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Abstract Using the fact that eleven-dimensional super-
gravity yields type IIA supergravity under dimensional
reduction on a circle, we determine higher-derivative terms
of 11-dimensional supergravity including the R*, (3 F4)> R?
and (3 F4)* terms.

1 Introduction

The low-energy effective action of M-theory is known as
the 11-dimensional supergravity. This theory is described by
massless modes of M-theory (the graviton, the three-form
and the gravitino), which contains a membrane as a funda-
mental object. This theory also consists of the lowest-order
supergravity action [1] plus an infinite number of higher-
derivative terms beyond the leading order.

There exists a variety of methods which can be used to
capture these higher-derivative terms. Let us briefly review
some of them. The perturbative analyses of the scattering
amplitudes is one of the important methods to determine the
structure of the higher-derivative corrections to the 11d super-
gravity [2,3]. Besides the approaches based on the perturba-
tion analyses, there are other methods to derive the higher-
derivative effective action of the M-theory. The famous meth-
ods are the analyses performed by computing the scattering
amplitudes of superparticles [4—11], the superfield method
[12-20] and by applying Noether’s method [21].

Among these approaches, we employ the straightfor-
ward dimensional reduction method to determine the higher-
derivative corrections to 11d supergravity. We assume that
all fields are independent of the coordinate z = x'! which
we choose to correspond to a spacelike direction (ngl) =1)
and then we rewrite the fields and action in a ten-dimensional
form.

Let us now consider the dimensional reduction of the
bosonic fields of 11d supergravity, the metric and the three-
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form [22,23]. The dimensional reduction of the metric gives
rise to the ten-dimensional metric, a vector field, and a
scalar (the dilaton). According to this, the metric of eleven-
dimensional theory has to be expressed in terms of the ten-
dimensional one as follows:

_2 4
glglvl) = 3%, +e3%Cy, 01,

4 4
g/alzl) = e§®C1M and ggl) =e3®

, (1.1)

whereas the dimensional reduction of the 3-form potential in
D = 11 gives rise to a three-form and a two-form which are
the fields of the 10d supergravity theory

C3(11) = C30p and

11
Hvp C3( ) = B;w,

vz (1.2)

with the corresponding field strengths F4 = dC3 and H =
d B given by

£ (D

(1
£y nvpz

JLVPA = HMVP'

= Fyp0p  and (1.3)

The terms we would like to obtain consist of 4-form field
strength and Riemann tensor. The dimensional reduction of
4-form field strength is given by Eq. (1.3), whereas the dimen-
sional reduction of the Riemann tensor needs more consid-
erations.

For our intended purposes, it is sufficient to study the
dimensional reduction of 11-dimensional supergravity which
involves four massless fields. So we need the transformations
(1.1) at the linear order. Assuming that the massless fields are

small perturbations around the flat background, i.e.
guv=Mpv+2khyy; ®=¢o+2kp; Cr, =2kc1y,.  (1.4)

The transformation of g, which is introduced in Eq. (1.1),

takes the following linear form for the perturbations:
WS = hyy. (1.5)

On the other hand, the linearized Riemann curvature is
defined as

Ryt = ko, 0 hy™. (1.6)

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-018-6152-y&domain=pdf
http://orcid.org/0000-0001-7065-0082
mailto:bakhtiarizadeh@sirjantech.ac.ir

686 Page?2of8

Eur. Phys. J. C (2018) 78:686

The Eq. (1.5) implies that the transformation of the linearized
Riemann tensor, when carries no Killing index, is

RUD

Woph = Ryvpi.- (1.7)

The requirement of the dimensional reduction is a power-
ful tool to restrict the form of an effective action. The proce-
dure of the dimensional reduction method is well known and
quite simple. First we prepare the ansatz for the higher deriva-
tive effective action in which each term has some unknown
coefficients. Then we consider the dimensional reduction of
the ansatz by splitting the eleven-dimensional indices into
the ten-dimensional ones and the 11th index z. Some of the
generated terms can be transformed to the known couplings
in ten dimensions under dimensional reduction rules. The
comparison of these terms gives rise simultaneous equations
among the unknown coefficients in the ansatz. By solving
these equations and substituting the solutions into the ansatz,
one can determine the possible forms of the higher-derivative
effective action.

The content of our paper is as follows. In Sect. 2, we first
construct an ansatz for R* terms with unknown coefficients in
11 dimensions and then derive them by forcing the ansatz to
match with the known R* terms in ten dimensions. In Sect. 3,
we follow the same procedure to determine the (9 F4)2R?
terms in 11 dimensions. Finally, in Sect. 4 we will obtain
(3 F4)* terms. Section 5 is devoted to discussion.

2 R* terms

An ansatz for the higher derivative effective action, which
includes quartic terms of the Riemann tensor [21], is
parametrized by

Cl RadeRade RefghRefgh + CzRabcd RabceRdfghRefgh
+C3 Rabed Rabef RCdgh Refgh + C4 Rabed Raecg Rbfdh Refgh
+CsRabce R g R '3 RS + CoRapce R ap R g1 RS
+C7RabceRadchbfdh Refgh. (21)

Note that the terms which include the scalar curvature and
Ricci tensor are removed by using the field redefinition.
Upon dimensional reduction of our ansatz to ten dimen-
sions, it should be possible to extract the terms in which
the Riemann tensor carries no Killing index. These terms
are transformed to ten-dimensional ones according to the
rule (1.7). After doing so, we match the obtained results,
which have the same structure as ansatz but with indices
in ten dimensions, with the known R* terms computed a
long time ago by Gross and Sloan [24]. This match of the
dimensionally-reduced action provides strong consistency
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check on our computations and results in the following rela-

tions between the unknown coefficients!:

{C, —» —16Cy, C3 — 2Cy, C4 — 16Cy, C5 — —=32Cy,
Co —> =32+ 16C1, C7 — 128 — 32Cy}.

Inserting these conditions into the ansatz leads to the fol-
lowing R* terms in 11 dimensions:

6_1£R4 =32 (4RahceRadchbfthefgh

~Rapee R4 R oy RIS 22)

plus some other terms with unknown coefficients which
implicitly are zero. The reason is that they vanishes when
we write them in terms of independent variables in which all
symmetries (including mono- and multi-term symmetries),
mass-shell and on-shell conditions as well as conservation
of momentum are applied. In the above equation, e denotes
+/—&, where g is the determinant of the metric in 11 dimen-
sions.

3 (3 F4)?R? terms

Let us now consider the ansatz of the (9 F4)>R? part. By
imposing the linearised lowest-order equations of motion
[11], one obtains 24 possible terms in the action
C F" ¢ F* " Rapea Refgn

+C, F8;:¢ FPUITNR 1o d Refen

+Cy F8 ¢ FPMT R bd Refen

+C, Fel8h  F1aP T R pea Refen

+Cs F i FI8" RupeaRep

+C6Fbehi,a Flehicp Refgd

+C7Fhehi,a Fefhigg Refgd

+CgFp® FIMPR baRope?

+C9Fbghi,chehi,aRahcd Refgd

+C o F*PI M FC8 ) i Rapea Refg”

+C F  F" Rypeg Rope®

+C12Fbahi,gFefhi,cRabcdRefgd

+C\3FY g i FY4" Ropea Re® €

+C14F g i FIE R ypea R £€

+C s FUMCFS P Rapea Re” £°

+C16nghi’b nghi,eRabcdReafc

+Cy7 Fégni P FT8MAR b R 1€

+C g FPM A F o i Rapea Re® 5

+Cyg F*oni FP'$" Rypea Rep ™

! The calculations in this paper have been done with the xAct package

of Mathematica [41].
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+C20 Feghi’a nghi,bRabcdRefcd
+C21 Fbghi'fFeghi ’aRabcd Rede
+C22nghi’bnghi’eRabcdReaCd
+Co3 FP o i FI8" Rypea R

+C24Feghi’fnghi,eRabcdRade’ 3.1

where comma on the 4-form indices refers to a partial deriva-
tive with respect to the index afterwards. To find the unknown
coefficients, we impose the following two constraints on the
above ansatz:

1. The terms with structure (3 F4)2R% in D = 11 should
transform to (8F4)2R2 in D = 10 under dimensional
reduction.

2. Upon dimensional reduction rules, the terms with struc-
ture (8F42)2R2 in D = 11 should convert to (3 H)?R>
in D = 10.

By splitting the indices of ansatz, one may consider the
terms with structure (3 F4)?R? in which the 4-form field
strength and the Riemann tensor. One can shift them to ten
dimensions according to the rules (1.3) and (1.7). These terms
are similar to the 11-dimensional ones but with indices in ten
dimensions, as was expected. The corresponding couplings
in type IIA supergravity have been previously found in [25-
28]. On the other hand, the terms (3 H)2R? in ten dimensions
which are obtained by applying the above second constraint
on the terms in which each 4-form field strength carries one
Killing index and the Riemann tensors carry no one, have the
following form

—2C6 Hy 8 H*“ Ry Reepn
—C1H T HIEM R bie Repon
—CroHP H8 4 Rupe" Refon
—2C7H, 8 H% Ry Refon
+2C19H, " gHP Rpo" Repon
+C3HP T HTS R ot Regan
+2CoHy 8 H Ryyo " Repa
+CoHP T HTE R ot Renag
+2C13H, gHP Y RS S Rengg
+3Ca1 Hap S H*URef " Raegn
+3C20Hap® ' H9 R 08" Ryfon
—2C3 Hy 8 H*“ Rpe" Ragsn
+3C17Hap" T HC RE M Rygpn
—2C12H, "8 H*U Ry o Raner
+3C15Hap® HPIRE (1 Ripeg
—3Co3 Hap® a HP U RIE" Rofon
—4Cy» Habc’e Hahc,d Rdfgh Refgh

+2Cs Hy 8 H* Ry Rog 1

—2C15Haa®  H" ' Ry® " Regyn
+2C14H, T gHP I Ry8 Regrn
+3C16Hap®  HPUR 8 4" Regpn

+3C24Hapa,c H** Ropgn R/E". (3.2)

It also has been shown that the (9 H)2R? terms in the 10-
dimensional effective action can be obtained from the known
R* action by extending the Riemann curvature to the gener-
alized Riemann curvature [24].

By comparing the results obtained from the above two
constraints with the corresponding ones in ten dimensions,
one observes that both constraints lead to the same relations
between the unknown coefficients as
{C13 —> =128+ C1/2,C16 — 256 — C;

+(2C19)/3 — C15,C17 — —(512/3) + C;
—(2C10)/3,C13 = 256 — C1 — 2C14
+3Cys5,Crl9 — 128 = C1 /4 + C12 — C14/2,
C2 — Cl, C20 — —128
+C1/6 — (2C12)/3
+C14/3 4+ Ci15/2,C21 — C1/3 — C10/3
+(2C12)/3 — C1a/3+ C15/2, C2
— 128/3 — C1/6
+C10/8 — Ci5/4, Ca3 — 256/3
—C1/3 4 C19/6,Coq4 — 32 —C1/8+ Cy9/12
—C15/8,C3 — —256 — 4C1p, C4 — 128
—C1/4+Ci0/2+C11/2,C5 — =512
— 1024 — 4C1 4+ 2C19 + 8C12,
C7 —> 2564+ 4C1p, Cg > —1280 +4C1 — 2Cqp

—4C1p, Cg — —256 +2C1 — Cyp}. 3.3)

Having had these conditions, one can put them into the
ansatz to find the (3 F4)2R? terms in 11 dimensions. Here
also by doing so, we are left with a coupling with some deter-
mined and undetermined coefficients, but the terms contain-
ing undetermined coefficients vanish when we rewrite them
in terms of independent variables. The final result is summa-
rized as follows:

_ 32 .
e ' Loryr = 3 (3 M- T F roni e Rapea R*?

+8begh,iFefgh'iRabcdReaCd
+4nghi’b nghi,e RabcdReaCd
| 2begh,i Fdegh,i Rabcd Reafc
+24Fbghi’dFefgh,i RabcdReafc
—16F€ g " F/" I Rupeg R 4
+24nghi b nghi’eRabcd Reafc

@ Springer
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F12F gy  FEFSRIR ) i Ry
—12F€gpi  FI" P Ropeq Rep
—24Fb8hiS Fee) AR ea Repe®
24P FSME R a Rop
—120F€; FIMPR g Rope?
+96Fbeh,' @ nghi’cRahcd Refgd
—48Fb€)  FISMC R i Rore?
—24 e8¢ pbAhi T R i Refen

HI2FAEh  FIPT Rope Regn ) (3.4)

4 (3 Fy)* terms

The basis for the (3 F4)* terms (at linearised on-shell level)
[11] is given by

CrF M Fege o FC pon® FO8 07
+CoF fon” Focde.a Y j i FESMT
+C3Fpede.a FP pon®FCUr j ; Feshiii
FC4F o Fregea FE pon? FOSM
+CsFpede,a begh’aFdfij’CFeghN
+Cs Facfg’becde,a Fdfij’hFeghj,i
+C7Fpedea F o FU 1y FEENT
- Cy Fyoaea FEU 0 oML Fppy0
+Co F8MT By o FO4€ 5 Fropi®
+C10F "I Fyego o FU 7 Froni?®
+CUF 3 Fyegea FMEF pgni
+C12Fpede,a FP pgn® F%;  FI8M
+C13Fpede.a FEU Fpgpi® FI81 0
+C14F 4% Fpoge o F4¢;; 4 FT80
+C15Fpede.a FP pon @ FEMIA FT8, ¢
+C16F I Fpege o F€ pon'® FI8;;7
+C17F* 1" FocdeaFnij FI89"
+C18Fpede.a F¥ @ FEMI8 F 1), 0d
+C19Fpede.a FP4 1@ Fyij o FIM8
+C20F*“Y) Fyege.aFponi® FE" ;1
+C21 Focdea F? pon@ FC;  F8HI-T
+C2 Fpede,a Fbcfg’“Fehijdeghij,f
+C23 Fpede,a FP $1 Fopij ¢ FSMI-S

+C24Fbcde,a Fbcde,a thij,f thij’f~ (41)

In order to determine the coefficients of these linear com-
binations of terms in the effective action, it is necessary to
consider three following constraints:

@ Springer

1. The terms in the form (3 F4)* with no Killing index in
D = 11 should transform to (3 F4)* couplingsin D = 10.

2. The terms with structure (8F4)2(8F42)2 in D = 11
should convert to the terms (3 F4)?(3 H)? in D = 10.

3. The (8F42)4 terms in D = 11 should produce (8H)4
couplings in D = 10.

Let us first focus on the terms with structure (9 Fy)*in 10
dimensions. To obtain the 10-dimensional version of these
couplings, we first put the above basis under dimensionally-
reduction and then select the terms (3 F4)* in the dimen-
sionally reduced theory in which none of the 4-form field
strengths contains any Killing index. These terms acquire
the same form as 11-dimensional ones but with indices in ten
dimensions using the transformation (1.3). The correspond-
ing 10-dimensional couplings are also obtained in [25,29].

On the other hand, the (9F4)2(3H)> couplings in ten
dimensions can be found by applying dimensional reduc-
tion on the above ansatz and choosing the terms in which
two of the 4-form field strengths carry one Killing index
while the two other ones carry no one. These terms are then
transformed to (9 F4)2 (9 H)?, using the compactification rule
(1.3). They take the following explicit form:

8C24Fefgh’iFefghyiHabc’dHabc,d
+4 Co3 Fg 8" Fypgp i Hape® HPO
+6Ca0 F, 81 Feni.c H,ypy ¢ HObA
+6C19F 8" Fypon i Hap® g HO
+3Ca3F fgnie FIM  Hyp gHOb?
+3C18Fep 8" Fuogn i Hap® ' HO?
—6C13FeE"  Fugni, p Hap® HOP4
+3C0Feg®™ Foponi Hap® ! H4
+3C21 Fea®™ Fogni t Hap® HAP4
—6Co Fy8M  Fronic Hap®! H4
+6C12FeSM g F poniso Hap® ! HPS4
—2C11 Fyf 8™ Frgnioo Haa®' H4
+4Cs Fpe™ Frgni,  Haa®' HP4
+2C17Fpc®™ Fopgin Hag® ' H
—2C1 Fp®"  Fogni.p Haa® ' H®?
—2C11 Fpe8t nghi’CHadE,fHabc,d
+2C7 Fpe®™ Frpgin Hy® g HO?
+2C0n Fpd"  Fognip Hy®' aH®
+2C18 Fp*" Fronic Hy® g H®d
25 Foe Foppi g Hyth 6 b
+4C3Fpe" g Feppig Hy 8 HAPA
—2C16Fpeg™" Faeni, f Ha®'8 H¢4
+2C10Fpg" ¢ Faeni,p Ha*'8 HAP4
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+2C 15 Fpee™! Fapn.i Hy®8 HP4
—2C16Fpc" o Fageni Ha®" 8 H
+4CoFpg" o Fagnic Ha®"$ H4
+2C15 Foee" Fapni g Hy 8 H4
+2C17 Fpca™ Foghi, f Ha®'*8 H*¢4
+4C14Fpa™ o Fegni,p Ho"8 H*"
+2C4 Fpae™" Fponi o Hy 8 HP4
+2C10Fpa" o Froni.c Ha® "8 H¢4
+C7Fpe™ Fepgni H Hy*! 4
+2C6 Fpe®" Fepgi n H*Hy* |,
+2C 14 Fpc¥ T Fypgi n HPO4 HyT
—C17FpcM Fogni pH 1 H T,
+4C Faeg" Fyppi c HPO? Hy T8
—CuFue" ¢ Fpgni o H H 8
+Cs Fapg™" Feoni, p HPO4 H o8
+Cs Fape™ Foponi HP? Hyol8
~Ci5Fap" o Fepni g HP“ H 08
—Cs Fuo" p Fepni g HP¢7 Hy 8
+Co1 Fape" Fopon i HPO0 Hyo8
+2C10Fapg" Fopnic HP¢C Hy 8
—C16Fag" b Fopnic H¢V Hy 8
—2C0 Fap" Fopni g HP4 Hyl 8
—C17Fap" ¢ Fogni,p H*4 Hy 8
+Cy Fupe™' Froni.c H“? Hy®8
+C16Fap" o Froni o HPO H 8
+2C3 Fape™ Feponi H*1HYS
—~CsFape™ Foppi g HPTHYE 4
+Ci5Fap" o Fopni g H"" HYS 4
+C12Fape™ Fopgin H*1HS 4
—~Ca1 Fapc™ Fopni g HP1HTS 4
—2C1 Fade'f Fogni cH" HSM
CsFape  Feagig HOP HEEM
+CaFupe’ § Feagn,i HP“ HOIEM
—Ci5Fapes ' Feagin H" HYSM
+C11 Fapan™ Feefi g HP4 HOIEN
C2Cs Fapd p Foopi.g HOOUHES!
+Cs Fabde™ Fepon,i HP HET8
+2C3 Fape’ 1 Fefgia HPC? HY8N
+4C7 Fape’ aFefnig HP HOTSM
+4C6Fade’ b Fepni g H HETSM
—~CsFape’  f Fegnig H HET8M
+C13Faben” Faefg,i HPHAEN

+2C2 Fapi e Faggi e HPO? HY8N

—2C18Fupc’ o Fafgin HIHIEN

+2C19Fupe’ a Fopgi n HPO HETEM

+Ci11 Fapae Frgni o H"! HYIS, 4.2)

As already mentioned above, the corresponding 10-
dimensional couplings in type IIA supergravity can be found
in [25-28]. Imposing the first two constraints with this
requirement that the couplings obtained from dimensional
reduction should be consistent with the corresponding 10-
dimensional ones, leads to the same relations between the
unknown coefficients as
{Ci1 > 0,Cig > —128+ C19g — 2C14,Cy9

— 64/9 + C14/9, Co — 128 — C19 + 3C14,

Coo — —(128/9) +2C12 — C13 — C14/9

+C18/3, Ca1 — 128 — (2C19)/3 — 3C12

+3C13 4+ (4C14)/3 — Ci13, Coo — —(448/3)

+(2C10)/3+3C12 —3C13 —2C1a + Cis,

Cy3 = —(32/9) — Ci3/4 — Ci4/18 + C18/12, Co4

—- —(2/9)+C12/32,C3 - =64+ Cyo

—2C14,C5 — 512 —8C19 + 16C14 — 2C15 + Cy, Cq

— =768+ C1/2 + 6C1p + 18C12

—18C13 — 16C14 — 2Cy7, C7 — 192

—9C12+9C13+2C14 + C15+ C17 — C4q/2,

Cg —> 128 +2C14 — 3C13, C9

— —(128/9) + Ci2 — Ci3}. (4.3)

Now, we are going to impose the third constraint. To this
end, among other couplings in dimensionally-reduced the-
ory, we select the terms in which each 4-form field strengths
carries one Killing index. They convert to (3 H)* in the com-
pactified theory due to the transformation (1.3). They read:
—2Cs5Haq® ! H% 4 Hypo8 " H gy )
+4C3H, dH P Hypo® " Heofg i
+2C7Ho® qaH® ! Hpe®" Hepn g
—~4Cs Hyg T HC Hyo 8" Hegh, g
+6C18Hap® ' H H, 8" Hypq 1
+2C15Hap® ' H®UH 8" Hypg 1
—2C16Hap"  H U H8" , Hyfo
+(4Ca + Co) Hy "8 H ™ Hyg" o Hapc
+Q2C16 + C) Hap® T H" " Hep 8" Hygh,e
+2C15Hyp® T HY4 Heo8 M Hygy,
—9C13Hap" " H" "  Hag, ¢
—CiHaa®  HP T Hys" ¢ Hepgn
+6Ca0 Hp® ! H4 Hog8" Hypg 1
+9C19Hyp® g HP“UH. 8" H,pg 1

@ Springer
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+(—Ci3 + Co2 + 12C23) Hape H" Hy'$" Hop 1
~2C17 Hapa* H* H %" Hepn g

+2C7 Hap® a HP H 8 Hepp, g

+2(2C14 + Co) Had® pH P H IS Hyp,
—2(C1 +2C10) Hag* " H" ¥ Hy " Hogp
—~CsHgp®  HPUH, 18" Hyop g

+C3Hap®  H" HE" Hogn a

+(=6Ca1 — C5)Hap® T H"" Heg® " Hegh ¢
+C3Habe,fHabc,d Hcgh,dHegh,f

+(C1o + 16C24) Hape,a HP4 Hopg 1 HEIS
+2Q2C11 + Ca)Haa® ' H4 Hy8" Hyg,
+(=C10 — 9Co) Hap® L HP Hy8" , H pop
—~9C20Hapa * H* H 8" H g
+2C17Hap" H* U Heg® " Hypgn o

—Cg Hypa* HPUH 8" Heg

+9C 12 Hap S H Y HAE" 4 H o

+Ca1 Hape® HP Hy'8" H o,

+(C1a + C2)Hap®  HPT Hy®" H tgp, . (4.4)

The associated couplings in type II theories can be obtained
from the known R* action by substituting the Riemann curva-
ture with the generalized Riemann curvature [24]. Matching
these couplings leads to the following relations between the
unknown coefficients

{C22p = 32— C10/9 — (2C11)/9 = 3C12 + 2Cy3
—C14/2+ (2C16)/9 — (2C13)/3
—(3C19)/2+ C2/3 + C20 — (4C21)/3, Ca3
— —(64/9) + C11/18 4+ C12/4 — C13/2
+C14/18 — C16/18 + C13/6
—C3/9+ C21/12, Cas — 1/9 + C12/32 + C14/192
—(3C19) /64, C3 — 32 4+ C14/2 + (9C19)/2 — C2, Cs
— —3844+4C11 —2C14 — 2C15
—4C16 — 18C19 +4Cy + Cy,
Ce > —1284+C1/2+4+2C11 +18C12 — 18C13 +2C14
—2C16 —2C17 + 18C19 — 8C», C7
—> 128+ Ci10/3 = (7C11)/3 +3C13 4+ Ci15 + (7Ci6)/3
+Ci17+2C18 —9C19 + 2C2 — 3Cy
+Co1 — C4/2,Cs - —96 — C19/3 + (4C11)/3
+18C12 — 12C13 + (7C14) /2 — (4C16) /3
+Cis + (27C19)/2 —3C, — 6C + 2C2y,
Cy - —(64/9) — C10/9+ C12 — C13
+(2C14)/9 + Ci9 — C2/9}. 4.5)

@ Springer

By substituting the condition (4.3) into the basis Eq. (4.1),
one finds the following couplings between four 4-form field
strengths in 11 dimensions:

_ 2 . -
e 1£(8F4)4 — § (576Fafgh’becde,achfj,i Feghz,J

—288Fpede.a FP pon @ FC4 j; Fe8hi
12304 Fpede.a FC pon® FU 1€ Feshivi
—3456 F° o Fpcde.a P ijn F"
+864 Fpcde.q FP€ g FU 1 O8N
+ 576 Fpede.a FU j0 FMT8 Fropi
—64F ") Fpego a F 10 F i

— 576 F““" Fyede,a F€ ron” F/%i57¢
+ 32Fpede.a FP4 O FCyij o FTM8
_64Facde,j Fbcde,a nghi,nghij,f

+ 576 Fpede,a FP pon® FE4 ;  FEMI-S
—672Fbede.a FP po@ Fpijd FSMI-S
—16Fpede.a FP4 49 Fypij ¢ FEMIT

- Fbcde,a Fbcde,a thij,f thijj) (46)
plus some other terms with unknown coefficients which are
zero for the reasons already mentioned. This coupling which
has been obtained from the above constraints 1 and 2, auto-
matically satisfies the constraint 3. But the conditions (4.5),
which are obtained by applying the constraint 3, do not fix all
the unknown coefficients and consequently lead to an incor-
rect coupling that does not satisfy the other two constraints.
This indicates that each of the above constraints alone is nec-
essary but not sufficient to obtain the correct coupling.

5 Discussion

In this paper we have presented a systematic derivation
of the modifications to the eleven-dimensional supergrav-
ity. In contrast to existing approaches, our analysis is based
on the dimensional reduction of 11-dimensional supergrav-
ity. Given the complexity of higher-derivative supergravity
actions, it is most encouraging that the use of dimensional
reduction information has enabled us to find these correc-
tions.

One may also use the algorithm introduced in [29] to
reduce the tensor polynomials and rewrite the couplings in
their minimal-term forms. We observe that the coupling 2.2
is in its minimal-term form. On the other hand, the reduced
(relativity normalized) form of the (o F1)?R? terms can be
written as
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—1
e £(3F4)2R2
64 agh e bdfi,c
= ? (12F iF ’ RubcdRefgh

+12F%8 e phafih g\ 4 Refgn
F12FO8hT Fee) AR b a Rere®
_3pbahigpef, cp Refgd
+2FP8M T FC g1 Rapea Rer
—2F g /8" RapcaRes !
—24F) A FFMCR peaRepe?
HAFC g1 " FIM 4 Rapea R ¢

+3chgh’iFiubE,fRabcdRefgh) . (51)

In the other words, they are different presentations that are
equivalent up to symmetries of the various tensors. Further-
more, the (relativity normalized) (9 F4)* terms are given by
the following economical form

- 128 i,
e Lipyt = -3 ( 2Fubfg,e FO0 Fogijn F780"

=36 Fapre.i F"“" Feqjni F/4"¢

_64Fabcf,gFade’eFdijh,eFf”h’g
bed, ij,h

_Fabcd,eFa ¢ engij,thglj

+6Fubcd,fF“de’ngijh,ngijh’e>. (5.2)

Our findings in the present paper agree with the results
that have been obtained in [11] using superparticle vertex
operator correlators in the light-cone gauge, up to an overall
factor. We also check our results by calculating the scattering
amplitude of massless states in 11 dimensions and find an
exact agreement.

As a next future work, it is also interesting to consider
higher-derivative corrections to supergravity in 12 dimen-
sions [30-34], whose dimensional reduction on a circle and
on a torus yields 11-dimensional and type IIB supergrav-
ity, respectively. This also provides the effective field theory
of F-theory [35]. Applications to black hole physics [36],
brane solutions [37-39] and cosmology [40] are also impor-
tant directions.
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