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1 Introduction

The construction of scalar-tensor theories and vector-tensor theories with non-minimal
coupling to the spacetime curvature in 4 dimensions was explored systematically by Horndeski
almost half a century ago [1, 2]. In doing so, he imposed the apparently reasonable restriction
that the equations of motion should be second-order. This condition was believed, until a
few years ago, to be indispensable to avoid the presence of extra degrees of freedom, known
as Ostrogradski ghosts, which are expected to lead to problematic instabilities.!

However, it was later realised that imposing second-order equations of motion turns out
to be too restrictive. Indeed, as shown explicitly in the context of scalar-tensor theories, it is
possible to construct Lagrangians that lead to higher-order (third or fourth order) equations of

'From the EFT (Effective Field Theory) point of view, extra degrees of freedom of this type might be
acceptable, provided they cannot be excited in the regime of validity of the theory.



motion but do not contain any extra degree of freedom, provided they satisfy some degeneracy
conditions [3, 4].2 These theories, dubbed DHOST theories in [7], were fully classified up to
quadratic order (in second derivatives of the scalar field) in [3] and up to cubic order later
in [8] (see [9] and [10] for reviews). This type of construction was also considered in the case
of vector-tensor theories of gravity, dubbed generalised Proca theories [11-14], as well as in
higher order extensions of Einstein-Maxwell theory from disformal transformations [15, 16].
In the present work, we focus our attention on U(1) vector-tensor theories non-minimally
coupled to gravity, including derivatives of the field strength in their Lagrangian.

From the results of Horndeski in [2], it can be seen that in flat four-dimensional spacetime,
there is no theory quadratic in the derivatives of the field strength which yields second order
field equations. Note that this result has been partially extended to arbitrary dimensions
in [17]. Historically, the first theory of this type has been proposed many decades ago
by Bopp and Podolsky in [18, 19] as an improvement of the UV behaviour of classical
electrodynamics. For instance, the Coulomb potential is non-singular at the origin in this
model. More general Lagrangians quadratic in the derivative of the field strength can also be
found in the context of quantum electrodynamics (QED), where the derivative expansion of
the one-loop effective action, obtained by integrating out the electron in an external slowly
varying electromagnetic field precisely generate such effective self-interactions, generalising
the famous Euler-Heisenberg action [20-25].

As far as effective interactions between gravity and electromagnetism are concerned, the
one-(electron)-loop effective action in the presence of weak external gravitational and electro-
magnetic fields has been found by Drummond and Hathrel [26]. Its generalisations for strong
external and slowly varying fields have been investigated in [27, 28] and precisely fall into the
family of Lagrangians we are going to study. Interesting implications of these QED-induced
non-minimal couplings are ranging from superluminality [29] to gravitational birefringence
and their effect on gravitational waves [30, 31]. New non-minimally coupled theories, which
preserve the duality-invariance of Maxwell theory and conformal electrodynamics (see [32, 33]),
have also been obtained recently [34, 35]. Interestingly, much like non-minimal couplings in-
volving a non-abelian gauge field [36], some models yield non-singular black hole solutions [37].

In the present article, our goal is to classify all possible Lagrangians that are linear in the
curvature and quadratic in derivatives of the field strength tensor, without investigating at this
stage the presence and nature of potential extra degrees of freedom. A first exploration of the
presence of extra degrees of freedom will be considered for the flat case in a future work. Even
limiting the Lagrangians to terms linear in the curvature and quadratic in the field strength
derivatives, the number of possible terms appears enormous. Fortunately, there exists a number
of redundancies, which we exploit systematically in order to drastically reduce the number of
terms that need to be taken into account in a generic Lagrangian. These redundancies follow
from a) the index symmetries of the various possible scalar terms; b) the Bianchi identities
resulting from the U(1) symmetry of the vector field; ¢) the Bianchi identities of the Riemann
tensor; d) the dimensionally dependent identities (DDIs); e) the boundary terms.

2See [5, 6] for earlier works pointing to viable theories beyond the Horndeski family, although it was not
yet realised that degeneracy was the key ingredient to avoid extra degrees of freedom.



Taking into account the first four redundancies, which are purely algebraic, we show
that the most general Lagrangian of our interest can be written as a linear combination of 4
Riemann-linear terms and 22 field-strength-quadratic terms, whose coefficients are arbitrary
functions of the two scalar invariants constructed from the field-strength tensor. We finally
find five independent boundary terms of the appropriate form, which enables us to further
reduce the number of terms in the minimal Lagrangian to 21.

The structure of this article is the following. In the next section, we present the general
action describing the theories we are interested in, introduce some useful notations, and
explain how we will proceed to eliminate redundant terms. In section 3, we examine the
Riemann-dependent terms and show that they can be reduced to only 4 terms. We then turn,
in section 4 to the major part of this work, where we show that all the terms quadratic in
the derivatives of the field strength can be represented by only 22 terms. After this purely
algebraic analysis, we discuss, in section 5, how boundary terms can also reduce the minimal
number of terms in the most general Lagrangian: we identify 5 relevant boundary terms. As
summarised in section 6, this means that the most general Lagrangian can be written as a
linear combination of only 21 terms, up to arbitrary coefficients that are scalar functions of
the two electromagnetic invariants. We conclude in the final section. More technical aspects
on our derivations are provided in an appendix.

2 Higher-order Einstein-Maxwell theories

We consider the most general family of four-dimensional abelian vector-tensor theories that
are linear in the curvature tensor® and quadratic in the covariant derivative of the Faraday
tensor, or field strength,

Fop = VoA — VpAq (2.1)

where A, is the gauge potential vector. The action describing these theories can be written
in the form

1
S = /d4x\/—g (L() + ZAadeRabcd + B“bc’deranCVdFef) , (2.2)

Aabed and Babedef contain all possible terms that can be

where the scalar Ly and the tensors
built from combinations of the metric g, of the Levi-Civita tensor €45.q and of the Faraday
tensor F,. Of course, the tensors A% and B®%4¢f can be simplified by taking into account
the symmetries of the Riemann tensor or of the term quadratic in the covariant derivative of
F,: for instance, any term in A%°? that is symmetric with respect to the indices a and b is
irrelevant since it will disappear after contraction with the Riemann tensor.

Let us first recall that one can construct two scalars from the field strength tensor (2.1),
which correspond to the two well-known Lorentz invariants available in standard electro-

magnetism, namely

fo=F®F,, fo = *Fy F, (2.3)

30ur convention for the Riemann tensor is such that (VaVy = Vi Vio)ve = Ravev4.



where 1
ab = igabchCd (24)

*

is the dual field strength.
In order to use compact notations, it will be very useful to define the tensors Ffb where
the index I corresponds to the number of contracted Faraday tensors, i.e.

Fgy = FOFS,  F§y=FOFGFG,  ete, (2.5)

and, for later convenience, we also generalise this notation to include the metric and the
field strength, so that

Fy=9%, I, =F%. (2.6)

It is worth noting that, due to the Cayley-Hamilton relation in four dimensions, any F I“(b
with K > 4 can always be written in terms of the first four tensors of the tower, namely
F@ with 0 < I < 3. Indeed, the identity

ﬁ;Felel F6262F6363Fe4e4] — 07 (27)

where the brackets denote antisymmetrisation over the corresponding indices, leads to the
Cayley-Hamilton relation

1 1 1
Ffy+ = foFsy — ~(fa— 2 f3)60 =0, (2.8)
2 4 2
where we have introduced
fo=F®Fyy = FL . (2.9)

This implies that F{’ can be rewritten as a linear combination of lower weight* tensors Fi§®
and g.p, with coefficients that depend on the two scalars fo and fy.
By induction, all tensors FIab with I even can similarly be expressed as linear combinations

of the two tensors F2“b and gqp with coefficients that are functions of the two scalars fo and
b

', one finds that F2® can be written in terms of

fa. Moreover, by contracting (2.8) by F
F?‘}b and F and of the scalars fo and fy. Again by induction, the same applies to any
tensor FIab with I odd.

As mentioned earlier, we allow the Lagrangian terms in (2.2) to include a dependence

on the Levi-Civita tensor egp.q. Since
e f g 56 ? gh 2 ] 0
abcd " abed ( . )

where ¢ on the right hand side is the generalised Kronecker symbol (which corresponds to an
antisymmetrised product of usual Kronecker symbols), any tensor that is constructed with
an even number of €4,.4, Which we call an even-parity tensor, can be equivalently expressed
without resorting to €4p.q. For odd-parity tensors, i.e. which contains an odd number of

“Throughout this paper, the weight of any scalar appearing in the action (2.2) denotes the number of field
strength F' contained in A or B.



g, they can be rendered even by multiplication with any odd scalar, the simplest being f.
introduced earlier. For example, multiplying f, by itself, one gets the even scalar

fi=4 (f4 - ;ﬁ) =4g4. (2.11)

As a consequence, we can safely ignore any dependence on 4.4 in the rest of our analysis.”

From our discussion above, we conclude that all possible Lagrangian terms can be written
as combinations of the form

Riy = F{*F$ (1) Raped + BrsRaevd) s Frix = Z’Y%KFfaijdee(f (VFVF)SIJ)cdef ;
:

(2.13)
where I, J, K € {0,1,2,3} and the coefficients «, 3, are arbitrary scalar functions of f,
and f;. The last term on the right-hand side of the second relation denotes all possible
combinations of the six free indices in VFVF.

Modulo the arbitrary scalar coefficients, the number of terms of the above form is
finite but still remains high. As we will see below, this number can be further reduced by
systematically taking into account various identities. The first category of identities are the
Bianchi identities, both for the Riemann tensor,

Rigpga =0, (2.14)
and for the field strength
ViaFog = 0. (2.15)

Other useful identities are the dimensionally dependent identities (DDIs) [38]. These
identities simply come from the fact that, in a 4-dimensional spacetime, all tensors that are
antisymmetric with respect to 5 indices, or more, automatically vanish, so that

0, (2.16)

A larazasa105) =
where the dots stand for possible additional indices, which are arbitrary. The Cayley-
Hamilton identity (2.8) is one particular example. In this way, one can construct scalar
DDIs by contracting all indices, i.e. writing

Af1a2050405 () (2.17)

l[araz2a3aqa5] —

where A is an arbitrary 10-index tensor. Note that any quantity involving more than five
antisymmetrised indices can be reduced to this form by Laplace’s formula for determinants.
Moreover, if the tensor A contains a Kronecker symbol, this would produce an overall (d — 4)
factor, making the corresponding identity trivial.

Finally, we will also use the possibility to relate different terms up to boundary terms,
since the latter are irrelevant in the equations of motion.

Sabcd Sabcd

5Indeed, given an odd scalar S = e4pcq , where the tensor is of even parity, and a generic function
® of fo and f4, we can write _
DS = PSS Fyp 8™ = BS (2.12)

where S is a parity even scalar and = ®/(4,/91), choosing the negative branch of the square-root.



3 Riemann-dependent terms

We start by the classification of all the terms that are linear in the Riemann tensor, of the form
Rrj = FPFS (17 Raped + BrRachd) = 73%) + R(ﬁ) (3.1)

It can be checked that the sum of the indices I + J has to be even, otherwise one of the indices,
say I, is even and the other one is odd, which implies that R;; vanishes due the symmetries
of the Riemann tensor since F7 is symmetric and F; antisymmetric. Moreover the terms
R%) vanish when either I or J is even, again because of the symmetries of the Riemann
tensor. The non-trivial terms that remain are thus R(()’g), Rég), Rgg), Ri1, Ri13 and Rss.
Taking into account the first Bianchi identities for the Riemann tensor (2.14), we obtain

the relation
FOFS (Rapeq — 2Raebd) =0, for I and J odd (3.2)

which shows that all the R%) can be reexpressed as R(ﬁ) when both I and J are odd. We
are now left with Rég),Ré’g),Rgg),Rﬁ),R(a) and Rg?;)

Finally, we investigate whether some of these terms could be related by scalar DDIs of
the form (2.17), when the tensor A contains the Riemann tensor and products of the field
strength. Due to the Bianchi identities (2.14), the antisymmetrisation must involve at most
two indices of the Riemann tensor, with the other indices coming from the F7. In order
to reach a total of 10 indices, this means that the tensor A must contain at least three F7,
which leads us to relations of the form®

%IJK = I[a1 FjC2L2F;((13 (a[JKRa4a5]a4a5 + BIJKRa4a4a5}a5> = 07 (33>

where I, J, K € {1,2,3} (we do not include the index 0 since it would induce a delta function
and therefore a trivial identity) and 4 < I+ J + K < 6 (since the terms R are at most of
weight 6, i.e. L + M < 6). Even if three F; appear in the above expressions, the expansion
of (3.3) and the contraction of all indices necessarily leads to final terms with at most two
Fr contracted with the Riemann tensor, i.e. exactly of the form (3.1).
Eventually we find only two non-trivial expressions from (3.3). The first, corresponding
o (IJK) = (112), reads

1 1
F5"F5" Racha — 2P F§* (Raca — Raved) + 5 2" F' (Racha — Rabea) + 704R =0 (34)
and can be further simplified using (3.2) to yield
1
2FabF dRacbd + 2FW S dRabcd *ngabFCdRabcd + §g4R =0. (3.5)

The second relation, corresponding to (IJK) = (123), yields, after simplification with (3.2)

1

b rped b ped b ped b

F3°F5° Raped + fo 5" F5“ Racbd + 194F“ FRapeq + 9aF3" Rap = 0. (3.6)
5Note that the terms i Fras Fca, Fra, Ry can have the colour indices (IJKL) = (1111) or (2211). In

both cases the result is trivial.



The second relation tells us that the term Fé’ngdeabcd, of weight 6, can always be replaced
by terms of lower weight, up to some scalar multiplicative coefficients,” and therefore does
not have to be considered in the Lagrangian. Similarly, the relation (3.5) tells us that one of
the first two terms can be expressed in terms of the other one and of lower weight terms.
In summary, all the possible Riemann-linear terms in the action can be written as linear
combinations of only four terms, with scalar coefficients that depend on fo and fy,

Ri=R, Ro=F®F“Ruyey, R3=FRy, Ri=FPF{"Rupeq (or FOFSR,bq) .

(3.7)
We have kept an alternative choice for the last term, but we will see later that this term can
be eliminated in favour of other terms in the Lagrangian, thanks to boundary terms.

4 Quadratic terms in VF
The goal of this section is to determine the minimal number of terms of the form
BWedely [y N gF.y (4.1)

taking into account the index symmetries, the Bianchi identities and the dimensional identities.

For a picturial representation of these terms, one can imagine that each V.F,, is a
three-limb vertex, with a single leg corresponding to the covariant derivative index e and
two arms associated with the indices of the antisymmetric tensor Fy,. Each term in (4.1)
thus corresponds to two vertices whose limbs are all connected, and “dressed”, by “coloured”
links that consist of

F& with  T€{0,1,2,3}. (4.2)

In the following, we will call the indices I “colour” indices to distinguish them from the
spacetime indices denoted by a lowercase latin letter.
4.1 Two main families of terms

Among all possible scalar terms, it is useful to distinguish the family where the two vertices
share all three links, family which can be subdivided into two subfamilies:

Arsi = FROFY PV FyV i Feg (4.3)
and
Arjrc = FRFCFIN FyV  Fug (4.4)

In the first subfamily, each leg is connected to one of the arms of the other vertex, whereas
in the second subfamily, the two vertex legs are interconnected.

It is immediate to check that the above terms satisfy the following symmetries under
permutation of two colour indices:

Argi = (=) K A Argx = Ajre = () A g (4.5)

TOf course, the total weight, when the weight of the scalar coefficients is taken account, is unchanged.



which implies that I 4+ J + K must be even to get a nonzero A. As a consequence of these
symmetries, one finds 32 independent A terms,® and 20 independent A terms.?

For the other family of scalar terms, only one link is shared by the two vertices, which
leads to three subfamilies, depending whether this link connects two arms, two legs or one
leg with an arm, respectively. The corresponding definitions are given by

Brix = F{FPFSN FyV  Fog (4.6)
and
Brix = FI FO N JF oV 1 Foq Brix = FY RN FyV i Fog . (4.7)

These new terms satisfy the following symmetries under exchange of the colour indices,
Brk = (-1 Bk, Brik = (-1)' Bk . (4.8)

Moreover, by exchanging the two arms of a vertex whenever they are interconnected, one
obtains the following identities,

Brix = (=) Brix = (1) Bk, Brix = (—1)5 Bk, (4.9)

which simply state that the colour indices J and K must be odd in B 17K, whereas K must be
odd in Bryk. As a consequence of these symmetries, we find 32 independent B terms (since
they have the same symmetries as the A terms), 8 independent B terms'? and 32 independent
B terms.!! Tt is easy to convince oneself that all possible terms can be rewritten into one of
the five forms above, up to some trivial permutation of spacetime indices. Overall, given a
two-form F in four dimensions, there are 124 scalars of the form (4.1).

4.2 Bianchi identities

Let us now exploit the Bianchi identities (2.15) satisfied by the Faraday tensor, which can
be written as

VeFab + Vane + VbF‘ea =0. (4.10)

Replacing V. Fy;, in the definition (4.3) of A by the above relation, one obtains the sum of
three terms, which are deduced from each other by a “rotation”, i.e. a circular permutation,
of the limbs of the first vertex. After some straightforward reshuffling of the indices, this
leads to the relation

Ak + Ak — Ak = 0. (4.11)

8The nonzero independent terms are described by e.g. J < K for I even, which gives 10 x 2 = 20 terms
and J < K for I odd, which gives 6 x 2 = 12 terms. Hence a total of 32.

9The nonzero independent A terms are described by I < J with I + J even for K even, which gives
6 x 2 =12 terms, and I < J with I 4+ J odd for K odd, which gives 4 x 2 = 8 terms. Hence a total of 20.

0For I even, the independent B terms are described by J < K | with J and K odd, which gives 2 x 3 =6
terms. For I odd, the independent B terms are described by J < K , with J and K odd, which gives 2 terms.
Hence a total of 8.

1Gince K is odd, we have 4 x 4 x 2 = 32 terms.



As a consequence, one finds that all the A terms can be reexpressed in terms of the A
terms via the relation

Arjg = Args + Askr - (4.12)

Moreover, for the indices (IJK) such that I + J + K is odd, we have seen that Ak = 0.
One thus obtains additional relations, which provide 10 independent constraints'? between
the A terms themselves, leaving 22 independent A terms.

The Bianchi identities also provide some relations between the 1-limb sharing terms.
Indeed, starting from the B term and effecting a “rotation” of the second vertex, one gets
the relation

Brix — (—1)*Brix + (=1)"Brjx = 0. (4.13)

Since K must be odd to have a nonzero B; JK, this implies that all the nonzero B terms can
be expressed as functions of the B, according to the expression

B[JK = *2(*1)JB](]K for K odd. (4.14)
Similarly, a rotation of the first vertex in the expression of Bjsx yields
Bryk + (-1)"Bryjx — Bryx = 0. (4.15)

For J even, this relation does not bring anything new, since we already know that Byjx =0
in this case. For J odd, we get BIJK = QBIJK, which implies BIJK = 0 for K even, which
we knew already. Finally, in the case where J and K are odd, we obtain, after substitution
of (4.14), the new relation

B[JK =4B;jx for J and K odd, (4.16)

which thus determines all the nonzero B in terms of the B.

In summary, taking into account the index symmetries and the 70 independent Bianchi
identities, we have found that all possible terms of the form (4.1) can be expressed as
combinations of 22 A terms and 32 B terms.

4.3 Dimensionally dependent identities

We now consider scalar DDIs of the form (2.17) that provide relations between the A and B
families of terms. To obtain such terms, the tensor A in (2.17) must contain two derivatives
of F' and arbitrary combinations of F; with possibly internal contractions such that the whole
tensor possesses 10 free indices. In other words, the A tensor can be seen as a (tensor) product

120ne can first consider the cases I = J with K odd, for which (4.12) implies Asrr = 0 and thus Arrx = 0.
This yields the 4 constraints Aoo1 = Aooz = A113 = A223 = 0. Let us now consider the cases I # J. Since
all the constraints are symmetric in the exchange of I and J, one can assume I < J. If [ + J is odd, and
K is thus even, one obtains in principle 6 relations, but 2 are redundant with the previous ones, so only 4
remain: Ai20 = Aoi2, Aszo2 = Ao2s, A201 = —Aio02, A212 = 0. Finally, if I + J is even, and thus K odd, we
get 4 relations but 2 are redundant, so only 2 remain: Aoz = —Ag2s and As13 = 0.



of two vertices and of several F7. The systematic exploration of all possible A tensors and
corresponding DDI relations is a bit involved and the details are explained in the appendix.

Many of these identities, especially when the Bianchi identities are taken into account,
turn out to be redundant. We have thus identified 32 independent DDIs, which can be
obtained from a single type of expression for the A tensor, which we give here explicitly.
In order to express the A tensor with ten contravariant indices, we introduce the partially

antisymmetric tensor

5

__ sc1cac3cqcs

Aa1a2a3a4a5b1b2b3b4b5 - 5(11(12(13@4;5 H Genbp (4'17)
n=1

so that the scalar DDIs (2.17) are now written in the form

Ama2a3a4a5b1b2b3b4b5Aa1a2a3a4a5blb2b3b4b5 =0. (418)

Let us also introduce the “dressed” vertex tensors
T = FeFY POV Fy, (4.19)

which are useful for the systematic investigation of all possible DDIs, as discussed in the
appendix. The only family of relevant DDI identities can then be obtained from

— b b aiaobi babsas
Drjkr = Aa1a2a3a4a5b1b2b3b4b5F g 5CLSTKILIQ 1TJ?)Od *=0. (4‘20)

As said above, only 32 DDIs of this class can cover them all once the Bianchi identity is
taken into account. They can be chosen to be:

Doooo Po1oo P1ooo Poooz Doto1r Doi1o DPo2oo Dioor
D1010 D1100 D2000 D2001 D2010 P2100 DPsooo Pi210 (4.21)
D1300 D2002 D2011 D2020 D2101 D2110 D2200 Psoor
D3010 D3100 P3110 P3200 D3030 Ps201 D3210 D33oo

To give an explicit example, the first DDI of the list above, Dyggo, gives the relation

faAooo + 4Ago2 + 2A011 — 4A101 + 24200 — f2Ao00 — 2A002 — 4Ao20 + 24110 (4.22)
+ f2Booo + 4Boo2 + 2Bo11 — 4B101 + 8B110 + 28200 + 2Bo11 — 4l§'011 + 4[;’101 = 0.

After simplification using (4.12), this reduces to
2A011 — 4Apo2 — 2A200 — f2Aooo + 2Bo11 + 4Boo2 — 4B101 + 2B2oo + f2Booo =0,  (4.23)

which provides a new relation between the A and B of weight 2.

In summary, the 54 remaining Lagrangian terms quadratic in VF, which include 22 A
terms and 32 B terms can be further reduced to only 22 “seed” terms, since all the other
terms can be recovered from these ones. The choice of these 22 terms, together with the
four Riemann terms obtained in the previous section, constitutes a choice of basis. There is
some flexibility in the choice of the 22 representative terms, but it does not seem possible
to eliminate all the A or all the B.

,10,



5 Boundary terms

We now study whether it is possible to relate some of the 22 terms of the algebraic basis
obtained so far, via boundary terms, since the latter are irrelevant in the equations of motion.
Boundary terms are of the form V,B® where B is some vector. In our case, we are interested
in boundary terms V,B® that lead, when expanded, to terms quadratic in VF, discussed in
the previous section, and therefore B must contain a single derivative of F.

5.1 Dressed vertex vectors

Vectors B of this form are proportional to one of the following contracted dressed vertices:
VY = FEFYV Foy (5.1)

or

Vi = FfF*V Foq = F§°Ve(Ffyy 4) (5.2)

I1+1
where the last expression shows that V[ 7 vanishes if I is even.
Replacing V. Fq in (5.2), or equivalently in (5.1), by V| F.q = 0 yields the relation
Viy = (=1)"Viy + Vs =0, (5.3)
which implies

Viy=—2Vi; for ITodd, Viy=0 for Ieven, (5.4)

where we have omitted the spacetime index for all vector terms above to simplify the notation.
As a consequence, we need to consider only the vectors V7 since all the non-zero Vi can
be expressed in terms of them.

5.2 Divergence of the vertex vectors

Let us now examine, for the above vectors, in which case their divergence leads to only
“permissible” terms. In other words, after the full expansion of the vector B, one must
find only terms of the form (4.1) and, for example, no term of the form V,VyF.; which
cannot be reduced to a Riemann term.

For I odd, the divergence of

a 1 (7 a 1 ae
Vig = —§V1J = T+ I)FJ Ve(FId+1,d) (5.5)
leads to
a 1 ae ae
VaViy = =5y (Vi) VelFfh ) + FiVaVelFiy )| (5.6)

where the last term on the right-hand side, which is not permissible, vanishes if I is odd. There-
fore, each of the four terms Vi1, Vi3, V31 and Vi3 constitutes an appropriate boundary term.
For the other values of I and J, it is instructive to expand the divergence of V7 :

VoV = FEFYN Vo Foy + FE(VoFY)YV Fog + F4U(V FE)V F oy (5.7)
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The first term on the right hand side, which is not permissible, can however be rewritten as
F{*F§'N oV oFeg = F{*F§ N0, Vel Fea + Fi°F3V Vo Feq . (5.8)

The last term on the right hand side can be slightly rewritten, after exchanging the index
labels @ and e and the labels ¢ and d, so that one gets

FEFYN Y Foy = FEFYV,, Vel Fog — (-1) ! F RV YV Foy (5.9)

Reexpressing the commutator of the covariant derivatives in terms of the Riemann tensor,
one finally obtains the relation

F{F3IN N o Fog + (=) FS RPNV Y Flg = FEFIY (R, Fyp + R,/ Fre)  (5.10)

ead

This shows that even if a vertex vector with I even is not an acceptable boundary term,
the combination of two such vertices

Wiy =Vig+ (=), (5.11)

provides an adequate boundary term. We thus find 7 additional boundary terms: Wpyo, Woe,
Waa, Wo1, Wos, Wie and Was. In total, we have thus identified 11 boundary terms. However,
as we are going to see below, some of these are redundant.

5.3 Divergenceless vectors

One can find relations between some of the 11 boundary terms obtained above, as we now
show. One such relation comes from the identity

VoV, (®F™) =0, (5.12)
where @ is a function of the two invariants fo and f4, which implies that the vector

Uy (OF™) = BV,F™ + 2(0,®) P FNV, Frg + 4(010) F 'V Fg (5.13)

is divergenceless. As a consequence, any boundary term constructed from V{5 = =V, F’ b can
be considered as redundant since it can be replaced by other terms, according to the relation

Va(®Vio) = Va [4(022)V] + 8(04@)V51] (5.14)

where we have used (5.4) to replace the V terms on the right hand side by V terms.
Similarly, the identity

VaVy (®F5") =0 (5.15)
yields the relation
Va (®Vis + PVIi + V5p) = Va [4(02P)V5) + 8(012) Vi) (5.16)

which implies that one term among the three terms Vjo, Vi1 and Vo is redundant.
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5.4 DDIs for the boundary terms
Finally, one can also find a few non trivial DDIs that provide additional relations between
the boundary terms. They are given by

Aayasasasashibabshibs V72 (T2 FPob posss phoos ) o Ve (@FPV,Cho) = 0. (5.17)

where C' is the left-hand-side of the Cayley-Hamilton identity (2.8). They provide four
relations between the V;; and the Vi . After the replacement of the Vs in terms of the
Vis, one gets the following relations

Wos — Wiz + %fZWOI =0, (5.18)

Vig+ Va1 — %Wm + %f2V11 - éQ4W00 =0, (5.19)
Was + 294W01 =0, (5.20)

Vaz + if2W22 + ig4(vu — Wp) = 0. (5.21)

In summary, the four above relations combined with the two relations discussed in the
previous subsection means that among the 11 initial boundary terms, only 5 boundary
terms are independent.

6 Basis of elementary Lagrangians

Thanks to the results of the previous sections, we are now able to rewrite any action of the
form (2.2) in terms of a linear combination of 21 terms (not including Lg), with coefficients
that are arbitrary functions of fs and f;. One possible choice of these 21 terms is the
following: the Riemann-linear terms are

Ri=R, Ro=FPF9Ryey, Rz=FPRy, (6.1)

while the 18 terms quadratic in VF' chosen among the scalars Ajjx and Brjx and organised
according to their weight (i.e. the sum I + J + K), comprise one term of weight 0,

F1 = Bogo = VPE,V°E, (6.2)
seven terms of weight 2,
Fo = Aoz = F§V FpVPF,",  Fs3 = Agg = F§IVF,VFy,
Fi = Bogo = F$°V F V. F Fs = Bogg = FSIV F VeF,, (6.3)
Fo = Aion = FYF“Y FyVPF.y, Fr=Bo = FFIV FuVF*, '
Fs = Biig = F“FV . F VF.,
one term of weight 3,
Fo = Boyg = FFOY FyyVEF,y, (6.4)
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six terms of weight 4,
Fio = Asor = F§UFV FyVFoa,  Fu = Baio = F{FVFyVFea,
Fro = Bogyy = FS"F/V FyVF,",  Fis = By = F{F"V Fy VF,, (6.5)
Fia =By = FUFFIN FyV i Fog, Fis = By = FFPFIV FyVpFe,
two terms of weight 5,
Fio = B3 = F§UFSN FyVeF.q, Fir = Baio = andFengcfveFabech, (6.6)
and one last term of weight 6,
flg = 6312 = ngFebF;fveFabech. (67)

Note that the Riemann-linear term R4, defined in (3.7), does not appear in the basis.
Indeed, using the relations obtained in the previous section from the boundary terms, this term
can be rewritten as a linear combination of the terms in the above basis. Explicitly, one finds

1 1
PRy = <2F6 — 294R1> + f204 (84(13)722 + 2\ (2f2 R3 — Fo— Fg+ Fu+ .7:5) (6.8)
1
+8f2 <2f11 — Fus— 4g4f1> 487 (Fia — Fis) — 200 — As)Fr + 20\ — 2)5) Fs »

where

A= —1—294(84<I>) , Ao = 3(84‘1’) +2g4(844®) , A3= 82(19—|-4f2(84‘1)> +2f2 g4(844q)) (6.9)
A= —(I)—|-2f2 [82‘1) —|—294(824q))] +2 (g4 — 2f22) (94(1), As=—P— 2f22 [3(84@) —|—2g4(644¢))] .

In flat spacetime the term R4 vanishes (as well as the other R;) and the above relation
implies that one of the F;, for example Fg, becomes redundant. Hence, any action of the
form (2.2) in Minkowski can be written as a linear combination of 17 terms, all quadratic in
derivatives of Fy;,, with arbitrary functions of fo and f4 as coefficients.

Finally, let us stress that it is straightforward to adapt our analysis to classify all the
Lagrangians of the form (2.2) where Fy; is now an arbitrary 2-form, i.e. not associated with
a U(1) gauge field. The only difference is that one cannot use anymore the relations obtained
from Bianchi identities (2.15). The Riemann-linear terms (3.1) are the same and can be
reduced to a combination of the four terms (3.7). As for the terms of the form (4.1), we again
start with 124 terms, as discussed in section 4.1, and use 88 independent DDIs to reduce
these terms to 36 elementary ones. We then find that among the 14 possible boundary terms,
only 6 of them are independent when we consider their DDIs and the divergenceless vectors.
We thus end up with 30 independent elementary quadratic Lagrangians of the form (4.1). In
conclusion, adding the 4 terms linear in the Riemann tensor, we get a basis of 34 independent
Lagrangians for the most general action (2.2) when Fy;, is an arbitrary 2-form.

7 Conclusions

In this article, we have classified (and reduced) higher-order Einstein-Maxwell theories
described by Lagrangians that are linear in the Riemann tensor and quadratic in derivatives
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of the field strength tensor. As we have seen, classifying such Lagrangians turns out to be
much more complex than for scalar-tensor theories. The main reason is that we need to take
into account an important number of dimensionally dependent identities, which renders the
analysis of the equivalence between the Lagrangians, when boundary terms are also included,
much more subtle but also very interesting.

Our results show that the most general higher-order Einstein-Maxwell Lagrangians
considered here can be written as a linear combination of 21 terms whose coefficients are
arbitrary functions of the two scalar invariants constructed from the field-strength tensor. We
also provide an explicit basis. These results could also be useful to simplify, or more simply
to compare, effective actions that contain terms of the form (2.2), such as those appearing
in the derivative expansion of the one-loop effective action of QED [23-25]. Furthermore,
generalising our approach to gravitational actions could be used in other contexts such
as Asymptotic Safety (see e.g. [39], where non-perturbative effects are parametrised by
invariants involving form-factors). As mentioned in the previous section, our analysis is
readily extendible to the case where the Lagrangians are seen as functionals of a 2-form
F,p, thus relaxing the U(1) gauge symmetry.

At this stage, we have not investigated the physical properties of the theories (2.2), in
particular the nature and the number of their degrees of freedom. As the Lagrangians involve
second derivatives of the gauge field A%, which in general cannot be eliminated by integrations
by part, they could contain unwanted Ostrogradski ghosts. To avoid these, one must look
for a degenerate family of Lagrangians, satisfying degeneracy conditions analogous to those
that have been identified in DHOST theories, to ensure that the theory does not propagate
Ostrogradski ghosts even though the equations of motion are higher order.

Indeed, a simple preliminary analysis shows that theories of the form (2.2) could propagate
up to three Ostrogradski ghosts, in addition to the usual two degrees of freedom of the photon
and the two degrees of freedom of the graviton. The problem of finding necessary and
sufficient degeneracy conditions to get rid of these ghosts is much more involved than in
higher-derivative scalar-tensor theories for the reason that a gauge field A% has a more
complex structure than a scalar field. A first exploration of these aspects will be considered
for the flat case in a future work.

Acknowledgments

This work was supported by the French National Research Agency (ANR) via Grant No.
ANR-22-CE31-0015-01 associated with the project StronG. A.C. was supported by the
Research Authority of the Open University of Israel (grant number 512343). We acknowledge
the use of the xAct package for Mathematica [40] and Mathcha to draw the diagrams.

A Dimensionally dependent identities

In this appendix we classify dimensionally dependent identities (DDIs) built from the quadratic
combination VFVF and arbitrary products of field strength tensors in four dimensions. Our
purpose is to identify all the possible 10-index tensors which can appear in (2.17). Given
that there can be at most nine field strengths together with VFVF in the corresponding
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scalar invariants, a rough estimate to enumerate possible DDIs is to choose 10 among 24
indices, resulting in around two million possibilities. Thus, it is desirable to obtain some
systematic control over such problems.

A.1 Diagrammatic classification

In order to do so, we use a graphical representation of the various tensorial quantities involved
in the scalar invariants of our classification. The coloured field strength is represented by

a

Fit =1 <, (A1)

while for clarity, we recall the definition of the coloured vertex tensor, given by

b, J

_ b
Tilse = Ff Y FREV Fry = o<l (A2)

Although we could introduce an orientation on these graphs in order to encode the positions
of antisymmetrised indices with respect to that of the covariant derivative, we will refrain to
do so, our purpose here being a classification rather than actual calculations of DDIs.

The previous tensorial quantities are sufficient to define all the DDIs, however it is quite
convenient to construct other coloured tensors from these building blocks. In particular,
we construct and represent the traces of T' by

Vi§ = geThsG = e—a (A.3)
Vi = goc T35 = e 0o (A.4)

and we will represent by a spring either case
S = e = ewww O o—— (A.5)

so that S = V or V. Let us remark that the elements of the two families introduced in the
section 4.1 can easily be reconstructed from these definitions,

d d =
Gae Gbf gch(%)STJ?[ = A1k s Gad Gbf 9o To0G Jf(f[ =Ak, (A.6)

and
9aVisViko = —(=1D)"" Bk, gaVi5VEe = (-1)’Brik, gaViyVio = —Bikr. (AT)

This enables to list all the disconnected diagrams representing coloured VFVF', built
from tensorial products of the previous quantities, which are schematically of the form

{s2,vV,sT, 1%} . (A.8)

Furthermore, we show in the penultimate section of this appendix that DDIs built from
2-index tensors, such as VV and S2, are redundant for both disconnected and connected
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diagrams. Therefore, we define only the connected diagrams representing coloured VFVF
with more than two indices. There are three families of these given by,

b, K c, L

bed — — b d !

X]‘(}I?LM = gefT(?KeszJ\]:IO :a,JH d, M (A.Q)
b, K c, L

o abed  _ b d ’ ’

X $ar = 9o TER TN =, =< (A.10)
b, K e, L

o abed < — b d L

X ar = 9esTES% T :a,JM a.M (A.11)

In summary, only five families of tensors, {72, ST, X, X. X }, can be used to construct all the
dimensionally dependent identities and we will commonly denote them as H, a tensor built
from coloured VFVF'. In order to consider quantities involving a pair of five antisymmetrised
indices, as required to construct scalar DDIs in four dimensions, they should be completed
by products of the coloured field strength tensors, which we will call the completions of H.

In order to present an explicit classification of DDIs, we now wish to illustrate how they
can be represented using the previous diagrams. A useful example of DDI with a coloured
six-index tensor H is given by

a; b;
J1

J2 I
1a2a3b1b2b3Fa4b4Fzsb5 — J3; E I3
2 - F—

a
A0L10L20L30L4CL5b1b2b3b4b5 HJ1 JoJzI IoIzt Ay
Az (A.12)

where A is the partially antisymmetric tensor defined by (4.17). A very similar example is
obtained by replacing Fz‘ib“Fggbs with F731° z‘;b"’ in the above expression. In what follows,
it will be convenient to consider simultaneously these two possible configurations by using

the compact representation:!?

——— = T o = (A.13)

The example (A.12), extended with (A.13), corresponds to the third row of figure 1.

All the other relevant diagrams are presented in the other rows of figure 1. There are
two main types of DDIs, depending on whether the H tensor has six (first three rows) or
four indices (last three rows). The left column indicates the general form of the DDIs,
with their most general completions by coloured field strengths and irrespectively of which
specific tensors H they are made of. The composition of the H tensor, together with the
specific positions of indices involved in the antisymmetrisations are filling the rest of the
table. The first three rows correspond to diagrams of the form 72, where all indices of
both vertex tensors appear as indices of H, while the last three rows, with a 4-index H
tensor, are divided into the four families {ST, X, X , X}, corresponding to various internal
contractions of the vertex tensors.

131t is clear that if A; = 0 in the first configuration, the overall DDI would contain a trivial factor (d — 4),
so that A; € {1,2,3}, while the antisymmetry in the second configuration imposes A; € {1, 3}.
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Figure 1. Classification of scalar dimensionally dependent identities quadratic in VF. The first
column lists the six general types of DDIs with products of coloured field strengths, while the following

R v | A

Yi

T

e

b
yt]vi 22 ‘:z YV

g

columns detail the possible structures for the H tensor, represented by a circle in the first column.
First three rows: diagrams of the form {T2}. Second three rows: diagrams of the forms {ST, X, X, X}.

A.2 Colour bounds and Laplace expansions

Although the previous DDIs are in principle straightforward to compute, there is a huge
number of possibilities, or “valency”, associated with the colour indices. For instance, in the
previous example (A.12), a naive estimate would give 4% possibilities. However, given that
every (scalar) DDI can be expanded in terms of the 124 scalar invariants classified in (4.3)
and (4.6), their total weight must satisfy the following constraint,

0<Y Li+Y Ji+Y Ar+K<9, (A.14)
i J k

where I; and J; are respectively the colours of H associated with the indices b; and a;, Ay
are those involved in the completion (see the example (A.12)) and finally K is the colour of
the internal link which is present in the last three rows (K = 0 for the other diagrams).

This global bound on colours has a local counterpart for each term of the expanded
DDIs. To see this, let us consider as an example the dressed partially antisymmetric tensor
of the third row of figure 1, obtained by “undressing” the dressed vertices and transferring
their colours to the antisymmetric tensor:

As a1a2a3b1b2b3: 77777 ai1al ra2a2 1as3as Blbl I;zbz ngg 54&4 bsas
AlAJlJQJgflfgfg_Aﬁlﬁzﬁgﬁ4ﬁ5blb2b3b4b5FJ1 FJ2 FJg Ffl FIQ FIg FAl FA;o7 (A15)

where the “bare” A is defined by (4.17).
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Using the Laplace expansion, or cofactor expansion, for determinants with respect to
as, we get

Ag A araza3bibebs (_ aiazazbibabs araza3bibabs araz2a3bibabs a1a2a3b1b2b§)
A\ T doJs I3 T AlAJ1J2J3111213 + A JiJoJ3I1 1213 + AlAJlJ'ngIlIng + A J1J2J3I1 1513
A'16)

with I; = I; + Ay, A = A; + Ay and where, in analogy with (A.15), we have introduced

AAGEGRETE = Dayasasasbivabon For  Foe 2 F G2 F P Fp2 Byt s (A.17)
the bare partially antisymmetric tensor with eight indices being defined similarly to (4.17).
The notation = signifies that we dropped the terms with f» and f4 arising from the contraction,
as explained in the last section of this appendix. Notice that the relation (A.16) enables
us to relate four-dimensional DDIs, which involve antisymmetrisation over five indices, to
three-dimensional DDIs, with antisymmetrisation over four indices.
Similarly, expanding the determinant in a4 yields

ayazazbibabs ., aiazazbibabs aiazazbibpbz aiazasbibabs
AAJ1J2J311[213 ~ ( J1JoJsly I3 JyJadsls o Ty AJ1J2J311[213) , (A18)

wheree I; = I; + A, (123) are the permutations of three elements and

aiazagbibabs _ _ _ _ aiay pagas [pasas biby mbebs pbsbs
AJ1J2J3[11213 = A616263b1b2b3FJ1 FJQ FJ3 FI1 FIQ FIg
= Z (—1)11+I2+13+Sgn(0-) Fbal ai b02a2 ba3a3 (Alg)
- Ioy+J17 Iog+Jo™ Iog+J3

oe(123)

correspond to two-dimensional DDIs. Since fy &~ fy ~ 0, each term in (A.19), and thus in the
four-dimensional DDI (A.15), that contains a Fy,, s, with I; + J; > 4 can be neglected, due
to the Cayley-Hamilton identity. This results in significant valency reductions and enables
us to easily obtain specific representatives for the basis of scalar invariants.

A.3 Algebraic basis of scalar invariants in two, three and four dimensions

Although we are mainly interested in four-dimensional theories, it is instructive, especially
after our discussion in the previous section, to consider the same theories in lower dimensions
and identify the corresponding DDIs and Bianchi identities.

We observe that the two and four dimensional DDIs can all be obtained from the
disconnected diagrams of the third row of figure 1, while three-dimensional ones require
the use of the sixth row as well.'* Interestingly, when the Bianchi identity is taken into
account, four-dimensional DDIs can all be parametrised by the second column of the third
row, corresponding to (4.20) in the main text, i.e.

A2 A arazazbibabs _ byas pbsas paiazby rbabsas
AlAJ1J2J31112[3v@1F0«261 vszb3a3 - Aa1a2a3a4a5blbzb3b4b5FAl FA2 TJIJZII TIQISJS s (AQO)

where the dressed partially antisymmetric tensor is defined by (A.15).

MFurthermore, we have observed that, for each row, the two states (A.13) yield equivalent DDIs and the
coloured field strengths F4 of the completions can be set to their minimal value A = 1. As seen in the next
section, these properties are reminiscent of the various forms of the Cayley-Hamilton identity. However, notice
that it might not be true when the tensor H has fewer symmetries than VFVF.
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In two dimensions, the Bianchi identity is a tensorial DDI and any scalar is proportional
to a single invariant given by

By = {Booo} . (A.Ql)

In three dimensions, there are 113 DDIs and only three left-over Bianchi identities, so that
the algebraic basis of U(1) invariants is eight-dimensional and can be chosen to be

Bz = B U { Ao, Boio, Boi1, Biio, B2oo, B21o, B211} - (A.22)

When the U(1) symmetry is not imposed, in which case the scalars are simply (non-linear)
kinetic terms for 2-form fields, the basis is eleven-dimensional and given by

B3 = PB3 U {Aooo, Ao1o, A200}- (A.23)
Finally, in four dimensions, we obtain 22 U(1) invariants, which can be chosen as follows,

By = B3 U { Aoz, Aio1, A200, A210, A3zo1, Bo2o, Bozz, Bii2, Bi20, B212, B220, B30, B312, B30 }
(A.24)
while we obtain 36 independent invariants for the kinetic terms of 2-form fields,

By = By U {Ao10, Aoat, A120, Az20, Aooo, Ao1, A110, A200, Az01, Az10, Bor, Bai1, Boot, Baoi }
(A.25)

A.4 Redundancy of 2-index H tensor

As claimed above, we show that if 2-index tensors, such as V'V or one of the loop-shaped
tensors (see the diagram (A.2)),

Gve 9er Tos TH5 % (A.26)

are used to construct DDIs, the result will end up being redundant compare to the Cayley-
Hamilton (CH) identity. In order to do so, notice that this identity can be obtained from both

[‘;,FelelF‘f?eQFe?’egFe“m] x 5[‘})Fa1a2Fa3a4}Fala2Fa3a4 =0. (A.27)
Noticing further that
f‘bFalaQFaga’?’FM]“‘lF‘“"“2 =0, (A.28)

in any dimension, this shows that DDIs with two indices constructed solely from products
of the field strength are either trivial or redundant compared to CH, given that any higher
weight can be obtained multiplying the previous equations by F; and that we took into
consideration the three different ways to antisymmetrise five indices from products of F.
Notice that colouring each F' in the previous equations does not change that result either.

Denoting H an arbitrary 2-index tensor (which for our purpose should be constructed
from VFVF'), the DDIs built from it are divided into two families,

H[a1a2 (FIFJFKFL)a1a2a3a4a5 = Ha1a2 (F]FJFKFL)[ala2a3a4a5] >

azagas] azaqas
H"

o (FIFsFcFL)asen = Hyl o)) (FrFsFicFL)eis:

azazagas| [a1 azazagas]’

(A.29)

where the notation with parenthesis means that the indices can be distributed arbitrarily
on the tensor product. Thus, they reduce to tensorial DDIs with two indices built from
products of Fy, i.e. to the Cayley-Hamilton identity.
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A.5 Connected scalar diagrams

Finally, we explain why it is possible to neglect the traces fo ~ f4 ~ 0 in the expansion
of generalised Kronecker symbols, without spoiling the dimensionality of the basis of DDIs.
Although not necessary, this assumption helps to find representatives for that basis. Of course,
in order to obtain precise irreducible decompositions of invariants, this simplification cannot
be made. In terms of diagrams, this means that among all the scalar invariants resulting
from Laplace expansion, only those represented by connected diagrams can be kept. More
precisely, it is clear that any scalar DDI can be expanded to yield

Sy = 3 ﬁﬁugwm (A.30)
2<2(i+2§) <w<9

where S,, is a linear combination with constant coefficients of the scalar invariants
{A, A B,B, 5’} of weight w, defined by (4.3) and (4.6), and similarly for each S¢7). In
order to list all independent DDIs, we now show that it is sufficient to set fo ~ f4 = 0.

Indeed, this simplification would lead to ignore some relevant DDIs only if two DDIs
yield (A.30) with the same S,, but different S7). Denoting S this difference of invariants,
we could then construct a DDI given by

Z foZSw 2(i+25) — 0, (A.31)

2<2(i+25) <w<9

which would trivialize when assuming fo =~ f; &~ 0. However, the unicity of the Laplace
expansions (A.30) prevents this from happening.

Let us see some examples for low weights, which we recall, are ranging from 0 to 9. First,
it is clear that at least 10 indices are needed to build a four-dimensional scalar DDI, so
w > 2 in (A.30). At weight 2, all DDIs have the form

= oS (A.32)

Thus, (A.31) would imply the existence of a dimensional identity between weight 0 scalars,
So = 0, which is impossible as we just said. The same would happen at weight 3, so we
move to w = 4. At this weight, DDIs have the form

Sy = oSS0 4 12530 4 5000 (A.33)

Thus, a relation of the form (A.31) would yield f,85"” + f2 5<2“ + £,800 = 0 Assuming
that we have used all the lower weight DDIs, given by (A.32), implies that So 75 0. Let us
now choose a configuration of the two-form field /' which fixes one out of its six components,
say fo = 0 and fy # 0. Then, the previous equation becomes a DDI among weight 0
scalar invariants, which is again impossible, unless F' is effectively two-dimensional in this
configuration, meaning that it would have only one independent component. This is not the
case here as only one component among six has been fixed, so again relations such as (A.31)
are impossible up to weight 4. It is clear that the same would apply for higher weight terms.
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