cases we already know fully
off-shell covariant versions of QED and gravity coupled to ordinary scalar and spin 1/2
matter. Nevertheless our explict computations work as a promising test for higher spin
gauge fields. Related questions are whether this whole procedure depends on the choice of
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the on-shell conserved current that is minimally coupled in the first place and whether it
can be restricted to a finite number of higher spin currents. In the cases of spin 1 and 2
we checked there is no need to introduce higher spin currents and and off-shell invariant
couplings between the matter and gauge sectors can be obtained for any choice of on-shell
conserved Noether currents. A particularly interesting choice for the currents and the
couplings for the spin 2 case in d = 4 is the one for which the dominating term in the UV
expansion is the Weyl density ((3.54), (3.81)), corresponding to the emerging conformal
symmetry in the massless case. This term is also found in the corresponding IR expansion
((3.52), (3.77)). The case of higher spin gauge fields, in particular as far as the choice of
different currents is concerned, will be treated in details in a subsequent work.

The major task of this paper was the completion of the construction of the quadratic
part of the higher spin effective action started in [1, 42]. We did it in section 4 presenting
all two point correlators of symmetric currents of any spin up to 5 and in any dimension
between 3 and 6. We also spelled out UV and IR expansions, finding compact formulae for
dominating terms in the two limits. In some cases these limits are already known [66]. In
particular, we also included the mixed ones which were not considered in our previous work.
The results of section 4 show that these terms turn out to have the usual structure found
for the diagonal ones, i.e. the sum of a nonlocal transverse part and a local longitudinal
one. We expect that their presence is crucial when one tries to test the invariance of
the effective action beyond the lowest order in the gauge fields as well as when one tries
to introduce tadpoles and seagulls in the Ward Identities. In d = 3 odd-parity kinetic
terms are present when spin 1/2 matter is integrated out. We find that for the traceless
currents considered in section 4 the UV limit coincides with a mixed-spin generalization of
the conformal higher spin action found in [7, 8]. Recently, supersymmetric generalizations
have been discussed [14-16], pointing out dualities and extension to massive higher spin
fields. It would be interesting to use the method of induced action to find back these results
and possibly extend them to other cases.

Although made up of the same invariant building blocks, the kinetic terms appearing
in this section do not coincide with the ones found in [4, 5, 39] by coupling the gauge
theory to matter and considering the analysis of the propagating degrees of freedom. The
fundamental reason is that our effective actions are obtained after a subtraction procedure
that is required to give invariant terms, but still allows for a wide class of possible choices.
A proper discussion of the propagating degrees of freedom in our case would require the re-
moval of nonlocalities by introducing compensating fields and the consideration of physical
propagators after proper gauge fixing. However, the next logical step is the computation of
three-point functions which would provide an insight in gauge invariance beyond the low-
est order and therefore prepare the ground for the construction of fully covariant effective
actions.

To end the section we would like to say a few words to explain the difference of our
treatment of the effective action, as tackled in this paper, with other approaches. A partic-
ularly interesting one is that of [24] (although the main focus of [24] is in conformal higher
spin theories). To this purpose the author utilizes a quantum mechanical approach of a
particle coupled to external symmetric fields, that makes essential use of Weyl quantization
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and the relevant Moyal product. This method is equivalent to considering the effective ac-
tion of a massless scalar field coupled to external sources. It allows one to define an infinite
set of (traceless) conserved Noether currents, coupled to the external (symmetric) higher
spin fields, as well as the relevant gauge symmetries. It allows also to compute the rele-
vant quadratic effective action of the external fields and, at least in principle, the effective
action to all orders. As said above, the interest of [24] is limited to conformal higher spin
theories. Later on Bekaert et al. [25] have revisited and extended this method, but always
considering a massless scalar.

As compared to [24, 25], our method is based on Feynman diagrams together with a
considerable technical improvement in computing the latter. In particular, in the present
draft, we have extended our previous results in [1] to mixed spin terms, which also turn
out to be always made up of a nonlocal transverse part and a local non-transverse one.
The main difference with the methods of [24, 25], is that we deal with massive scalar and
fermion theories coupled to external sources. The introduction of a mass is important
because it allows us to intercept not only the conformal higher spin kinetic terms which
can be found in [66], but also the Fronsdal equations for symmetric fields which appear
in [4, 5]. Tt also allows to know the nonlocal part of the effective action, and to appreciate
the fact that the latter is based on the same type of Fronsdal operators, as it is explained
in section 2. Continuing with the differences with [24], the introduction of a mass term
breaks Weyl invariance. Therefore, our conserved currents cannot in general be chosen to
be traceless. In any case, consistently with the general Noether procedure, we have several
choices for the conserved currents and the corresponding lowest order gauge symmetries.
It is of course interesting to analyze the differences between different choices, which we
plan to discuss in future work. As for the gauge symmetry, once a current is chosen its
form is self-evident at the lowest order of approximation, but in order to compute the next
orders, the procedure is more complicated. In our effective field theory approach we can
also read off the needed seagull counterterms directly from the amplitudes by requiring the
vanishing of non-transverse parts. But, of course, nothing prevents from merging the two
methods. This is precisely what we would like to do in the future.

Acknowledgments

We would like to thank Nicolas Boulanger and Sergei M. Kuzenko for useful suggestions
in revising the manuscript. This research has been supported by the Croatian Science
Foundation under the project No. 8946 and by the University of Rijeka under the research
support No. 13.12.1.4.05.

A Spin 2 — expansions

Here, we list several useful expansions of geometrical quantities in terms of spin 2 field A, .

Riemann tensor

1 1 1 1
R/.w)\p = _gaua)\hup + §auaphw\ + §8ya)\hup - Qayaphu)\ + O(h2) (Al)
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Ricei tensor
1 1 " v 1 9
R, = —§8u8,,h + 5(%8)\11,, + 58,,(%11“ — §th, + O(h?) (A.2)
Ricci scalar

R = —0Oh + 8,8, h""
1
+hH 0,0y h — 21" 9,05k — LOvh0"h — Oyh™ O\h)y + 0uhdy b + W Dby,
1 3
—iaxh’“’&,hl’) + ZaAhwawy +O(h?) (A.3)
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1
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1
VIR & K2 i 4 b <—4k2 (n2, - wm)) R + O(h®) (A.5)
Riemann squared

Rixpo RFM¥7 = h0,0,0,0,h™ — 20" 9,05\0h), + k' [Phy,, + O(h*)  (A.6)
VIRapoe RN 5 Wi (K72 ) B + O(h?) (A7)

Ricci tensor squared
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Ry R = bt O?hy, — S 0,0, 0h — bt 9,0\0h)

1 1
+5W6#8V8Aapw + ZhDQh +O(h%) (A.8)
1
VIRAR™ 5 b <4k4 (n2, + wwww)> h + O(h?) (A.9)
Ricci scalar squared
R? = h"9,0,0,\0,h™ — 2 8,0,0h + hO*h + O(h?) (A.10)
VIR < W (k') B + O(h%) (A.11)
Weyl density
1
Wuupa = R,uzzpo' - m (R,upguo' - Ruo'gup - Rupg;m' + Rl/ag,up) + (A12)
R

+ d-1)d-2) (Gup9vo — Guo9up)
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d? —3d+2

d—3

d—3
VIWirpe W 4 <d_2k47r;2w - (d—l)(d—2)k47r““7rw) WY+ O(R)  (A14)

4
Winpo WHP? = Ry pe R*P7 — mRﬁ“’Rw + (A.13)
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Weyl density for d =4

1
W? = R0 R*P° — 2R, R" + gR2 (A.15)

1 1 1 1
- §hWD2hW — B 9,0\00h) + Sh"9,0,0h + ghwaﬂayakaphkﬂ — 6hDQh +O0(h®)
Cotton tensor for d = 3

1 1
Cru = €,7°0; (R,,,, - d_lg,,pR> = Seu"0r (Dhl,p - 8>\8,,h;§) +O(h?)  (A.16)

B Higher spin traceless actions

In this appendix we will review the parity-odd actions that are expected in 3D for conformal
higher spin in Minkowski background, showing that they coincide with the UV limits of
the amplitudes considered in sections 3.1.1, 3.3.2, 4.1-4.3.5 The action considered in [§]
can be easily generalized to the case when the quadratic terms involve fields of different
spins, namely

1 011---0425
_ SIZ: 251 ' (D)Ta B1 ) B2sq—2r—1
Ig s, = o+ 1 ar -+ Yags, —or1
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where we assume s; < s and 9,7 = (v#),”9,. We define (V)ag = €8y (M), and

(vu)o"g = () N B in agreement with the conventions of Wess and Bagger. Going from
the spinor notation A2 = pH1-bs (y, V¥ (5, )72 0 the standard tensor one,
we get
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Tt is understood the UV limit should be carried out as described in [43], introducing an ad hoc flavor
index.
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where, keeping in mind that in D =3 (v4) 5 = ()4, We can easily recognize the traces
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In order to evaluate these traces, we need the following rules

Tr h;ﬂ/u] = 277;w )
Tr [y e = —2ump
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which imply
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We can therefore rewrite the action Iy, s, as
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By elementary manipulations, one can write the action (B.2) as a triple summation

Iy 5, =—(=2)271 [ g3 (h)m i =N B
s1,80 = — (—2) 2 Eprvi p0 Z Z Z (B.3)
r=0 k=0
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(nﬂk+1Vk+1D - aﬂk+1alfk+1) (altk+2aVk+2) e (8usl al/sl) 8Vsl+1 . '81/32 h

We can now switch the order of summation

1s1—5—1

s1—1 s1—k— J
> (B.4)

(sp)f1-Hon
Isl,sz = — (_2)52—1 /d3aj‘ h 6M1V1pap Z 81 —k—1
k=0 =0 -0

; 2s1 s1—r—1\[/s1—7—1
(_2)] <27’ + 1) ( ] ) ( Lk ) (77/12112': - 8#28112) s
(52)V1...Vs2

(nuk+1Vk+1D auk+1aVk+1) (_8Mk+28l’k+2) s (_8M31 8’/51) 8Vsl+l s aVsQ h )

and perform two summations using the tables or Mathematica

<

R ()T )

—-1 1
:21+251<51k >2F1<2 s1,1+k —s1,1 231;2),

S1

thus obtaining

s s1—1
T —— (-2 so—1 —1+2s1 d (h)ul o ap . o s1—k—1 S1 — 1 B
s1,80 = — (—2) 2 x Epivip Z (-) k (B.5)
k=0

1
o Fy <2 — 51,1+ k—s1,1 281;2> (20 = 03005 - -

(nﬂk+1vk+1D - auk+1a'/k+1) (_8Mk+28’/k+2) T (_aﬂsl 81’51) 8l’s1+1 T 8”52 h )

or equivalently

(s1)H1Hs1 s1—1 1
o = (-2 27 [ emp‘o‘pD—)k( o ) (B.6)

=0 81—1—k

1
2F1 <—k‘, 5 — 81, 1— 281;2) (—8M28,,2) e (_8ﬂk+181/k+1)

(52)1/1...1/,92

(nﬂk+2Vk+2D - auk+2 aVk+2) s (nﬂsl Vsq - a,usl al/sl) 6V51+1 s aVSQ h

Using the recursion relation o F} (—k, % —5,1—2s; 2) = 2_23+k2F1 ( k -2, % —5,1—2s; 2)

and the starting values oF) (O,%— s,1— 25;2) = 1 and 2F1( ,2 s,1— 25;2) = 0,
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one finds

1
2F1< j_1>2 71_25;2)207

,1—2s; 2) = L (?7(;; 1_) 28(1_1)28) Pk(725,372j7%)
_T(2j+1)T(1-2s) (j_s_%>
I'(2j—2s+1) j
(=1 T (2)T (s — j)
22 T(s)T(j)

1
oIy <—2J7 5%

The summation is therefore only over even k = 25 and, using the fact that h’s are traceless
. . . - 0,0, .
and the convenient notation of projectors m,, = 1, — . we can write down

O
i ]
(5111 Hon 1 s —1—
Lo == (27 e [l 000 Sy (M)
=0

(32)'/1""/52

Tpiops - - - T g 11 Twavs - - - Twnjunj o1 Togravagia - - - Thtsy Ve, 8u31+1 o Oy,

(B.7)
: Lo B —ike 7
One can go to momentum representation by the substitutions h (z) = [ Pl R (k),
Loy = — (-2 27120 (gyramontd (B.5)
i o 1]
(51) 1---Hsq - 1 -
/dgk h i pk” (=K% 22] (Sl . j)
J=0 J

(82)1/1...1/32

Tpiopus - - - Wpiag piag 1 Tvovs - - - Tunjung i1 Wpiagrovagia - - - Mgy vey Kvgy g - - - Kugy ,

which corresponds to the amplitude (4.14) up to an overall constant. This follows from the
fact that h is traceless and sy — s1 is even so we can substitute kVSl e kVSQ with 7’s.
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