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Abstract

Removing the field redefinitions, the Bianchi identities and the total derivative freedoms from the general 
form of the gauge invariant couplings at order �6

p for the bosonic fields of M-theory, we have found that 
the minimum number of independent couplings in the structures with even number of the three-form, is 
1062. We find that there are schemes in which there is no coupling involving R, Rμν, ∇μFμαβγ . In these 
schemes, there are sub-schemes in which, except one coupling which has the second derivative of F(4), 
the couplings can have no term with more than two derivatives. We find some of the parameters by dimen-
sionally reducing the couplings on a circle and comparing them with the known couplings of the one-loop 
effective action of type IIA superstring theory. In particular, we find the coupling which has term with more 
than two derivatives is zero.
© 2022 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

M-theory is a consistent quantum theory of gravity which includes all types of superstring 
theories at different limits [1]. In particular, the compactification of M-theory on a circle produces 
the type IIA superstring theory. A convenient way to study different phenomena in this theory is 
to use an effective action which is a derivative-expansion of the theory in terms of its massless 
fields [2,3]. The leading order terms in this expansion is the 11-dimensional supergravity and the 
next to the leading order terms are at eight-derivative order or �6

p-order in which we are interested. 
There are different techniques to find such couplings [4–14]. One of them is the S-matrix method 
in which various S-matrix elements are calculated in the M-theory and then they are compared 
with the corresponding S-matrix elements in the M-theory effective action. Another method is to 
use the dimensional reduction of the �6

p-order couplings on the circle and compare them with the 
one-loop effective action of the type IIA superstring theory at order α′3. To use these methods, 
one needs to know the independent gauge invariant couplings at order �6

p.
To find such independent couplings, one has to impose various Bianchi identities, use field 

redefinitions freedom [15–17] and remove total derivative terms from the most general gauge 
invariant couplings. Hence, one should first write all gauge invariant couplings at order �6

p and 
then imposes the above freedoms to reduce them to the minimal couplings. The parameters in the 
gauge invariant action are either ambiguous or unambiguous depending on whether or not they 
are changed under these freedoms. Some combinations of the ambiguous parameters, however, 
remain invariant. This allows one to separate the ambiguous parameters to essential parameters, 
and some arbitrary parameters. Depending on which set of parameters are choosing as essential 
parameters and how to choose the arbitrary parameters, one has different schemes. The minimum 
number of independent couplings are found in the schemes that all the arbitrary parameters are 
set to zero. This method has been used in [18] to find 60 independent gauge invariant couplings 
at order α′2 in the bosonic string theory, and in [19] to find 872 independent NS-NS couplings at 
order α′3 in type II superstring theories. These parameters are then fixed in the tree-level effective 
action by the T-duality [20–22]. We are interested in finding such independent couplings at order 
�6
p in M-theory for bosonic fields. The effective action of M-theory at each order of �p has 

two sectors: The Chern-Simons sector which has odd number of the three-form and another 
sector which has even number of the three-form. Each sector should be invariant under the parity 
transformation which changes the sign of the three-form [23]. In this paper we are interested in 
finding the independent couplings in the second sector at order �6

p.
The outline of the paper is as follows: In section 2, using the package “xAct” [24], we write 

the most general gauge invariant couplings involving the 11-dimensional metric gμν and the 
three-form A(3) at order �6

p . There are 17746 such couplings. Then we add to them the most gen-
eral total derivative terms and field redefinitions with arbitrary parameters. To impose various 
Bianchi identities, we rewrite them in the local inertial frame in which the partial derivative of 
the metric is zero, and rewrite the terms which have derivatives of three-field strength F (4), in 
terms of potential, i.e., F (4) = dA(3). We then use the arbitrary parameters in the total derivative 
terms and in the field redefinitions to show that there are only 1062 unambiguous and essential 
parameters and all other parameters are arbitrary which can be set to zero. We show that there 
are minimal schemes in which there are 1061 couplings which have no term with more than two 
2



M.R. Garousi Nuclear Physics B 977 (2022) 115733
derivatives and no term involving R, Rμν, ∇μFμαβγ . There is one essential coupling which has 
two derivatives on F . We write the explicit form of this coupling, and the couplings with struc-
tures F 6R, F 4R2, F 2R3, R4, F 2(∇F)2, and (∇F)4 where R stands for the Riemann curvature, 
in this section, and the remaining couplings with the structures F 8, F 4(∇F)2, and RF 2(∇F)2, 
in Appendix A. In section 3, we briefly discuss the dimensional reduction of the couplings on a 
circle to find some of the parameters involving four fields by comparing them with the known 
couplings in the one-loop effective action of type IIA superstring theory. In particular, this com-
parison dictates that the coupling which has term with more than two derivatives is zero.

2. Minimal couplings at order �6
p

The bosonic part of the effective action of M-theory has the following derivative-expansion 
or �p-expansion where �p is the 11-dimensional Plank-length:

Seff = 1

2κ2
11

[∫
d11x

√−g(L0 + �6
pL6 + · · · ) +

∫
(LCS

0 + �6
pLCS

6 + · · · )
]

(1)

where we have used the fact that the M-theory has no effective action at four and six derivative 
orders. In fact, as we will argue in the next section, the orders of the derivative terms in the 
M-theory effective action are at �0

p, �6
p, �12

p , �18
P , �24

p , · · · .
The effective action must be invariant under the coordinate transformations and under the 

A-field gauge transformations. The metric and A-field must appear in the Lagrangian Ln trough 
their field strengths and their covariant derivatives, e.g., the Lagrangian L at the leading order of 
�p is

L0 = R − 1
2.4!FμναβFμναβ (2)

The Chern-Simons form at the leading order is not invariant under the gauge transformation, i.e.,

LCS
0 = −1

6
A(3) ∧ F (4) ∧ F (4) (3)

However, its corresponding action is invariant. The 11-dimensional supergravity is invariant un-
der the parity transformation which changes the sign of the A-field [23]. This should be the sym-
metry of all higher-derivative terms in (1). The parity symmetry then constrains L to have even 
number of A-field and LCS to have odd number of A-field. In this paper, we are interested only on 
the couplings in L6. A systematic method has been used in [18,19] to find the minimum number 
of independent couplings at order α′2 and α′3 in the effective action of the bosonic string theory. 
It has been found that there are 60 couplings at order α′2 and 872 couplings at order α′3. In this 
section, we are going to use this method to find similar couplings in L at order �6

p in the M-theory.
Following [18], one first should write all gauge invariant couplings at eight-derivative order 

which has even number of the three-form. Using the package “xAct” [24], one finds there are 
17746 such couplings in 40 different structures, i.e.,

L′
6 = m′

1Fαν
δεF αβγ ν Fβφ

εμFγ
ζηφF δεσ

θFεζ
ισ Fμι

κλFηθκλ + · · · (4)

where m′
1, · · · , m′

17746 are some parameters.1 The above couplings however are not all inde-

1 Using a computer with 32 GB RAM, the package can generate all couplings excepts the couplings with structure F 8. 
The couplings in this structure which include FμναβFμναβ , can be also generated by finding all couplings with structure 
3
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pendent. Some of them are related by total derivative terms, some of them are related by field 
redefinitions, and some others are related by various Bianchi identities.

To remove the total derivative terms from the above couplings, we consider the most general 
total derivative terms at order �6

p which have the following structure:

�6
p

2κ2
11

∫
d11x

√−gJ6 = �6
p

2κ2
11

∫
d11x

√−g∇α(Iα
6 ) (5)

where the vector Iα
6 is all possible covariant and gauge invariant terms at seven-derivative level 

which has even number of the three-form, i.e.,

Iα
6 = J1F

γδεμRαβRβεεθ∇δFγμ
εθ + · · · (6)

where the coefficients J1, · · · , J7760 are 7760 arbitrary parameters. Adding the total derivative 
terms with arbitrary coefficients to L′

6, one finds the same Lagrangian but with different param-
eters m′′

1, m
′′
2, · · · . We call the new Lagrangian L′′

6. Hence

�′′
6 −J6 = 0 (7)

where �′′
6 = L′′

6 − L′
6 is the same as L′

6 but with coefficients δm′′
1, δm

′′
2, · · · where δm′′

i = m′′
i −

m′
i . Solving the above equation, one finds some linear relations between only δm′′

1, δm
′′
2, · · ·

which indicate how the couplings are related among themselves by the total derivative terms. 
The above equation also gives some relations between the coefficients of the total derivative 
terms and δm′′

1, δm
′′
2, · · · in which we are not interested.

The couplings in (7), however, are in a fixed field variables. One is free to change the field 
variables as

gμν → gμν + �6
pδg(6)

μν

Aμνα → Aμνα + �6
pδA(6)

μνα (8)

where the tensors δg(6)
μν and δA(6)

μνα are all possible covariant and gauge invariant terms at 6-

derivative level. The parity symmetry constrains δg(6)
μν to have even number of the three-form 

and δA(6)
μνα to have odd number of the three-form, i.e.,

δg
(6)
αβ = g1F{αγ δμFβ}γ ενFδμ

εθFεεν
ηFθ

λκσ Fηλκσ + · · ·
δA

(6)
αβμ = e1R

γδRδεε[α∇βFμ]γ εε + · · · (9)

The coefficients g1, · · · , g1987 and e1, · · · , e2679 are arbitrary parameters. When the field vari-
ables in L6 are changed according to the above field redefinitions, they produce some couplings 
at orders �8

p and higher in which we are not interested in this paper. However, when the field 
variables in S0 are changed, up to some total derivative terms, the following couplings at order 
�6
p are produced:

F 6 and then multiplying them with FμναβFμναβ . We found the couplings which have no factor FμναβFμναβ , as 
follows: We first find all couplings with structure H 8 where H is a three-form. The package can generate such couplings. 
We then replace each three-form H with the four-form F with one free index. The resulting couplings then each has 8 
free indices. We then contract all possible contractions of the free indices, and remove the couplings which have the 
factor FμναβFμναβ . Note that the number of latter couplings is two less than the number of the couplings constructed 
by multiplying all contractions of F 6 with FμναβFμναβ .
4
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δS0 = δS0

δgαβ

δg
(3)
αβ + δS0

δAαβμ

δA
(3)
αβμ ≡ �6

p

2κ2
11

∫
d11x

√−gK6

= �6
p

2κ2
11

∫
d11x

√−g
[(

1

6
∇γ F γαβμ − 1

48.144
εαβμνγλθτκσζ FνγλθFτκσζ

)
δA

(6)
αβμ

(10)

− (Rαβ − 1

12
Fαγ δμFβ

γ δμ)δg
(6)
αβ + (

1

2
R − 1

48
Fαβγ νF

αβγ ν)δg(6)μ
μ)

]
Note that if δA(6)

μνα included the even number of the A-field, then the couplings in the second 
line would not be invariant under the parity. The second term in the second line above produces 
couplings in the Chern-Simons sector in which we are not interested in this paper, hence, we do 
not consider the effect of field redefinition δA(6)

αβμ on this term. Adding the total derivative terms 
and field redefinition terms to L′

6, one finds the same Lagrangian but with different parameters 
m1, m2, · · · . We call the new Lagrangian L6. Hence

�6 −J6 −K6 = 0 (11)

where �6 = L6 − L′
6 is the same as L′

6 but with coefficients δm1, δm2, · · · where δmi = mi −
m′

i . Solving the above equation, one finds some linear relations between only δm1, δm2, · · ·
which indicate how the couplings are related among themselves by the total derivative and field 
redefinition terms. There are also many relations between δm1, δm2, · · · and the coefficients of 
total derivative terms and field redefinitions in which we are not interested.

However, to solve the equation (11) one should write it in terms of independent couplings, 
i.e., one has to impose the following Bianchi identities as well:

Rα[βγ δ] = 0

∇[μRαβ]γ δ = 0 (12)

∇[μFναβγ ] = 0

[∇,∇]O − RO = 0

To impose the Bianchi identities in non-gauge invariant form, one may rewrite the terms in (11)
in the local frame in which the first partial derivative of metric is zero, and rewrite the terms 
in (11) which have derivatives of F in terms of A-field, i.e., F = dA. In this way, the Bianchi 
identities satisfy automatically [18]. In fact, writing the couplings in terms of potential rather 
than field strength, there would be no Bianchi identity at all. This way of imposing the Bianchi 
identities is very easy to perform by the computer.

Using the above steps, one can rewrite the different terms on the left-hand side of (11) in 
terms of independent but non-gauge invariant couplings. The solution to the equation (11) then 
has two parts. One part is 1062 relations between only δmi’s, and the other part is some relations 
between the coefficients of the total derivative terms, field redefinitions and δmi’s in which we 
are not interested. The number of relations in the first part gives the number of independent 
couplings in L6. In a particular scheme, one may set some of the coefficients in L′

6 to zero, 
however, after replacing the non-zero terms in (11), the number of relations between only δmi’s 
should not be changed, i.e., there must be always 1062 relations. We set the coefficients of the 
couplings in L′

6 in which each term that has R, Rμν or ∇μFμναβ to be zero. After setting these 
coefficients to zero, there are still 1062 relations between δmi’s. This means we are allowed to 
remove these terms.
5
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We then try to set zero the couplings in L′
6 which have term with more then two derivatives. 

Imposing this condition and then solving (11) again, one would find 1061 relations between only 
δmi ’s. It means that at least one of the independent couplings has terms with more than two 
derivatives. We have found this independent coupling to be

L6 ⊃ m315Fε
μνσ Rαγ

εεRαβγ δ∇σ ∇δFβεμν (13)

The way we have found the above coupling is that we divided the couplings involving more than 
two derivatives to two parts. We then set the coefficients of one part to zero. If the corresponding 
equations in (11) gives 1062 relations between the remaining δmi’s then that choice is allowed, 
otherwise the other part is allowed to be zero. Again we divided the non-zero part to two parts 
and set half of them to zero. If the corresponding equations in (11) gives 1062 relations between 
the remaining δmi ’s then that choice is allowed, otherwise the other part is allowed to be zero. 
Repeating this strategy one finds the above couplings is one of the independent couplings. Apart 
from the above coupling, all other couplings which have terms with more than two derivatives 
are allowed to be zero. There are still 3304 couplings which have no term with more than two 
derivatives and have no terms with structures R, Rμν, ∇μFμναβ . Hence, there are still many 
choices for choosing the non-zero coefficients such that they satisfy the 1062 relations δmi = 0. 
In the particular scheme that we have chosen, there is one coupling appears in (13), and the 
other 1061 couplings appear in the 9 structures F 6R, F 4R2, F 2R3, R4, F 2(∇F)2, (∇F)4, F 8, 
F 4(∇F)2, RF 2(∇F)2.

We have found there are 47 couplings with structure of one Riemann curvature and six F , i.e.,

LF 6R
6 = m135Fα

εεμFβ
νσλFγ ε

κτFδν
ωϕFεσκωFμλτϕRαβγ δ +

m136Fα
εεμFβ

νσλFγ εν
κFδ

τωϕFεσκτFμλωϕRαβγ δ +
m144Fα

εεμFβεε
νFγ

σλκFδ
τωϕFμσλτFνκωϕRαβγ δ +

m145Fαβ
εεFγ ε

μνFδ
σλκFε

τωϕFμσλτFνκωϕRαβγ δ +
m146Fαβ

εεFγ δ
μνFε

σλκFε
τωϕFμσλτFνκωϕRαβγ δ +

m139Fαβ
εεFγ

μνσ Fδ
λκτFεμ

ωϕFελωϕFνσκτR
αβγ δ +

m140Fα
εεμFβε

νσ Fγ ε
λκFδ

τωϕFμλτωFνσκϕRαβγ δ +
m141Fα

εεμFβε
νσ Fγ ε

λκFδλ
τωFμτω

ϕFνσκϕRαβγ δ +
m137Fα

εεμFβ
νσλFγ εε

κFδ
τωϕFμτωϕFνσλκRαβγ δ +

m138Fα
εεμFβε

νσ Fγ ε
λκFδ

τωϕFμτωϕFνσλκRαβγ δ +
m142Fα

εεμFβε
νσ Fγ

λκτFδλ
ωϕFεμκτFνσωϕRαβγ δ +

m143Fα
εεμFβε

νσ Fγ ε
λκFδ

τωϕFμλκτFνσωϕRαβγ δ +
m153Fα

εεμFβεε
νFγ

σλκFδσλ
τFμκ

ωϕFντωϕRαβγ δ +
m154Fαβ

εεFγ ε
μνFδ

σλκFεσλ
τFμκ

ωϕFντωϕRαβγ δ +
m155Fαβ

εεFγ δ
μνFε

σλκFεσλ
τFμκ

ωϕFντωϕRαβγ δ +
m150Fα

εεμFβεε
νFγ

σλκFδσ
τωFμλκ

ϕFντωϕRαβγ δ +
m151Fαβ

εεFγ ε
μνFδ

σλκFεσ
τωFμλκ

ϕFντωϕRαβγ δ +
m152Fαβ

εεFγ δ
μνFε

σλκFεσ
τωFμλκ

ϕFντωϕRαβγ δ +
m Fα

εεμFβεε
νFγ

σλκFδ
τωϕFμσλκFντωϕRαβγ δ +
147

6
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m148Fαβ
εεFγ ε

μνFδ
σλκFε

τωϕFμσλκFντωϕRαβγ δ +
m149Fαβ

εεFγ δ
μνFε

σλκFε
τωϕFμσλκFντωϕRαβγ δ +

m177Fαβ
εεFγ

μνσ Fδ
λκτFεμν

ωFελω
ϕFσκτϕRαβγ δ +

m176Fαβ
εεFγ

μνσ Fδ
λκτFεμλ

ωFενω
ϕFσκτϕRαβγ δ +

m178Fαβ
εεFγ

μνσ Fδ
λκτFεε

ωϕFμνλωFσκτϕRαβγ δ +
m179Fαβ

εεFγ
μνσ Fδμ

λκFεν
τωFελτ

ϕFσκωϕRαβγ δ +
m156Fα

εεμFβ
νσλFγ ε

κτFδν
ωϕFεμωϕFσλκτR

αβγ δ +
m157Fαβ

εεFγ
μνσ Fδ

λκτFεμ
ωϕFενωϕFσλκτR

αβγ δ +
m158Fαβ

εεFγ
μνσ Fδμ

λκFεν
τωFετω

ϕFσλκϕRαβγ δ +
m159Fα

εεμFβ
νσλFγ εε

κFδ
τωϕFμντωFσλκϕRαβγ δ +

m160Fα
εεμFβε

νσ Fγ ε
λκFδ

τωϕFμντωFσλκϕRαβγ δ +
m161Fαβ

εεFγ ε
μνFδ

σλκFε
τωϕFμντωFσλκϕRαβγ δ +

m162Fα
εεμFβ

νσλFγ εν
κFδε

τωFμτω
ϕFσλκϕRαβγ δ +

m163Fα
εεμFβ

νσλFγ εε
κFδν

τωFμτω
ϕFσλκϕRαβγ δ +

m164Fα
εεμFβε

νσ Fγ ε
λκFδν

τωFμτω
ϕFσλκϕRαβγ δ +

m165Fαβ
εεFγ ε

μνFδ
σλκFεμ

τωFντω
ϕFσλκϕRαβγ δ +

m166Fα
εεμFβ

νσλFγ ε
κτFδν

ωϕFεμκωFσλτϕRαβγ δ +
m169Fαβ

εεFγ
μνσ Fδμν

λFε
κτωFεκτ

ϕFσλωϕRαβγ δ +
m167Fα

εεμFβ
νσλFγ ε

κτFδν
ωϕFεμκτFσλωϕRαβγ δ +

m168Fα
εεμFβ

νσλFγ εν
κFδ

τωϕFεμκτFσλωϕRαβγ δ +
m171Fα

εεμFβ
νσλFγ εενFδ

κτωFμκτ
ϕFσλωϕRαβγ δ +

m170Fα
εεμFβ

νσλFγ εε
κFδ

τωϕFμνκτFσλωϕRαβγ δ +
m172Fα

εεμFβεε
νFγμ

σλFδ
κτωFνκτ

ϕFσλωϕRαβγ δ +
m173Fαβ

εεFγ ε
μνFδμ

σλFε
κτωFνκτ

ϕFσλωϕRαβγ δ +
m174Fαβ

εεFγ δ
μνFεμ

σλFε
κτωFνκτ

ϕFσλωϕRαβγ δ +
m175Fαβ

εεFγ δ
μνFεε

σλFμ
κτωFνκτ

ϕFσλωϕRαβγ δ +
m180Fαβ

εεFγ δ
μνFεεμ

σ FκτωϕFν
λκτFσλ

ωϕRαβγ δ +
m181Fαβ

εεFγ δ
μνFεεμνFκτωϕFσλ

ωϕFσλκτRαβγ δ (14)

There are 63 couplings with structure of two Riemann curvatures and four F , i.e.,

LF 4R2

6 = m182Fεε
σλF εεμνFμσ

κτFνλκτRαγβδR
αβγ δ +

m183Fεε
σλF εεμνFμν

κτFσλκτRαγβδR
αβγ δ +

m184Fεεμ
σ F εεμνFν

λκτFσλκτRαγβδR
αβγ δ +

m188Fβ
μνσ Fδμνσ Fε

λκτFελκτRα
ε
γ

εRαβγ δ +
m187Fβ

μνσ Fδμν
λFεσ

κτFελκτRα
ε
γ

εRαβγ δ +
m Fβ

μνσ Fδμ
λκFενλ

τFεσκτRα
ε
γ

εRαβγ δ +
186

7
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m189Fβε
μνFδε

σλFμσ
κτFνλκτRα

ε
γ

εRαβγ δ +
m190Fβε

μνFδε
σλFμσ

κτFνλκτRα
ε
γ

εRαβγ δ +
m191Fβδ

μνFεε
σλFμσ

κτFνλκτRα
ε
γ

εRαβγ δ +
m192Fβε

μνFδε
σλFμν

κτFσλκτRα
ε
γ

εRαβγ δ +
m193Fβε

μνFδε
σλFμν

κτFσλκτRα
ε
γ

εRαβγ δ +
m194Fβδ

μνFεε
σλFμν

κτFσλκτRα
ε
γ

εRαβγ δ +
m195FβδεεFμν

κτFμνσλFσλκτRα
ε
γ

εRαβγ δ +
m196Fβε

μνFδεμ
σ Fν

λκτFσλκτRα
ε
γ

εRαβγ δ +
m197Fβδ

μνFεεμ
σ Fν

λκτFσλκτRα
ε
γ

εRαβγ δ +
m200Fβγ

νσ Fδν
λκFεεσ

τFμλκτRα
εεμRαβγ δ +

m202Fβγ
νσ Fδενσ Fε

λκτFμλκτRα
εεμRαβγ δ +

m201Fβγ
νσ Fδεν

λFεσ
κτFμλκτRα

εεμRαβγ δ +
m203Fβε

νσ Fγ εν
λFδμ

κτFσλκτRα
εεμRαβγ δ +

m207Fβγ ε
νFδεν

σ Fμ
λκτFσλκτRα

εεμRαβγ δ +
m204Fβγ ε

νFδε
σλFμν

κτFσλκτRα
εεμRαβγ δ +

m205Fβγ ε
νFδε

σλFμν
κτFσλκτRα

εεμRαβγ δ +
m206Fβγ εεFδ

νσλFμν
κτFσλκτRα

εεμRαβγ δ +
m208Fβγ ε

νFδεμ
σ Fν

λκτFσλκτRα
εεμRαβγ δ +

m235Fαε
σλFβμσ

κFγ ελ
τFδνκτR

αβγ δRεεμν +
m238Fαε

σλFβεσλFγμ
κτFδνκτR

αβγ δRεεμν +
m237Fαε

σλFβεσ
κFγμλ

τFδνκτR
αβγ δRεεμν +

m236Fαε
σλFβε

κτFγμσλFδνκτR
αβγ δRεεμν +

m243Fαβ
σλFγ εσλFδε

κτFμνκτR
αβγ δRεεμν +

m242Fαβ
σλFγ εσ

κFδελ
τFμνκτR

αβγ δRεεμν +
m246Fαβ

σλFγ δσλFεε
κτFμνκτR

αβγ δRεεμν +
m245Fαβ

σλFγ δσ
κFεελ

τFμνκτR
αβγ δRεεμν +

m244Fαβ
σλFγ δ

κτFεεσλFμνκτR
αβγ δRεεμν +

m240Fαβ
σλFγ εσ

κFδεκ
τFμνλτR

αβγ δRεεμν +
m241Fαβ

σλFγ δ
κτFεεσκFμνλτR

αβγ δRεεμν +
m239Fαβ

σλFγ ε
κτFδεκτFμνσλR

αβγ δRεεμν +
m252Fαβ

σλFγ εμσ Fδε
κτFνλκτR

αβγ δRεεμν +
m251Fαβ

σλFγ εμ
κFδεσ

τFνλκτR
αβγ δRεεμν +

m257Fαβε
σ Fγ εμσ Fδ

λκτFνλκτR
αβγ δRεεμν +

m254Fαβε
σ Fγ εσ

λFδμ
κτFνλκτR

αβγ δRεεμν +
m Fαβε

σ Fγ ε
λκFδμσ

τFνλκτR
αβγ δRεεμν +
253

8
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m255Fαβε
σ Fγ εμ

λFδσ
κτFνλκτR

αβγ δRεεμν +
m256FαβεεFγμ

σλFδσ
κτFνλκτR

αβγ δRεεμν +
m261Fαβε

σ Fγ δμσ Fε
λκτFνλκτR

αβγ δRεεμν +
m259Fαβε

σ Fγ δσ
λFεμ

κτFνλκτR
αβγ δRεεμν +

m258Fαβε
σ Fγ δ

λκFεμσ
τFνλκτR

αβγ δRεεμν +
m260Fαβε

σ Fγ δμ
λFεσ

κτFνλκτR
αβγ δRεεμν +

m262Fαβε
σ Fγ δε

λFμσ
κτFνλκτR

αβγ δRεεμν +
m263FαβεεFγ δ

σλFμσ
κτFνλκτR

αβγ δRεεμν +
m249Fαβε

σ Fγ εμ
λFδλ

κτFνσκτR
αβγ δRεεμν +

m248Fαβε
σ Fγ ε

λκFδμλ
τFνσκτR

αβγ δRεεμν +
m250Fαβε

σ Fγ δ
λκFεμλ

τFνσκτR
αβγ δRεεμν +

m247Fαβ
σλFγ εμ

κFδεκ
τFνσλτR

αβγ δRεεμν +
m264Fαβε

σ Fγ εμ
λFδν

κτFσλκτR
αβγ δRεεμν +

m265FαβεεFγμ
σλFδν

κτFσλκτR
αβγ δRεεμν +

m266Fαβε
σ Fγ δε

λFμν
κτFσλκτR

αβγ δRεεμν +
m267FαβεεFγ δ

σλFμν
κτFσλκτR

αβγ δRεεμν +
m268FαβεεFγ δμ

σ Fν
λκτFσλκτR

αβγ δRεεμν +
m269FαβεεFγ δμνFFRαβγ δRεεμν + m198Fβε

μνFδεμνFFRα
ε
γ

εRαβγ δ +
m199Fβδ

μνFεεμνFFRα
ε
γ

εRαβγ δ + m209Fβγ ε
νFδεμνFFRα

εεμRαβγ δ +
m185FF 2RαγβδR

αβγ δ (15)

There are 24 couplings with structure of three Riemann curvatures and two F , i.e.,

LF 2R3

6 = m211Fδν
σλFεμσλRα

ε
γ

εRαβγ δRβ
μ

ε
ν + m212Fδμ

σλFενσλRα
ε
γ

εRαβγ δRβ
μ

ε
ν +

m213Fδε
σλFμνσλRα

ε
γ

εRαβγ δRβ
μ

ε
ν + m215Fε

νσλFμνσλRαβ
εεRαβγ δRγ εδ

μ +
m216Fδν

σλFεμσλRαβ
εεRαβγ δRγ

μ
ε
ν + m217Fδμ

σλFενσλRαβ
εεRαβγ δRγ

μ
ε
ν +

m218Fδε
σλFμνσλRαβ

εεRαβγ δRγ
μ

ε
ν + m219Fβμν

λFδεσλRα
εεμRαβγ δRγ

ν
ε
σ +

m220Fβδμ
λFενσλRα

εεμRαβγ δRγ
ν
ε
σ + m221Fβδε

λFμνσλRα
εεμRαβγ δRγ

ν
ε
σ +

m222FβεενFδμσλRα
εεμRαβγ δRγ

νσλ + m223FβδενFεμσλRα
εεμRαβγ δRγ

νσλ +
m224Fε

νσλFμνσλRαγβ
εRαβγ δRδ

ε
ε
μ + m225Fεε

σλFμνσλRαγβ
εRαβγ δRδ

εμν +
m231Fβμ

σλFδνσλRαγ
εεRαβγ δRε

μ
ε
ν + m232Fβδ

σλFμνσλRαγ
εεRαβγ δRε

μ
ε
ν +

m233Fβδμ
λFενσλRαγ

εεRαβγ δRε
μνσ + m270Fεε

σλFμνσλRαγβδR
αβγ δRεεμν +

m272Fδεμ
λFενσλRαγβ

εRαβγ δRεμνσ + m273FβεμνFδεσλRα
ε
γ

εRαβγ δRμνσλ +
m274FβεμνFδεσλRα

ε
γ

εRαβγ δRμνσλ + m275FβδμνFεεσλRα
ε
γ

εRαβγ δRμνσλ +
m FFRα

ε
γ

εRαβγ δRβεδε + m FFRαβ
εεRαβγ δRγ εδε (16)
210 214
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There are 7 couplings with structure of four Riemann curvatures, i.e.,

LR4

6 = m226Rαβ
εεRαβγ δRγ

μ
ε
νRδμεν + m227Rα

ε
γ

εRαβγ δRβ
μ

ε
νRδνεμ +

m228Rαβ
εεRαβγ δRγ

μ
ε
νRδνεμ + m229Rαβ

εεRαβγ δRγ
μ

δ
νRεμεν +

m230Rαγβ
εRαβγ δRδ

εμνRεμεν + m234Rα
ε
γ

εRαβγ δRβ
μ

δ
νRενεμ +

m271RαγβδR
αβγ δRεμενR

εεμν (17)

There are 24 couplings with structure of two Riemann curvatures and two ∇F , i.e.,

LR2(∂F )2

6 = m282Rα
ε
γ

εRαβγ δ∇εFβ
μνσ ∇εFδμνσ + m283Rαβ

εεRαβγ δ∇εFγ
μνσ ∇εFδμνσ +

m284Rα
ε
γ

εRαβγ δ∇δFβ
μνσ ∇εFεμνσ + m285Rα

εεμRαβγ δ∇γ Fβε
νσ ∇μFδενσ +

m286Rα
εεμRαβγ δ∇γ Fβε

νσ ∇μFδενσ + m287Rα
εεμRαβγ δ∇εFβγ

νσ ∇μFδενσ +
m292Rα

εεμRαβγ δ∇δFβγ
νσ ∇μFεενσ + m294R

αβγ δRεεμν∇μFαβε
σ ∇νFγ δεσ +

m295R
αβγ δRεεμν∇εFαβε

σ ∇νFγ δμσ + m296R
αβγ δRεεμν∇γ Fαβε

σ ∇νFδεμσ +
m316R

αβγ δRεεμν∇σ Fβδεν∇σ Fαγ εμ + m317Rα
εεμRαβγ δ∇μFδενσ ∇σ Fβγ ε

ν +
m318Rα

εεμRαβγ δ∇εFγ δνσ ∇σ Fβεμ
ν + m319Rα

εεμRαβγ δ∇νFγ δεσ ∇σ Fβεμ
ν +

m320Rα
εεμRαβγ δ∇σ Fγ δεν∇σ Fβεμ

ν + m321Rα
ε
γ

εRαβγ δ∇νFδεμσ ∇σ Fβε
μν +

m322Rα
ε
γ

εRαβγ δ∇σ Fδεμν∇σ Fβε
μν + m323Rαβ

εεRαβγ δ∇νFεεμσ ∇σ Fγ δ
μν +

m324Rαβ
εεRαβγ δ∇σ Fεεμν∇σ Fγ δ

μν + m325Rαβ
εεRαβγ δ∇νFδεμσ ∇σ Fγ ε

μν +
m326Rαβ

εεRαβγ δ∇σ Fδεμν∇σ Fγ ε
μν + m327Rαγβ

εRαβγ δ∇νFεεμσ ∇σ Fδ
εμν +

m328Rαγβ
εRαβγ δ∇σ Fεεμν∇σ Fδ

εμν +
m329RαγβδR

αβγ δ∇σ Fεεμν∇σ F εεμν (18)

There are 15 couplings with structure of four ∇F , i.e.,

L(∂F )4

6 = m375∇εFαβ
εμ∇εF αβγ δ∇λFεμνσ ∇λFγ δ

νσ +
m378∇εFαβ

εμ∇εF αβγ δ∇λFδμνσ ∇λFγ ε
νσ +

m384∇εFαβγ
ε∇εF αβγ δ∇λFεμνσ ∇λFδ

μνσ +
m385∇εF αβγ δ∇εFαβγ δ∇λFεμνσ ∇λFε

μνσ +
m386∇δFμνσλ∇εF αβγ δ∇εFαβγ ε∇λFε

μνσ +
m387∇εFαβγ δ∇εF αβγ δ∇λFεμνσ ∇λF εμνσ +
m379∇εF αβγ δ∇λFεμνσ ∇λFδε

νσ ∇μFαβγ
ε +

m380∇εF αβγ δ∇λFεμνσ ∇λFδε
νσ ∇μFαβγ

ε +
m381∇εF αβγ δ∇εFενσλ∇λFδμ

νσ ∇μFαβγ
ε +

m383∇εF αβγ δ∇λFεενσ ∇λFδμ
νσ ∇μFαβγ

ε +
m293∇εFδ

νσλ∇εF αβγ δ∇μFενσλ∇μFαβγ
ε +

m374∇εF αβγ δ∇λFεεμσ ∇λFγ δν
σ ∇νFαβ

εμ +
m377∇εF αβγ δ∇λFγ εν

σ ∇μFδεσλ∇νFαβ
εμ +

m376∇εF αβγ δ∇λFγ εε
σ ∇νFαβ

εμ∇σ Fδμνλ +
m ∇εF αβγ δ∇λFδμ

νσ ∇μFαβγ
ε∇σ Fεενλ (19)
382
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We have also found there are 134 couplings with structure F 8, 530 couplings with structure 
F 4(∇F)2 and 217 couplings with structure RF 2(∇F)2 that appear in Appendix A.

Even though the total number of minimal gauge invariant couplings at order �6
p are fixed, i.e.,

1062, the number of couplings in each structure are not fixed. In different schemes, one may find 
different structures and different number of couplings in each structure. The above structures 
and the number of terms in each structure are fixed in the scheme that we have chosen. Note, 
however, that 104 couplings in the structure LF 8

6 are invariant under field redefinition, Bianchi 
identities and total derivative terms. They are scheme independent. All other couplings dependent 
on the scheme that one uses for the couplings. The values of the 1062 parameters may be fixed 
by various techniques in M-theory.

They may be fixed by reducing the couplings on a circle to produce the type IIA couplings at 
one-loop. Then one may find the 1062 parameters by calculating various S-matrix elements in 
the resulting type IIA effective field theory and comparing them with the corresponding S-matrix 
elements in the type IIA superstring theory which has no arbitrary parameters. In this method one 
has to calculate in the string theory various S-matrix elements which produces 1062 independent 
contact terms. In the next section we briefly discuss the dimensional reduction of the couplings 
on a circle to fix some of the parameters.

3. Reduction on a circle

The dimensional reduction of the 11-dimensional couplings on a circle can be done by using 
the following Kaluza-Kelin (KK) reduction of the metric:

gμν = e−2�/3
(

Gab + e2�CaCb e2�Ca

e2�Cb e2�

)
; gμν = e2�/3

(
Gab −Ca

−Cb e−2� + CaC
a

)
(20)

where Gab is the inverse of the 10-dimensional metric which raises the index of the R-R vector 
Ca , and the following reductions for the three-form:

Aabc = Cabc ; Aaby = Bab (21)

where C(3) is the R-R three-form and B is the antisymmetric B-field of the type IIA superstring 
theory. Using these reduction one can calculate the reduction of different 11-dimensional cou-
plings to the 10 dimensions, e.g., the reduction of the overall factor 

√−g and the scalar curvature 
in S0 are

√−g = e−8�/3
√−G

R = e2�/3
(

R − 16

3
∇a�∇a� + 14

3
∇a∇a� − 1

2.2!e
2�FabF

ab

)
(22)

where Fac if field strength of the R-R one-form. Up to a total derivative term they produce the 
standard reduction, i.e.,

√−gR = e−2�
√−G

(
R + 4∇a�∇a� − 1

2.2!e
2�FabF

ab

)
(23)

The reduction of the coupling in the action S0 involving the field strength of the three-form is

− 1 √−gFμναβFμναβ = e−2�
√−G

(
− 1

HabcH
abc − 1

e2�F̄abcd F̄ abcd

)
(24)
2.4! 2.3! 2.4!
11
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where the R-R field strength F̄ (4) is F̄abcd = Fabcd + H[abcCd]. Note that the dilaton factor 
indicates that the reduction of S0 correspond to the sphere-level effective action of type IIA. 
There are stringy corrections to the sphere-level effective action of type IIA which are related to 
the non-zero modes of the KK mass spectrum [5].

Using the relation between type IIA coupling gs , the string length �s and the 11-dimensional 
Plank length �p , i.e., �p = g

1/3
s �s , and the fact that the dilaton factor in the nh-loop effective 

action of type IIA superstring theory is given by e−(2−2nh)�, one finds the relation 6nh = n

between the derivative couplings in the M-theory at the level �n
p, and the nh-loop couplings in the 

type IIA theory. Then the allowed couplings in the �p-expansion are at n = 0, 6, 12, 18, 24, · · · . 
They are correspond to the loop-level couplings in type IIA theory with nh = 0, 1, 2, 3, 4, · · · , 
respectively. In other words, the couplings at each loop-level has no higher-loop corrections. 
However, there are stringy corrections at each loop-level which are related to the non-zero modes 
of the KK mass spectrum.

The reduction of the couplings in S6 which have no three-form is

�6
p

2κ2
11

∫
d11x

√−gL(R4)
6

= 2πR11�
6
p

2κ2
11

∫
d10x

√−G
[
m226Rαβ

εεRαβγ δRγ
μ

ε
νRδμεν

+ m228Rαβ
εεRαβγ δRγ

μ
ε
νRδνεμ + m229Rαβ

εεRαβγ δRγ
μ

δ
νRεμεν

+ m230Rαγβ
εRαβγ δRδ

εμνRεμεν + m234Rα
ε
γ

εRαβγ δRβ
μ

δ
νRενεμ

+ m271RαγβδR
αβγ δRεμενR

εεμν + m227Rα
ε
γ

εRαβγ δRβ
μ

ε
νRδνεμ + · · ·

]
(25)

where R11 = �sgs is the radius of the circle and dots represent the R-R one-form and the dilaton 
couplings in the effective action of the type IIA theory. Note that as expected there is no overall 
dilaton factor which indicates that the above couplings correspond to the tours-level effective 
action of type IIA. On the other hand, the one-loop gravity couplings in type IIA theory are given 
in a scheme which includes the Ricci curvature and the Ricci scalar, as [25–27]

S3(G) = �6
s g

2
2

2κ2

a

3.27

∫
d10x

√−G(t8t8 − 1

4
ε8ε8)R

4 (26)

where a is a constant number, κ2
11 = 2π�sgsκ

2 and the tensors ε8ε8 and t8 are defined as

ε8
μ1···μ8ε8

ν1···ν8 = 1

2
ε10

μ1···μ8αβε10
ν1···ν8

αβ (27)

t
μ1···μ8
8 M1

μ1μ2M
2
μ3μ4M

3
μ5μ6M

4
μ7μ8

= 8 Tr(M1M2M3M4) + 8 Tr(M1M3M4M2) + 8 Tr(M1M3M2M4)

− 2 Tr(M1M2)Tr(M3M4) − 2 Tr(M1M3)Tr(M2M4) − 2 Tr(M1M4)Tr(M2M3)

where M1, · · · , M4 are four arbitrary antisymmetric matrices. The Ricci curvature and the Ricci 
scalar in above couplings can be removed by a field redefinition. The Riemann curvature cou-
plings can then be compared with the couplings in (25). One finds the following parameters for 
the couplings in (17):

m227 = 0 ; m226 = m228 = −m229 = 1
m230 = −m234 = −4m271 = −a (28)
4

12
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The gravity couplings are then fixed as

LR4

6 = a

[
− Rαβ

εεRαβγ δRγ
μ

ε
νRδμεν − Rαβ

εεRαβγ δRγ
μ

ε
νRδνεμ

+Rαβ
εεRαβγ δRγ

μ
δ
νRεμεν − 4Rαγβ

εRαβγ δRδ
εμνRεμεν

+ Rα
ε
γ

εRαβγ δRβ
μ

δ
νRενεμ + 1

4
RαγβδR

αβγ δRεμενR
εεμν

]
(29)

The complete one-loop effective action of type IIA for other NS-NS or R-R fields are not 
known. Hence, the other parameters in the M-theory effective action can not be fixed completely 
in this way. However, the couplings involving four NS-NS fields are known to be given by (26)
in which the Riemann curvature is replaced by the following expression [30]:

Rμναβ = Rμναβ + 1

2
∂βHμνα − 1

2
∂αHμνβ (30)

where Rμναβ is the linearized Riemann curvature. The last term in (26) has no effect in four-point 
functions. One can compare the four-point functions resulting from the first term in (13) with the 
corresponding four-point functions in the dimensional reduction of the couplings in (13), (18)
and (19). This S-matrix constraint fixes the parameter in (13) to be zero, i.e.,

m315 = 0 (31)

and fixes the following relations between the couplings in (18):

m283 = −a/6 + m282/2, m284 = a/3 − m282, m286 = −2a + 2m285, m287 = a − 2m285,

m292 = −a + m285, m296 = 2m295, m317 = 4a − 4m285 − 4m294 − 4m295,

m318 = −a/2, m320 = −a/2 − m285/2 + m294 − m295, m321 = 3m282 − 2m285 − 2m295,

m322 = −a/2 − 3m282/2 + m285, m324 = a/8 + 3m282/8 − m285/4,

m325 = m285 − m294 − 2m323, m326 = −3m282/4, m327 = a − 6m282 + m285,

m328 = −2a/3 + 2m282, m329 = a/48 − m282/16 (32)

and the following relations between the couplings in (19):

m375 = a/32 − 9m293/4 − m374/2, m379 = −a/48 + 2m374/3 − 2m378/3,

m381 = a/24 − m377/6 + 4m378/3 + 2m380,

m382 = a/12 − 2m376/3 + 8m378/3 + 4m380,

m383 = −a/48 + 2m374/3 + 2m378, m384 = −a/48 + m293 + 2m374/9,

m385 = a/288 + m374/18 − m376/36 + 4m378/9 + m380/3,

m386 = 5a/144 + m293 − 2m374/9 − m376/9 + 10m378/9 + 4m380/3,

m387 = a/576 − m293/16 − m374/48 (33)

It is extremely difficult to fix all 1062 parameters by the S-matrix method. One may use symme-
tries of the effective action to fix them all.

The sphere-level gravity couplings in type II theory at order α′3 is known to be∫
d10x

√−Ge−2�(t8t8 + 1
ε8ε8)R

4 (34)

4
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In this case the reduction of the classical theory on a circle has a O(1, 1)-symmetry [28,29]. This 
symmetry may be used to find all couplings in type II effective action. In fact the Z2-subgroup of 
this symmetry has been used in [21] to fix all 872 parameters of the NS-NS couplings. There is 
no such bosonic symmetry in the one-loop effective action. The supersymmetry of the effective 
actions, however, exists in the classical and loop levels. It has been shown in [4,12] that the 
R4 couplings and the Chern-Simons couplings C ∧ R ∧ R ∧ R ∧ R transform into each other 
under the supersymmetry transformations. It would be interesting to impose the supersymmetry 
constraint to fix all 1062 parameters in L6 and also the parameters in the Chern-Simons sector 
LCS

6 .
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Appendix A

In this appendix we write the independent couplings with the structures F 8, F 4(∇F)2, and 
RF 2(∇F)2. There are 134 couplings with structure F 8, i.e.,

LF 8

6 = m1Fα
εεμFαβγ δFβ

νσλFγ
κτωFδ

ϕξζ FενκϕFεστξFμλωζ +
m28Fαβ

εεFαβγ δFγ ε
μνFδ

σλκFε
τωϕFκωϕζ Fμστ

ξFνλξ
ζ +

m39Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFε

τωϕFκϕξζ Fμστ
ξFνλω

ζ +
m40Fαβ

εεFαβγ δFγ δ
μνFε

σλκFε
τωϕFκϕξζ Fμστ

ξFνλω
ζ +

m29Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFε

τωϕFκωϕζ Fμσλ
ξFντξ

ζ +
m31Fαβ

εεFαβγ δFγ ε
μνFδ

σλκFεσ
τωFκωξζ Fμλ

ϕξFντϕ
ζ +

m32Fαβ
εεFαβγ δFγ δ

μνFε
σλκFεσ

τωFκωξζ Fμλ
ϕξFντϕ

ζ +
m41Fαβ

εεFαβγ δFγ δ
μνFε

σλκFε
τωϕFκϕξζ Fμσλ

ξFντω
ζ +

m18Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFεσ

τωFκτωζ Fμλ
ϕξFνϕξ

ζ +
m42Fαβ

εεFαβγ δFγ ε
μνFδ

σλκFε
τωϕFκϕξζ FμσλτFνω

ξζ +
m43Fαβ

εεFαβγ δFγ δ
μνFε

σλκFε
τωϕFκϕξζ FμσλτFνω

ξζ +
m23Fαβ

εεFαβγ δFγ δ
μνFε

σλκFεσλ
τFκτξζ Fμ

ωϕξFνωϕ
ζ +

m24Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFεσ

κτFκτξζ Fλωϕ
ζ Fν

ωϕξ +
m25Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFεσ
κτFκτξζ Fλωϕ

ζ Fν
ωϕξ +

m26Fαβ
εεFαβγ δFγ ε

μνFδε
σλFκτξζ Fλωϕ

ζ Fμσ
κτFν

ωϕξ +
m27Fαβ

εεFαβγ δFγ δ
μνFεε

σλFκτξζ Fλωϕ
ζ Fμσ

κτFν
ωϕξ +

m Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFε

κτωFλωξζ Fν
ϕξζ Fσκτϕ +
5
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m6Fαβ
εεFαβγ δFγ δ

μνFεμ
σλFε

κτωFλωξζ Fν
ϕξζ Fσκτϕ +

m7Fαβ
εεFαβγ δFγ ε

μνFδε
σλFλωξζ Fμ

κτωFν
ϕξζ Fσκτϕ +

m8Fαβ
εεFαβγ δFγ δ

μνFεε
σλFλωξζ Fμ

κτωFν
ϕξζ Fσκτϕ +

m2Fα
εεμFαβγ δFβε

νσ Fγ ε
λκFδ

τωϕFμτ
ξζ FνλωξFσκϕζ +

m30Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFε

τωϕFκωϕζ Fμν
ξζ Fσλτξ +

m33Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFε
ϕξζ Fκωξζ Fσλτϕ +

m34Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFετ
ϕξFκωξζ Fσλϕ

ζ +
m35Fα

εεμFαβγ δFβε
νσ Fγ ε

λκFδν
τωFκωξζ Fμτ

ϕξFσλϕ
ζ +

m19Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτFεμν

ωFε
ϕξζ Fκτωζ Fσλϕξ +

m20Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFε
ϕξζ Fκτωζ Fσλϕξ +

m44Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFετ
ϕξFκϕξζ Fσλω

ζ +
m4Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμλ
ωFε

ϕξζ FνκωϕFστξζ +
m3Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμ
ωϕFελ

ξζ FνκωξFστϕζ +
m36Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκFεν
τωFελ

ϕξFκωξζ Fστϕ
ζ +

m9Fα
εεμFαβγ δFβε

νσ Fγ εν
λFδ

κτωFλωξζ Fμκ
ϕξFστϕ

ζ +
m37Fα

εεμFαβγ δFβε
νσ Fγ ε

λκFδν
τωFκωξζ Fμλ

ϕξFστϕ
ζ +

m10Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFε

κτωFλϕξζ Fνκ
ϕξFστω

ζ +
m11Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFε
κτωFλϕξζ Fνκ

ϕξFστω
ζ +

m12Fαβ
εεFαβγ δFγ ε

μνFδε
σλFλϕξζ Fμ

κτωFνκ
ϕξFστω

ζ +
m13Fαβ

εεFαβγ δFγ δ
μνFεε

σλFλϕξζ Fμ
κτωFνκ

ϕξFστω
ζ +

m21Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτFεμν

ωFελ
ϕξFκτωζ Fσϕξ

ζ +
m22Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκFεν
τωFελ

ϕξFκτωζ Fσϕξ
ζ +

m38Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFελτ
ϕFκωξζ Fσϕ

ξζ +
m45Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκFεν
τωFελτ

ϕFκϕξζ Fσω
ξζ +

m14Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFε

κτωFλϕξζ Fνκτ
ϕFσω

ξζ +
m15Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFε
κτωFλϕξζ Fνκτ

ϕFσω
ξζ +

m16Fαβ
εεFαβγ δFγ ε

μνFδε
σλFλϕξζ Fμ

κτωFνκτ
ϕFσω

ξζ +
m17Fαβ

εεFαβγ δFγ δ
μνFεε

σλFλϕξζ Fμ
κτωFνκτ

ϕFσω
ξζ +

m71Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFεσλ

τFκω
ξζ Fμν

ωϕFτϕξζ +
m61Fαβ

εεFαβγ δFγ ε
μνFδμ

σλFεσ
κτFλω

ξζ Fνκ
ωϕFτϕξζ +

m62Fαβ
εεFαβγ δFγ δ

μνFεμ
σλFεσ

κτFλω
ξζ Fνκ

ωϕFτϕξζ +
m63Fαβ

εεFαβγ δFγ ε
μνFδε

σλFλω
ξζ Fμσ

κτFνκ
ωϕFτϕξζ +

m64Fαβ
εεFαβγ δFγ δ

μνFεε
σλFλω

ξζ Fμσ
κτFνκ

ωϕFτϕξζ +
m65Fαβγ

εFαβγ δFδ
εμνFεε

σλFλω
ξζ Fμσ

κτFνκ
ωϕFτϕξζ +

m Fαβ
εεFαβγ δFγ δ

μνFεμ
σλFεσ

κτFκω
ξζ Fνλ

ωϕFτϕξζ +
72
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m73Fαβ
εεFαβγ δFγ ε

μνFδε
σλFκω

ξζ Fμσ
κτFνλ

ωϕFτϕξζ +
m74Fαβ

εεFαβγ δFγ δ
μνFεε

σλFκω
ξζ Fμσ

κτFνλ
ωϕFτϕξζ +

m75Fαβγ
εFαβγ δFδ

εμνFεε
σλFκω

ξζ Fμσ
κτFνλ

ωϕFτϕξζ +
m54Fαβ

εεFαβγ δFγ δ
μνFε

σλκFεσλ
τFμκ

ωϕFνω
ξζ Fτϕξζ +

m55Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFεσ

κτFλκω
ζ Fν

ωϕξFτϕξζ +
m56Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFεσ
κτFλκω

ζ Fν
ωϕξFτϕξζ +

m66Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFεν

κτFλω
ξζ Fσκ

ωϕFτϕξζ +
m67Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFεν
κτFλω

ξζ Fσκ
ωϕFτϕξζ +

m68Fαβ
εεFαβγ δFγ ε

μνFδε
σλFλω

ξζ Fμν
κτFσκ

ωϕFτϕξζ +
m69Fαβ

εεFαβγ δFγ δ
μνFεε

σλFλω
ξζ Fμν

κτFσκ
ωϕFτϕξζ +

m70Fαβγ
εFαβγ δFδ

εμνFεε
σλFλω

ξζ Fμν
κτFσκ

ωϕFτϕξζ +
m76Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFεν
κτFκω

ξζ Fσλ
ωϕFτϕξζ +

m77Fαβ
εεFαβγ δFγ ε

μνFδε
σλFκω

ξζ Fμν
κτFσλ

ωϕFτϕξζ +
m78Fαβ

εεFαβγ δFγ δ
μνFεε

σλFκω
ξζ Fμν

κτFσλ
ωϕFτϕξζ +

m79Fαβγ
εFαβγ δFδ

εμνFεε
σλFκω

ξζ Fμν
κτFσλ

ωϕFτϕξζ +
m80Fαβ

εεFαβγ δFγ ε
μνFδεμ

σ Fκω
ξζ Fν

λκτFσλ
ωϕFτϕξζ +

m81Fαβ
εεFαβγ δFγ δ

μνFεεμ
σ Fκω

ξζ Fν
λκτFσλ

ωϕFτϕξζ +
m82Fαβγ

εFαβγ δFδ
εμνFεεμ

σ Fκω
ξζ Fν

λκτFσλ
ωϕFτϕξζ +

m57Fαβ
εεFαβγ δFγ ε

μνFδμν
σ Fε

λκτFλκω
ζ Fσ

ωϕξFτϕξζ +
m58Fαβ

εεFαβγ δFγ ε
μνFδεμ

σ Fλκω
ζ Fν

λκτFσ
ωϕξFτϕξζ +

m59Fαβ
εεFαβγ δFγ δ

μνFεεμ
σ Fλκω

ζ Fν
λκτFσ

ωϕξFτϕξζ +
m60Fαβγ

εFαβγ δFδ
εμνFεεμ

σ Fλκω
ζ Fν

λκτFσ
ωϕξFτϕξζ +

m83Fαβ
εεFαβγ δFγ ε

μνFδεμνFκω
ξζ Fσλ

ωϕFσλκτFτϕξζ +
m84Fαβ

εεFαβγ δFγ δ
μνFεεμνFκω

ξζ Fσλ
ωϕFσλκτFτϕξζ +

m85Fαβγ
εFαβγ δFδ

εμνFεεμνFκω
ξζ Fσλ

ωϕFσλκτFτϕξζ +
m52Fαβ

εεFαβγ δFγ ε
μνFδ

σλκFεσ
τωFλκϕ

ζ Fμν
ϕξFτωξζ +

m53Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFε

κτωFλκϕ
ζ Fνσ

ϕξFτωξζ +
m46Fαβ

εεFαβγ δFγ δ
μνFε

σλκFεσ
τωFμλκ

ϕFνϕ
ξζ Fτωξζ +

m50Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτFεμν

ωFελ
ϕξFσκϕ

ζ Fτωξζ +
m49Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμλ
ωFεν

ϕξFσκϕ
ζ Fτωξζ +

m47Fαβ
εεFαβγ δFγ δ

μνFεμ
σλFε

κτωFν
ϕξζ FσλκϕFτωξζ +

m48Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFε

κτωFνκ
ϕξFσλϕ

ζ Fτωξζ +
m51Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμν
ωFελκ

ϕFσϕ
ξζ Fτωξζ +

m101Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFεσ
ϕξFλκτ

ζ Fωϕξζ +
m Fαβ

εεFαβγ δFγ ε
μνFδ

σλκFε
τωϕFλκτ

ζ Fμνσ
ξFωϕξζ +
102
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m88Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFεσ

τωFμλτ
ϕFνκ

ξζ Fωϕξζ +
m89Fαβ

εεFαβγ δFγ δ
μνFε

σλκFεσ
τωFμλτ

ϕFνκ
ξζ Fωϕξζ +

m87Fαβ
εεFαβγ δFγ δ

μνFε
σλκFε

τωϕFμσλτFνκ
ξζ Fωϕξζ +

m86Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFε

τωϕFμσλ
ξFνκτ

ζ Fωϕξζ +
m104Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFεσ
κτFλτ

ξζ Fνκ
ωϕFωϕξζ +

m105Fαβ
εεFαβγ δFγ δ

μνFεε
σλFλτ

ξζ Fμσ
κτFνκ

ωϕFωϕξζ +
m106Fαβγ

εFαβγ δFδ
εμνFεε

σλFλτ
ξζ Fμσ

κτFνκ
ωϕFωϕξζ +

m110Fαβγ
εFαβγ δFδ

εμνFε
σλκFεμσ

τFκτ
ξζ Fνλ

ωϕFωϕξζ +
m111Fαβ

εεFαβγ δFγ δ
μνFεε

σλFκτ
ξζ Fμσ

κτFνλ
ωϕFωϕξζ +

m112Fαβγ
εFαβγ δFδ

εμνFεε
σλFκτ

ξζ Fμσ
κτFνλ

ωϕFωϕξζ +
m103Fαβ

εεFαβγ δFγ ε
μνFδμ

σλFε
κτωFλκτ

ζ Fνσ
ϕξFωϕξζ +

m90Fαβ
εεFαβγ δFγ ε

μνFδ
σλκFεσ

τωFμλκ
ϕFντ

ξζ Fωϕξζ +
m91Fαβ

εεFαβγ δFγ δ
μνFε

σλκFεσ
τωFμλκ

ϕFντ
ξζ Fωϕξζ +

m98Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFελτ
ϕFσκ

ξζ Fωϕξζ +
m96Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμν
ωFελ

ϕξFσκτ
ζ Fωϕξζ +

m97Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFεν

τωFελ
ϕξFσκτ

ζ Fωϕξζ +
m95Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμλ
ωFεν

ϕξFσκτ
ζ Fωϕξζ +

m107Fαβ
εεFαβγ δFγ δ

μνFεμ
σλFεν

κτFλτ
ξζ Fσκ

ωϕFωϕξζ +
m108Fαβ

εεFαβγ δFγ δ
μνFεε

σλFλτ
ξζ Fμν

κτFσκ
ωϕFωϕξζ +

m109Fαβγ
εFαβγ δFδ

εμνFεε
σλFλτ

ξζ Fμν
κτFσκ

ωϕFωϕξζ +
m94Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFε
κτωFνκτ

ϕFσλ
ξζ Fωϕξζ +

m92Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFε

κτωFνκ
ϕξFσλτ

ζ Fωϕξζ +
m93Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFε
κτωFνκ

ϕξFσλτ
ζ Fωϕξζ +

m113Fαβ
εεFαβγ δFγ δ

μνFεε
σλFκτ

ξζ Fμν
κτFσλ

ωϕFωϕξζ +
m114Fαβγ

εFαβγ δFδ
εμνFεε

σλFκτ
ξζ Fμν

κτFσλ
ωϕFωϕξζ +

m115Fαβ
εεFαβγ δFγ δ

μνFεεμ
σ Fκτ

ξζ Fν
λκτFσλ

ωϕFωϕξζ +
m116Fαβγ

εFαβγ δFδ
εμνFεεμ

σ Fκτ
ξζ Fν

λκτFσλ
ωϕFωϕξζ +

m100Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτFεμν

ωFελκ
ϕFστ

ξζ Fωϕξζ +
m99Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμλ
ωFενκ

ϕFστ
ξζ Fωϕξζ +

m117Fαβ
εεFαβγ δFγ δ

μνFεεμνFκτ
ξζ Fσλ

ωϕFσλκτFωϕξζ +
m118Fαβγ

εFαβγ δFδ
εμνFεεμνFκτ

ξζ Fσλ
ωϕFσλκτFωϕξζ +

m120Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκFενσ

τFελκτFF +
m119Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτFεμνλFεσκτFF +
m121Fαβ

εεFαβγ δFγ ε
μνFδ

σλκFεσλ
τFμνκτFF +

m Fα
εεμFαβγ δFβε

νσ Fγ ε
λκFδνλ

τFμσκτFF +
122
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m123Fαβ
εεFαβγ δFγ ε

μνFδμ
σλFεσ

κτFνλκτFF +
m124Fαβ

εεFαβγ δFγ δ
μνFεμ

σλFεσ
κτFνλκτFF +

m125Fαβ
εεFαβγ δFγ ε

μνFδε
σλFμσ

κτFνλκτFF +
m126Fαβ

εεFαβγ δFγ δ
μνFεε

σλFμσ
κτFνλκτFF +

m127Fαβ
εεFαβγ δFγ δ

μνFεμ
σλFεν

κτFσλκτFF +
m128Fαβ

εεFαβγ δFγ δ
μνFεε

σλFμν
κτFσλκτFF +

m129Fαβγ
εFαβγ δFδ

εμνFεε
σλFμν

κτFσλκτFF +
m133Fαβ

εεFαβγ δFγ δε
κFε

λμνFκλ
στFμνστFF +

m134Fαβ
εεFαβγ δFγ δεεFκλ

στF κλμνFμνστFF +
m130Fαβ

εεFαβγ δFγ ε
μνFδεμνFF 2 +

m131Fαβ
εεFαβγ δFγ δ

μνFεεμνFF 2 + m132FF 4 (35)

There are 530 couplings with structure of four F and two ∇F , i.e.,

LF 4(∂F )2

6 = m433Fαβ
εεFαβγ δFγ

μνσ Fμν
λκ∇εFδσ

τω∇κFελτω +
m464Fαβγ

εFαβγ δFεμ
λκF εμνσ ∇εFδν

τω∇κFσλτω +
m465Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇εFδε
τω∇κFσλτω +

m466Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇εFδν

τω∇κFσλτω +
m431Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇κFεστω∇λFδε
τω +

m394Fαβ
εεFαβγ δFμν

κτFμνσλ∇κFγ εσ
ω∇λFδετω +

m396Fα
εεμFαβγ δFβ

νσλFε
κτω∇κFγ ενσ ∇λFδμτω +

m397Fα
εεμFαβγ δFβ

νσλFεν
κτ∇κFγ εσ

ω∇λFδμτω +
m421Fαβγ

εFαβγ δFεμ
λκF εμνσ ∇κFεστω∇λFδν

τω +
m432Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇κFεστω∇λFδν
τω +

m453Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇κFμστω∇λFδν

τω +
m450Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇κFμντω∇λFεσ
τω +

m451Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇κFμντω∇λFεσ

τω +
m452Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇κFμντω∇λFεσ
τω +

m363Fα
εεμFαβγ δFβ

νσλFε
κτω∇εFγ δνσ ∇λFμκτω +

m371Fαβγ
εFαβγ δFεμν

λF εμνσ ∇εFδ
κτω∇λFσκτω +

m372Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇εFδ

κτω∇λFσκτω +
m373Fα

εεμFαβγ δFβε
νσ Fγ εν

λ∇λFσκτω∇μFδ
κτω +

m395Fα
εεμFαβγ δFβ

νσλFε
κτω∇κFγ ενσ ∇μFδλτω +

m467Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇κFσλτω∇μFδν

τω +
m456Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇κFνλτω∇μFεσ
τω +

m457Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇κFνλτω∇μFεσ

τω +
m Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇κFνλτω∇μFεσ
τω +
458
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m468Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇κFσλτω∇νFδε

τω +
m430Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇κFεστω∇νFδλ
τω +

m434Fαβ
εεFαβγ δFγ ε

μνFμ
σλκ∇κFελτω∇νFδσ

τω +
m469Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκ∇κFσλτω∇νFεε
τω +

m359Fαβ
εεFαβγ δFμν

κτFμνσλ∇λFεκτω∇σ Fγ δε
ω +

m364Fα
εεμFαβγ δFβ

νσλFγ
κτω∇λFμκτω∇σ Fδεεν +

m435Fαβ
εεFαβγ δFγ

μνσ Fμν
λκ∇κFελτω∇σ Fδε

τω +
m459Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇κFνλτω∇σ Fδε
τω +

m354Fαβγ
εFαβγ δFεμν

λF εμνσ ∇λFεκτω∇σ Fδ
κτω +

m360Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇λFεκτω∇σ Fδ

κτω +
m422Fαβγ

εFαβγ δFεμ
λκF εμνσ ∇κFελτω∇σ Fδν

τω +
m436Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇κFελτω∇σ Fδν
τω +

m437Fαβ
εεFαβγ δFγ ε

μνFμ
σλκ∇κFελτω∇σ Fδν

τω +
m454Fα

εεμFαβγ δFβε
νσ Fγ ε

λκ∇κFμλτω∇σ Fδν
τω +

m418Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇κFδνλ

ω∇σ Fεετω +
m333Fαβγ

εFαβγ δF εμνσ Fλκτω∇λFδεμν∇σ Fεκτω +
m365Fαβγ

εFαβγ δFδ
εμνFεμ

σλ∇λFνκτω∇σ Fε
κτω +

m460Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇κFνλτω∇σ Fεμ

τω +
m438Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκ∇κFελτω∇σ Fεν
τω +

m351Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇λFδ

κτω∇σ Fεκτω +
m349Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇λFδν
τω∇σ Fεκτω +

m353Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκ∇λFεν

τω∇σ Fεκτω +
m311Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇νFδελ
ω∇σ Fεκτω +

m366Fαβ
εεFαβγ δFγ ε

μνFδμ
σλ∇λFνκτω∇σ Fε

κτω +
m461Fαβ

εεFαβγ δFγ ε
μνFδ

σλκ∇κFνλτω∇σ Fεμ
τω +

m462Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇κFνλτω∇σ Fεμ

τω +
m401Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇κFδελ
ω∇σ Fεντω +

m400Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇κFδεμλ∇σ Fεντω +
m410Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇κFδμλ
ω∇σ Fεντω +

m455Fαβ
εεFαβγ δFγ δε

μF νσλκ∇κFμλτω∇σ Fεν
τω +

m350Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇λFδν

τω∇σ Fμκτω +
m367Fαβ

εεFαβγ δFγ ε
μνFδε

σλ∇λFνκτω∇σ Fμ
κτω +

m368Fαβ
εεFαβγ δFγ δ

μνFεε
σλ∇λFνκτω∇σ Fμ

κτω +
m369Fαβγ

εFαβγ δFδ
εμνFεε

σλ∇λFνκτω∇σ Fμ
κτω +

m Fα
εεμFαβγ δFβε

νσ F λκτω∇εFγ δλκ∇σ Fμντω +
314
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m405Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇κFδελ

ω∇σ Fμντω +
m594Fα

εεμFαβγ δFβ
νσλFε

κτω∇λFμνσω∇τFγ δεκ +
m595Fα

εεμFαβγ δFβ
νσλFε

κτω∇λFεμσω∇τFγ δνκ +
m597Fαβ

εεFαβγ δFμν
κτFμνσλ∇λFγ εσ

ω∇τFδεκω +
m596Fαβ

εεFαβγ δFμν
κτFμνσλ∇κFγ εσ

ω∇τFδελω +
m599Fα

εεμFαβγ δFβ
νσλFεν

κτ∇μFγεσ
ω∇τFδλκω +

m600Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇σ Fεενω∇τFδλκ

ω +
m601Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇σ Fεμνω∇τFδλκ
ω +

m602Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇σ Fεμνω∇τFδλκ

ω +
m598Fα

εεμFαβγ δFβ
νσλFεν

κτ∇κFγ εσ
ω∇τFδμλω +

m607Fαβ
εεFαβγ δFμν

κτFμνσλ∇λFγ δσ
ω∇τFεεκω +

m608Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇λFδνσ

ω∇τFεεκω +
m606Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇σ Fδνλ
ω∇τFεεκω +

m605Fαβ
εεFαβγ δFμν

κτFμνσλ∇κFγ δσ
ω∇τFεελω +

m604Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇κFδνλ

ω∇τFεεσω +
m603Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇νFδλκ
ω∇τFεεσω +

m611Fαβγ
εFαβγ δFε

λκτF εμνσ ∇σ Fδμν
ω∇τFελκω +

m610Fαβγ
εFαβγ δFε

λκτF εμνσ ∇λFδμν
ω∇τFεσκω +

m609Fαβγ
εFαβγ δFε

λκτF εμνσ ∇νFδμλ
ω∇τFεσκω +

m625Fαβ
εεFαβγ δFμν

κτFμνσλ∇εFγ δσ
ω∇τFελκω +

m626Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇εFδνσ

ω∇τFελκω +
m627Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇νFδμσ

ω∇τFελκω +
m628Fαβ

εεFαβγ δFμν
κτFμνσλ∇σ Fγ δε

ω∇τFελκω +
m629Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇σ Fδεν
ω∇τFελκω +

m630Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇σ Fδμν

ω∇τFελκω +
m631Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇σ Fδμν

ω∇τFελκω +
m632Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτ∇σ Fεμν
ω∇τFελκω +

m612Fαβγ
εFαβγ δFδ

εμνF σλκτ∇κFεσλ
ω∇τFεμνω +

m616Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇λFδμσ
ω∇τFενκω +

m617Fαβ
εεFαβγ δFγ δ

μνF σλκτ∇λFεμσ
ω∇τFενκω +

m613Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇εFδλκ

ω∇τFενσω +
m615Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇κFδμλ
ω∇τFενσω +

m614Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇μFδλκ

ω∇τFενσω +
m618Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇εFδνλ
ω∇τFεσκω +

m Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇λFδεν

ω∇τFεσκω +
622
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m623Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇λFδμν

ω∇τFεσκω +
m624Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτ∇λFεμν
ω∇τFεσκω +

m619Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇νFδελ

ω∇τFεσκω +
m620Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇νFδμλ
ω∇τFεσκω +

m621Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇νFεμλ

ω∇τFεσκω +
m643Fα

εεμFαβγ δFβ
νσλFεν

κτ∇σ Fγ δε
ω∇τFμλκω +

m635Fαβγ
εFαβγ δFδ

εμνF σλκτ∇εFεσλ
ω∇τFμνκω +

m636Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇λFδεσ
ω∇τFμνκω +

m637Fαβ
εεFαβγ δFγ δ

μνF σλκτ∇λFεεσ
ω∇τFμνκω +

m638Fαβγ
εFαβγ δFδ

εμνF σλκτ∇λFεεσ
ω∇τFμνκω +

m633Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇εFδλκ

ω∇τFμνσω +
m634Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇κFδελ
ω∇τFμνσω +

m642Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇νFδελ

ω∇τFμσκω +
m640Fα

εεμFαβγ δFβ
νσλFεν

κτ∇εFγ δκ
ω∇τFμσλω +

m641Fα
εεμFαβγ δFβ

νσλFεν
κτ∇κFγ δε

ω∇τFμσλω +
m652Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇μFδεσ

ω∇τFνλκω +
m653Fαβ

εεFαβγ δFγ δ
μνF σλκτ∇μFεεσ

ω∇τFνλκω +
m654Fαβγ

εFαβγ δFδ
εμνF σλκτ∇μFεεσ

ω∇τFνλκω +
m655Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇σ Fδεμ

ω∇τFνλκω +
m656Fαβ

εεFαβγ δFγ δ
μνF σλκτ∇σ Fεεμ

ω∇τFνλκω +
m657Fαβγ

εFαβγ δFδ
εμνF σλκτ∇σ Fεεμ

ω∇τFνλκω +
m644Fαβγ

εFαβγ δFε
λκτF εμνσ ∇εFδμλ

ω∇τFνσκω +
m645Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇εFδελ
ω∇τFνσκω +

m646Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇εFδμλ

ω∇τFνσκω +
m648Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇λFδεε
ω∇τFνσκω +

m649Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇λFδεμ

ω∇τFνσκω +
m650Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇λFδεμ
ω∇τFνσκω +

m651Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇λFεεμ

ω∇τFνσκω +
m647Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇μFδελ
ω∇τFνσκω +

m659Fαβγ
εFαβγ δFε

λκτF εμνσ ∇εFδμν
ω∇τFσλκω +

m660Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇εFδεν

ω∇τFσλκω +
m661Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇εFδμν
ω∇τFσλκω +

m662Fα
εεμFαβγ δFβ

νσλFεν
κτ∇μFγδε

ω∇τFσλκω +
m663Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇μFδεν
ω∇τFσλκω +

m Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇νFδεε

ω∇τFσλκω +
664
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m665Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇νFδεμ

ω∇τFσλκω +
m666Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇νFδεμ
ω∇τFσλκω +

m667Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇νFεεμ

ω∇τFσλκω +
m668Fα

εεμFαβγ δFβ
νσλFε

κτω∇λFεμνσ∇ωFγ δκτ +
m671Fαβ

εεFαβγ δFμ
κτωFμνσλ∇λFγ ενσ ∇ωFδεκτ +

m670Fαβ
εεFαβγ δFμ

κτωFμνσλ∇κFγ ενσ ∇ωFδελτ +
m669Fαβ

εεFαβγ δFμ
κτωFμνσλ∇σ Fγ ενκ∇ωFδελτ +

m675Fα
εεμFαβγ δFβ

νσλFε
κτω∇μFγενσ ∇ωFδλκτ +

m676Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇σ Fεεμν∇ωFδλκτ +
m674Fα

εεμFαβγ δFβ
νσλFε

κτω∇λFγ ενσ ∇ωFδμκτ +
m673Fα

εεμFαβγ δFβ
νσλFε

κτω∇κFγ ενσ ∇ωFδμλτ +
m672Fα

εεμFαβγ δFβ
νσλFε

κτω∇σ Fγ ενκ∇ωFδμλτ +
m685Fαβ

εεFαβγ δFμ
κτωFμνσλ∇λFγ δνσ ∇ωFεεκτ +

m686Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇λFδμνσ∇ωFεεκτ +
m687Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇λFδνσ
ω∇ωFεεκτ +

m684Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇σ Fδμνλ∇ωFεεκτ +
m683Fαβ

εεFαβγ δFμ
κτωFμνσλ∇κFγ δνσ ∇ωFεελτ +

m682Fαβ
εεFαβγ δFμ

κτωFμνσλ∇σ Fγ δνκ∇ωFεελτ +
m677Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇μFδλκτ∇ωFεενσ +

m678Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇τFδμλκ∇ωFεενσ +
m680Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇κFδμνλ∇ωFεεστ +

m681Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇κFδνλ

ω∇ωFεεστ +
m679Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇νFδμλκ∇ωFεεστ +

m691Fαβγ
εFαβγ δF εμνσ Fλκτω∇σ Fδεμν∇ωFελκτ +

m688Fαβγ
εFαβγ δF εμνσ Fλκτω∇κFδεμλ∇ωFενστ +

m690Fαβγ
εFαβγ δF εμνσ Fλκτω∇λFδεμν∇ωFεσκτ +

m689Fαβγ
εFαβγ δF εμνσ Fλκτω∇νFδεμλ∇ωFεσκτ +

m711Fαβ
εεFαβγ δFμ

κτωFμνσλ∇εFγ δνσ ∇ωFελκτ +
m712Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇εFδμνσ ∇ωFελκτ +

m713Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇εFδνσ

ω∇ωFελκτ +
m714Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇εFδσ
τω∇ωFελκτ +

m715Fαβ
εεFαβγ δFμ

κτωFμνσλ∇σ Fγ δεν∇ωFελκτ +
m716Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇σ Fδεμν∇ωFελκτ +

m717Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇σ Fδεν

ω∇ωFελκτ +
m Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇σ Fδε
τω∇ωFελκτ +
718
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m719Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇σ Fδμν
ω∇ωFελκτ +

m698Fα
εεμFαβγ δFβ

νσλFε
κτω∇λFγ δνσ ∇ωFεμκτ +

m697Fα
εεμFαβγ δFβ

νσλFε
κτω∇κFγ δνσ ∇ωFεμλτ +

m696Fα
εεμFαβγ δFβ

νσλFε
κτω∇σ Fγ δνκ∇ωFεμλτ +

m692Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇εFδλκτ∇ωFεμνσ +
m693Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇τFδελκ∇ωFεμνσ +

m694Fα
εεμFαβγ δFβ

νσλFε
κτω∇νFγ δκτ∇ωFεμσλ +

m695Fα
εεμFαβγ δFβ

νσλFε
κτω∇τFγ δνκ∇ωFεμσλ +

m699Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇εFδμλκ∇ωFενστ +
m702Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇κFδελ
ω∇ωFενστ +

m701Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇κFδεμλ∇ωFενστ +
m700Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇μFδελκ∇ωFενστ +

m706Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇εFδμνλ∇ωFεσκτ +
m709Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇λFδεμν∇ωFεσκτ +

m710Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇λFδεν

ω∇ωFεσκτ +
m708Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇νFδελ
ω∇ωFεσκτ +

m707Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇νFδεμλ∇ωFεσκτ +
m703Fαβ

εεFαβγ δFμ
κτωFμνσλ∇δFγ ενκ∇ωFεσλτ +

m704Fαβ
εεFαβγ δFμ

κτωFμνσλ∇εFγ δνκ∇ωFεσλτ +
m705Fαβ

εεFαβγ δFμ
κτωFμνσλ∇κFγ δεν∇ωFεσλτ +

m736Fα
εεμFαβγ δFβ

νσλFε
κτω∇εFγ δνσ ∇ωFμλκτ +

m737Fα
εεμFαβγ δFβ

νσλFε
κτω∇σ Fγ δεν∇ωFμλκτ +

m738Fα
εεμFαβγ δFβ

νσλFγ
κτω∇σ Fδεεν∇ωFμλκτ +

m726Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇λFδεσ
ω∇ωFμνκτ +

m727Fαβγ
εFαβγ δFδ

εμνF σλκτ∇λFεεσ
ω∇ωFμνκτ +

m720Fα
εεμFαβγ δFβ

νσλFε
κτω∇εFγ δκτ∇ωFμνσλ +

m721Fα
εεμFαβγ δFβ

νσλFε
κτω∇τFγ δεκ∇ωFμνσλ +

m722Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇εFδελκ∇ωFμνστ +
m723Fα

εεμFαβγ δFβε
νσ F λκτω∇κFγ δελ∇ωFμνστ +

m724Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇κFδεελ∇ωFμνστ +
m725Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇κFδελ
ω∇ωFμνστ +

m734Fα
εεμFαβγ δFβε

νσ F λκτω∇νFγ δελ∇ωFμσκτ +
m735Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇νFδελ
ω∇ωFμσκτ +

m728Fα
εεμFαβγ δFβ

νσλFγ
κτω∇δFεενκ∇ωFμσλτ +

m Fα
εεμFαβγ δFβ

νσλFε
κτω∇εFγ δνκ∇ωFμσλτ +
729

23



M.R. Garousi Nuclear Physics B 977 (2022) 115733
m730Fα
εεμFαβγ δFβ

νσλFγ
κτω∇εFδενκ∇ωFμσλτ +

m732Fα
εεμFαβγ δFβ

νσλFε
κτω∇κFγ δεν∇ωFμσλτ +

m733Fα
εεμFαβγ δFβ

νσλFγ
κτω∇κFδεεν∇ωFμσλτ +

m731Fα
εεμFαβγ δFβ

νσλFε
κτω∇νFγ δεκ∇ωFμσλτ +

m749Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇μFδεσ
ω∇ωFνλκτ +

m750Fαβ
εεFαβγ δFγ δ

μνF σλκτ∇μFεεσ
ω∇ωFνλκτ +

m751Fαβγ
εFαβγ δFδ

εμνF σλκτ∇μFεεσ
ω∇ωFνλκτ +

m752Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇σ Fδεμ
ω∇ωFνλκτ +

m753Fαβ
εεFαβγ δFγ ε

μνFμ
σλκ∇σ Fδε

τω∇ωFνλκτ +
m754Fαβ

εεFαβγ δFγ δ
μνF σλκτ∇σ Fεεμ

ω∇ωFνλκτ +
m755Fαβγ

εFαβγ δFδ
εμνF σλκτ∇σ Fεεμ

ω∇ωFνλκτ +
m756Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇σ Fεμ
τω∇ωFνλκτ +

m757Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇σ Fεμ

τω∇ωFνλκτ +
m758Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇σ Fεμ
τω∇ωFνλκτ +

m739Fαβγ
εFαβγ δF εμνσ Fλκτω∇εFδεμλ∇ωFνσκτ +

m741Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇εFδελ

ω∇ωFνσκτ +
m740Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇εFδεμλ∇ωFνσκτ +

m744Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇λFδεεμ∇ωFνσκτ +
m745Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇λFδεε
ω∇ωFνσκτ +

m746Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇λFδεμ

ω∇ωFνσκτ +
m747Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇λFδεμ
ω∇ωFνσκτ +

m748Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇λFεεμ

ω∇ωFνσκτ +
m742Fα

εεμFαβγ δFβε
νσ F λκτω∇μFγδελ∇ωFνσκτ +

m743Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇μFδεελ∇ωFνσκτ +
m759Fαβγ

εFαβγ δF εμνσ Fλκτω∇εFδεμν∇ωFσλκτ +
m760Fαβγ

εFαβγ δFε
λκτF εμνσ ∇εFδμν

ω∇ωFσλκτ +
m761Fαβγ

εFαβγ δFεμ
λκF εμνσ ∇εFδν

τω∇ωFσλκτ +
m762Fαβ

εεFαβγ δFγ
μνσ Fλκτω∇εFδεμν∇ωFσλκτ +

m763Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇εFδεν

ω∇ωFσλκτ +
m764Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇εFδμν
ω∇ωFσλκτ +

m765Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇εFδν

τω∇ωFσλκτ +
m766Fα

εεμFαβγ δFβ
νσλFε

κτω∇μFγδεν∇ωFσλκτ +
m767Fα

εεμFαβγ δFβε
νσ F λκτω∇μFγδεν∇ωFσλκτ +

m768Fα
εεμFαβγ δFβ

νσλFγ
κτω∇μFδεεν∇ωFσλκτ +

m Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇μFδεν

ω∇ωFσλκτ +
769
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m770Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇μFδν

τω∇ωFσλκτ +
m771Fαβ

εεFαβγ δFγ δε
μF νσλκ∇μFεν

τω∇ωFσλκτ +
m772Fαβ

εεFαβγ δFμ
κτωFμνσλ∇νFγ δεε∇ωFσλκτ +

m773Fα
εεμFαβγ δFβ

νσλFε
κτω∇νFγ δεμ∇ωFσλκτ +

m774Fα
εεμFαβγ δFβ

νσλFγ
κτω∇νFδεεμ∇ωFσλκτ +

m775Fαβ
εεFαβγ δFγ

μνσ Fλκτω∇νFδεεμ∇ωFσλκτ +
m776Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇νFδεε
ω∇ωFσλκτ +

m777Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇νFδεμ

ω∇ωFσλκτ +
m778Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇νFδεμ
ω∇ωFσλκτ +

m779Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇νFδεμ
ω∇ωFσλκτ +

m780Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇νFδε

τω∇ωFσλκτ +
m781Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇νFδε
τω∇ωFσλκτ +

m782Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇νFεεμ

ω∇ωFσλκτ +
m783Fαβγ

εFαβγ δFδ
εμνF σλκτ∇νFεεμ

ω∇ωFσλκτ +
m784Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκ∇νFεε
τω∇ωFσλκτ +

m786Fαβγ
εFαβγ δFδ

εμνFεμ
σλ∇νFε

κτω∇ωFσλκτ +
m785Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇νFεμ
τω∇ωFσλκτ +

m789Fαβ
εεFαβγ δFγ ε

μνFδμ
σλ∇νFε

κτω∇ωFσλκτ +
m787Fαβ

εεFαβγ δFγ ε
μνFδ

σλκ∇νFεμ
τω∇ωFσλκτ +

m788Fαβ
εεFαβγ δFγ δ

μνFε
σλκ∇νFεμ

τω∇ωFσλκτ +
m790Fαβ

εεFαβγ δFμν
κτFμνσλ∇ωFσλκτ∇ωFγ δεε +

m791Fαβ
εεFαβγ δFμν

κτFμνσλ∇λFεκτω∇ωFγ δεσ +
m792Fαβ

εεFαβγ δFμν
κτFμνσλ∇τFελκω∇ωFγ δεσ +

m793Fαβ
εεFαβγ δFμν

κτFμνσλ∇ωFελκτ∇ωFγ δεσ +
m797Fα

εεμFαβγ δFβ
νσλFεν

κτ∇λFμστω∇ωFγ δεκ +
m798Fα

εεμFαβγ δFβ
νσλFεν

κτ∇τFμσλω∇ωFγ δεκ +
m799Fα

εεμFαβγ δFβ
νσλFεν

κτ∇ωFμσλτ∇ωFγ δεκ +
m794Fα

εεμFαβγ δFβ
νσλFεν

κτ∇ωFσλκτ∇ωFγ δεμ +
m795Fα

εεμFαβγ δFβ
νσλFεν

κτ∇τFμλκω∇ωFγ δεσ +
m796Fα

εεμFαβγ δFβ
νσλFεν

κτ∇ωFμλκτ∇ωFγ δεσ +
m803Fα

εεμFαβγ δFβ
νσλFεν

κτ∇ωFεμσλ∇ωFγ δκτ +
m801Fαβ

εεFαβγ δFμν
κτFμνσλ∇τFεελω∇ωFγ δσκ +

m802Fαβ
εεFαβγ δFμν

κτFμνσλ∇ωFεελτ∇ωFγ δσκ +
m800Fαβ

εεFαβγ δFμν
κτFμνσλ∇ωFεεκτ∇ωFγ δσλ +

m Fαβ
εεFαβγ δFμν

κτFμνσλ∇ωFδελτ∇ωFγεσκ +
804
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m805Fα
εεμFαβγ δFβ

νσλFεν
κτ∇ωFδμλτ∇ωFγεσκ +

m808Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇τFνσκω∇ωFδεελ +

m809Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇ωFνσκτ∇ωFδεελ +

m806Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇τFσλκω∇ωFδεεν +

m807Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇ωFσλκτ∇ωFδεεν +

m810Fαβ
εεFαβγ δFγ

μνσ Fμν
λκ∇κFσλτω∇ωFδεε

τ +
m811Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇τFσλκω∇ωFδεε
τ +

m812Fαβ
εεFαβγ δFγ

μνσ Fμν
λκ∇ωFσλκτ∇ωFδεε

τ +
m821Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇σ Fεντω∇ωFδελκ +
m822Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇τFενσω∇ωFδελκ +
m823Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇ωFενστ∇ωFδελκ +
m825Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇κFεστω∇ωFδελ
τ +

m824Fαβ
εεFαβγ δFγ

μνσ Fμν
λκ∇σ Fεκτω∇ωFδελ

τ +
m826Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇τFεσκω∇ωFδελ
τ +

m827Fαβ
εεFαβγ δFγ

μνσ Fμν
λκ∇ωFεσκτ∇ωFδελ

τ +
m815Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇σ Fεκτω∇ωFδενλ +
m816Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇τFεσκω∇ωFδενλ +
m817Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇ωFεσκτ∇ωFδενλ +
m813Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇τFελκω∇ωFδενσ +
m814Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇ωFελκτ∇ωFδενσ +
m818Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇κFελτω∇ωFδεσ
τ +

m819Fαβ
εεFαβγ δFγ

μνσ Fμν
λκ∇τFελκω∇ωFδεσ

τ +
m820Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇ωFελκτ∇ωFδεσ
τ +

m852Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇τFσλκω∇ωFδε

κτ +
m853Fαβ

εεFαβγ δFγ ε
μνFμν

σλ∇τFσλκω∇ωFδε
κτ +

m854Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇ωFσλκτ∇ωFδε

κτ +
m855Fαβ

εεFαβγ δFγ ε
μνFμν

σλ∇ωFσλκτ∇ωFδε
κτ +

m849Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇σ Fμντω∇ωFδελκ +

m850Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇τFμνσω∇ωFδελκ +

m851Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇ωFμνστ∇ωFδελκ +

m835Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇τFνσκω∇ωFδεμλ +

m836Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇ωFνσκτ∇ωFδεμλ +

m837Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇ωFνσκτ∇ωFδεμλ +

m828Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇τFσλκω∇ωFδεμν +

m Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇τFσλκω∇ωFδεμν +
829
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m830Fα
εεμFαβγ δFβε

νσ Fγ
λκτ∇ωFσλκτ∇ωFδεμν +

m831Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇ωFσλκτ∇ωFδεμν +

m832Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇ωFσλκτ∇ωFδεμν +
m833Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇τFνλκω∇ωFδεμσ +

m834Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇ωFνλκτ∇ωFδεμσ +
m838Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇σ Fμκτω∇ωFδενλ +
m839Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇κFσλτω∇ωFδεν
τ +

m840Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇τFσλκω∇ωFδεν

τ +
m841Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇τFσλκω∇ωFδεν
τ +

m842Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇ωFσλκτ∇ωFδεν

τ +
m843Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇ωFσλκτ∇ωFδεν
τ +

m844Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇τFμνκω∇ωFδεσλ +
m845Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇ωFμνκτ∇ωFδεσλ +

m846Fαβ
εεFαβγ δFγ ε

μνFμ
σλκ∇κFνλτω∇ωFδεσ

τ +
m847Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇τFνλκω∇ωFδεσ
τ +

m848Fαβ
εεFαβγ δFγ ε

μνFμ
σλκ∇ωFνλκτ∇ωFδεσ

τ +
m911Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇σ Fεενω∇ωFδλκτ +
m912Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇σ Fεμνω∇ωFδλκτ +
m913Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇σ Fεμνω∇ωFδλκτ +
m914Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇ωFεενσ ∇ωFδλκτ +
m915Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇ωFεμνσ∇ωFδλκτ +
m916Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇σ Fεετω∇ωFδλκ
τ +

m917Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇σ Fεντω∇ωFδλκ

τ +
m918Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇τFεεσω∇ωFδλκ
τ +

m919Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇τFενσω∇ωFδλκ

τ +
m920Fαβ

εεFαβγ δFγ
μνσ Fμν

λκ∇ωFεεστ∇ωFδλκ
τ +

m921Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇ωFενστ∇ωFδλκ

τ +
m922Fαβ

εεFαβγ δFγ
μνσ Fεμν

λ∇τFεσκω∇ωFδλ
κτ +

m923Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇ωFεσκτ∇ωFδλ

κτ +
m871Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇σ Fεντω∇ωFδμλκ +
m872Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇τFενσω∇ωFδμλκ +
m873Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇ωFενστ∇ωFδμλκ +
m862Fαβγ

εFαβγ δFε
λκτF εμνσ ∇σ Fεκτω∇ωFδμνλ +

m863Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇σ Fεκτω∇ωFδμνλ +

m Fαβγ
εFαβγ δFε

λκτF εμνσ ∇τFεσκω∇ωFδμνλ +
864
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m865Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇τFεσκω∇ωFδμνλ +

m866Fαβγ
εFαβγ δFε

λκτF εμνσ ∇ωFεσκτ∇ωFδμνλ +
m867Fαβ

εεFαβγ δFγ
μνσ Fε

λκτ∇ωFεσκτ∇ωFδμνλ +
m856Fαβγ

εFαβγ δFε
λκτF εμνσ ∇τFελκω∇ωFδμνσ +

m857Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇τFελκω∇ωFδμνσ +

m858Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇τFελκω∇ωFδμνσ +
m859Fαβγ

εFαβγ δFε
λκτF εμνσ ∇ωFελκτ∇ωFδμνσ +

m860Fαβ
εεFαβγ δFγ

μνσ Fε
λκτ∇ωFελκτ∇ωFδμνσ +

m861Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇ωFελκτ∇ωFδμνσ +
m868Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇νFεκτω∇ωFδμσλ +

m869Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇τFενκω∇ωFδμσλ +
m870Fαβ

εεFαβγ δFγ ε
μνF σλκτ∇ωFενκτ∇ωFδμσλ +

m888Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇σ Fεετω∇ωFδνλκ +

m889Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇τFεεσω∇ωFδνλκ +

m890Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇ωFεεστ∇ωFδνλκ +

m892Fαβγ
εFαβγ δFεμ

λκF εμνσ ∇κFεστω∇ωFδνλ
τ +

m893Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇κFεστω∇ωFδνλ

τ +
m894Fα

εεμFαβγ δFβε
νσ Fγ ε

λκ∇κFμστω∇ωFδνλ
τ +

m891Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇σ Fεκτω∇ωFδνλ

τ +
m895Fαβγ

εFαβγ δFεμ
λκF εμνσ ∇τFεσκω∇ωFδνλ

τ +
m896Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇τFεσκω∇ωFδνλ
τ +

m897Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇τFμσκω∇ωFδνλ

τ +
m898Fαβγ

εFαβγ δFεμ
λκF εμνσ ∇ωFεσκτ∇ωFδνλ

τ +
m899Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇ωFεσκτ∇ωFδνλ
τ +

m900Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇ωFμσκτ∇ωFδνλ

τ +
m874Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇τFεεκω∇ωFδνσλ +
m875Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇ωFεεκτ∇ωFδνσλ +
m876Fαβγ

εFαβγ δFεμ
λκF εμνσ ∇κFελτω∇ωFδνσ

τ +
m877Fαβ

εεFαβγ δFγ
μνσ Fεμ

λκ∇κFελτω∇ωFδνσ
τ +

m878Fαβ
εεFαβγ δFγ ε

μνFμ
σλκ∇κFελτω∇ωFδνσ

τ +
m879Fα

εεμFαβγ δFβε
νσ Fγ ε

λκ∇κFμλτω∇ωFδνσ
τ +

m880Fαβγ
εFαβγ δFεμ

λκF εμνσ ∇τFελκω∇ωFδνσ
τ +

m881Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇τFελκω∇ωFδνσ

τ +
m882Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇τFελκω∇ωFδνσ
τ +

m Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇τFμλκω∇ωFδνσ

τ +
883

28
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m884Fαβγ
εFαβγ δFεμ

λκF εμνσ ∇ωFελκτ∇ωFδνσ
τ +

m885Fαβ
εεFαβγ δFγ

μνσ Fεμ
λκ∇ωFελκτ∇ωFδνσ

τ +
m886Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇ωFελκτ∇ωFδνσ
τ +

m887Fα
εεμFαβγ δFβε

νσ Fγ ε
λκ∇ωFμλκτ∇ωFδνσ

τ +
m904Fαβ

εεFαβγ δFγ ε
μνFμν

σλ∇λFεκτω∇ωFδσ
κτ +

m905Fαβγ
εFαβγ δFεμν

λF εμνσ ∇τFελκω∇ωFδσ
κτ +

m906Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇τFελκω∇ωFδσ

κτ +
m907Fαβ

εεFαβγ δFγ ε
μνFμν

σλ∇τFελκω∇ωFδσ
κτ +

m908Fαβγ
εFαβγ δFεμν

λF εμνσ ∇ωFελκτ∇ωFδσ
κτ +

m909Fαβ
εεFαβγ δFγ

μνσ Fεμν
λ∇ωFελκτ∇ωFδσ

κτ +
m910Fαβ

εεFαβγ δFγ ε
μνFμν

σλ∇ωFελκτ∇ωFδσ
κτ +

m901Fαβ
εεFαβγ δFγ ε

μνF σλκτ∇εFμντω∇ωFδσλκ +
m902Fαβ

εεFαβγ δFγ ε
μνFμ

σλκ∇εFνκτω∇ωFδσλ
τ +

m903Fαβ
εεFαβγ δFγ ε

μνFμ
σλκ∇νFεκτω∇ωFδσλ

τ +
m946Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇δFνστω∇ωFεελκ +
m935Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτ∇ωFνσκτ∇ωFεεμλ +
m924Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτ∇τFσλκω∇ωFεεμν +
m925Fαβ

εεFαβγ δFγ
μνσ Fδ

λκτ∇ωFσλκτ∇ωFεεμν +
m926Fαβ

εεFαβγ δFγ δ
μνF σλκτ∇ωFσλκτ∇ωFεεμν +

m927Fαβγ
εFαβγ δFδ

εμνF σλκτ∇ωFσλκτ∇ωFεεμν +
m929Fαβ

εεFαβγ δFγ δ
μνF σλκτ∇τFνλκω∇ωFεεμσ +

m930Fαβγ
εFαβγ δFδ

εμνF σλκτ∇τFνλκω∇ωFεεμσ +
m932Fαβ

εεFαβγ δFγ δ
μνF σλκτ∇ωFνλκτ∇ωFεεμσ +

m933Fαβγ
εFαβγ δFδ

εμνF σλκτ∇ωFνλκτ∇ωFεεμσ +
m937Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇δFσκτω∇ωFεενλ +
m936Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇δFλκτω∇ωFεενσ +
m938Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκ∇κFσλτω∇ωFεεν
τ +

m939Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκ∇τFσλκω∇ωFεεν

τ +
m940Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκ∇ωFσλκτ∇ωFεεν
τ +

m941Fαβ
εεFαβγ δFγ δ

μνF σλκτ∇τFμνκω∇ωFεεσλ +
m942Fαβγ

εFαβγ δFδ
εμνF σλκτ∇τFμνκω∇ωFεεσλ +

m943Fαβ
εεFαβγ δFγ δ

μνF σλκτ∇ωFμνκτ∇ωFεεσλ +
m944Fαβγ

εFαβγ δFδ
εμνF σλκτ∇ωFμνκτ∇ωFεεσλ +

m975Fαβγ
εFαβγ δFδ

εμνFεμν
σ ∇τFσλκω∇ωFε

λκτ +
m Fαβγ

εFαβγ δFδ
εμνFεμν

σ ∇ωFσλκτ∇ωFε
λκτ +
976

29
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m949Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇σ Fεκτω∇ωFεμνλ +

m950Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇τFεσκω∇ωFεμνλ +

m951Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇ωFεσκτ∇ωFεμνλ +

m947Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇τFελκω∇ωFεμνσ +

m948Fαβ
εεFαβγ δFγ

μνσ Fδ
λκτ∇ωFελκτ∇ωFεμνσ +

m952Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇τFσλκω∇ωFεμν

τ +
m953Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇ωFσλκτ∇ωFεμν
τ +

m954Fαβ
εεFαβγ δFγ δ

μνF σλκτ∇τFενκω∇ωFεμσλ +
m955Fαβ

εεFαβγ δFγ δ
μνF σλκτ∇ωFενκτ∇ωFεμσλ +

m956Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇κFνλτω∇ωFεμσ

τ +
m957Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇τFνλκω∇ωFεμσ
τ +

m958Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇ωFνλκτ∇ωFεμσ

τ +
m965Fαβγ

εFαβγ δFδ
εμνFεμ

σλ∇τFσλκω∇ωFεν
κτ +

m966Fαβγ
εFαβγ δFδ

εμνFεμ
σλ∇ωFσλκτ∇ωFεν

κτ +
m963Fαβ

εεFαβγ δFγ
μνσ Fμ

λκτ∇δFεστω∇ωFενλκ +
m964Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκ∇κFεστω∇ωFενλ
τ +

m959Fαβ
εεFαβγ δFγ

μνσ Fμ
λκτ∇δFεκτω∇ωFενσλ +

m960Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκ∇κFελτω∇ωFενσ

τ +
m961Fαβ

εεFαβγ δFγ
μνσ Fδμ

λκ∇τFελκω∇ωFενσ
τ +

m962Fαβ
εεFαβγ δFγ

μνσ Fδμ
λκ∇ωFελκτ∇ωFενσ

τ +
m972Fαβγ

εFαβγ δFδ
εμνFεμ

σλ∇λFνκτω∇ωFεσ
κτ +

m973Fαβγ
εFαβγ δFδ

εμνFεμ
σλ∇τFνλκω∇ωFεσ

κτ +
m974Fαβγ

εFαβγ δFδ
εμνFεμ

σλ∇ωFνλκτ∇ωFεσ
κτ +

m967Fαβγ
εFαβγ δFδ

εμνF σλκτ∇τFεμνω∇ωFεσλκ +
m968Fαβγ

εFαβγ δFδ
εμνF σλκτ∇ωFεμντ∇ωFεσλκ +

m969Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇κFμντω∇ωFεσλ

τ +
m970Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇τFμνκω∇ωFεσλ
τ +

m971Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇ωFμνκτ∇ωFεσλ

τ +
m1020Fαβ

εεFαβγ δFγ ε
μνFδμν

σ ∇τFσλκω∇ωFε
λκτ +

m1021Fαβ
εεFαβγ δFγ ε

μνFδμν
σ ∇ωFσλκτ∇ωFε

λκτ +
m1000Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇δFνστω∇ωFεμλκ +
m978Fα

εεμFαβγ δFβε
νσ Fγ

λκτ∇δFσκτω∇ωFεμνλ +
m977Fαβγ

εFαβγ δFδ
εμνF σλκτ∇εFλκτω∇ωFεμνσ +

m979Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇τFσλκω∇ωFεμν

τ +
m Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇τFσλκω∇ωFεμν
τ +
980

30
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m981Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇τFσλκω∇ωFεμν

τ +
m983Fαβ

εεFαβγ δFγ ε
μνFδ

σλκ∇ωFσλκτ∇ωFεμν
τ +

m984Fαβ
εεFαβγ δFγ δ

μνFε
σλκ∇ωFσλκτ∇ωFεμν

τ +
m985Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇ωFσλκτ∇ωFεμν
τ +

m987Fαβγ
εFαβγ δFδ

εμνF σλκτ∇εFνκτω∇ωFεμσλ +
m988Fαβ

εεFαβγ δFγ ε
μνFδ

σλκ∇κFνλτω∇ωFεμσ
τ +

m989Fαβ
εεFαβγ δFγ δ

μνFε
σλκ∇κFνλτω∇ωFεμσ

τ +
m990Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇κFνλτω∇ωFεμσ
τ +

m992Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇τFνλκω∇ωFεμσ

τ +
m993Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇τFνλκω∇ωFεμσ
τ +

m994Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇τFνλκω∇ωFεμσ

τ +
m996Fαβ

εεFαβγ δFγ ε
μνFδ

σλκ∇ωFνλκτ∇ωFεμσ
τ +

m997Fαβ
εεFαβγ δFγ δ

μνFε
σλκ∇ωFνλκτ∇ωFεμσ

τ +
m998Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇ωFνλκτ∇ωFεμσ
τ +

m1004Fαβ
εεFαβγ δFγ ε

μνFδμ
σλ∇τFσλκω∇ωFεν

κτ +
m1005Fαβ

εεFαβγ δFγ δ
μνFεμ

σλ∇τFσλκω∇ωFεν
κτ +

m1006Fαβ
εεFαβγ δFγ ε

μνFδμ
σλ∇ωFσλκτ∇ωFεν

κτ +
m1007Fαβ

εεFαβγ δFγ δ
μνFεμ

σλ∇ωFσλκτ∇ωFεν
κτ +

m1001Fαβ
εεFαβγ δFγ δε

μF νσλκ∇κFμλτω∇ωFενσ
τ +

m1002Fαβ
εεFαβγ δFγ δε

μF νσλκ∇τFμλκω∇ωFενσ
τ +

m1003Fαβ
εεFαβγ δFγ δε

μF νσλκ∇ωFμλκτ∇ωFενσ
τ +

m1014Fαβ
εεFαβγ δFγ ε

μνFδμ
σλ∇λFνκτω∇ωFεσ

κτ +
m1015Fαβ

εεFαβγ δFγ δ
μνFεμ

σλ∇λFνκτω∇ωFεσ
κτ +

m1016Fαβ
εεFαβγ δFγ ε

μνFδμ
σλ∇τFνλκω∇ωFεσ

κτ +
m1017Fαβ

εεFαβγ δFγ δ
μνFεμ

σλ∇τFνλκω∇ωFεσ
κτ +

m1018Fαβ
εεFαβγ δFγ ε

μνFδμ
σλ∇ωFνλκτ∇ωFεσ

κτ +
m1019Fαβ

εεFαβγ δFγ δ
μνFεμ

σλ∇ωFνλκτ∇ωFεσ
κτ +

m1008Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇κFμντω∇ωFεσλ

τ +
m1009Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇κFμντω∇ωFεσλ
τ +

m1010Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇τFμνκω∇ωFεσλ

τ +
m1011Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇τFμνκω∇ωFεσλ
τ +

m1012Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇ωFμνκτ∇ωFεσλ

τ +
m1013Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇ωFμνκτ∇ωFεσλ
τ +

m1025Fαβ
εεFαβγ δFγ ε

μνFδε
σλ∇τFσλκω∇ωFμν

κτ +
m Fαβ

εεFαβγ δFγ δ
μνFεε

σλ∇τFσλκω∇ωFμν
κτ +
1026

31
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m1027Fαβγ
εFαβγ δFδ

εμνFεε
σλ∇τFσλκω∇ωFμν

κτ +
m1028Fαβ

εεFαβγ δFγ δε
μFε

νσλ∇τFσλκω∇ωFμν
κτ +

m1029Fαβ
εεFαβγ δFγ δεεF

μνσλ∇τFσλκω∇ωFμν
κτ +

m1031Fαβ
εεFαβγ δFγ ε

μνFδε
σλ∇ωFσλκτ∇ωFμν

κτ +
m1032Fαβ

εεFαβγ δFγ δ
μνFεε

σλ∇ωFσλκτ∇ωFμν
κτ +

m1033Fαβγ
εFαβγ δFδ

εμνFεε
σλ∇ωFσλκτ∇ωFμν

κτ +
m1034Fαβ

εεFαβγ δFγ δε
μFε

νσλ∇ωFσλκτ∇ωFμν
κτ +

m1035Fαβ
εεFαβγ δFγ δεεF

μνσλ∇ωFσλκτ∇ωFμν
κτ +

m1022Fαβγ
εFαβγ δFδ

εμνFε
σλκ∇εFλκτω∇ωFμνσ

τ +
m1023Fαβ

εεFαβγ δFγ ε
μνFδ

σλκ∇εFλκτω∇ωFμνσ
τ +

m1024Fαβ
εεFαβγ δFγ δ

μνFε
σλκ∇εFλκτω∇ωFμνσ

τ +
m1040Fαβ

εεFαβγ δFγ ε
μνFδε

σλ∇τFνλκω∇ωFμσ
κτ +

m1041Fαβ
εεFαβγ δFγ δ

μνFεε
σλ∇τFνλκω∇ωFμσ

κτ +
m1042Fαβγ

εFαβγ δFδ
εμνFεε

σλ∇τFνλκω∇ωFμσ
κτ +

m1044Fαβ
εεFαβγ δFγ ε

μνFδε
σλ∇ωFνλκτ∇ωFμσ

κτ +
m1045Fαβ

εεFαβγ δFγ δ
μνFεε

σλ∇ωFνλκτ∇ωFμσ
κτ +

m1046Fαβγ
εFαβγ δFδ

εμνFεε
σλ∇ωFνλκτ∇ωFμσ

κτ +
m1037Fαβγ

εFαβγ δFδ
εμνFε

σλκ∇εFνκτω∇ωFμσλ
τ +

m1038Fαβ
εεFαβγ δFγ ε

μνFδ
σλκ∇εFνκτω∇ωFμσλ

τ +
m1039Fαβ

εεFαβγ δFγ δ
μνFε

σλκ∇εFνκτω∇ωFμσλ
τ +

m1051Fαβ
εεFαβγ δFγ ε

μνFδεμ
σ ∇τFσλκω∇ωFν

λκτ +
m1052Fαβ

εεFαβγ δFγ δ
μνFεεμ

σ ∇τFσλκω∇ωFν
λκτ +

m1053Fαβγ
εFαβγ δFδ

εμνFεεμ
σ ∇τFσλκω∇ωFν

λκτ +
m1055Fαβ

εεFαβγ δFγ ε
μνFδεμ

σ ∇ωFσλκτ∇ωFν
λκτ +

m1056Fαβ
εεFαβγ δFγ δ

μνFεεμ
σ ∇ωFσλκτ∇ωFν

λκτ +
m1057Fαβγ

εFαβγ δFδ
εμνFεεμ

σ ∇ωFσλκτ∇ωFν
λκτ +

m1048Fαβγ
εFαβγ δFδ

εμνFεμ
σλ∇εFλκτω∇ωFνσ

κτ +
m1049Fαβ

εεFαβγ δFγ ε
μνFδμ

σλ∇εFλκτω∇ωFνσ
κτ +

m1050Fαβ
εεFαβγ δFγ δε

μFε
νσλ∇μFλκτω∇ωFνσ

κτ +
m1059Fαβ

εεFαβγ δFγ ε
μνFδεμν∇ωFσλκτ∇ωFσλκτ +

m1060Fαβ
εεFαβγ δFγ δ

μνFεεμν∇ωFσλκτ∇ωFσλκτ +
m1061Fαβγ

εFαβγ δFδ
εμνFεεμν∇ωFσλκτ∇ωFσλκτ +

m463Fε
σλκF εεμνFF∇κFνλτω∇σ Fεμ

τω +
m370Fεε

σλF εεμνFF∇λFνκτω∇σ Fμ
κτω +

m FεεμνFσλκτFF∇λFεεσ
ω∇τFμνκω +
639

32
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m658F
εεμνF σλκτFF∇σ Fεεμ

ω∇τFνλκω +
m928F

εεμνF σλκτFF∇ωFσλκτ∇ωFεεμν +
m931F

εεμνF σλκτFF∇τFνλκω∇ωFεεμσ +
m934F

εεμνF σλκτFF∇ωFνλκτ∇ωFεεμσ +
m945F

εεμνF σλκτFF∇ωFμνκτ∇ωFεεσλ +
m982Fε

σλκF εεμνFF∇τFσλκω∇ωFεμν
τ +

m986Fε
σλκF εεμνFF∇ωFσλκτ∇ωFεμν

τ +
m991Fε

σλκF εεμνFF∇κFνλτω∇ωFεμσ
τ +

m995Fε
σλκF εεμνFF∇τFνλκω∇ωFεμσ

τ +
m999Fε

σλκF εεμνFF∇ωFνλκτ∇ωFεμσ
τ +

m1030Fεε
σλF εεμνFF∇τFσλκω∇ωFμν

κτ +
m1036Fεε

σλF εεμνFF∇ωFσλκτ∇ωFμν
κτ +

m1043Fεε
σλF εεμνFF∇τFνλκω∇ωFμσ

κτ +
m1047Fεε

σλF εεμνFF∇ωFνλκτ∇ωFμσ
κτ +

m1054Fεεμ
σ F εεμνFF∇τFσλκω∇ωFν

λκτ +
m1058Fεεμ

σ F εεμνFF∇ωFσλκτ∇ωFν
λκτ +

m1062FF 2∇ωFσλκτ∇ωFσλκτ (36)

Finally, there are 217 couplings with structure of one Riemann curvature, two F and two ∇F , 
i.e.,

LRF 2(∂F )2

6 = m276Fε
σλκF εεμνRαβγ δ∇γ Fαεμσ ∇δFβνλκ +

m277Fεε
σλF εεμνRαβγ δ∇γ Fαμσ

κ∇δFβνλκ +
m278Fε

σλκF εεμνRαβγ δ∇γ Fαεμν∇δFβσλκ +
m279Fεε

σλF εεμνRαβγ δ∇γ Fαμν
κ∇δFβσλκ +

m280Fεεμ
σ F εεμνRαβγ δ∇γ Fαν

λκ∇δFβσλκ +
m388Fα

εεμF νσλκRαβγ δ∇εFβνσλ∇κFγ δεμ +
m389Fα

εεμF νσλκRαβγ δ∇εFβενσ ∇κFγ δμλ +
m398Fα

εεμF νσλκRαβγ δ∇γ Fβνσλ∇κFδεεμ +
m402Fα

εεμF νσλκRαβγ δ∇γ Fβενσ ∇κFδεμλ +
m403Fα

εεμF νσλκRαβγ δ∇εFβγ νσ ∇κFδεμλ +
m406Fε

σλκF εεμνRαβγ δ∇γ Fαβεσ ∇κFδμνλ +
m407Fα

εεμF νσλκRαβγ δ∇γ Fβεεν∇κFδμσλ +
m408Fα

εεμF νσλκRαβγ δ∇εFβγ εν∇κFδμσλ +
m411Fε

σλκF εεμνRαβγ δ∇γ Fαβεμ∇κFδνσλ +
m412Fεε

σλF εεμνRαβγ δ∇γ Fαβμ
κ∇κFδνσλ +

m Fα
εεμF νσλκRαβγ δ∇γ Fβεεμ∇κFδνσλ +
413
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m414Fα
εεμFε

νσλRαβγ δ∇γ Fβεμ
κ∇κFδνσλ +

m415Fα
εεμFεε

νσ Rαβγ δ∇γ Fβμ
λκ∇κFδνσλ +

m419Fα
εεμF νσλκRαβγ δ∇δFβγ νσ ∇κFεεμλ +

m423Fα
εεμF νσλκRαβγ δ∇δFβγ εν∇κFεμσλ +

m424Fα
εεμFε

νσλRαβγ δ∇δFβγ ν
κ∇κFεμσλ +

m426Fαβ
εεFμνσλRαβγ δ∇εFγ δμ

κ∇κFενσλ +
m439Fα

εεμF νσλκRαβγ δ∇δFβγ εε∇κFμνσλ +
m440Fα

εεμFε
νσλRαβγ δ∇δFβγ ε

κ∇κFμνσλ +
m441Fα

εεμFεε
νσ Rαβγ δ∇δFβγ

λκ∇κFμνσλ +
m442Fα

εεμFγ
νσλRαβγ δ∇δFβεε

κ∇κFμνσλ +
m443Fα

εεμFγ ε
νσ Rαβγ δ∇δFβε

λκ∇κFμνσλ +
m444Fα

εεμFβ
νσλRαβγ δ∇εFγ δε

κ∇κFμνσλ +
m445Fαβ

εεFμνσλRαβγ δ∇εFγ δε
κ∇κFμνσλ +

m446Fα
εεμFβε

νσ Rαβγ δ∇εFγ δ
λκ∇κFμνσλ +

m447Fαβ
εεFε

μνσ Rαβγ δ∇εFγ δ
λκ∇κFμνσλ +

m448Fαβ
εεFγ

μνσ Rαβγ δ∇εFδε
λκ∇κFμνσλ +

m449Fαβ
εεFγ ε

μνRαβγ δ∇εFδ
σλκ∇κFμνσλ +

m471Fεε
σλF εεμνRαβγ δ∇κFβδσλ∇κFαγμν +

m473Fεε
σλF εεμνRαβγ δ∇κFβδνλ∇κFαγμσ +

m476Fεεμ
σ F εεμνRαβγ δ∇κFβδσλ∇κFαγ ν

λ +
m484Fα

εεμFγ
νσλRαβγ δ∇κFδεμλ∇κFβενσ +

m486Fα
εεμFε

νσλRαβγ δ∇κFγ δσλ∇κFβεμν +
m492Fα

εεμFγ ε
νσ Rαβγ δ∇κFδμσλ∇κFβεν

λ +
m489Fα

εεμFε
νσλRαβγ δ∇κFγ δμλ∇κFβενσ +

m495Fα
εεμFεε

νσ Rαβγ δ∇κFγ δσλ∇κFβμν
λ +

m498Fα
εεμFε

νσλRαβγ δ∇κFγ δεμ∇κFβνσλ +
m499Fα

εεμFγ
νσλRαβγ δ∇κFδεεμ∇κFβνσλ +

m504Fα
εεμFεε

νσ Rαβγ δ∇κFγ δμλ∇κFβνσ
λ +

m505Fα
εεμFγ ε

νσ Rαβγ δ∇κFδεμλ∇κFβνσ
λ +

m509Fα
εεμFεεμ

νRαβγ δ∇κFγ δσλ∇κFβν
σλ +

m510Fα
εεμFγ εε

νRαβγ δ∇κFδμσλ∇κFβν
σλ +

m512Fα
εεμFγ εεμRαβγ δ∇κFδνσλ∇κFβ

νσλ +
m514Fα

εεμFβ
νσλRαβγ δ∇κFμνσλ∇κFγ δεε +

m515Fαβ
εεFμνσλRαβγ δ∇κFμνσλ∇κFγ δεε +

m Fαβ
εεFμνσλRαβγ δ∇κFενσλ∇κFγ δεμ +
517
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m518Fα
εεμFβ

νσλRαβγ δ∇κFεμσλ∇κFγ δεν +
m524Fα

εεμFβε
νσ Rαβγ δ∇κFμνσλ∇κFγ δε

λ +
m525Fαβ

εεFε
μνσ Rαβγ δ∇κFμνσλ∇κFγ δε

λ +
m519Fα

εεμFε
νσλRαβγ δ∇βFνσλκ∇κFγ δεμ +

m520Fα
εεμFε

νσλRαβγ δ∇βFμσλκ∇κFγ δεν +
m528Fα

εεμFεε
νσ Rαβγ δ∇βFνσλκ∇κFγ δμ

λ +
m531Fαβ

εεFε
μνσ Rαβγ δ∇κFενσλ∇κFγ δμ

λ +
m527Fαβ

εεFμνσλRαβγ δ∇κFεεσλ∇κFγ δμν +
m533Fα

εεμFεε
νσ Rαβγ δ∇βFμσλκ∇κFγ δν

λ +
m532Fα

εεμFε
νσλRαβγ δ∇βFεμλκ∇κFγ δνσ +

m534Fα
εεμFεεμ

νRαβγ δ∇βFνσλκ∇κFγ δ
σλ +

m537Fα
εεμFβεε

νRαβγ δ∇κFμνσλ∇κFγ δ
σλ +

m538Fαβ
εεFεε

μνRαβγ δ∇κFμνσλ∇κFγ δ
σλ +

m541Fα
εεμFβ

νσλRαβγ δ∇κFδνσλ∇κFγ εεμ +
m542Fαβ

εεFμνσλRαβγ δ∇κFδνσλ∇κFγ εεμ +
m545Fα

εεμFβ
νσλRαβγ δ∇κFδμσλ∇κFγ εεν +

m546Fαβ
εεFμνσλRαβγ δ∇εFδσλκ∇κFγ εμν +

m548Fαβ
εεFμνσλRαβγ δ∇κFδεσλ∇κFγ εμν +

m554Fα
εεμFβε

νσ Rαβγ δ∇κFδνσλ∇κFγ εμ
λ +

m555Fαβ
εεFε

μνσ Rαβγ δ∇κFδνσλ∇κFγ εμ
λ +

m549Fα
εεμFε

νσλRαβγ δ∇βFδσλκ∇κFγ εμν +
m556Fα

εεμFε
νσλRαβγ δ∇βFδμλκ∇κFγ ενσ +

m559Fα
εεμFεε

νσ Rαβγ δ∇βFδσλκ∇κFγμν
λ +

m560Fαβ
εεFε

μνσ Rαβγ δ∇δFεσλκ∇κFγμν
λ +

m561Fαβ
εεFε

μνσ Rαβγ δ∇εFδσλκ∇κFγμν
λ +

m558Fαβ
εεFμνσλRαβγ δ∇δFεελκ∇κFγμνσ +

m566Fα
εεμFβεε

νRαβγ δ∇κFδνσλ∇κFγμ
σλ +

m567Fαβ
εεFεε

μνRαβγ δ∇κFδνσλ∇κFγμ
σλ +

m568Fα
εεμFεεμ

νRαβγ δ∇βFδσλκ∇κFγ ν
σλ +

m570Fαβ
εεFγ

μνσ Rαβγ δ∇κFμνσλ∇κFδεε
λ +

m573Fαβ
εεFγ

μνσ Rαβγ δ∇κFενσλ∇κFδεμ
λ +

m575Fαβ
εεFγ ε

μνRαβγ δ∇κFμνσλ∇κFδε
σλ +

m578Fαβ
εεFγ

μνσ Rαβγ δ∇κFεεσλ∇κFδμν
λ +

m581Fαβ
εεFγ ε

μνRαβγ δ∇κFενσλ∇κFδμ
σλ +

m Fαβ
εεFγ εε

μRαβγ δ∇κFμνσλ∇κFδ
νσλ +
582
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m583Fαβ
εεFγ

μνσ Rαβγ δ∇δFνσλκ∇κFεεμ
λ +

m585Fαβ
εεFγ δ

μνRαβγ δ∇κFμνσλ∇κFεε
σλ +

m586Fαβ
εεFγ

μνσ Rαβγ δ∇δFεσλκ∇κFεμν
λ +

m588Fαβ
εεFγ δ

μνRαβγ δ∇κFενσλ∇κFεμ
σλ +

m589Fαβ
εεFγ ε

μνRαβγ δ∇δFνσλκ∇κFεμ
σλ +

m591Fαβ
εεFγ δε

μRαβγ δ∇κFμνσλ∇κFε
νσλ +

m592Fαβ
εεFγ εε

μRαβγ δ∇δFνσλκ∇κFμ
νσλ +

m593Fαβ
εεFγ δεεR

αβγ δ∇κFμνσλ∇κFμνσλ +
m399Fα

εεμF νσλκRαβγ δ∇κFδεεμ∇λFβγ νσ +
m472Fεε

σλF εεμνRαβγ δ∇κFαγμσ ∇λFβδνκ +
m470Fεε

σλF εεμνRαβγ δ∇κFαγμν∇λFβδσκ +
m475Fεεμ

σ F εεμνRαβγ δ∇κFαγ ν
λ∇λFβδσκ +

m330Fα
εεμFε

νσλRαβγ δ∇εFβνσ
κ∇λFγ δμκ +

m488Fα
εεμFε

νσλRαβγ δ∇κFβενσ ∇λFγ δμκ +
m502Fα

εεμFεε
νσ Rαβγ δ∇κFβνσ

λ∇λFγ δμκ +
m485Fα

εεμFε
νσλRαβγ δ∇κFβεμν∇λFγ δσκ +

m494Fα
εεμFεε

νσ Rαβγ δ∇κFβμν
λ∇λFγ δσκ +

m507Fα
εεμFεεμ

νRαβγ δ∇κFβν
σλ∇λFγ δσκ +

m334Fα
εεμFε

νσλRαβγ δ∇γ Fβνσ
κ∇λFδεμκ +

m335Fα
εεμFγ

νσλRαβγ δ∇εFβνσ
κ∇λFδεμκ +

m480Fα
εεμFε

νσλRαβγ δ∇κFβγ νσ ∇λFδεμκ +
m483Fα

εεμFγ
νσλRαβγ δ∇κFβενσ ∇λFδεμκ +

m503Fα
εεμFγ ε

νσ Rαβγ δ∇κFβνσ
λ∇λFδεμκ +

m547Fαβ
εεFμνσλRαβγ δ∇κFγ εμν∇λFδεσκ +

m337Fα
εεμFε

νσλRαβγ δ∇γ Fβεν
κ∇λFδμσκ +

m338Fα
εεμFε

νσλRαβγ δ∇εFβγ ν
κ∇λFδμσκ +

m339Fα
εεμFγ

νσλRαβγ δ∇εFβεν
κ∇λFδμσκ +

m340Fα
εεμFβ

νσλRαβγ δ∇εFγ εν
κ∇λFδμσκ +

m479Fα
εεμFε

νσλRαβγ δ∇κFβγ εν∇λFδμσκ +
m491Fα

εεμFγ ε
νσ Rαβγ δ∇κFβεν

λ∇λFδμσκ +
m508Fα

εεμFγ εε
νRαβγ δ∇κFβν

σλ∇λFδμσκ +
m544Fα

εεμFβ
νσλRαβγ δ∇κFγ εεν∇λFδμσκ +

m343Fεε
σλF εεμνRαβγ δ∇γ Fαβμ

κ∇λFδνσκ +
m344Fα

εεμFε
νσλRαβγ δ∇γ Fβεμ

κ∇λFδνσκ +
m Fα

εεμFγ εεμRαβγ δ∇κFβ
νσλ∇λFδνσκ +
511
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m539Fα
εεμFβ

νσλRαβγ δ∇κFγ εεμ∇λFδνσκ +
m540Fαβ

εεFμνσλRαβγ δ∇κFγ εεμ∇λFδνσκ +
m552Fα

εεμFβε
νσ Rαβγ δ∇κFγ εμ

λ∇λFδνσκ +
m553Fαβ

εεFε
μνσ Rαβγ δ∇κFγ εμ

λ∇λFδνσκ +
m564Fα

εεμFβεε
νRαβγ δ∇κFγμ

σλ∇λFδνσκ +
m565Fαβ

εεFεε
μνRαβγ δ∇κFγμ

σλ∇λFδνσκ +
m526Fαβ

εεFμνσλRαβγ δ∇κFγ δμν∇λFεεσκ +
m577Fαβ

εεFγ
μνσ Rαβγ δ∇κFδμν

λ∇λFεεσκ +
m355Fα

εεμFε
νσλRαβγ δ∇δFβγ ν

κ∇λFεμσκ +
m356Fα

εεμFγ
νσλRαβγ δ∇δFβεν

κ∇λFεμσκ +
m516Fαβ

εεFμνσλRαβγ δ∇κFγ δεμ∇λFενσκ +
m530Fαβ

εεFε
μνσ Rαβγ δ∇κFγ δμ

λ∇λFενσκ +
m572Fαβ

εεFγ
μνσ Rαβγ δ∇κFδεμ

λ∇λFενσκ +
m580Fαβ

εεFγ ε
μνRαβγ δ∇κFδμ

σλ∇λFενσκ +
m587Fαβ

εεFγ δ
μνRαβγ δ∇κFεμ

σλ∇λFενσκ +
m361Fα

εεμFε
νσλRαβγ δ∇δFβγ ε

κ∇λFμνσκ +
m362Fα

εεμFγ
νσλRαβγ δ∇δFβεε

κ∇λFμνσκ +
m513Fα

εεμFβ
νσλRαβγ δ∇κFγ δεε∇λFμνσκ +

m522Fα
εεμFβε

νσ Rαβγ δ∇κFγ δε
λ∇λFμνσκ +

m523Fαβ
εεFε

μνσ Rαβγ δ∇κFγ δε
λ∇λFμνσκ +

m535Fα
εεμFβεε

νRαβγ δ∇κFγ δ
σλ∇λFμνσκ +

m536Fαβ
εεFεε

μνRαβγ δ∇κFγ δ
σλ∇λFμνσκ +

m569Fαβ
εεFγ

μνσ Rαβγ δ∇κFδεε
λ∇λFμνσκ +

m574Fαβ
εεFγ ε

μνRαβγ δ∇κFδε
σλ∇λFμνσκ +

m584Fαβ
εεFγ δ

μνRαβγ δ∇κFεε
σλ∇λFμνσκ +

m590Fαβ
εεFγ δε

μRαβγ δ∇κFε
νσλ∇λFμνσκ +

m390Fε
σλκF εεμνRαβγ δ∇κFγ δνλ∇μFαβεσ +

m416Fα
εεμF νσλκRαβγ δ∇κFδνσλ∇μFβγ εε +

m345Fα
εεμFε

νσλRαβγ δ∇λFδνσκ∇μFβγ ε
κ +

m346Fα
εεμFγ

νσλRαβγ δ∇λFδνσκ∇μFβεε
κ +

m392Fα
εεμF νσλκRαβγ δ∇κFγ δσλ∇μFβεεν +

m331Fα
εεμFε

νσλRαβγ δ∇λFγ δσκ∇μFβεν
κ +

m427Fαβ
εεFμνσλRαβγ δ∇κFενσλ∇μFγδε

κ +
m358Fαβ

εεFμνσλRαβγ δ∇λFενσκ∇μFγδε
κ +

m Fα
εεμFε

νσλRαβγ δ∇κFβνσλ∇μFγδεκ +
496
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m487Fα
εεμFε

νσλRαβγ δ∇κFβενσ ∇μFγδλκ +
m500Fα

εεμFεε
νσ Rαβγ δ∇κFβνσ

λ∇μFγδλκ +
m428Fαβ

εεFε
μνσ Rαβγ δ∇κFενσλ∇μFγδ

λκ +
m417Fαβ

εεFμνσλRαβγ δ∇κFδνσλ∇μFγεε
κ +

m347Fα
εεμFβ

νσλRαβγ δ∇λFδνσκ∇μFγεε
κ +

m348Fαβ
εεFμνσλRαβγ δ∇λFδνσκ∇μFγεε

κ +
m497Fα

εεμFγ
νσλRαβγ δ∇κFβνσλ∇μFδεεκ +

m429Fαβ
εεFγ

μνσ Rαβγ δ∇κFενσλ∇μFδε
λκ +

m288Fα
εεμF νσλκRαβγ δ∇γ Fβενσ ∇μFδελκ +

m482Fα
εεμFγ

νσλRαβγ δ∇κFβενσ ∇μFδελκ +
m501Fα

εεμFγ ε
νσ Rαβγ δ∇κFβνσ

λ∇μFδελκ +
m289Fα

εεμF νσλκRαβγ δ∇γ Fβεεν∇μFδσλκ +
m290Fα

εεμFε
νσλRαβγ δ∇γ Fβεν

κ∇μFδσλκ +
m291Fα

εεμFεε
νσ Rαβγ δ∇γ Fβν

λκ∇μFδσλκ +
m506Fα

εεμFγ εε
νRαβγ δ∇κFβν

σλ∇μFδσλκ +
m543Fα

εεμFβ
νσλRαβγ δ∇κFγ εεν∇μFδσλκ +

m393Fε
σλκF εεμνRαβγ δ∇κFγ δσλ∇νFαβεμ +

m332Fεε
σλF εεμνRαβγ δ∇λFγ δσκ∇νFαβμ

κ +
m409Fα

εεμF νσλκRαβγ δ∇κFδμσλ∇νFβγ εε +
m341Fα

εεμFε
νσλRαβγ δ∇λFδμσκ∇νFβγ ε

κ +
m425Fα

εεμFβ
νσλRαβγ δ∇κFεμσλ∇νFγ δε

κ +
m357Fα

εεμFβ
νσλRαβγ δ∇λFεμσκ∇νFγ δε

κ +
m420Fαβ

εεFμνσλRαβγ δ∇κFεεσλ∇νFγ δμ
κ +

m352Fαβ
εεFμνσλRαβγ δ∇λFεεσκ∇νFγ δμ

κ +
m342Fα

εεμFβ
νσλRαβγ δ∇λFδμσκ∇νFγ εε

κ +
m336Fαβ

εεFμνσλRαβγ δ∇λFδεσκ∇νFγ εμ
κ +

m297Fεε
σλF εεμνRαβγ δ∇γ Fαβμ

κ∇νFδσλκ +
m298Fα

εεμFεεμ
νRαβγ δ∇γ Fβ

σλκ∇νFδσλκ +
m562Fα

εεμFβεε
νRαβγ δ∇κFγμ

σλ∇νFδσλκ +
m563Fαβ

εεFεε
μνRαβγ δ∇κFγμ

σλ∇νFδσλκ +
m299Fα

εεμFβεε
νRαβγ δ∇μFγ

σλκ∇νFδσλκ +
m300Fαβ

εεFεε
μνRαβγ δ∇μFγ

σλκ∇νFδσλκ +
m579Fαβ

εεFγ ε
μνRαβγ δ∇κFδμ

σλ∇νFεσλκ +
m301Fα

εεμFγ εε
νRαβγ δ∇δFβ

σλκ∇νFμσλκ +
m Fε

σλκF εεμνRαβγ δ∇κFγ δνλ∇σ Fαβεμ +
391
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m404Fα
εεμF νσλκRαβγ δ∇κFδεμλ∇σ Fβγ εν +

m474Fεεμ
σ F εεμνRαβγ δ∇κFαγ ν

λ∇σ Fβδλκ +
m493Fα

εεμFεε
νσ Rαβγ δ∇κFβμν

λ∇σ Fγ δλκ +
m302Fα

εεμFεε
νσ Rαβγ δ∇μFβν

λκ∇σ Fγ δλκ +
m303Fεεμ

σ F εεμνRαβγ δ∇νFαβ
λκ∇σ Fγ δλκ +

m304Fα
εεμFεε

νσ Rαβγ δ∇γ Fβν
λκ∇σ Fδμλκ +

m305Fα
εεμFγ ε

νσ Rαβγ δ∇εFβν
λκ∇σ Fδμλκ +

m481Fα
εεμFεε

νσ Rαβγ δ∇κFβγ ν
λ∇σ Fδμλκ +

m490Fα
εεμFγ ε

νσ Rαβγ δ∇κFβεν
λ∇σ Fδμλκ +

m557Fα
εεμFβε

νσ Rαβγ δ∇κFγ εν
λ∇σ Fδμλκ +

m306Fεεμ
σ F εεμνRαβγ δ∇γ Fαβ

λκ∇σ Fδνλκ +
m307Fα

εεμFεε
νσ Rαβγ δ∇γ Fβμ

λκ∇σ Fδνλκ +
m550Fα

εεμFβε
νσ Rαβγ δ∇κFγ εμ

λ∇σ Fδνλκ +
m551Fαβ

εεFε
μνσ Rαβγ δ∇κFγ εμ

λ∇σ Fδνλκ +
m308Fα

εεμFεε
νσ Rαβγ δ∇μFβγ

λκ∇σ Fδνλκ +
m309Fα

εεμFβε
νσ Rαβγ δ∇μFγε

λκ∇σ Fδνλκ +
m310Fαβ

εεFε
μνσ Rαβγ δ∇μFγε

λκ∇σ Fδνλκ +
m576Fαβ

εεFγ
μνσ Rαβγ δ∇κFδμν

λ∇σ Fεελκ +
m529Fαβ

εεFε
μνσ Rαβγ δ∇κFγ δμ

λ∇σ Fενλκ +
m571Fαβ

εεFγ
μνσ Rαβγ δ∇κFδεμ

λ∇σ Fενλκ +
m312Fα

εεμFεε
νσ Rαβγ δ∇δFβγ

λκ∇σ Fμνλκ +
m313Fα

εεμFγ ε
νσ Rαβγ δ∇δFβε

λκ∇σ Fμνλκ +
m521Fα

εεμFβε
νσ Rαβγ δ∇κFγ δε

λ∇σ Fμνλκ +
m281FFRαβγ δ∇γ Fα

σλκ∇δFβσλκ + m478FFRαβγ δ∇κFβδσλ∇κFαγ
σλ +

m477FFRαβγ δ∇κFαγ
σλ∇λFβδσκ (37)

where FF = FμναβFμναβ . Note that the number of all contractions of F 8 without imposing the 
field redefinition is 176. The are 104 couplings in (35) that their coefficients are unambiguous. 
The coefficients of the couplings in (35) which have FF or Fμαβγ Fν

αβγ are essential parameters.
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