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ABSTRACT

A suitable generalisation of the Lichnerowicz formula can relate the squares of supersymmetric
operators to the effective action, the Bianchi identities for fluxes, and some equations of
motion. Recently, such formulae have also been shown to underlie the (generalised) geometry
of supersymmetric theories. In this paper, we derive an M-theoretic Lichnerowicz formula that
describes eleven-dimensional supergravity together with its higher-derivative couplings. The
first corrections to the action appear at eight-derivative level, and the construction yields two
different supersymmetric invariants, each with a free coefficient. We discuss the restriction of
our construction to seven-dimensional internal spaces, and implications for compactifications
on manifolds of Gy holonomy. Inclusion of fluxes and computation of contributions with
higher than eight derivatives are also discussed.
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Recent development of generalised complex geometry [1, 2] has been intimately related with

our understanding of supersymmetric theories and has provided a natural language for classi-

fying supersymmetric vacua and revealing the structure of off-shell supersymmetry in effective

theories [3, 4]. It is still, however, an open question whether generalised complex geometry

can capture the structure of stringy perturbative corrections to the effective theories. If so

one may hope that the geometric insight might one day translate into computational tools.



In its most basic formulation, GCG unites the geometric data with the antisymmetric
two form field and puts diffeomorphisms and gerbe gauge transformations on equal foot-
ing [1]. This unified formalism allows a transfer of many results of Riemannian geometry to
the generalised tangent bundle [2]. Notably, a generalised vanishing torsion condition on a
generalised metric-connection yields a notion of a generalised Ricci tensor which fully captures
the physics of the ten-dimensional NS sector — the action and the equations of motion [5].
Interestingly, and crucially for this work, the part covering only the metric and two-form
field can alternatively be derived by using a version of the Lichnerowicz formula with closed
three-form torsion H, due to Bismut. The standard Lichnerowicz formula [6] for a Levi-Civita
connection states that the difference of the squares of the covariant derivative and the Dirac
operator acts tensorially on a spinor and can serve as a definition of a scalar curvature R:

((Y)? = VV,)e = —iRe. (1.1)

Here and throughout the paper V denotes the covariant derivative with respect to the torsion-
free Levi-Civita connection. The Bismut version [7] finds a pair of operators with torsion such
that the difference of their squares is again tensorial

V") — (V1)VHe = —1Re + LH?, (1.2)

where ~
Vie=Ve+ éHabcvbcs,
Ve =Ve + 2—14Habc'y“bcs.

Note that the Dirac operator is no longer the trace of the covariant derivative with torsionful

(1.3)

connection! Also, strictly speaking, the tensor has two parts now — a scalar component given
by a sum of the scalar curvature and H? and a four-form given by the (vanishing) exterior
derivative of H.

Interestingly enough it is the the inclusion of the dilaton that requires a truly generalised
treatment. The key here is having a different action of the same operator on a spinor and
a vector-spinor. The above-mentioned pair of operators is then seen as a component of
the same “generalised Levi-Civita connection” D. This pair also appears in the respective
supersymmetry variations of gravitino and dilatino

0ty = Dye = Ve + %Haggyl_’éa,

_ _ o _ (1.4)
0p =7"Dge = v"Vae + iHaBE’YabCE — 7" (0ad)e,
and the Lichnerowicz formula yields:
((0)? — DDy)e = —1Se — 4 ppeqe, (1.5)

where on the right hand side we find the bosonic NS action S, and the Bianchi identity
Tabed = ViaHpea)-



The passage to non-closed torsion H requires an extension of the generalised tangent
bundle and the inclusion of gauge fields, eventually leading to a generalised complex descrip-
tion of heterotic strings. Once one properly extends the notion of covariant derivative to also
cover gaugino variations, the Lichnerowicz theorem yields the ten-dimensional N = 1 super-
gravity coupled to supersymmetric YM, and can further accommodate the heterotic Bianchi
identity and the higher derivative terms in the effective action that serve its supersymmetry
completion [8]. Interestingly, a single four-derivative correction to the Bianchi identity re-
quires an infinity of terms in the supersymmetry variations and hence in the effective action
[9, 10]. Using the simple principle of building quadratic combinations of first order operators
appearing in the supersymmetry variations that act only tensorially, allows one to compute
the O(a/*) [11].

It is also possible to fully geometrise both the NS and RR sector, or alternatively describe
M-theory, of the internal d-dimensional space of a generic supersymmetric compactification
in the language of exceptional generalised geometry, where the generalised tangent bundle
corresponds to a representation of an exceptional Eg(g4) group [12, 13]. The bosonic action
can again be written in the form of a Lichnerowicz equation for generalised Levi-Civita
connections [14]. Schematically

D®sD®se—D®gD®ye=—15e, (1.6)

where ®g,®; denote projections to the generalised spinor bundles into which, respectively,
the spinor and the gravitino embed, and now Sg is the full bosonic action, with RR fields, of
the dimensionally restricted theory.

At this point one would like to dream that the suitable versions of the Lichnerowicz
formula underlie every supersymmetric theory. Eleven-dimensional supergravity, even at a
classical level, would appear to be the best candidate for undermining such a belief. Indeed
the theory does not have a dilatino, and hence there is no natural Dirac operator other than
the trace of the gravitino variation. Moreover, any Lichnerowicz type formula like (1.5) built
out of operators linear in fields would yield an action that is at most quadratic. From other
side in spite of its simplicity the eleven-dimensional supergravity action contains a cubic
Chern-Simons interaction.

Yet, as we shall see, there is an appropriate generalisation. Indeed, using the Levi-
Civita connection and the four-form flux G' one may find an operator V& such that it yields
a tensorial polyform p (there are no derivatives acting on & on the right hand side) when
squared:

yVEVSe = —1p-e. (1.7)

Moreover requiring that p has only an 11-form (or scalar) and an 8-form component! uniquely
fixes V& to be the operator that appears in the gravitino variation 01, = V%e. Furthermore,
we may observe that up to integration by parts the Mukai pairing

Lp=<1+C,p>=p|li1 —CApls, (1.8)

abcde

We are dropping here the five-form which correspond to the Bianchi identity V,Gpede?y



gives the Lagrangian for eleven-dimensional supergravity.

Note that we have used very little here. As far as the generalised geometry constructions
g0, we seem to just pass to what locally looks like TM @& A%2T* M, hence avoiding the compli-
cations of exceptional (and possibly infinite-dimensional) geometries, dual gravitons, need to
stick to linearised equations and so on. Some or all of these issues arising in the full geometri-
sation of M-theory and U-dualiy groups will eventually have to be faced, and contrasted to
the simplicity of (1.8). Instead of doing all this, we shall try to build on this construction, and
modify V& by higher-derivative contributions and verify if the method of requiring bilinears
with tensorial action can reproduce the quantum higher-derivative corrections to M-theory.

The formula (1.7), where now the corrected operator V¢ will a priori be all order in
derivatives, is what we shall call M-theoretic Lichnerowicz formula. Actually we shall see
that the first modifications from the the one-derivative supergravity operator will start at
seven derivatives, and the “minimal” version of the corrected operator can contain only 67+ 1
derivatives (for integer ). When such operator is plugged into (1.8) it will clearly produce a
series of terms in £p with 2 x (3] + 1) derivatives.? The use of the computer algebra system
Cadabra [15] was crucial to verify these computations.

The structure of the paper is as follows. In section 2, we review the eleven dimensional
supergravity and the first ~ R* quantum corrections. The M-theoretic Lichnerowicz formula
is set up in section 3. Section 4 extends the construction to higher derivative terms, verifying
that the first corrections appear at eight-derivative level, and constructing explicitly two
different supersymmetric invariants (each coming with a free coefficient). We specialise on the
case of seven-dimensional internal spaces in section 5. Possible extensions of our construction
are discussed in section 6.

2 Eleven-dimensional supergravity

Let us start by reviewing classical eleven-dimensional supergravity [16], to leading order in the
fermions, following the conventions of [14, 17]. The bosonic fields are the eleven-dimensional
Lorentzian metric g, and a three-form Abelian gauge potential Cy. and there is a fermionic
gravitino field .

Writing R for the Ricci scalar for the Levi-Civita connection V and G = dC for the
four-form field-strength, the bosonic action is given by

1
SB—%Q/(RH—;G/\*G—%CAG/\G), (2.1)

and taking v* to be the Cliff(10, 1; R) gamma matrices, the fermionic action is

1 . -
Sr=— / V=G (B ™ Vithe + g5 G By(r 1 4 12992 g0 ). (2.2)

2Note that the opposite is not true. An action with 2 x (314 1) derivatives does not necessarily restrict V<
to have only (61 + 1)-derivative terms.



This leads to the equations of motion for the metric and gauge field

1 1 2
Rab — 12 (Gac16203Gb61C263 - ﬁgabG ) =0,

| (2.3)
dxG+3GNG =0,
where R, is the Ricci tensor, and the gravitino equation of motion is
yabcvb@bc + 9716 (Gcl."c4,yabc1.‘.04 + 12Gab016270102) Yy = 0. (2'4)
This action is invariant under supersymmetry, with the transformation of the bosons
given by
OGap = 28 s
Ja ’r_(a%) (2.5)
0Cabe = _367[ab¢c]a
while the supersymmetry variation of the gravitino is
(hba — Ve + ﬁ <'7ab1mb4 _ 8(5ab1’}/b2b3b4) Gbl...b45’ (26)

where ¢ is the supersymmetry parameter.

2.1 Review of higher-derivative terms

In presence of M5 branes, this classical action is not consistent without the inclusion of
certain higher-derivative terms. Indeed, since a single M5 supports a chiral six-dimensional
(2,0) tensor multiplet on the worldvolume, it is anomalous. The anomaly is a descendant
of a particular eight-derivative eight-form polynomial. To cancel this anomaly via the inflow
mechanism, one needs bulk couplinsg which in absence of M5 sources are invariant under
diffeomorphisms and C-field gauge transformations, but become anomalous in the presence
of the branes. Moreover this anomaly should restrict to the six-dimensional worldvolume.

The anomaly cancelling bulk term is of course only a part of the story, as it is hardly
supersymmetric on its own. From one side it should receive contributions from G-flux. From
other, it requires completion and other (non-anomalous) couplings with the same number of
derivatives. Furthermore, since M-theory is supposed to be the strong coupling limit of type
ITA strings, the eleven-dimensional couplings should also be seen in the decompactification
limit of the string theory.

The eight-derivative couplings in string theory have a long history and (without fluxes)
have been computed using string perturbation theory. In ITA there are only tree-level and
one loop terms, while IIB also has D-instanton contributions. The tree level corrections are
the same in both theories and take the form [18, 19]

e L ~ e (tgts R — LEy), (2.7)
and the CP-even sector of the one-loop is given by [20)]

eilﬁCP-even ~ (758758R4 + iES)u (28)



where the top (bottom) sign is for the IIA (IIB) theory. The Eg term can be written using
two totally antisymmetric e-tensors.? In addition, the IIA theory has a CP-odd one-loop term
Lcp-oad ~ Ba A ftr R — 1 (tr R?)?] [22, 23]. Its lift to eleven dimensions

Li1q ~ C3 A tI‘R4—ltI‘R22, 2.9
4

cancels the M5 anomalies via inflow. The one-loop CP-even terms (2.8) also lift, while the
tree-level contribution (2.7) is suppressed [24].*

Our expectation is that the bosonic action of supersymmetric M-theory (just like any other
supersymmetric theory) should be formulated as a kind of Lichnerowicz theorem. As a first
step, we shall verify that this is the case for eleven-dimensional supergravity and recast the
action as a Mukai transformed square of a first-order operator. Unsurprisingly, the operator
in question turns out to be the covariant derivative with G-flux terms included that appears
in the gravitino supersymmetry variation (2.6).

The modifications of this operator with higher-derivative terms included should in turn
yield the supersymmetry variation for the M-theory action with higher-derivative terms in-
cluded. Such supersymmetry modifications have been discussed e.g. in [25, 26]; seven-
derivative corrections were computed explicitly in [27] by reading them off from the effec-
tive action. Unfortunately, these are written in a different basis from ours, and due to the
complicated nature of the terms the direct comparison of two results in not straightforward.
For special cases of seven and eight-dimensions (for manifolds of G5 and Spin(7) holonomy),
simplified transformations have been suggested in [28].

The potential usefulness of the explicit form of the transformations in a convenient ba-
sis for e.g. compactifications makes our computation worthwhile. Our main motivation has
been to test the Lichnerowicz method, and the hypothesis that it should underlie any su-
persymmetric theory. We also hope that this will provide a better systematics for still open
questions such as inclusion of fluxes (which is very hard even in string theory, due to the need
to perform higher-point calculations), or higher derivative terms (which in string theory, for
the terms that appear in eleven dimensions, would also correspond to going to higher string
loops). Finally, establishing an M-theoretic Lichnerowicz formula, analogous to the string
theoretic cousins that have a generalised geometric origin, will hopefully lead to new insights
about the geometry of M-theory.

3We follow the R* conventions of [21] and define
t8t8R4 = tal...astbl..4b8Ra1a2blbzRa3a4b3b4RasaGbSbGRa7a8b7b8,

and
Eg = 81 x G108 R %2 5, R™ 5, R 5 R .

Note that for any antisymmetric matrix M, tsM* = 24 (tr M* — i(tr M2)2) , and there is a useful relation
between two quantities given by %Es = tgtg R* + 192 tr Rup Req tt RacRpag — 768 tr R** ‘R, ¢ . TR. 9, hngdh +
Ricci terms.

“The string I-loop terms surviving in the eleven-dimensional limit are ~ R3T!. Note that due to the
relation to anomalies, the one loop term is not renormalised, and the terms with a number of derivative higher
than eight should not contain any top-form couplings of the type (2.9).



3 Lichnerowicz formula for eleven-dimensional supergravity

Let us write the operator that appears in the gravitino variation as
01 = Ve + ﬁ (’yabl"'b“ — 85bb17b2b3b4> Gy, . b€ = VaGa (3.1)

It has long been known (see for example [17]) that there is an “integrability” condition satisfied
by this connection
74 [VE, Ve o (all bosonic eoms)y - . (3.2)

We can view this as being a consequence of supersymmetry. If we also denote the M-
theory Rarita—Schwinger operator in the gravitino equation of motion,

,yabcvbwc + % (Gq“.%,}/abcl...a; + 12Gab010276162> wb — Labwb’ (33)

we observe that it such that Ly, = vabcv,?v,bc, and so by applying a supersymmetry trans-
formation

(bosonic eoms)® - & o & (fermionic eoms)? = 8. (L%®y,) = 5. (v*°VEY,.) = 42VEVTe, (3.4)

which implies (3.2), as was remarked, for instance, in [29]. It was also noted in [29] that if
the equations of motion are solved then L o V& = 0. Therefore, when on-shell we have an
exact sequence

Gyt
s¥reshregs Y g (3.5)

Here we write S and T for the spinor and cotangent bundles respectively and have used L =
LT = (V1oL =0. As we just saw, the condition L o V& = 0 results from supersymmetry,
while L = L can be derived from requiring the reality of i o LYy,

What appears to be less know is that if we write (V&)¢ = %%L“C = ybCVbG, i.e. the
(left) gamma trace of the M-theory Rarita—Schwinger operator, then it is possible to re-
cover the bosonic action from a Lichnerowicz-type relation (@G)“VGGE ~ Lpe. More exactly,
from (3.4) we see that VEVE will be proportional to part of the bosonic equations of mo-
tion Y*VEV§e o (trace of Einstein equation + 8-form gauge equation) which can be used
to reconstruct the bosonic action since Lp ~ (trace of Einstein) voly +C A (8-form), up to
integration by parts.

Explicitly we have

VeSS - T w8,
VGGE _ Va€ + ﬁ <7ab1...b4 _ 85ab1,yb2b3b4) Gbl...b4€7
@G IT* & S — Sa

@gwa = Pyabvawb + Elzl (P)/ablmbzl - 266b17b2b3b4) Gb1...b4¢a7



and so V& is the gamma-trace of gravitino equation of motion, i.e. it appears in the action
in the term [ (V¥)%p,. Note also that L = LT = (V&)%y, = ~,((VF)")® Then the
Lichnerowicz relation is

(VHavle = —

PN

11 bi...bs 1 by...bs

Re + ﬂﬂGbl...IMG ! € — 144 (vb1Gb2...b5)fY €

1 b babsb. 111 b1...b

31 (V7 Gy 00)7?77 € — 1512 G104 G5 07 70

1 bi...b

(R(*l)b1~..b11 - E(G A *G)bu-bu)ﬂy B
(Lv (xG) +11lq G ) b1...bg

7! b1 b2...b8 2 412 b1...b4 b5...b8 ’7 57

Al B

Wl

Wl

(3.7)

where in the second equality we used the Bianchi identity for the flux. As expected, we
obtained the trace of Einstein-Maxwell and the C' gauge equation of motion — this relation
is simply a result of applying a supersymmetry transformation to the equation of motion for
the trace of the gravitino.

Now the action

/EB:/R* — 3G AxG - LCANGAG,
:/R*l—éG/\*G—éC/\d*G—éC’/\G/\G—i—boundaryterms, (3.8)

:/R*l—éG/\*G—éC’/\(d*G—F;G/\G)+boundaryterms,

so, defining a polyform p by (@GVGE) = —%p - €, we have that the bosonic Lagrangian can
be written compactly in terms of the Mukai pairing” Lg = pl11 — C A p|ls =<1+ C,p >, up
to integration by parts.

3.1 Lichnerowicz Method

This relation between the operator appearing in the supersymmetry variation of the gravitino
and the bosonic action suggests we might be able to use it to build the bosonic sector of
supersymmetric theories, short-cutting the usual Noether method. So let us invert the logic
of the integrability calculations (3.2), and consider a general type of differential operator
acting on spinors. We will then promote this Lichnerowicz equation to a necessary constraint
that the operator must satisfy, rather than have it be a consequence of supersymmetry.

Let us look at what this implies more concretely. We have a metric and a 4-form flux,
and we want to build an operator that maps the supersymmetry parameter to the gravitino
representation. Basic SO(10, 1) representation theory tells us there are two ways of tensoring
a 4-form with a spinor and obtain a vector-spinor (essentially corresponding to embedding in
the gamma-trace or gamma-traceless part of the vector-spinor), so we consider the following

5The Mukai pairing is the top-form defined in d-dimensions from two polyforms « and 8 by < «, 8 >=
>, (@P)T A B where ()T, ., =al) ..



operators

D:S—T"®585,

Dag = Vae + k17" "G, b, + k20" MGy, e,
D:T*®8 — S,

D™y = "V oty + k1™ PGy g a + kag™ A Gy, by a,

(3.9)

where ki, ko, l~§1 and 12:2 are left as arbitrary constants and note that a priori we may consider
the ‘conjugate’ operator that appears in the fermionic action to also be generic.

Now we impose constraints to obtain a consistent Lichnerowicz type-relation from these
operators. Clearly, if D®D,e is to define a tensor and not a differential operator, we must
have that D? = vabDa. This fixes 12:1 and ];:2 in terms of k1 and ks.

We thus have that D o D is a linear map S — S, and so it must be a combination
of p-forms. Then we have the physical requirement that this tensor should contain only
scalars and 3-forms (up to Hodge dualisation, and after imposing the Bianchi identity for
@), corresponding to the degrees of freedom of the trace of the metric and the 3-form gauge
field (this is also clearly a necessary condition for DoD =0 on-shell). This forces the ratio
between k1 and ko to be fixed, ko = —8k1. Therefore, from these simple constraints we are
left with just one free coefficient, which can be absorbed in the normalisation of the fluxes.
We recover D = V& and as we have just seen the M-theory Lichnerowicz D*D,e will give
the bosonic action.

4 Higher-derivative terms

We will now try to apply this method to obtain the higher derivative effective action. A
number of simplifications are assumed in what follows: we will discard terms which are
higher order in derivatives than the order we are currently examining; we will ignore fluxes
and Ricci terms, i.e. we will work only with the Riemann tensor which reduces to its Weyl
tensor component; and we will also assume that at the R* level the action does not contain
‘bare’ connections, so we will not consider a term like VRV R? for example.

Even with these simplifications, the form of the possible operators remains substantially
less straightforward than in the classical flux case. In particular, in moving to higher order we
should expect the corrections to include derivatives of the supersymmetry parameter or the
gravitino, cf. [9, 27], which means that requiring that the M-theoretic Lichnerowicz equation
defines a tensor is a bit more subtle. In particular, we will find we must abandon the classical
relation D% = ~%D,,.

Consider, for example, a correction term corresponding to some tensor X,p.q which trans-
forms in the representation X,pcq € [0,2,0,0,0], that is, it has the same symmetry properties
of the Weyl tensor. Note we are using the highest-weight notation of the computer alge-
bra program LiE [30], which we used extensively throughout this work for group theoretic



calculations. We can define the following operators

D:S—T"®S,
Do = Vae + ki (V" Xapea) 1% + ka2 Xarear V',
. 4.1
D:T"®S — S, (1)
Da¢a = ’Yab (vawb + l‘;:l (chacef) ’Yefd}b + ]‘%QXacef’Yefvcwb) 5
where k1, ko etc. parametrise higher-order corrections.
Then,
(DD&) = ’)/abvavbé + (k‘l — 12‘1 — /ﬂg) (VaXabcd) ’}/Cdvb&‘
—k (vavaam) Aede _ (122 n kg) X ped VIV OV (4.2)

+ higher order,

so we have that, once we discard the higher order terms, tensoriality requires ki — ki — kg = 0.

Note that it is crucial that the term with two covariant derivatives acting on the spinor is

antisymmetrised on those V, which is a consequence of the symmetry properties of X,peq.°
Solving the coefficient constraint for ki, we are left with

(DDe) = ~4Re + § (2k1 — bz — k2 ) R™ Xapea'e
+ % (EZ + k;2) RadeXabcd€ - % (];52 + k2) Rabchabef76d6f5 (43)
+ higher order.

So, whereas we would like D to be determined by D, we are left with ambiguities.

The choice we will be making from now on is to always take /%1 =0,k =ky = l~§2. This
means that both D*V,e and vV, Dye are separately tensorial, which can be interpreted as
writing the fermionic action in terms of “supercovariant” objects [27]. We thus have that D
is completely fixed given a D to a certain order, and so, writing explicit spinor indices, we

will consider operators in the form
Doz = Ve + kV3(04"5°) = V4 (1" + k0,5%) <), w
Da%a = ,yacﬂa (Vawc + k@abwﬂvbwc’y) = "Yacﬁa (Habvﬁ + k@abwﬁ)vbwc’ya

with © some object that is a function of (powers of) the Riemann curvature.

4.1 R? and R? couplings in the effective action

It is well known that the first corrections to the eleven-dimensional action begin at R?.
However, as a simple exercise let us check whether we can define operators that through
Lichnerowicz would be compatible with an R? or R? action.

S1f the tensor Xapeq were, say, fully symmetric, we would have extra constraints in order to ensure ten-
soriality. We would also not obtain extra Riemann tensors, instead we would be left with ‘naked’ covariant
derivatives.

10



Counting derivatives, we see that in order to obtain an R? correction to the action, there
is only one type of term we can add to the operators, namely

Dye = Ve + kVP (Rabcd76d5> )

~ (4.5)
D%y = ¥V by, + k Rapeay V4.

However, it is clear that ﬁ“Das will have a 4-form, kR, 406, Razasb b, Y4 242, so satisfying
the constraint that DDe should contain only scalars and 3-forms forces k = 0. We conclude
no corrections are admissible at this order.

For R? there are more possibilities. By derivative counting we have that the extra pieces
in D must be of the type VR?. So we look at the tensor decomposition of ®?R and find that
the families of terms that can be considered in the operators are the ones listed in table 1.

Projection of R? Rep of SO(10,1) Multiplicity

X 0,2,0,0,0] 2
W 2,0,0,0,0] 1
S 0,0,0,0,0] 1
T 0,0,0,1,0] 1

Table 1. Valid embeddings of ®2R in 5.
Explicitly, these decompositions are given by

X;l(lQClCQ = %Rala2b1b2RCIC2blb2 + %R0102b1b2R01a2b1b2
— 19a2¢2Raydibibs Revdibiby + g59atct Ya2e2 Ry dobibs Raydabib
Xglagclcg - %Ralblclb2Ra2blc2b2 + %RclblaleRCleCQbQ
+ §9a2¢2Rardybiby Reydibibs — 1359a1c19a2¢2 Ray daby by Ry dobib (4.6)
Wares = Raydybiby Reydybiby — L Garer Ry asbrbs Ry asbibs

S = Ra1a2b162 Ra1a2b1b2 )

A~

Ta1 asasay — Ra1 asb1bo Ra3a4b1 bos

where same-letter free indices are assumed to be antisymmetrised. However, the W and S do
not actually contribute to the Lichnerowicz (they are projected out) so we will not consider
them as they cannot possibly source corrections to the action.

There is now a new potential ambiguity in how to construct the supersymmetry operators,
as there are several different ways of embedding the T term in 01p. We will discuss this in
more detail in the R?* section, but some of these can be fixed by consistency conditions from
the Lichnerowicz equation, and the rest by requiring that the T embed strictly into the
traceless-vector-spinor in the conjugate operator D, with the trace taken from the right so
that the operator I) is now the one that appears in the fermionic coupling of the gravitino

11



trace [ 74_115);11 This will imply that D“’ya = V%,, as the X likewise only embed in the

~ = 1
traceless part. This also ensures that ) = I .

We end up with

2
Due = Ve + Z TV (XY, a€)
i=1

R - N - 4.7
+1 (’YbleVbS (Tubibobs€) + 57"V aThr5,8) + 57" Vi, (Taby..04€) (4.7)
+ %,yab2b3b4vb1 (Tb1...b45) + i,yaln...lmvbs (Tbl...b4€))7
and
~ 2 A .
Do = 7""Vathy + Y 27 Xipeg V"
i=1
(4.8)

+ t (%’70102Tabc102 vad}b + %'Yacws&lfcl...a; (vtﬂ/)c1 -V Q;Z)a)
- %’yabCl.-.C4T01...C4v(lwb)7

so we have a priori three free coefficients, &1, #2,¢. If we compute D®D,e we find that in
addition to scalars in R?, the Lichnerowicz also contains 4-forms, which must be cancelled.
There are exactly three possible independent R? 4-forms, all of which appear in computation,
and eliminating them forces precisely that all Z; = ¢ = 0. We conclude that no R? corrections
are admissible.

4.2 R* couplings

Finally, we arrive at corrections to the supersymmetry operators that may lead to R* correc-
tions to the action via the Lichnerowicz procedure. We will need to add VR? terms to 61,
for which there are several possibilities depending on how we build the R? factor, as listed in
table 2.

We find these families of terms by decomposing into irreducible representations the prod-
uct of three Weyl tensors, i.e. if we denote the Weyl curvature representation [0, 2,0, 0, 0] by
W, we consider the symmetrised cubic tensor product S2W. Then we restrict to those which,
when combined with a V, and a spinor €, can contain a vector spinor §¢,. In other words,
we look for the irreducible representations in the intersection S3W N (V ® S)*® (V ® S). We
then verify these projections by explicit construction — they are given in appendix A.1.

Note that in some cases there are multiple ways of embedding these terms into a vector
spinor. For example, consider the three T, each of which is a 4-form. There are five in-
equivalent ways of combining a 4-form together with V, and ¢ to obtain a valid v,. These
roughly correspond to using either a v, a v or a 4 to “soak up” the indices, and
then further distinguishing in the first two whether the overall free index is symmetrised or
antisymmetrised with the index on V,. So a priori, the 7% would appear to contribute 15
undetermined coefficients to our operators.
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Projection of R*> Rep of SO(10,1) Multiplicity

X [0,2,0,0,0] 8
Wi [2,0,0,0,0] 3
St [0,0,0,0,0] 2
y? [0,1,0,0,2] 2
Vi [1,0,0,0,2] 2
T [0,0,0,1,0] 3
Z [0,1,0,1,0] 3
U’ [1,0,1,0,0] 3
L [2,1,0,0,0] 3
M? [2,0,0,1,0] 6

Table 2. Valid embeddings of ®2R in 6. In each case, the index i runs over the corresponding
multiplicity.

There are, however, some constraints from the M-theoretic Lichnerowicz that can be
immediately applied to reduce the number of possibilities. We already established we only
want antisymmetrised products of V appearing in D%Dge, so that they will be converted into
a Riemann tensor. Symmetrised V would lead to ‘bare’ connections in the action and could
even spoil the tensoriality of the Lichnerowicz. This constraint eliminates the last two terms
in the table, L! and M?, and further reduces the admissible embeddings of some of the other
terms. For instance, the T can now each only be embedded in three different ways, for a
total of 9 free coefficients.

Finally, we impose the condition that only the traceless part of the D operator gets

. . . . . . . = ~
modified which, as mentioned in the previous subsection, is sufficient to ensure that ) = I .

It turns out that this is enough to fix these ambiguities of embedding, and the total number
of remaining free coefficients matches precisely the multiplicity of projections of R3.

Now, the representation theory also tells us what type of p-forms to expect in the Lich-
nerowicz. Since we have ensured that this expression will be, schematically, R3[V, V]e = R'e,
we need to look at the p-forms in the symmetric tensor product of four Weyl curvatures and
see how each of the remaining terms in table might contribute to them. We summarise the
result in table 3.

We immediately observe that, as previously remarked, terms of type W and S’ are
projected out in the Lichnerowicz computation, and so their presence (or lack thereof) in the
supersymmetry operator cannot be constrained in this manner. We also see that we need to
have X? type terms if we hope to find corrections to the scalars, and Y* for corrections to
the 3-form. These are the only objects that may contribute to a corrected action. However,
they will also give rise to 4-forms which cannot be cancelled solely by picking appropriate
coefficients x; and y; for each of them. Instead, we find by explicit computation that we must,

13



p-form : ‘ 0 2 4

R* multiplicity: | 7 0 1 17 0
Xi R R e - e - ° _
Wi®R - - - - -
Si® R - - - - -
Yi®R - - - e e -
Vi®R S L
T'®R - - - - e -
Z'®R - - e - e -
U'® R - - e - e -

Table 3. Potential contributions of the terms in table 2 to different p-forms in the M-theoretic
Lichnerowicz.

at a minimum, also add terms of type V* and T%, as we will now describe.

4.2.1 Minimal solution

Given these ingredients, we build:

D:S—)T*®S

Dye =Vue+ Z -Tz'YCdvb( bcde + Z Yi 7C1 CGVb( abey .. CGE)
=1 =1

+ Zt (4729 (T ,) + 27"Vl Ty ) + 7"V, (T ,)
(4.9)

+ 77 b2b3b4vb1< 7 .b46) + B%Vablmbsvbs(Tgl...b4€))

1_bi..baxrb i L b bsoeysi
+ E v,( O (Ve = Vi by 0aE) 3570 PV (Vi E)
=1

bi...bs )
357V (Vi 1,9))-

As mentioned, these combinations ensure that Lichnerowicz will not contain symmetrised V.
In other words, we have that DDe = zn(R‘l)alman’y“l“'a"e with no ‘bare’ connections left.
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This should be clear once we look at the conjugate D operator:
D:T*® S — S,
~ 8 . 2 .
Dawa — 7abva¢b + Z -Ti’YCdXédevb'@ba + Zyi’YClmce aszl“.CGVb¢a
i=1 i=1

3

+ Z ti <%70162T250162Va¢b + %fyaCQCg%TgL--sz (VQ¢Cl - vqwa) - %VQI)CI.“MTCZ'L.-MV“Q’/H))

=1
2
+ Z ;i <7a030405 V;’qm%vclwcz + %,chl.“% Vaicl...(:5 (vb¢a - vawb)> )
= (4.10)
Note that f)“'ya =V as required.

Now we need to fix the coefficients such that only scalars and 3-forms survive. We
used the computer program Cadabra [15] to solve this algebra problem (and also performed
some double-checks on Mathematica). The single possible R* 2-form vanishes identically and
eliminating the 4-forms is solved by:

Tl = —Y2, Ty = 16y27 t? = %5(72y2 - $5)7
o = 16y2, xrg = 16y2, t3 = —%(723/2 - :E5),
xg = —2yy, Y1 =—1ys,  wo=2(—24yo + Bxs), (4.11)

Ty = —16y27 tl = 0,

xg = —4ws, v =0,

with 2, x5 free. We have therefore found two solutions for our operators at R such that the
Lichnerowicz contains only scalars and 3-forms (or rather, what results naturally from the
computation are their Hodge-dual 8-forms)

DDy,e = (scalar)e + (8-form) g, . a7 %e. (4.12)
Note that in the notation of [21, 27], we have a basis for the seven different R* scalars

R- X' = Ry, R-X?= Rys, R-X*= Ry,
R-X4:R41, R‘X5:R467 R'X6:A7> (4.13)
R-X"=-Ryp—tRig+ A7, R-X®=—Rpp+ tRus+ Ar,

where R- X' = RadeXéde and so the scalar component of the M-theory Lichnerowicz can be
written as (below we write the Hilbert-Einstein term for convenience; other terms containing

15



the Ricci tensor or scalar are dropped)

(DaDaff’scalar) = _%R + %$5(R46 — 4A7)
+ 1ys(—16R41 — 32R45 — 2Ru3 — Rus + 16Ry5 + 3247)
= —1R — J b 25(~192R46 + 76847)

4.14
_ %ley2(192R41 + 384R40 + 24Ry3 + 12Ry4 — 192Ry5 — 384A7) ( )
1
— IR
— L as(tsts R — L Es) — 1 Luyn(tsts R + LEg) |
while the 8-form is:
(DaDadS-form)aL..ag = _in(_%R : Yl +R- Y2)a1...ag

= _%yZ(_%RalazbﬂnRa3a4b1b2Ra5a60162Ra7asC1CQ (4'15)

+ Ra1a2b1 c1 Ra3a4clcg Rag,agcgbg Ra7a8b2b1 ) )

o) 1—16R -Y! = tr R? A tr R? and %R Y2 = tr R*. We thus recognise the 1o # 0 solution
as corresponding to the invariant (tgtgR* + iEg) and x5 # 0 to (tgtgR* — %Eg). To get the
correct eleven-dimensional action we thus need to take zs = 0 and yo will be fixed by the
normalisation of the higher derivative terms. The existence of this freedom of choice is maybe
not unexpected, as three different superinvariants had already been identified previously [31].
Comparing with [27] we have, in the notation of that paper, that the yo terms give the
Ix + %I 7 invariant, while the x5 terms give Ix — %I 7.
In appendix B we discuss other possible solutions to this Lichnerowicz system.

5 Application: seven-dimensional internal spaces

Two out of the three higher-derivative structures allowed by supersymmetry involve a com-
plete antisymmetrisation of eight indices. Hence, for our computation, seven is a sort of
critical dimension, i.e. the highest where only a single structure survives. So, in addition to
the natural desire of learning more about M-theory compactifications on seven-dimensional
internal spaces, assuming the eleven-dimensional space breaks as M1 = My x M7 and fo-
cusing on the M7 component provides a good setting to make further considerations on our
construction.” We then have that the two eleven-dimensional scalars y» and 5 will coincide
(tgtsR* + iEg) = (tgtgR* — %Eg) = tgtgR* when fully restricted to My, and even though the
yo is the correct physical solution in eleven dimensions, in seven dimensions we may just as
well work with the simpler x5 when writing a fully restricted operator D. In terms of SO(7)
representations using the projectors of the cubic powers of Ry, in appendix A.2, this is

TOf course, a calculation on M+ can be considered on its own, with the view of deriving higher-derivative
corrections in seven-dimensional effective theories. We mostly concentrate on supersymmetry on the internal
seven-manifold.
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Dine = Ve + x5'yqu"<( 5 g —AXE e ) + 22V, ((S - 2S2)s)
+ 4%3:57"an ((—W,}w + 2W3np + WT?,’LP)€> 45165%1 ( Wpln + 2W5n + Wgn)€)
ta5( = BV (T any®) — 5557 Vi (T2 ,2) = 1™ Vi (T )
+ AT (T2, ,8) = BV (T2, i)
5 (A5 I (L ) + )™ (T ) + By (T ,)

71 nangn. ni (3 13 ni..n 3
- m’ym s 4v 1(T7‘L1...n46> + ﬁrym ! 5vn5(Tn1..‘n4€))

+ 25 (41;7n1 n4vn5(vn2”m1n2n3n4n5 Vn25mn1n2n3n4€)
(V2 ananans) + 51" Vg (Vs mamnans) )
(5.1)
where m,n, ... are internal seven-dimensional indices and now V is the Levi-Civita of the

internal manifold and Ry, its (Weyl) curvature.

The full decomposition, keeping dependence on both internal and external contributions,
will be much more involved and we will not perform it here. However, we can try to cap-
ture some aspects by considering a restricted Lichnerowicz formula in the seven-dimensional
space, expanded in order of internal derivatives. As we will soon see, this seven-dimensional
Lichnerowicz formula has corrections starting from three-derivatives on the operators and
will turn out to reveal some interesting new structures. In order to relate it to its eleven-
dimensional counterpart, one needs to think of the coefficients in these operators as being

made of Riemann curvatures in the external (four-dimensional) spacetime.®

5.1 M-theory Lichnerowicz for SO(7)

In performing the M-theory Lichnerowicz in seven dimensions, we may immediately expect
one difference. The eleven-dimensional Lichnerowicz was picking zero- and eight-forms in the
expansion of p. In seven-dimensions, one is instead interested in zero- and four-form parts
and the action, up to integration by parts, is given by:

EB:p|7—C/\p’4:<1+C,p>. (5.2)

5.1.1 Three-derivative terms in the operators

In section 4.1 we used a very simple argument to rule out any four-derivative contributions
to the eleven-dimensional action — they would inevitably contribute an unphysical 4-form to

8In order to make proper contact with the eleven-dimensional calculation, one should strictly start with a
zero-derivative term D,,& = V.,,& + Ayme, corresponding to taking all the R couplings in the external four-
dimensional space, and which would lead to a constant piece in the internal action D™Dpe = —i(’R—i— 168A2)E.
To keep the calculation similar to the eleven-dimensional one, we will ignore this term.
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the M-theory Lichnerowicz. However, in seven dimensions a 4-form is Hodge-dual to a 3-form
and thus contributes to the flux equation of motion. Therefore, we will allow the operators

Dpe = Ve + kV"™ (RypnpgyPle) ,

~ (5.3)
mem — ,ymnvmwn + kRmnpq’quvnwm-

These operators are not in contradiction with the eleven-dimensional construction — in fact,
they should be expected. Consider the X! term in the solution (4.9). Explicitly VX g =
VPRI (R19)? and one way of decomposing this is as V'R g (R)? — kV"RI . So
consistency with our eleven-dimensional solution implies that & is of at least quartic order in
external derivatives.

The seven-dimensional Lichnerowicz now yields

D™Dye = —1Re + 1kRnpg R™"™%e — Lk Rppnpg Rrs?9™ e + higher order. (5.4)

In the effective theory the interpretation is immediate: using (5.2) we obtain the C3 A (tr R?)

2 completion. As for

term of the theory with 16 supercharges [23] together with its (Riemann)
the internal supersymmetry, we may already note a major limitation of our approach. Since
we are effectively integrating out the four-dimensional action, we lost the ability to distinguish
a four-dimensional scalar from a top-form. Indeed it is not hard to see that X ;bcd is not the

only source of term ~ k in (5.3). Such a term may also originate from Y ! From other

aragby...bg"
side, one may already guess that like in the seven-dimensional effective thIeOQr;/, t(lilese will yield
internal top-forms quartic in derivatives. We shall return to these in subsection 5.3.

Before turning to the discussion of contributions with a higher number of derivatives, we
should remark that this this interpretation results in an extra physical constraint, which is
important for reducing the number of further terms. As mentioned in section 2.1, Xg is related
to M5/NS5 anomalies and string-theoretically it is one-loop and does not receive any higher
loop contributions. On the other hand, the next set of corrections to the internal covariant
derivatives are, from the eleven-dimensional point of view, reductions of terms which are
(at least) thirteen derivatives, i.e. the types of corrections that may contribute to R7 (and
higher) couplings. These come from string two (and higher) loops, and hence should not affect
Xg. This means that there can be no further higher-derivative 4-forms in seven dimensions,
as these would correct Xg when lifted to eleven dimensions. So even if there exist six- (or
higher) derivative four-form modifications to (5.4) consistent with the Lichnerowicz method,
we should not allow such contributions. This in turn implies that the constant k is ezactly of
quartic order in external derivatives.

5.1.2 Five-derivative terms

Furthermore, the reasoning we used in section 4.1 to rule out VR? terms in the supersymmetry
operators in eleven dimensions remains valid in seven. These necessarily add 4-forms to the
Lichnerowicz which we have just argued cannot be allowed. However, we are not done at
this order. Since we have changed the supersymmetry operators at a lower order, we need

18



to check whether the Lichnerowicz remains consistent at the five-derivative level — or put in
another way, whether the supersymmetry algebra still closes to this order. It does not:

[)mDmg = —%’R/g + %kRmnpqRmnpq8 _ %kRmnqurqu’YmnTSE

5.5

The last term of the Lichnerowicz does not define a tensor. We must therefore introduce a
new correction piece to our operators, which will precisely cancel this last term

Dpe = Ve + V"™ (Rpnpgy'e)
+ 4k2%(’7mn - 59mn)vp (Anpqr’YqTE) )

R (5.6)
mem _ anvmwn + kRmnpq’quvnﬂJm
- 4k2Amnpq7qunwmv
with
AT gy Ple = v[mvp(Rn]qu’qTé‘)a (5.7)

A APl = Rp[mQTVpV”} ~T"e.

Note that in seven dimensions, v (Ynp — 5gnp) = 60,". These new terms are not of the form
V R™ which we had considered thus far, they include higher derivatives of the spinor para-
menter (also seen in, for example, [10]), and clearly do not appear in the eleven-dimensional
solution. Their origin is clear, however, as they come multiplied by k2, a factor which is of
order 9% in external derivatives. In total, we recognise that these new terms are of the same
order as R corrections in eleven dimensions. If we had simply restricted ourselves to reducing
the R* solution we would never have found these terms, but they are natural, indeed crucial,
from the point of view of the internal seven-dimensional supersymmetry.

5.1.3 Seven-derivative terms

Of course, moving to the next order once again breaks the Lichnerowicz, and we have to intro-
duce new corrections, proportional to k2, and which must descend from eleven-dimensional
terms of order R'. We find

Dpe = Ve + kV"™ (Rpnpgy'e)
+ 4K L (Ymn — 59mn) Vp (A" gy 7€)
— 32k* L (v — 50" ) V" (Brpgry™e) ,

- (5.8)
mem — ,ymnvmwn + kRmnpq"quvnibm
— 4k2 AT APIN iy,
+ 32K3 Brnpg /P IV Y™,
with
B™" pgPe = %(’Vp[m + 59p[m)vn] VA(Apgrs7"e), (5.9)

Bm”pq’ypqg = Ap[mmvpvnly’“sg.
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This ensures the consistency of the “k family” of corrections up to seven internal derivatives.

At this order we can also return to the VR3 terms and clearly we could effectively
just transpose the eleven-dimensional solutions to seven dimensions, performing minimal ad-
justments, as they only contain zero-forms (and 8-forms, which now vanish identically) by
construction. As we saw in section 4.2.1 and appendix B, there are several such solutions, cor-
responding to several unfixed coefficients. A certain combination of these seven-dimensional
solutions will correspond to taking the eleven-dimensional R* action as purely internal, so
their coefficients will be of zeroth order in external derivatives. Others might correspond to
higher-derivative corrections beyond R* in eleven dimensions which factorise in such a way
as to give rise to internal R* terms.

5.2 Solutions with G5 holonomy

We will now make some considerations about the particular case when the seven-dimensional
manifold has G5 holonomy.

The assumption of G2 holonomy imposes a large number of simplifications in our formu-
lae. We will not go through the complete solution, but note, for example, that if we take the
G2 structure to be defined by a spinor ¢, then when evaluating our supersymmetry operators
all derivatives of € drop out since Ve = 0 by G2 holonomy.

Furthermore, we have that R,,,p,7"%e = 0 as well, so the entire “k family” of corrections
from the previous subsection vanishes identically. This can be seen either by acting on the
supersymmetry variation by another V or introducing G5 invariant 3-form and dual 4-form
in terms of the complete basis of seven-dimensional spinors is given by {e,7™e} [32]:

Ymn€ = iqunpvps,

. (5.10)
TYmnpE =1 (bmnp € - *¢mnpq7q€'

One finds that for G2 holonomy manifolds the Riemann tensor satisfies R;ppq@??" = 0, which
implies that under the 28 — 21+ 7 decomposition of a 2-form, the representation 7 is missing.
This can be written equivalently as Rynpq(¥0)™"rs = 2R, spq-

This brings us to the eight-derivative terms. In fact, G3 holonomy also implies that the
tstgsR* term vanishes identically [18], so the internal action actually has no corrections at
order R*. The equations of motion are still corrected [28, 33], however, and for an external
flat space they become simply V™V,,Z," = 0, where Z is a function of R? given below. This
is then what a G9 Lichnerowicz formula should reproduce.

There exists a well-known correction term to the supersymmetry variation for Gy mani-
folds. It is usually given in terms of the Ga-invariant 3-form ¢y, as

0m = Ve +1a(VpZnmp)0"Py4e, (5.11)
with a some real constant and

M1M2NIN2 PMIMANING PMEMENEN
Zmn = § €mmy...mg€nny..ng I 2 12 RITSTATIETA [INSTIENSTE (5.12)
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is a correction term [28] which satisfies V""" Z,,,, = 0 thanks to the Bianchi identity of Ryupq-
Zmn may be written in terms of our SO(7) bases as

Zyan = 24(= Wy +2W2, + W2, + 2gmn(S' — 257). (5.13)

The precise form of this correction was a crucial part of the analysis of [34], which examined
whether the G solution remains a valid supersymmetric background to all orders of higher-
derivatives corrections. We will leave for future work a direct comparison of (5.11) with the
reduced x5 solution given in the previous section, but we will remark that just a quick look
at the representation theory shows that it is plausible that the two match. First note that
under a G2 decomposition, the number of possible terms that can be admitted in d%) is quite
small, they are listed in table 4.7

Projection of R* Rep of Go  Multiplicity

I [3,0] 2
K [1,1] 1
Wi [2,0] 3
St [0,0] 2

Table 4. Valid embeddings of ®2R in 6. In each case, the index 4 runs over the corresponding
multiplicity.

We observe that since [0,2] (the representation of the Weyl tensor) is not one of the
admissible terms, it is not possible to obtain R?* scalars from Lichnerowicz, which lines up
with our expectation that those terms in the action vanish. Now, focusing on the terms that
appear in the restricted operator (5.1), from the so(7) under g» branching rules we have the
decompositions of the X7, [0,2,0] — [0,2]+[1,1]+[2,0], the V?, [1,1,0] — [1,1]+[2,0] 40, 1]
and the T%, [0,0,2] — [2,0] + [1,0] + [0, 0], though note that the [1,0] and [0, 1] components
drop out as they do not exist in the tensor product of R3. The W € [2,0,0] — [2,0] do not
decompose, nor do the scalars S?, so in particular Z,,, keeps its form. We see that all the
terms in the x5 solution mix together in the [1, 1]+ [2, 0]+ [0, 0] representations, and therefore
agreement with (5.11) will require the [1,1] to vanish and the [2,0] + [0,0] to be precisely
Zmn- A potential issue is that in eleven dimensions we ignored terms such as the ones of the
type W' and S* since they did not contribute to Lichnerowicz (they do not affect the bosonic
action), yet they might be required here in order to obtain a precise match at the level of the
operators.

9Note that here we do not require that only the antisymmetric [V, V] appears in the G2 Lichnerowicz
formula since by using the covariantly constant spinor (Ve = 0) we do not need to worry about tensoriality.
In fact, as mentioned, the expectation is that the G2 Lichnerowicz will result in the equation of motion
V"V Zy" =0.
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Finally, we remark that the calculation of [28] which first derived (5.11) relies on this
operator satisfying an integrability condition precisely of the type that first led us to consider
more general Lichnerowicz formulae, so in that sense the problem has already been solved.

5.3 Comments on compactifications

We shall now comment on the relation between the results of subsection 5.1 and the gen-
eral results of section 4. The seven-derivative contributions to the covariant derivative D,
are clearly related, but while for the eleven-dimensional operator these are the first higher-
derivative terms, its seven-dimensional counterpart has also three- and five-derivative terms.
Where do these come from?

Let us start with lowest order, i.e. the three-derivative terms in (5.3). If one thinks of
k not as a numerical coefficient, but a combination quadratic in external (four-dimensional)
Riemann tensors, then one can find factorised terms in (4.9) and (4.10) that can yield (5.3)
upon breaking eleven-dimensional Lorentz invariance.

The yo and x5 families behave rather differently. %:U5(R46 — 4A7) appearing in (4.14)
does not have any factorised terms and hence its reduction would lead directly to & = 0. The
reducible part of the yo family that yields a non-trivial k& contribution is —%y2R44.

Let us also observe that if one precipitates and uses (5.10) together with Go self-duality
relations for the Riemann curvature, one find that the two terms proportional to k cancel out
in (5.4). In our approach, we keep the zero-form and the four-form separately and add the
latter to the action after completing it to a top-form by wedging with C.

In the reduction on a G5 holonomy manifold X, the relevant part of the eleven-dimensional
action to be integrated over X is given by

S(Ropea RN — 1O Nr RPN tr R +1Ey /X ¢ Atr R? — 1 tr R%u; /X witr R%. (5.14)

Here Ej is the four-dimensional Euler density which (up to Ricci terms) is the same as
the Riemann tensor squared. In the first term on the right-hand side we have used that
Ry R = %Rmnqurqu(*qS)mnm = x(¢ A tr R?). Finally w' € H3(X) and C3 = u; W,
with ¢ = 1,--+ ,b3(X). We may decompose similarly ¢ = ¢; wg. In fact u; and ¢; form the
scalar sector of b3 chiral superfields of the N = 1 theory in four dimensions. We end up with
a four-derivative contribution to the N = 1 effective theory:

Ly=1 ~ ai(%uiE4 +itr RQ), (5.15)
with

o :/ w Atr R% (5.16)
X

For X = X x S', where X is a Calabi-Yau threefold, one can recognise the familiar
one-loop R? couplings in N = 2 theories, where now in the internal six-dimensional integral
the w’ are replaced by the forms in the H (1’1)(5( ), and u; +it; is the complex scalar in the
N = 2 vector multiplets [35].
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As mentioned earlier and further elaborated below, the terms in action with k factors
should not receive corrections from higher-derivative (higher string loop terms) and hence
we do not expect the coupling (5.15) to receive further perturbative corrections. We may
remark that the moduli spaces of G2 compactifications are not factorised and have (complex)
dimension b3(X) + bo(X).10 Tt is curious that the higher-derivative couplings make use of
b3(X) topological numbers o’ and distinguish between the two sectors.

We can turn to the next order — five derivative terms in the operators. Note that these
are designed to cancel non-tensional terms in (5.5). However, they contain a factor of k2
on top of two Riemann tensors and two V, and so from the eleven-dimensional point of
view are order R7. Hence the additional contributions to the supersymmetry operators are
reductions of the next order terms in eleven dimensions, i.e. 13 derivative terms. Similarly,
at the next order of internal derivatives we have terms ~ k3, and these come from the
reduction of 19 derivative corrections to eleven-dimensional supersymmetry. Note that we
are only probing the fraction of the higher (than seven) derivative terms in supersymmetry
whose purpose is to cancel unwanted non-tensorial contributions from cross-terms of lower-
derivative contributions. By design the action itself stays order ~ R*. Notice, however, that
the seven-dimensional Lichnerowicz method seems to be giving information about terms that
are higher order in the eleven-dimensional sense.

We may finally comment on factorisability properties of higher derivative terms. In [21]
the terms that allowed to factor out a single Ricci scalar were discussed. Here we completely
ignore the Ricci terms, so we cannot further comment on corrections of that type. However,
our seven-dimensional calculation would appear to rule out certain other types of terms in
eleven dimensions. Consider, for example, an order R’ correction to the action that factorises
as R3- Ry, where R? is some linear combination of the S’ given in appendix A.1 and Ray was
given in (4.13). Upon decomposing to seven dimensions, this would lead to a term l;(R7d)3
in the reduced action, with k = RJ = (R,,,R"***)2. This would be in contradiction with
our Lichnerowicz calculation in section 5.1.3 which disallowed R? terms in seven dimensions.
Thus, we are lead to conclude that corrections of the type R3 - [anything nonzero in 4d]
appear to be ruled out in eleven dimensions. On the other hand, a pure Riemann term like
R3 - (esegR*) is possible. Similar considerations also imply that (beyond order R?) terms that
factorise as R? - [anything nonzero in 4d] are likewise ruled out.

6 Future directions

The effects induced by higher-derivative corrections play an important role in many lower
dimensional theories arising from compactifications. It may be useful, even if more laborious,
to work out a full reduction of the eleven-dimensional Lichnerowicz formula, rather than
study a lower dimensional “descendant”, as we did here. An intriguing aspect of studying
the formula on a product of internal and external spaces is that different derivative orders

OWe discussed here the b3(X) chiral multiplets made of deformations of the metric and the scalar modes
coming from C3. The latter also yields b2(X) vector fields, which make the bosonic part of vector multiplets.
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get mixed on a lower dimensional component, allowing for glimpses into further corrections
to supersymmetry operators. There are still open problems concerning the eleven-derivative
covariant couplings, and we conclude by mentioning two venues of possible progress.

6.1 Adding fluxes

We began by showing that the classical supersymmetry operators with flux obey a Lichnerow-
icz relation that reproduces the classical action. However, when we moved to the higher-order
corrections we set G = 0 in order to simplify the computation. A clear next step is to restore
those terms and obtain the flux completion of R%.

The issue of computing the full set of G flux contributions to the eight derivative correc-
tions is a long standing one. Progress has been made in string theory, and it can be shown
that at one loop most of the NS sector contributions are captured by introducing a connection
with torsion w"® — w™° + H. There are, however, additional ambiguities associated with
lifting to eleven-dimensions, and replacing H by G [36].

In the context of the M-theoretic Lichnerowicz method, the computation of the flux
terms should proceed in a straightforward iterative manner. Firstly, promoting the leading
term V, — V¢ in the supersymmetry operator D, will immediately break the tensoriality of
D®D,e and will require adjustments to the existing higher-derivative terms — for example, all
the V, in the correction terms of D, will likewise have to be replaced by V&. Additionally,
we neglected Ricci terms but now they become proportional to G? by the equations of motion
so they cannot be ignored. Instead, we have that factors of ¥%[VS, V] and (VF)*VY give
the combinations of covariant derivatives that vanish on-shell. Finally, it will be necessary
to impose the constraint that the M-theory Lichnerowicz define just a scalar and an 8-form.
This will require the addition of new terms to the corrected operators to cancel the other
p-forms, which should be easier to do if one proceeds order by order in powers of the G flux.

Note that at four-derivative order, the couplings in the seven-dimensional theory with 16
supercharges including four-form flux are known without ambiguities [36]. This case should
provide a good test for completing the seven-dimensional Lichnerowicz formula with G.

6.2 Towards R”

The M-theoretic Lichnerowicz computed from the operators we defined in section 4.2.1 D*D,e
only results in a scalar and a 3-form up to order R*. If we include the higher order terms in
the computation this will fail, and the form of this failure is clear — if we schematically write
the corrections D = V 4+ VR3 and D = V + R3V, then the full DD will include R3VVR3,
which will even involve non-tensor terms. These terms are of the same order as R, so we are
led to conclude that no new corrections will be needed at order R®> or RS, but are necessary
at R”. This is consistent with the fact that in the strong coupling eleven-dimensional limit
[37], the only surviving terms will be of order R3*! for loop order .

In principle, the Lichnerowicz procedure should allow us to deduce what is the form of
these corrections. However, computationally it is significantly more difficult to generate the
necessary tensor products of seven Riemann tensors, and, in addition, it is expected that at
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this order there might be terms involving explicit connections V in the action, further com-
plicating matters. Nevertheless, since we can easily compute the ‘problem’ terms explicitly in
the Lichnerowicz equation, it seems hopeful that one can cancel them step-by-step by suitable
modifications of the D and D operators, just like we did in the simpler seven-dimensional
case in section 5.1.2. As an example, consider just the X' part of the ys solution for the
operators (4.9), i.e.
Doe = Vae — 1oV (X} a7 ™%e) + . ..
= Vae — 12V (R?Ropeary™e) + . ...

~ (6.1)
Dpa = ""Vathp = 42 X0tV .
="Vt — 12 R Rapoi VP + ...
which gives in the M-theory Lichnerowicz
DDy = -+ + (42)° R* R%eay“* V'V (R Rac g7 %) + ... (6.2)

This term is analogous to the one we found in seven dimensions, and so can be cancelled in
a similar manner. We therefore expect that there will be a correction to the supersymmetry
operators at 13 derivatives given by

Dye =Vue — yzvb(R2Rade76d€)
+ 4(12)* 5 (b — 99a0) Ve (B2VIVA(RY g Ry e)) + .
Da¢a = 7abva¢b - yQRQRabcd'YCdvbwa
— 4(y2) R s R?V VT (REV ) + . ..

Since the effect of this particular correction is to precisely cancel the non-tensorial piece
in (6.2), it does not generate new contributions to the action of order R'.
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A Projectors for R3

A.1 In eleven dimensions

Here we present bases for projections of tensor products of Weyl tensors into irreducible
representations of SO(10,1). Throughout, same letter indices which are free are assumed
to be antisymmetrised with unit weight (contracted indices have no such assumption). We
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Projection of B> Rep of SO(10,1) Multiplicity

X [0,2,0,0,0] 8
Wi [2,0,0,0,0] 3
St [0,0,0,0,0] 2
y? [0,1,0,0,2] 2
& [1,0,0,0,2] 2
T [0,0,0,1,0] 3
A [0,1,0,1,0] 3
U [1,0,1,0,0] 3

Table 5. Relevant projections of ®>R in eleven dimensions. In each case, the index i runs over the
corresponding multiplicity.

will be considering the irreducible representations listed in table 2 which are relevant for the
Lichnerowicz calculation. For convenience, these are reproduced in table 5

The four-index X* terms contain two pairs of antisymmetric indices which are symmetric
under exchange, and are fully traceless:

X(;leagble = Ra1a2blb2R0102d1d2R0102d1d27

Xa1a2b1b2 = %RalaablclRb202d1d2R0102d1d2 + %thzalqRa202d1d2R0102d1d2
+ %gagbl Rb2d1a1d2 Rdlclczel Rd26102617

X§)1a2b1b2 = %Ra1a20162Rb1b2d1d2R6102d1d2 - %Ralblclc2Rb2a2dld2RClCledg
+ §Gasby Rierdyds Raydgerco Reyesares

1
— 25Y9a2b19a1b2 Rd1d26162 Relegclcg RClCledQ )

>~
S
Il
wIiN

ajagbibs RalClblczRa2d152d2R61d162d2 + %Ra101b102Ra2d1b2d2RCldzczdl

+ 2*14Ra1a20162 Rb1b2d1d2 Rclczdldz

+ TlggazblszeldldgRdldzclchclcgalel - %gazblRb2d161d2Rdlcldzchclalcgel

- ﬁg(mblgalbgRd1d2b3b4Rb3b4clcgR0162d1d2 + %gagblg(llbgRdleldgezR61016262R61d102d27
Xa1a2b1b2 = %Ra1a20102Rb101d1d2Rb202d1d2 + %Rb1b20102Ra161d1d2Ra202d1d2

- %RalblclcgRb201d1d2Ra262d1d2

+ %gagbl Rb261d1d2 Rd1d2c102 Rclcgalel

1
— 90Yazb19a1bs Rd1 doeten Rel eacic2 Rq cadida>
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Xslazlnbg = %Ra101b102Ra2d1C1d2Rb2d1€2d2 + %RalczblqRa2d161d2Rb2d102d2
+ %RalazchRbldlcldgRb2d102d2 + %RblbgclcgRaldlclngazdlczdg
— & Gasty Roperdyds Raydyercs Reresarer + 29asby Rbpdserds Rdyerdaes Revarczes
+ %gagbl Rb2d1a1d2 Rdlclczel Rd2610261
+ ﬁgaglngalbgRdldgelegRelezclcchlcgdldg - %gagblgalbzRd1€1d2€2R61016202R61d102d2?
X(Zlagbﬂ;g = %RalclbICZRa2c2d1d2Rb261d1d2 + %RachblclRa2c2dld2Rb201d1d2
— 5 Raraseies Rbrerdids Rbsesdids — 15 Bbibocres Rayerdrds Raseadids
- %gQleRb2€1d1d2Rd1d20162R01C2a1€1 + %g(mblelealngdlclch Rdgclczel
+ gil()gazbl Jayby Rd1d26162 R61€240162 R01C2d1d27
X§1a2b1b2 = %Ra1a20162Rb1d101d2Rb2d102d2 + %Rb1b20102Ra1d101d2Ra2d102d2
- %RalbICICQRb2d1C1d2Ra2d102d2
+ 5 Gasby Rpdyerds Rdyerdpes Reyarcges

1
— 25Y9a2b19a1bo Rd1 erdaen R61016202 Rq dicody -
The two-index W* are symmetric traceless:

ngbl = Rald1€162R81620162R6102b1d1 - %galblR6162dzb2Rd2b20102R010261€27
Wa21b1 = Ra1€1d1€2R61016262R61b162d1 - ﬁgaﬂnRe1a2€2b2Ra2C1bzczR616102627
W(ibl = RalelblclRe162d1d2R0162d1d2'
The S° are scalars:
Sl = Ra1a2b1b2Rb1b26102R6162a1a27
52 = RalblaQbQRb1C1b2C2RC1a102a2'

The eight-index Y* have a pair of antisymmetric indices, another set of six antisymmetric
indices, vanish if any seven indices are antisymmetrised, and are traceless:

Yallagbl...bg = Ra1a2b1b2Rbsb4d1d2Rb556d1d2

- %gmbl Re,asbobs ey bady do Rbsbgd, do

+ 2 Garb Jasbs Reycabsby Ry dabsbs Rercadids — 15 arby Jashs Ry cabsbs Rerbsdyds Reabody da s
Yazlazbl...bg = Ra161b1b2Ra262b3b4Rb5b6C1C2

— 200101 Reyasbobs Reibadyds Rosbodrds — 2 9arby Rerdybsbs Rasdseybs Ry daobsbe

+ 55 Ga1b1 Gasbs Rer cabsbs Ry dobsbs Reyeadrds — 15 Yarbr Jasbs Rer cabsbs Reybsds da Reabody do

2
+ 15 9a161 Yasbs Ry dabsbs Reydycabs Readyerbg-
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The six-index V* have a set of five antisymmetric indices, vanish if the six indices are

antisymmetrised, and are traceless:
1 _
Vagbl.“b5 - Rcla2b2b3Rclb4dld2Rb5b1dld2
1 2
- 7ga2b2Rclcgb5b1 Rd1d2b3b4Rclcgd1d2 + 7ga2b2Rclcgb5b1 Rd1dgc1b3Rd1d262b4a
2 _
Vagbl...b5 - Rc1d1b3b4Ra2d2c1b2Rd1d2b5b1
1 2
- 7ga2b2Rclczb5b1 Rdldzclbngldgcle - 79&21)2Rd1d2b5b1R61d102b3R02d201b4'
The T* are 4-forms:
1
Tbl...b4 = R6102b152Rd1d2b3b4R0162d1d27
2
Tbl...b4 = R0102blb2RdldQCleRd1d202b4’

3 _
Tbl...b4 - Rd1d2b1b2 R01d10263RC2d201b4 .

The six-index Z° have a pair of antisymmetric indices, another set of four antisymmetric

indices, vanish if any five indices are antisymmetrised, and are traceless:

1 1 1
Za1a2b1...b4 - §Ra1a2d1b1 RC102d1b2R0162bsb4 + §Rb2b1d1a2R6102d1a1R61C2b3b4
1 1
+ = 9asby Bayerbrbs By docoer Ry docabs + = Gasby Feyeabribs Beybsdido Ry dacsan
1
+ 7 9asbs e caarbs Reybsdida Ry dacaby s
2 _ 1 1
Za1a2b1...b4 - §Ra161d1b1RC1C2d1b2Ra202bsb4 + §Ra1d161b1R6102d152Ra202b3b4
3 1
- ngagb4Ra101b1b2Rd1dzczcl Rd1d202b3 - 27890,21)4R6162b1b2Rclb3d1d2Rd1d262a1
1 1
— 38Y9asbs ey crarbo Reybzdyda Ly dacaby + 7 Gasba Beycobibo Reydibgds Ry codoan
1
+ 7 9asbs Beicaarbs Reydibsds Ry cadoby s
3 _ 1 1
Za1a2b1...b4 - §Ra1d10162RclczblbzRa2d1b3b4 + §Rb1d10162RC102a1b2Ra2d1b3b4

3 1
— 31Ya204 Rayc1b10o By docacy By dacabs — T79a2bs Feyeabibs Beybsdydo By dacsay

1
— 119a2bs Retesarby Rebsdidy Ry daeaby -

The four-index U’ have a set of three antisymmetric indices, vanish if the four indices

are antisymmetrised, and are traceless:

1 _
Ua1b1b2b3 - Ra161b1b2Rd1d20201 Rd1d202b37
2 _ 1 1
Ua1b1b2b3 - 5R0152b1b2R51d1b3d2Rd162d2a1 + §R0102a1b2Rc1d1b3d2Rdlczdgbl)

3 1 1
Ua1b1b2b3 - ERC102b1b2R01b3d1d2Rd1d202a1 + §R0102¢11b2RC1b3d1d2Rd1d202b1'

A.2 In seven dimensions

In principal, the seven-dimensional supersymmetry operator can contain any of the SO(7)
representations listed in table 6. However, we write explicitly only the projections that will

be relevant for a reduction of the x5 solution in eleven-dimensions from section 4.2.1.

Indices m,n ... run from 1 to 7, and, as before, any free indices with the same letter are
assumed to be antisymmetrised. The metric g is now that of the internal seven-dimensional

space.
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Projection of B> Rep of SO(7) Multiplicity

X [0,2,0] 7
W 2,0,0] 3
S [0,0,0] 2
Vi [1,1,0] 2
T [0,0,2] 3
Z [0,1,2] 3
U [1,0,2] 3
L [2,1,0] 3
M [2,0,2] 6

Table 6. Valid embeddings of ®>R in 6. In each case, the index 4 runs over the corresponding
multiplicity.

We will consider two X? terms. They contain two pairs of antisymmetric indices which
are symmetric under exchange, and are fully traceless:

X’rg)nlmgnlnz = %lemzmpzRmplqlqumpzqwz + %Rmmmmleplqlqum2p2q1q2
- %RmmlplmRn2p1q1QQRm2P2tI1II2
=+ %gmzm Ruariq102 By qoprpa Bprpamar
- %gmzmgmmRq1q2r1r2Rr1r2p1p2Rmpztnqz>
anlmgmnz = %leplmpzRmquplqunzqmzqz + %Rm1pzn1p1 Rimzqipraz Bnogipago
+ %lemﬂ’liwRlelpleRHQ(]lPQQQ + TIQRnlnﬂ?lszmlfhmlDRm2l11p2fI2
- %gmznl Ryoriq19: Raigopips Bpipamar + %gmzmanthnqzquwzszmmlpzm
=+ %gmzm Ruyqimige Baipipari Baapipar:

1 1
+ mgmznlgmlanqwznranrzpwzRplpquqz - %ngHIgm1n2Rq1TIQQT2RTIPITQPQRPIQIPQQQ'

The two-index W' are symmetric traceless:

i1 _ 1
Wm1n1 - Rm1q1Q2n2RQ2n2p1p2Rp1p2n1q1 - 7gm1n1 Rq1qzr1rzRT1T2p1p2Rp1p2q1q2v
ir2 _ 1
Wm1n1 - mezqmzwalnzszplmpqu - 7gm1mR!I1T1Q27“2RT1P1T2P2Rp1q1p2q2v

s 3 .
Wm1n1 - Rm1q2n1p1qun2q1q2Rp1n2q1QQ-

We have two scalars S

1_
S - Rm1m2n1n2RmnzplszplmmlmQ7

2 _
S _Rm1n1m2n2Rn1p1n2p2Rp1m1p2m2'
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We also need the six-index V%, which have a set of five antisymmetric indices, vanish if
the six indices are antisymmetrised, and are traceless:
anmlnmngmmg, = RplmlnznsRp1n4q1q2Rn5n1q1q2
- %gm1n2Rp1pzn5n1Rq1qzn3n4Rp1p2q1qz + %9m1n2Rp1p2n5n1Rq1q2p1n3Rq1q2p2n4v
V£1n1n2n3n4n5 = Rpiginsna Bmigopine Rgrgansng
=+ %gmngmpznsmRq1q2p1n3Rq1q2p2n4 - %gmmzquznsmRp1q1p2n3Rp2q2p1n4v
and three 4-forms T":
Télngngm = p1p2n1n2Rq1q2n3n4Rp1p2q1q2a
T31n2n3’n4 = p1p2n1nzRq1q2p1n3Rq1quzn4a
T31n2n3n4 = un]znlmRP1Q1p2n3Rp2q2mn4'
The eleven-dimensional terms thus decompose as

5 _ vO 8 1 1
Xm1m2n1n2 - Xmlmgnlng - Eng'ndWman - mngnlgmanS )

X%1m2n1n2 - X76n1m2n1n2 + %nglnz B %Wgnnz B %Wgnnz
+ %gmzmgmngl - ﬁgmgnh(]mlm527
Vﬂ%ln1"2n3"4"5 - V£1”1n2"3n4n5 B %gmlangzn3n4n5 + %gm1n1Tr§2n3n4n57
W;hm = Wnlnnl + %gmlm Sl,
nglnl = Wr?unl + %gm1n1527
W’r:jllnl = W’r?mlnla
TViLmznsm = T£1n2n3n47 Si = Sﬂ

B More general solution

In section 4.2.1 we were able to find a “minimal” solution to the M-theory Lichnerowicz, in
the sense that we did not utilise all the possible terms listed in table 5 in the construction (4.9)
of the supersymmetry operator D,. Let us now consider adding the remaining terms of the
table and see if we can find more solutions:
D :S—-T'®S,
2 3
Dje = Das + Y 5iVa(S'e) + > wi (VI (Wine) = 157" VEWEe) + 172V, (W) )
i=1 i=1

3
§ : c1...c b/ rri

+ ziY AV ( abcl...C4€)
i=1

3
1, babsorbi (77i 3 babyorbi (770
+ Zw( = 37V Uahians®) + 167727V (Up abobs€)
i=1

2 bybob ; 1 bibobsb ;
— 1057 2BV (U pgbs€) + 577 727 4Vb4(U§b1b2b35))a
(B.1)
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and

D :T*®S — S,

D/aw — Da¢a + Zsl,yabsz a@bb + wa)/ac ) (Vcwb _ Vb¢c)

=1

. B.2
+ Z Zi’YClm%ZZLbcl...cAlvbwa ( )

3 (1 Ul 0 VU = 1PV, (V00— Vi) ).

As previously mentioned, the S and W' terms do not actually contribute to anything at
this level, so their coefficients will be unconstrained. We get that the 2-form in the M-theory
Lichnerowicz vanishes if

z1 = _T14“2 + 2%2’2 + %23, (B.3)

while eliminating the 4-forms is solved by:

T1 =~y — ggu1, a7 = 16y, t1 = —gru1,

To = 16yo + %ul, rg = 16y9, ty = 135(216y2 — 3x5 + 2uq),

r3=—2ys — kui, Y1 =—1yo— Tqui, t3=—13:(648y> — 95 + u1), (B.4)
zy = —16y2, ug =0, vl = — U,

rg = —4dzs + %ul, uz = —uq, vy = %(—2163/2 + 4525 — Huy),

such that in total we have, in addition to ys and x5, that uq, 29, 23, w;, s; remain undetermined.
The resulting scalars in the Lichnerowicz are

(DDE)‘Scalar = _%R + %IE5(R46 — 4A7)
— 2 5y2(192R41 + 384Ry2 + 24R43 + 12Ryy — 192Ry5 — 38447)  (B.5)
+ L thur (—2Ras — R + 8Rus + 16 A7),

and the 8-form is
(DDg)|sform = —3y2(=1R-Y' + R-Y?) + 1 LR - Y (B.6)

The coefficients s;,w;, z; do not contribute at all, and so the corresponding terms in the
operators are completely superfluous at this given order and given our simplifications.

We see that the u; freedom corresponds to the remaining invariant mentioned in [27, 31],
which here takes the form Iy, + o;(Ix — §17). Differently from Iy & $Iy we do not expect
this combination to lead to a full N = 2 invariant. However, the emergence of an N = 1
invariant in an eleven dimensional setting suggests the interesting possibility of extending the
Lichnerowicz method to M-theory on manifolds with boundary, notably on the Horava-Witten
interval.
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