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Abstract

We consider compact Riemannian spin manifolds without boundary equipped with orthogonal connec-
tions. We investigate the induced Dirac operators and the associated commutative spectral triples. In case of
dimension four and totally anti-symmetric torsion we compute the Chamseddine—Connes spectral action,
deduce the equations of motions and discuss critical points.
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1. Introduction

Einstein’s field equations can be deduced as equations of motion of the Einstein—Hilbert func-
tional. In the classical context one considers (Lorentzian or Riemannian) manifolds equipped
only with the Levi-Civita connection.

In the 1920s E. Cartan investigated general orthogonal connections i.e. connections which are
compatible with the metric. The difference of such a connection and the Levi-Civita connection
is called torsion. In his seminal articles [6—8] Cartan observed that in general the torsion tensor
splits into three components: the vectorial torsion, the totally anti-symmetric one and the one
of Cartan-type. Taking the scalar curvature of orthogonal connections as the Lagrangian one
attains the Einstein—Cartan—Hilbert functional. Its critical points are exactly Einstein manifolds,
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in particular the torsion of a critical point is zero. (Physics literature refers to this fact as the
Palatini formalism.)

Aiming for a unified theory of gravity and the other forces Chamseddine and Connes intro-
duced the spectral action principle [9]. It states that any reasonable physical action is determined
only by the spectrum of a Dirac operator. Specifically, the Chamseddine—Connes spectral action
comprises the Einstein—Hilbert action and the full bosonic part of the action of the Standard
Model of Particle Physics, if one considers suitable twisted Dirac operators based on Levi-Civita
connections. It even predicts the correct Higgs potential necessary for the electro-weak symme-
try breaking and allows to put constraints on the Higgs mass. Into this framework orthogonal
connections with totally anti-symmetric torsion have been incorporated in [23], and by Iochum,
Levy and Vassilevich in [25] for the purely gravitational action on manifolds with boundary.
Restricting to connections with totally anti-symmetric torsion was geometrically justified by the
fact that the geodesics of such connections coincide with those of the Levi-Civita connection.

Throughout the present article we consider closed manifolds, i.e. compact ones without
boundary. For these we deal with the full class of orthogonal connections. We review Cartan’s
classification and Einstein—Cartan theory in Section 2, and we compute some curvature quanti-
ties in the case of totally anti-symmetric torsion in Section 3. In Section 4 we describe the Dirac
operators constructed from orthogonal connections, and we notice that the vectorial component
of the torsion has to be zero to assure that the Dirac operator is symmetric. This follows from a
result by Friedrich and Sulanke [17]. We show that the Cartan-type component of the torsion has
no effect on the Dirac operator (even pointwise) which provides another good reason to consider
only anti-symmetric torsion.

In this setting many examples for commutative geometries in the sense of Connes’ spectral
triples [12] can be supplied. Given the Reconstruction Theorem [14], we remark that in the
even-dimensional case anti-symmetric torsion is reconstructable from the spectral data. In four
dimensions we calculate the purely gravitational part of the Chamseddine—Connes spectral ac-
tion in some detail. We find that some terms of the action given in [23] actually vanish, thus
confirming the result by [25]. For this action we derive the equations of motion in Theorem 5.7.
One of them is a Proca equation for the torsion 3-form which suggests an interpretation of the
torsion as massive vector boson. The set of critical points of the action, i.e. the solutions of the
equations of motion, contains all Einstein manifolds (with zero torsion). Furthermore, in Lem-
mas 5.10 and 5.13 we exclude critical points which are warped products and carry special choices
of non-zero torsion.

We tried to keep this text elementary and accessible, and we hope that it may also serve as an
introduction for non-experts.

2. Orthogonal connections on Riemannian manifolds
We consider an n-dimensional manifold M equipped with some Riemannian metric g. Let

V¢ denote the Levi-Civita connection on the tangent bundle. For any affine connection V on the
tangent bundle there exists a (2, 1)-tensor field A such that

VxY =V3Y +AX,Y) (D)
for all vector fields X, Y.

In this article we will require all connections V to be orthogonal, i.e. for all vector fields
X, Y, Z one has
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ox(Y,Z)=(VxY, Z)+ (Y, VxZ), 2)

where (-,-) denotes the scalar product given by the Riemannian metric g. For any tangent vec-
tor X one gets from (1) and (2) that the endomorphism A(X, -) is skew-adjoint:

(AX,Y), Z)=—(Y, A(X, 2)). 3)

Next, we want to express some curvature quantities for V in terms of A and curvature
quantities for V&. To that end we fix some point p € M, and we extend any tangent vectors
X,Y,Z,W e T,M to vector fields again denoted by X, Y, Z, W being synchronous in p, which
means

ViX=VyY=VyZ=V;W =0 forany tangent vector V € T, M.
Furthermore, we choose a local orthogonal frame of vector fields E1, ..., E, on a neighbourhood
of p, all being synchronous in p. Then the Lie bracket [X, Y] = Vf(Y — V§X = 0 vanishes in p,
and synchronicity in p implies

VxVyZ=ViViZ+ (VSA)(Y, Z) + A(X, A(Y, 2)).
Hence, in p the Riemann tensor of V reads as
Riem(X, Y)Z = vayz — VyVXZ — V[xyy]z
=Riem® (X, Y)Z + (V§A)(Y, Z) — (V3 A) (X, Z)
+A(X,A(Y, 2)) — A(Y, A(X, Z)) 4)

where Riem$ denotes the Riemann tensor of V&. We note that Riem(X, Y)Z is anti-symmetric
in X and Y. And by differentiation of (3) we get that (Vﬁi A)(Ej, ) and (sz A)(E;, -) are skew-
adjoint, and therefore we have

(Riem(E;, E;)Ex, Ej) = —(Riem(E;, E ) Ey, Ex). (3)
In general, Riem does not satisfy the Bianchi identity. The Ricci curvature of V is defined as
ric(X,Y) = tr(V > Riem(V, X)Y),

by (4) this can be expressed as

ric(X,Y) = Z(Riem(Ei, X)Y, E;)

i=1

=ricf (X, V) + Y _((V§ A)(X.Y). Ei) — (VR A)(E:. Y), E;))

i=1

+ Z(—(A(X, Y), A(Ei, E)) +(A(E;, Y), A(X, E)))) (6)
i=1
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where ric® is the Ricci curvature of V&. We have used that A(E;,-) and A(X, ) are skew-
adjoint.

One obtains the scalar curvature R of V by taking yet another trace, in p it is given as R =
Z?:l ric(E;, E ). For the following calculation we use that (V{‘; A)(X, -) is skew-adjoint for any
tangent vectors V, X, and we get:

R= B 3 (V5 ANES. Ep. B+ [Es. (75, A) B E)
i,j=1

+ Z (A(Ej, Ej), A(Ei, Ep))+ (A(Ei, Ej), A(E}, E})))
i,j=1

—Rg+2z (V§ A)(E;. E)). E;)
i,j=1

ZA(E,,E>

+ > (AEL E)), A(E;, Ep) (7
i,j=1

where R$ denotes the scalar curvature of V&,

The classification of orthogonal connections with torsions traces back to [8, Chapter VIII].
Here we adopt the notations of [32, Chapter 3] (see also [1]). From (3) we know that the torsion
tensor A(X, -) is skew-adjoint on the tangent space T), M. Any torsion tensor A induces a (3, 0)-
tensor by setting

Axyz =(A(X,Y),Z) foranyX,Y,ZeT,M.

We define the space of all possible torsion tensors on T, M by

3
T(T,M) = [A e TiM| Axyz=—Axzy ¥X.Y. Z € TPM}.

This vector space carries a scalar product

n

(A, A Z AEEEkAEE i 3
i,j,k=1

and the orthogonal group O (T, M) acts on 7 (T, M) via (¢ A)xyz = Aa—l(X)a—l(Y)a—l(Z).
For A e T(T,M) and Z € T, M one denotes the trace over the first two entries by

c12(A)(Z2) = ZAEiEiZ &)

i=1

The space of quadratic invariants on 7 (T, M) with respect to the O(T,M)-representation is
spanned by the three quadratic forms
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IAI* = (4, A), (10)
n
(A, A)= Y ApE B AL EE. (1)
i,j.k=1
) n
e "= Y AneeArEE. (12)
i,jk=1

Here A denotes the (3,0)-tensor obtained from A by interchanging the first two slots,
i.e. Axyz = Ayxz, for all tangent vectors X, Y, Z.

Theorem 2.1. For dim(M) > 3 one has the following decomposition of T (T, M) into irreducible
O(T, M)-subrepresentations:

T(T,M) = Ti(TyM) ® To(T, M) ® T5(Tp M).
This decomposition is orthogonal with respect to (-,-), and it is given by

TI(TyM)={AeT(T,M) |3V 5.t. VX, Y, Z: Axyz = (X, Y)(V,Z) — (X, Z)(V,Y)},
T(TyM)={AeT(T,M) ‘ VX,Y,Z: Axyz = —Ayxz},
T(TyM)={AeT(T,M) ‘ VX.,Y,Z: Axyz + Ayzx + Azxy =0and c12(A)(Z) =0}.

For dim(M) =2 the O (T, M)-representation
T(T,M) =T\ (T,M)
is irreducible. 0O

The above theorem is just Theorem 3.1 from [32]. The connections whose torsion tensor is
contained in 71 (T, M) = T, M are called vectorial. Those whose torsion tensor is in 7> (T, M) =
/\3 T;‘M are called totally anti-symmetric, and those with torsion tensor in 73(T, M) are called
of Cartan-type.

We note that any Cartan-type torsion tensor A € 73(T,, M) is trace-free in any pair of entries,
i.e. for any Z one has

n n n
ZAEiEiZZOa ZAEiZEi =0, ZAZEiEi =0.
i=1 i=1 i=1

The second equality holds as A € 7 (T, M), and the third one follows from the cyclic identity
Axyz +Ayzx +Azxy =0.

Remark 2.2. The invariant quadratic form given in (12) has the null space 7>(T, M) & T3(T, M).
More precisely, one has A € (T, M) @ T3(T, M) if and only if ¢12(A)(Z) =0 for any Z €
M. O
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Remark 2.3. The decomposition given in Theorem 2.1 is orthogonal with respect to the bilinear
form given in (11), i.e. for o, B € {1,2,3}, a # B, and Ay € To(TyM), Ag € Tg(T, M) one gets
(Aq,Ag)=0. DO

Varying the base point p € M, the decomposition in Theorem 2.1 is parallel with respect to
the Levi-Civita connection V& (induced on (3, 0)-tensor fields). And from Theorem 2.1 one gets
immediately:

Corollary 2.4. For any orthogonal connection V on some Riemannian manifold of dimension
n 2 3 there exist a vector field V, a 3-form T and a (3, 0)-tensor field S with S, € T3(T, M) for
any p € M such that VxY = Vf(Y + A(X,Y) takes the form

AX,Y)=(X,Y)V — (V. V)X + T(X,Y, )"+ 5(X,Y, )",
where T (X, 7, -)Ij and S(X,Y, -)Ij are the unique vectors with
T(X.Y,Z)=(T(X,Y,)",Z) and S(X.Y,Z)=(S(X,Y,)".Z) forallZ. (13)
For any orthogonal connection these V, T, S are unique. 0O

Lemma 2.5. The scalar curvature of an orthogonal connection is given by
. 1
R=RE+200 = Ddiv" (V) = (1 = D =)IVI* = ITI* + SIS

with V, T, S as in Corollary 2.4, and divVé (V) is the divergence of the vector field V taken with
respect to the Levi-Civita connection.

Proof. With the notations from (9)—(12) we rewrite (7) as

R=RS+2 cin(VE A)ED) — e + (A, A). (14)

i=1

By Remark 2.2 only the vectorial part of the torsion contributes to the cj>-terms, and therefore
one gets

chz(vgiA)(E,») = Z ((Ej, Ep(VE V. Ei) = (VE V., E;(Ei, Ej))
i=l1 i,j=1

=n—1divV V), (15)
2

ZCIZ(A)(Ej)Ej

j=1

lenn)|? =

n 2

> ((Ei. E)V.E;)E; — (V. E;)(E;, E;)E})
i,j=1
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2

n

> (V= (V. E)E:)

i=1

= -nv]*. (16)

In order to compute the last term in (14) we decompose A = A| + Ay + A3 with Ay € 7o (T, M).
From Remark 2.3 we get

3
(A, A) =) (Aq, Aq).

a=1
For the vectorial part we get

n
(AL AD = Y (8i(V, Ex) = 8l V, Ej)) - (85:(V, Ex) = 8j{V, E))
i,j.k=1
n
Z (8:j(V, Ex)* — 88V, E)N(V, E;) — 8ik8,i(V, E;){(V, Ex)
i,j.k=1

+ 8ix8jx (V. Ej)(V, Ei))
=mn-D|V|> 17)

For the totally anti-symmetric part we get

n n
(A2, A2) = Z TeE;ETEjE B, = — Z Teg,e.TE g5, =— T (18)
i) k=1 i) k=1

Finally, for the Cartan-type part we get

n
(As, ;\\3> = Z SEiEjEkSEjEiEk

i\ k=1
n
=-— Z (SEE;E,SEExE; + SE.E;E SELEE;) (19)
i, k=1
n n
= Z SEEESEEjE, — Z SE EE;SELEE; (20)
i\ j k=1 i, jk=1
L2
= —||S]°, 21
2|| l 2n

where (19) is due to the cyclic identity for S, (20) follows from the anti-symmetry in the last
two entries, and Z?,j,k:l SE EcE; SE.EE; = (A3, Az) implies (21). Plugging (15)—(21) into (14)
finishes the proof. O
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Corollary 2.6. Let M be a closed manifold of dimension n > 3 with Riemannian metric g and
orthogonal connection V. Let dvol denote the Riemannian volume measure taken with respect
to g. Then the Einstein—Cartan—Hilbert functional is

1
/Rdvol:/Rgdvol—(n— 1)(n—2)/||V||2dvol—/||T||2dvol+§/||S||2dvol.
M M M

M M

Considering variations over all Riemannian metrics, for which the volume vol, (M) stays
fixed, and all orthogonal connections (i.e. over all torsion tensors), we get that (M, g, V) is
a critical point of the Einstein—Cartan—Hilbert functional if and only if (M, g) is an Einstein
manifold and V = V$ is the Levi-Civita connection (i.e. V=0, T =0 and S =0).

For an in depth treatment of the physical consequences of Einstein—Cartan—Hilbert theory in
Lorentzian geometry we refer to the classical review [24] and the more recent overview [30] and
references therein.

3. Curvature calculations in case of totally anti-symmetric torsion in four dimensions

Let us collect now some equalities involving curvature tensors and the totally anti-symmetric
torsion. To keep the main part of this paper as readable as possible the proofs of the following
theorems and lemmata have been allocated to Appendix A.

We consider a 4-dimensional manifold M equipped with a Riemannian metric g. Let V&
denote the Levi-Civita connection on the tangent bundle. We fix some 3-form 7 on M and some
s € R, and we are studying the connection V which is given by

VxY =V5Y +5T(X,Y,)* (22)

for any vector fields X and Y on M and 7' (X, Y, )% is defined as in (13). Hence V is an orthonor-
mal connection with totally anti-symmetric torsion.

3.1. Pointwise equalities

In the following we want to express some curvature quantities for V in terms of 7 and curva-
ture quantities for V8. For the Riemann curvature and the scalar curvature we will calculate the
norms explicitly in terms of 7', the Levi-Civita connection and its curvatures. The norm of the
Ricci curvature is given in Appendix A.

As in Section 2 we fix some point p € M, and we extend any tangent vectors X, Y, Z, W €
T, M to vector fields again denoted by X, Y, Z, W being synchronous in p. Hence we obtain
from (4) the Riemann curvature of V

(Riem(X,Y)Z, W)= (Riem* (X, Y)Z, W) +s((V5T) (Y, Z, W) — (V5 T)(X, Z, W))
+s3(T(X. T(Y, Z, )", W) = T(Y, T(X, Z,)*, W))
= (Riem* (X, Y)Z, W)+ s((VXT) (Y, Z, W) — (V3 T)(X, Z, W))
+52(T(X, Z, )5, T(Y, W, ) = (T(Y, Z, )", T(X, W,)%)). (23)
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We used the identity T(X,T(Y,Z,)', W) = —(T(X,W,-)? T(Y,Z;-)"), which follows
from (13).

From (6) we conclude that the Ricci curvature of V for any orthonormal, synchronous frame
Eq, ..., E, defined on some neighbourhood of p is

ric(X,Y) =ric(X,Y) + s Z(vgi T)(X,Y, E;) — s* Z(T(Ei, X, )N T(ELY,)F).  (24)

i=1 i=1

This formula shows that in general the Ricci curvature is not symmetric in X and Y.
From Lemma 2.5 we get for the scalar curvature R of V that

R = RS — s2||T|>. (25)
Next, we are aiming at finding an expression for the norm of the Riemann tensor. As the vector

fields X, Y, Z, W are synchronous in p we get for the differential d7T and the codifferential 67
of the 3-form 7':

dT (X, Y, Z, W)= (V§T)(Y,Z, W) — (V5T )(X, Z, W)
+(V5T)(X, Y, W) — (V§,T)(X. Y, Z), (26)
3T (X, Y):—Xn:(vg[T)(X, Y, E)). (27)
i=1
We define the (4, 0)-tensors riem and riemé by
riem® (X, Y, Z, W) = (Riem®) (X, Y)Z, W). (28)
We decompose the Riemann tensor into its symmetric and anti-symmetric component

riem(X,Y,Z, W)= riemS(X, Y, Z, W) —I—riemA(X, Y,Z,W). 29)

The symmetric part of riem is
1
riemS(X, Y, Z, W)= E(riem(X, Y,Z,W)+riem(Z, W, X, Y))
and the anti-symmetric part of riem is then given by

1
riem* (X, Y, Z, W) = E(riem(X, Y,Z, W) —riem(Z, W, X, Y)).

Since riem’ and riem?

defined in (57), we find

are orthogonal with respect to the scalar product of (4, 0)-tensors, as

N

IRiem || = [riem |12 = | riem®||* + | riem® (30)

We also decompose the Ricci curvature into its symmetric and its anti-symmetric components
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ric(X, Y) =ric3(X, Y) +rict (X, Y),
1
with ric’(X, Y) = E(ric(X, Y) +ric(Y, X)) and

A L. .
ric (X,Y):E(rlc(X, Y)—rlc(Y,X)). 31D

Now we give an explicit formula for ||riem |% in the case of M being 4-dimensional.

Theorem 3.1. Let M be a 4-dimensional manifold with Riemannian metric g and connection V
as given in (22). Then the norm of the Riemann tensor of V is given by

|Riem ||* = | riem® |\2 + %s4||T||4 + %s2||dT||2 - ésZRgnTn2
+45”B(T) + |riem” | (32)

with
. 1
B(T)=) _rict (i, E)(T(Ei. Ej. )%, T(Ej. Ex. )+ g REITI.
i,j,k
Proof. See Appendix A. O
A ”2

We notice that the term B(7") couples the torsion to the Ricci curvature, and the term ||riem
is being computed in Lemma A.3.

3.2. Integral formulas

In this section (M, g) will be a closed, 4-dimensional Riemannian manifold. We will exploit
the topological invariance of the Euler characteristic to deduce integral formulas for 3-forms
defined on M.

Definition 3.2. Let V be an orthogonal connection on M and let Riem;;(X,Y) :=
(Riem(E;, E;)X, Y) be its curvature 2-form defined by Eq. (4). Define the 4-form

4
1 . .
ZW Z €;jki Riem;; ARiemy,

i,j.k, =1

where €;j; is the totally anti-symmetric tensor with normalisation €234 = +1.

One obtains the classical result for the interplay between the topological invariant Euler char-
acteristic y (M) and the curvature 2-form of V:
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Theorem 3.3. The Euler characteristic of M is

x(M)=/K.
M

Proof. For a proof of this theorem we refer to [26, Vol. II, Chapter XII, Theorem 5.1]. O

In four dimensions the Euler characteristic can be expressed in a particularly convenient form
in terms of squares of the Riemann, Ricci and scalar curvature of V.

Theorem 3.4. Let V be an orthogonal connection on M and let riem = riem® +riem?, ric =

ricS +ricA and R be the Riemann curvature, the Ricci curvature and the scalar curvature of V
decomposed into their symmetric and anti-symmetric parts according to (29) and (31). Then the
Euler characteristic x (M) is

x(M) = ng /(R2 — 4Hrics H2 +4HricA ”2 + ”riems H2 - ”riemA “2) dvol.

M

Proof. See Appendix A. O

The classical result for the Euler characteristic in terms of the curvatures of the Levi-Civita
connection is due to Berger [3], and it follows immediately from the above theorem:

Corollary 3.5. Let M be a 4-dimensional manifold with Riemannian metric g and Levi-Civita
connection V8. Then the Euler characteristic x (M) is given by

1 2 o112 . 2
- g g g
x(M) = 52 /((R ) 4||r1c || + ”rlem “ )dvol.
M

N N

Proof. For V8 we have riem® = riem$, ricS = ric® and hence riem? =0 and ric? =0. O

The fact that the Euler characteristic does not depend on the connection allows us to deduce a
useful integral formula for 3-forms on closed Riemannian 4-manifolds.

Lemma 3.6. Let M be a closed 4-dimensional manifold with Riemannian metric g and T any
3-form on M. Let R8 denote the scalar curvature of the Levi-Civita connection V8. Then

1 1 1
JatoriPavor= [ (gRgnTn2 — TP +4B(T) +  riem” ||2) dvol  (33)
S
M M

with B(T) as defined in Theorem 3.1 and riem? is the anti-symmetric component of the Riemann
curvature of V with sT as torsion 3-form.

Proof. See Appendix A. O
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4. Dirac operators associated to orthogonal connections

In this section we consider an n-dimensional oriented Riemannian manifold (M, g) equipped
with some spin structure. Let V be an orthogonal connection given as in (1)—(3). Then the con-
nection V acting on vector fields induces a connection acting on spinor fields. Next, we will
briefly discuss the construction of this connection (compare [1, p. 17f], or see [27, Chapter I1.4]
for more details). Again, we write VxY = V;’;Y + A(X,Y) with the Levi-Civita connection V&,
For any X € T,M the endomorphism A(X, ) is skew-adjoint and hence it is an element of

s0(TyM) = /\2 T, M, we can express it as
A(X, ~)=Z(xijE,-/\Ej. (34)
i<j
Here E; A E; is meant as the endomorphism of T, M defined by E; A E;j(Z) =(E;, Z)E; —
(Ej, Z)E;. For any X € T, M one determines the coefficients in (34) by
aij =(AX, E)), Ej) = AxE,E;- (35)

Each E; A Ej lifts to %E,- - E; in spin(n), and the spinor connection induced by V is locally
given by

1 1
VXIﬁ=V§¢+EZaijEi -Ej ~¢=V§Iﬁ+§ZAXE,-EjEi “Ej . (36)

i<j i<j
Remark 4.1. The connection given by (36) is compatible with the metric on spinors and with

Clifford multiplication (see e.g. [1, Lemma 2.1]).

Remark 4.2. For totally anti-symmetric torsion, given by a 3-form 7 as in Corollary 2.4, one
can rewrite (36) as

1
Vx¥ =Viy + S(XT) -9,

where X T is the 2-form defined by X_.T(X, Z) = T(X, Y, Z). We recall that a k-form w €
/\k TpM, givenas w =3, . wiy..i Ei,” A+ A E;°, acts on the spinor space as o - =
Zi.,...,ik Wiy, i Eiy - Eig Y.

Remark 4.3. Not any connection on spinor fields is induced by an orthogonal connection on
tangent vector fields. For example, for the connection Vy iy = Vf( ¥ + X - the endomorphism ¢
of spinors defined by

a()=Vx(Y -¥) =Y - (Vx¥) (37)

is given by multiplication by the Clifford element Vf(Y + X .Y —Y - X, which does not equal
to the Clifford multiplication by any tangent vector. This consideration applies in any dimension
n>=?2.
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Remark 4.4. If we assume that for a spinor connection V for any vector fields X, Y the endo-
morphism « defined in (37) is the Clifford multiplication by a tangent vector Vx y, i.e. a(y) =
Vx.y - ¥ for all spinors 1, then it can be shown that the assignment VxY = Vx y defines an or-
thogonal connection on tangent vector fields such that the spinor connection is compatible with
the Clifford multiplication. In that case, physics literature occasionally refers to (37) as the tetrad
postulate.

The Dirac operator associated to the spinor connection from (36) is defined as

n
Dl//=ZEi Ve
i=1
1 n
=Dg1/f+§ZZAE;EJ-EkEi'Ej “Er-y

i=1 j<k

1 n
zDg’»b‘f‘Z';]AE,-EjEkEi'Ej'Ek'wa (38)
1, ],k=

where D¢ is the Dirac operator induced by the Levi-Civita connection.

The next theorem tells us when the Dirac operator D is formally selfadjoint (i.e. symmetric
on the space of compactly supported smooth spinor fields as domain), it is provided as Satz 2
in [17]:

Theorem 4.5. The Dirac operator D is formally selfadjoint if and only if the divergence of V
coincides with the divergence of V8, i.e. for any vector field Z one has

n n
Y (Vg Z,Ei)=) (V§ Z E) (39)
i=1 i=1
in any point p and for any orthonormal basis Ey, ..., E, of Ty,M. O

Taking the specific form of VxY = Vf(Y + A(X,Y) into account, we see that (39) is equiva-
lent to

n n

ca(A)Z) =) (A(Ei, En), Z)= =) (A(Ei, 2), Ei)=0.

i=1 i=1
Hence, we can conclude from Remark 2.2:
Corollary 4.6. The Dirac operator D associated to an orthogonal connection is formally self-

adjoint if and only if the (3, 0)-torsion tensor A does not have any vectorial component, i.e. one
has

Ap e H(TyM) & T3(TpyM)

in any point pe M. 0O
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The next lemma states that for the Dirac operator the Cartan-type component of the torsion is
invisible:

Lemma 4.7. On a Riemannian spin manifold we consider some vector field V, some 3-form T
and some (3, 0)-tensor field S with S, € T3(T,M) for any p € M. Let V| and V be the ortho-
gonal connections determined by

AX,Y) =X, V)V (V,)X+T(X,Y, ) +SX,Y,)* and
AX,Y)=(X,Y)V— (V. )X+ T(X,Y,)",

respectively (compare Corollary 2.4). Denote the associated Dirac operators by Dy and D;.
Then, for any spinor field Y one has

D1y = Do,

Proof. By (38) the difference of the two Dirac operators is

1 n
Dy =Day=2 > SkgpEiEjEx- v (40)
i,j.k=1

We use the cyclic identity for S, the fact that S is trace-free in any pair of entries and the Clifford

relations E; - Ej = —E; - E; fori # j as well, in order to obtain:
n n n
Z SEE;E Ei-Ej-Ex=— Z SE;E e Ei - Ej - Ex — Z SeEE;Ei - Ej - Ex
i, jk=1 i jk=1 i, j k=1

n n
=— Z SE;ExE; Ej - Ex- Ei — Z SeEE;Ek - Ei - Ej
ijk=1 ijk=1

n
=-2 Y Sk kEiEj-E
i,j.k=1

Therefore we get Z?’j,k:l SEE;E Ei - Ej - Ex =0, and the right hand side of (40) is zero. O
One should note that the above lemma applies pointwise.

Remark 4.8. In the Lorentzian case it is known that torsion of Cartan-type does not contribute to
the Dirac action under the integral [30, Chapter 2.3]. It is also known that the Dirac action is not
real if the torsion has a non-vanishing vectorial component [19, Chapter 11.6]. Therefore only
totally anti-symmetric torsion is considered to couple to fermions reasonably.

The spinor connection in (36) is the connection which is induced by the tangent vector con-
nection V given in (1), hence one expects that their curvatures are related. Let (Eq, ..., E,) be
an arbitrary local orthonormal frame. For 7, j the curvature endomorphism w.r.t. this frame is
defined as
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QijYy =Vg Ve, ¥y — Ve, Vg ¥y — Vg EY.

These curvature endomorphisms for spinors can be naturally determined by the Riemann tensor
for tangent vectors, compare with formula (4.37) in Theorem 4.15 of [27, Chapter II].

Lemma 4.9. For the spinor connection V defined in (36) the curvature endomorphisms in p are
given by

1o,
Qijy = 7 ) _[Riem(E;, Ej)Eq. Ep)Eq - Ep-
a,b

with Riemann tensor as defined in (4). O

Corollary 4.10. Let tr denote the trace over the spinor space over some footpoint p. Then one
has

n

1 .
> (i) = —5 - 21/ |Riem |
ij=I

where Riem is the Riemann tensor of the vector connection V.

Proof. The spinor space has dimension 2I*/2 If a % b and ¢ # d the Clifford relations imply

tt(Eq - Ep - Ec - Eq) = 2" (800840 — 8babac)-

From Lemma 4.9 we derive
> (82 2)
i,j

1
= D) (Riem(E;. Ej)Eq. Ep)Riem(E;, Ej)Ec, Eq)tr(E, - Ep - Ec - Eq)
i,j a#bc#d

1
= 2ln/2 ;;({Riem(ﬂ, E;)Eq, Ep)Riem(E;, E;)Ep, Eq)

— (Riem(E;, Ej)Eq, Ep)(Riem(E;, Ej)Eq, Ep))

1, .
=-3 .pln/2] Z Z((Rlem(E,', Ej)E,, Eb>)2

i,j a#b

1
=-z 2721 |IRiem |12,

where we have used the anti-symmetry of Riem(E;, E;)E,, Ep in the indices a and b, which
holds due to (5). O



1544 F. Pfiiffle, C.A. Stephan / Journal of Functional Analysis 262 (2012) 1529-1565

5. Commutative geometries and the spectral action principle

In this section we want to discuss torsion connections within the framework of Connes’ non-
commutative geometry (see [11]). Let M be a closed Riemannian manifold of dimension n with
some fixed spin structure. We denote the algebra of smooth functions by A = C*°(M), and we
denote the Hilbert space of square integrable spinor fields by /. The Dirac operator D¢ associ-
ated to the Levi-Civita connection is a selfadjoint operator in . The triple (A, H, D8) forms a
canonical spectral triple, and it satisfies all axioms for commutative geometry (see [12], or [21]
for more details).

Now, let V be an orthogonal connection on the tangent bundle of M, and let D denote the
associated Dirac operator. By Corollary 4.6 we know that D is symmetric if and only if the vec-
torial component of the torsion of V is zero. In that case D is the sum of a selfadjoint operator and
a bounded symmetric one, and thus selfadjoint. We notice that D has the same principal symbol
and the same Weyl asymptotics as D&. Furthermore, we note that any natural algebraic structure
on the spinor space such as a real structure or the Clifford multiplication with the volume element
is parallel with respect to any spinor connection which is induced by an orthogonal connection
on the tangent bundle. Therefore D commutes or anti-commutes with such a structure exactly if
D¢ does. Following the details of the proof of [21, Theorem 11.1] we see that these observations
suffice to verify all axioms for commutative geometry and we conclude:

Lemma 5.1. If the vectorial component of the torsion of V is zero, the spectral triple (A, H, D)
satisfies the axioms for commutative geometry. [

Connes’ Reconstruction Theorem (conjectured in [12], proved in [14]) states that, given a
commutative geometry (A, H, D), one can construct a differentiable spin manifold such that
A coincides with the smooth functions on it. Then, from the data (A, H, D) one also gets a
Riemannian metric and one obtains that H is isomorphic to the square integrable spinor fields
(for some spin structure) (see [13, Théoréeme 6]), and the natural Dirac operator we can always
construct is the one induced by the Levi-Civita connection.

In the above situation of Lemma 5.1, one can algebraically recover the totally anti-symmetric
torsion component from the spectral triple (A, H, D) if the underlying manifold M has even
dimension. This can be done by considering the endomorphism of spinors given as difference
of D and the Levi-Civita Dirac operator D¢, see (38). In even dimensions the complex Clifford
algebra and the space of endomorphisms of the spinor space are identical (see [16, Proposition
on p. 13]), and hence the endomorphism D — D& can be uniquely determined as a 3-form. In
odd dimensions this argument does not apply, as one easily sees by noticing that e.g. in the
3-dimensional case the volume form acts as multiple of the identity on the spinor space.

By Lemma 4.7 the Cartan-type component of the torsion is invisible for the Dirac operator D,
and therefore it cannot be recovered from (A, H, D). This can be interpreted as some sort of
gauge freedom, which is schematically illustrated in Fig. 1.

Remark 5.2. For some even-dimensional compact Riemannian manifold M with a given spin
structure we fix A = C°°(M) and H the space of square integrable spinor fields. The above
considerations show that one has a family of Dirac operators parametrized by the 3-forms 7 €
£23(M) such that the associated spectral triples are pairwise distinct commutative geometries.
Notice that all these Dirac operators are in the same K-homology class since they all have the
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S

\4

Fig. 1. Cartan-type component S of torsion is invisible for Dirac operator (gauge freedom).

same principal symbol. We leave it open how big the class of first order operators D in H is for
which (A, H, D) forms a commutative geometry.

Remark 5.3. For spectral triples of odd K O-dimension it has recently been shown in [31, Propo-
sition 1.2] that one can modify the Dirac operator by adding a term induced by a selfadjoint
element of the algebra A and still finds the axioms of spectral triples satisfied. In the case of
A= C(M) and K O-dimensions 3 or 7 modulo 8, i.e. M is of dimension 3 or 7 modulo 8, this
modification is realised by adding a real-valued function @ € A to the Dirac operator, see [31,
Remark 1.3].

In the following we will only consider orthogonal connections V with zero vectorial com-
ponent to ensure selfadjointness of the induced Dirac operator D. For the computation of the
Chamseddine—Connes spectral action (see [9]) we need the Seeley—deWitt coefficients aoy (D?)
of the heat trace asymptotics [18]

Tr(e_’Dz) ~ Ztk_"/zaZk(Dz) ast — 0.
k>0

Proposition 5.4. The first two Seeley—deWitt coefficients are

1

2\ _ [n/2]
ao(D ) = —(4n)”/22n /dvol,
M

1 3 1
D? =—2W2'f ZITI? = —R? ) dvol.
M

Proof. By Lemma 4.7 we can assume without loss of generality that the Cartan-type component
of the torsion vanishes. The orthogonal connection V is given by VxY = V‘;Y +T(X,Y, )%
Adapting [2, Theorem 6.2] into our notation we get the Bochner formula

3 1 3
D?>=A+=dT + -R% — = ||T|? 41
+2 +4 4II [ (41)

where A is the Laplacian associated to the spin connection
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~ 3

Vxy = V¥ + (X1 -9, (42)
which is induced (as in Remark 4.2) by the orthogonal connection

VxY =V§Y +3T(X, Y, )" (43)

We notice that the trace of dT taken over the spinor space is zero due to Clifford relations. Insert-
ing this into the general formulas for the Seeley—deWitt coefficients (see [18, Theorem 4.1.6])
the claim follows. O

If we consider the spectral action given by the a(D?) and variations with respect to the
torsion 3-form 7 we find that 7 = 0 is the only possibility for critical points. Therefore this
spectral action detects the Dirac operator induced by the Levi-Civita connection within the class
of Dirac operators induced by orthogonal connections without vectorial torsion. We note that this
holds in any dimension. This is in complete accordance with [15, Section 18.2].

The computation of as(D?) is more involved, we will give it only for 4-dimensional mani-
folds. In [25] it has been noted that some terms given in [23] vanish. Similar results have been
found before (compare [20,28,22]). The calculation given below is elementary, it takes place
essentially in the tangent bundle and should therefore be easily accessible.

Proposition 5.5. If M is 4-dimensional, the third Seeley—deWitt coefficient is

11 1
ay(D?) = o x (M) —

3
||C|I% dvol — (18T |% dvol, (44)

32072 3272
M M

where C is the Weyl curvature of M (computed from the Levi-Civita connection).

Proof. We read (41) as D> = A — E with potential E = —3dT — {R¢ + 3||T||>. From [18,
Theorem 4.1.6, c)] we get

1
2\ _ 2 O,
as(D )—W/<tr(60RgE+l8OE +30 E,-,- 91,9,,>
M ’

+ 20(Rg)2 — SHricg ||2 + 8||Riemg ||2> dvol,

where we have omitted the terms that integrate to zero over the closed manifold M (Laplacians
of functions). The term £2;; is the curvature endomorphism for the spinor connection V. The
traces over the spinor space are

tr(E) = —R% + 3| T%,
1 2 3 9 9
tr(E?) = —(R®)" = ZRE|TI? + T I* + = 4TI,
r(E%) = Z(R*)" = SREITI?+ ZUTI* + 7 14T |
where we note that tr(w?) = é||a)||2 for any w € /\4. For the orthogonal connection V on the

tangent bundle we denote the Riemannian curvature by Riem and apply Corollary 4.10. Then we
get
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) 11
a4(D°) = ¢ 5360
M

(5(1?5’)2 — 8|[Ric# ||* + 8||Riem? | * — 15]|Riem ||

135
—90RS||T|1> + 405 T|I* + - ||dT||2> dvol

1 1

—_— 2 . 2 . 2
= 167‘[2%/(5(135)) —8||Rlcg|| —7||Rlemg|| )dVOl

M

—@gf(zegum —Z||dT|| +12B(T)+§||rlem [ >dvol

M

by means of Proposition 3.1. With Lemma 3.5 we identify the first integral as the Euler charac-
teristic plus the square of the Weyl curvature. Lemma 3.6 shows that the second integral equals

1 , 3 5 Lo a2 I3 2
@gf(RgnTn —Z||dT|| +12B(T)+§||r1em I )dvol:mE/HSTH dvol.
M M

This finishes the proof. 0O

Next, we want to consider the Chamseddine—Connes spectral action (see [9]) for the Dirac
operator D. For A > 0 it is defined as

D2

where Tr denotes the operator trace over H as before, and F : RT — R is a cut-off function with
support in the interval [0, +1] which is constant near the origin. Using the heat trace asymptotics
one gets an asymptotic expression for Icc as A — oo (see [10] for details):

2
Iec = TrF(%) = A*Faag(D%) + A*Faax(D?) + AFoas(D?) + O(A™%)  (45)

with the first three moments of the cut-off function which are given by Fy = fooos - F(s)ds,
= fooo F(s)ds and Fy = F(0). Note that these moments are independent of the geometry of
the manifold.

Now we want to deduce the equation of motion for /cc. In analogy to the Riemannian
Einstein—Hilbert case we consider variations with respect to the metric and the torsion 3-form
while keeping the volume fixed. Then ap(D?) and x (M) are constant and their variation van-
ishes. In order to avoid further complications we neglect the contributions of the O(A™°)-term.
Therefore we will consider the following action functional

chz—a/Rgdvol—ﬂ/ ||C||2dvol+y1f||T||2dvol—y2/ 18T ||% dvol, (46)
M M M M

where «, 8, y1, y2 > 0.
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Before we proceed let us briefly recall the standard scalar product on k-forms induced by a
Riemannian metric g (compare e.g. with [5]). Let Eq, ..., E, be an orthonormal basis of some
tangent space T, M. Then the scalar product on /\k T;M is uniquely determined by the re-
quirement that El*l A A El*k i1 < --- < Ik, form an orthonormal basis. In local coordinates

1

(x',...,x™) it can be written as follows: for w, n € /\k TI;"M with

w= E O iy XA Adxk, n= E Niyeiy X'V A <o Adx'k,
iy <--<ig <<k

where the coefficients w;,...;; , 1i,...;, are anti-symmetric in the indices i1 - - - ix, the scalar product
is then given as

(@.mhg=— Y g g ey . (47)

Referring to the norm of 2-forms and 3-forms as used above we note that (S, S), = %HS 12,
(T, T)g= é||T||2 for S € /\2 TyMand T € /\3 T;M, compare (58). With respect to this scalar
product the Hodge x-operator is an isometry, and on a 4-manifold the L?-adjoint of d is § =
— % d* independently of the degree k of the form. For 3-forms § is given as in (27).

Let g be a Riemannian metric on M. For any k-form n on M we define a symmetric (2, 0)-
tensor g" for k > 2 by

§N(X,Y)=(Xm, Yon),
and for k =1 by

"X, Y)=X1n-Yup=n(X)n(Y) forany tangent vectors X, Y.

For (2, 0)-tensors a and & the natural scalar product defined in (57) reads as

(a.h) =Y aijg" g hs. (48)
i
in local coordinates, as above.

Lemma 5.6. Let (g(¢)); be a smooth family of Riemannian metrics on M with g(0) = g and
8(0)=h, and let k > 1. Then for any k-form n on M we get

d

T t:0<n, Mo = —(g". h).

Proof. In coordinates we write n = Zil <y Mig i dxt A -+ Adx* with 1i,...i; anti-symmetric

in the indices. We recall that % li=08" (1) = =3, 8" hysg’* and use (47) to obtain
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where we have used the total anti-symmetry of 7;,...;, in the indices for the second equality.
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Theorem 5.7. Any critical point (M, g, T) of INCC satisfies

0=3T —yr ddT,

1 1
0=aG® —BBS +y (—6g*T + §||T||2g> - V2<—2gd*T + EnaTuzg)

)h

1549

O

(49)

(50)

where G8 =ric® —%Rg g is the Einstein tensor of the metric g and B8 denotes its Bach tensor
(for a definition see [4, (4.77)]).

Proof. Let (M, g, T) be a critical point. We consider an arbitrary variation 7 (¢) of 3-forms with

T0) =

T and T'(0) = 7. Then we have

0=—
dt t=0

[l = rlsr o)) avr
M

f (6n{T ), T(1), = 212(8T (1), 8T (1)),) dvol

Cdt|,_,
M

= /(3)/1T — ¥2ddT,41) ¢ dvol
M

since d is the adjoint of §. As t can be chosen arbitrarily we have established (49).
Now we fix T and consider an arbitrary variation g(#) of Riemannian metrics with g(0) =
and g(0) = h. In the following we label any object which depends on g(¢). First we note that
% [r=0 dvolg(;) = (g, h) dvolg and by help of Lemma 5.6 we compute

2
_t / ”T”g(t) dVOlg([)
t=0
M

_d
T dt

/ 6<T, T>g(;) dVOlg(t)
t=0M
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d
=7 / 6(kg) T, *g(t)T')g(r) AVOlg(t)
z=0M
*oT d
= (—2g 80+ (g T, %gT)gg, h) + 4, T, — kg T) dvol,
dt t=0 g
*oT 1 2 d
= —6g7¢" + =|T|"g, h)+12{*,T, — CGkginT) dvol, . (28
2 dt|,_ <
M

Now we calculate

d
a7 / 2(8en T, 84ty T ) g(r) AvOlg(r)
t =0

d
/ I8¢y T 113 dVOlgry = o
t=0
M

/ 2d xg(y T, d #g(1) T) g (1) dvolg ()

t=0

- / (<—2gd*ﬂ +(d g T,d g T)gg, h)

M
d
+M8gd g T, — kg T) dvol,
dt|,—g ¢
dx,T 1
= —2g77¢" + §||5gT||g,h
M
14} d
+ 12—(*,T, — (*g(,)T) dVOlg (52)
V2 dt =0 g

where we have inserted 3y *¢ T = y28,d %, T which we obtained from (49).
Finally [4, Proposition 4.17] and [4, (4.77)] tell us that

d

dt

/ (—aRS® — g|Ccs® |}§m) dvoly( = / («G® — BB, h)dvol,. (53)
t=0
M M

Combining (51), (52) and (53) gives the assertion (50). O

Remark 5.8. a) Eq. (49) is a Proca equation for a 3-form. This suggests a physical interpretation
of torsion as a massive vector boson. This feature has been observed earlier in the Lorentzian
context, see [29], and appears to be natural for dynamical Lagrangians of the torsion.

b) Equivalently, the Proca equation (49) can be expressed as AT = 3]% T under the condition
that dT =0.

Remark 5.9. Ricci flat manifolds (M, g) with T = 0 are critical points of TCC. This follows from
the fact that Ricci flat manifolds have vanishing Bach tensors (see [4, Proposition 4.78]).



F. Pfiffle, C.A. Stephan / Journal of Functional Analysis 262 (2012) 1529-1565 1551

Finding solutions for the equations of motions (49) and (50) with T # 0 is a challenge. The
following lemmas show that classes of warped products with special choices of 7' can be ex-
cluded.

Lemma 5.10. Let (N, h) be a compact oriented 3-dimensional Riemannian manifold with con-
stant curvature, and let f : S — (0, 00) be some smooth function on the circle S' =R /7. Con-
sider M = S' x N equipped with the warped product metric g = dt*> ® f(t)*h. Let T : M — R
be a smooth function and set the 3-form T = t - w* dvoly ) where dvol(y py is the Rieman-
nian volume form of (N, h) and 7 : S' x N — N is the canonical projection, and let this triple
(M, g, T) solve the equations of motions (49) and (50). Then the torsion is zero: T = 0.

Proof. As (N, h) islocally conformally flat, so is the warped product (M, g). Therefore the Bach
tensor of (M, g) vanishes, B8 = 0. In order to get the Einstein tensor G¢ we need to calculate
the curvatures of M. By X, Y, Z we denote vectors tangent to the leaves {¢t} x N, = is the unit
normal vector field. For the Levi-Civita connection we obtain

’8t

. d
Vi, =5 X Vig =0 VRY=Vi¥ - fOfOrX Vo,

where X, Y are also considered as tangent vectors fields of (N, ) and V" is the corresponding
Levi-Civita connection. The Riemann tensor of V& is given by

f@

Riem? (X, Y)Z = Riem" (X, Y)Z + <f()

) {¢(X,2)Y — g(Y, )X},

Riemg(X Ei)Y—&g(X )a,

f@® at
Riem?$ (X 3) 3 = —MX
at J ot f@)

From that we get the Ricci curvature and the scalar curvature

ricg:< ;E?)m ® (ric" —(F() £ (1) +2(F))h),

RS =

1 " )
R —6f(1)f(1) —6(f(1))7).
f(t)2( fofo—6(f®))
As (N, h) is assumed to have constant curvature there is a k € R such that ric" = 2«xh and
R" = 6x. Hence the Einstein tensor of (M, g) is

Gt =~ ((FO) =) dr ® F O£+ (FO) =)k (54)

il
]’32"

orthonormal basis of T, N with respect to /. For the volume distortion «/— , given by VA (x) =

Jdet(h;j(x)), we get in p:

Next, we consider normal coordinates (x!, x%, x3) of N about p such that - 3 form an
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3

_ K e _Lpne 1
Vh=1, Bx’[ 0, Z(a 1)2«/— TR () =3

Now we take the product chart (¢, x1, %2, x3) of M. In these coordinates the torsion 3-form 7'
reads as r(t, xlx2, xR, x2, x3) dx! Adx? Adx3. From (49) we get dT = 0 which implies
that 2% d - =0.

As dx1 dx?, dx? is an orthonormal basis of T,’,“N w.r.t. h, we get that dt, fdxl, fdxz, fdx3
form an orthonormal basis of T(‘; )M w.r.t. g. Hence, we get

612
ITN;=6(T.T)= 5 (55)
In (¢, p) we get T = t(x!, x2, x3) f(t)3 dt and thus
«T e 2
g = 708 dt”. (56)

Furthermore we obtain d *« T = —— Z 1 9T dx' A dt, and therefore
(z) i=1 i

a 0 1
gt T — )= | grads | 2
at’ at F()° 8
o 0
dxT
=0,
8 (8: oxi )
o 0 1 B 0
gd*T —_—, —— =——dt|—)-dt| — ).
axi’ axJ F(@)° ax! dxJ
If we now assume that Eq. (50) holds, we observe that after restricting the occurring (2, 0)-
tensors to TN every ingredient is a multiple of A except g?*T. So (50) can only hold if dt =0

Therefore the function 7 is constant, and d *« T = 0 and so g?*7 = 0. Then we decompose (50)
into its d¢2-component and its A-component:

3a 6y1t2 6y1T?
f(t)z((f 0)° =) = f@0°  2f(0)°
. . 2 6y ‘[2
«2f O f O +(F(10) ~r) =~ ftt)4.

We divide the first equation by 3, the second one by (f(¢))?, and substract the first from the
second. We get:

yit? 1
f()__T W
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Since f > 0 and o > 0 we conclude that f 0 and therefore f increases monotonically. On the
other hand f being a function on S' = R/Z is periodic. Therefore f is constant and hence 7 is
zero. 0O

Remark 5.11. It should be noted that with the ansatz in Lemma 5.10 one can obtain restrictions
on the geometry of (N, h) pointwise from Eq. (49). Namely, in the normal coordinates from
above one finds

d(ST——rZ (a 1)2 §KT.

By (49) we have %K = 3)3’1

> 0, therefore (N, h) is a spherical space form.

Remark 5.12. If we now consider formally the same equations of motions for Lorentzian mani-
folds, and if we admit also non-compact manifolds as solutions, the argument from the proof of
Lemma 5.10 cannot discard the Robertson-Walker ansatz M =R x N with g = —dt* @ f(t)*h
and T = t - " dvol(y ;) because in the above proof the compactness of S !'is essential.

One could argue that in the above examples the torsion 7T is not dynamical. In the last example
we consider a situation where torsion may be dynamical, and we show that the torsion vanishes
by other reasons.

Lemma 5.13. Let (N, h) be the flat torus T3 = R3/Z3, let f: St — (0, 00) be some smooth

function. Consider M = S' x N equipped with the warped product metric g = dt> @& f(t)*h. Let
7:8!1 > (0,00) be a smooth function, and let

T =1(t)(dx" Adx® +dx* Adx® +dx® ndx') Adt.

Assume that the triple (M, g, T) solves the equations of motions (49) and (50). Then the torsion
is zero: T = 0.

Proof. For the T as above we find

(1)

T = dx3+dx'+d

* f()( +dx' + x)
FOT@) —t@) f(0)

dxT =

R dt A (dx” +dx' +dx?).

(fOT@) — f)T())* and

Furthermore we get || T2 =18 - (%)2 and ||8T )% = f5)6

a 0

*T

PR 207
& (ar 8t>

M< 9 9 ) _5 F0it0 -t f0)?
ot’ ot f(@)°
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Now we insert twice % into the (2, 0)-tensors of (50) and use the specific form of the Einstein

tensor (54). This yields

(f(1)? (t(1))? (f(OT@) — ) f(1))?
. 9y, - 51 -
G2 TN Gy T e

=3a

Since «, y1, y2 > 0 each summand is nonnegative, therefore each term vanishes individually, in
particular the second one. From this we conclude t =0. O

Remark 5.14. In the Lorentzian setting actions similar to TCC have already been considered and
some cosmological consequences for possible critical points with non-vanishing torsion have
been discussed (see e.g. [24] or [30] and the references therein).
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Appendix A. Proofs of Proposition 3.1, Theorem 3.4 and Lemma 3.6

We consider a manifold M equipped with a Riemannian metric g. For (k, 0)-tensor fields S,
T on M one has pointwise the natural scalar product

(S, T)= Z S(Ei,....Ey) -T(Ey,...,Ey), (57)

where (E;); is an orthonormal basis of the tangent space. This coincides with the definition given
in (8) for (3, 0)-tensors. If S and T are k-forms there is another natural scalar product, as defined
in (47), given by

(S.T)g= > S(Ei.....Ey) T(Ei.....Ey)

i <--<ig
1

=1 2 SCEi.. Ey) T(Ei... Ei) =1

(S, 7). (58)

Now let V¢ denote the Levi-Civita connection on the tangent bundle. We fix some 3-form T
on M and some s € R, and we are studying the connection V with totally anti-symmetric torsion
as in (22).

As in Section 2 we fix some point p € M, and we extend any tangent vectors X, Y, Z, W €
T, M to vector fields again denoted by X, Y, Z, W being synchronous in p.

We recall the Ricci decomposition for Riem® (compare [4, Chapter 1.G]): Let the trace-free
part of the Ricci curvature be denoted by b(X, Y) =ric¥(X,Y) — %Rg (X, Y). Then, one has
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(Riem® (X, Y)Z, W)= RE((X, W)Y, Z) — (Y, W)(X, Z))

nn—1)
+ n—iz(b(X, WY, Z) —b(Y, W)(X, Z) + (X, W)b(Y, Z)
— (Y, W)b(X, 2)) +(C(X,Y)Z, W), (59)

where the (3, 1)-tensor C is the Weyl tensor of the Riemannian metric g. The Weyl tensor pos-
sesses all the symmetries of the Riemann tensor Riem# (e.g. the Bianchi identity holds), and
in addition the contraction of (C(X, Y)Z, W) taken over any two slots is zero. Furthermore, it
should be noted that this composition into scalar curvature, trace-free Ricci curvature and Weyl
curvature is orthogonal with respect to the usual scalar product in the space of (4, 0)-tensors
(see [4, Theorem 1.114]).

A.1. Proof of Proposition 3.1

Proof of Proposition 3.1. First, consider some Riemannian manifold (M, g) of arbitrary dimen-
sion n with Levi-Civita connection V8. We fix some 3-form 7 on M, and we are studying the
connection V defined as in (22).

The symmetric part of riem is

1
rem3(X,Y, Z, W) = 5(riem(x, Y, Z, W) +riem(Z, W, X, Y))
= riem® (X, Y. Z. W) + %dT(X, Y, Z, W)
+52(TX.Z ) T W, ) = (T (Y. Z, )5 T(X. W, %), (60)

where we have used (23) and (26).
In the following we will abbreviate

. S/A .
Cijit = (C(Ei, EpE E)).  riem [/ =rtiem®/S/(E; E;, By, Ep),
ricl(}g_'/S/A) =ric(g/S/A)(E,-, Ej), bij =b(E;, Ej),
Tij=T(Ei,Ej,)*,  dTiju=dT(E;, Ej, Ex, E})

for all indices i, j, k, [.

We will calculate ||riemS ||2 = Z?,j,k,l:l (riemisjkl)2 by means of (60). Three cross terms ap-
pear, one of them vanishes in the case of arbitrary dimension n: We choose some orthonormal
frame Ey, ..., E,, which is defined on some neighbourhood of p and is synchronous in p. Using
the Bianchi identity we compute

1 n n
_ famS tam® famS L famd .
0= 3 E (rlemijkl—}—rlemjkil—i—rlemkiﬂ) dTiju = E (rlemijkl) dTiju- 61)
i,j.k =1 i,j.k, =1

From now on we restrict to the case of dimension n = 4. We note that dT;j; # 0 is
only possible if i, j,k,I € {1,...,4} are pairwise distinct. In that case one has (T;;, Ty;) =
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Z:‘n:l T(Ei, Ej, En)T(Ey, E, Eyy) =0asanym € ({1,...,4}is equal to one of 7, j, k, . Hence
we get

Z dTijii - ((Tik, Tj1) — (Tjk, Tin))- (62)

i,j,k,l=1

In order to identify the third cross term we impose the Ricci decomposition (59) which now reads
as

. 1 1
Hemfjkl = ERg(Sij(sjk —818ik) + E(bil(sjk —bjidik +8itbjrk — 8jbik) + Ciju
and we get

1
> (riemf,y) ((Tiws Tia) — (Tjx, Tia) = R > (T Tji) + (Tji. Tij))
i,j

ik
1
+ 5( E bi(Tij, Tjr) + ijl<Tji’ Ti)

il il
+ ijk(Tik» Tji) + Zbik(Tjk, Tij))
ik ik

+2Cuk1 Tik, Tjt) — (Tjx, Tir))
i,j,k,

1 2
=~ REITIP +2B(T) + C(T)

where we have set

B(T)_szk ljs ZI‘IC l]9 k __Rgz l]s

i,j.k i,j.k
. 1
= D _ricf(Tij. Tu) + S REITIP, (63)
i,j.k
()= Y Ciju({Tix: Tjt) — (Tjk. Tn)).- (64)
i,j.k,l

It follows that

riem ||* = [riems ||* + 1s2||dr||2 - %szRgnTn2 +4s”B(T) + s°C(T)

4
st Z Tir, Tj1) — (T, Til>)2
o l=

i,j, 1
. 1 1 1
= [[iem¢|* 4+ 27147 = 3 RENTIP +4s”B(T) + 25471

where for the last step we use the following technical Lemmas A.1 and A.2. O
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Table 1
(Ta)ij = Ta(E;, Ej, ) fora € {1,2}.
: T 1 2 3 4 ; I 12 3 4
1 0 —-n1E3 HE 0 1 00 0 0
T1)::: 1£3 1£2 Th)::e
( l)lj ) 1 Es 0 “HE; 0 ( 2)1/ 2 00 —1E4 tyEs
3 —n1Ey HE; 0 0 3 0 nkEy 0 —thEy
4 0 0 0 0 4 0 —nE3 nE 0

Lemma A.1. Let M be a 4-dimensional Riemannian manifold and p € M. Forany T € /\3 T;‘M
we consider C(T) as defined in (64). Then one has C(T) = 0.

Proof. Let E1, E3, E3, E4 be an orthogonal basis of T,M.For T, S € /\3 T;M we define

4
o«(T,8)=2- > Ciju{Tix, Sjr).

ijk =1

The Weyl tensor satisfies C;jx; = Cjix, and hence ¢ is a symmetric bilinear form. For T €
A Ty M we have

(T, T)= Zcz]kl ik, Tji) chlkl ik> Tjr)

i,j,k,l i,j.k,l
= > Cjim((Tix, Tjn) = (Tjx, Tu)) = C(T).
i,j,k,l

Hence, the lemma will be proved if we show that ¢ = 0. We will check this on the basis of
A° TxM consisting of E1" A E2® A E3”, E2” A E3” AE4®, E\’ ANES” NEs", E\” N E2” A ES.
For t1, 1, € R we consider T}, T» € /\3 T;‘M defined by

T :=1 -Elb/\Ezb/\Egb, T = t2-E2b/\E3b/\E4b.

We will verify that c(71, T1) = 0 and c(T1, T2) = 0, this will suffice because the computations
are the same if one inserts any elements of the above basis into c¢. For a € {1, 2} Table 1 gives
(T.)ij :=Ta(E;, E;, -)* explicitly.

Using Table 1 we compute

4 3 3
(T, T)= Y Ciju(Tix. Ti)=Y_ Cijuti(®ijou —8udjr) =—t7 »_ Cijji-  (65)
i,j.k,l=1 i,j.k,l=1 i,j=1

The Weyl tensor is trace-free in any pair of indices. Hence for any i € {1, 2, 3} we get —Cja4; =
23:1 Cijji- Inserting this into (65) and using Cy444 = O we obtain

4
Ty, Th) =1} Zci44i =0
i=1

as the Weyl tensor is trace-free in any pair of indices.
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Table 2
(Ta)ij = Ta(E;, Ej, )" fora € {3, 4).
i B 2 3 4 i T 2 34
o1 0 0 —nREs nE3 1 0 —14E4 0 14Ey
Tij: 0 0 0 0 Twij: t4E; 0 0 —t4E,
3 BEs 0 0 —1E; 3 0 0 00
4 —-nE3 0 KBE; 0 4 —t14Ey 14Eq 00
With Table 1 we obtain
4
(T, T =2 Y Ciul(Tik. (T2) 1)
i, j k=1
= —21112(C1224 + Caa12 + C1334 + C3413)
= —41112(C1224 + C1334)
4
=—4nn Z Ciiia
i=1

=0

where we used the symmetry Cjjx = Cy;; of the Weyl tensor in the second step and Cyy14 =

C1444 = 0 in the third step, the last step is achieved as the Weyl tensor is trace-free.

O

Lemma A.2. Let M be a Riemannian manifold of dimension 4, let p € M and let E1, E», E3, E4

be an orthonormal basis of T, M. Then for any T € /\3 T; M one has

4
1
> (T Tjn) = (Tje, i)™ = ST
i,j,k,l=1

Proof. Choosing the parameters properly we have T = T} 4+ T> + T3 + T4 with 77 and T3 as in

Lemma A.1 and
T3 :=t3-E1b/\E3b/\E4b, T4:=t4~E1b/\E2b/\E4b.

Defining (7,);; as in Lemma A.1 we summarise (73);; and (74);; in Table 2.
In order to calculate || T ||4 =(|T ||2)2 we note that

4 0 ifa#b,
.Z<(T“)ij’(T”)ij>: 62 ifa=b
i,j=1
and therefore
4 4 4
ITIP =Y (Tyj. Ty = DY ((Twij. (Ta)ij) =6 _ta.
i,j=1 i,j,a=1 a=1

Next, we also want to express Z?j wi=1 Uik, Tjr) — T, T,-l))2 in terms of 71, ...

(66)

, 14.



F. Pfiffle, C.A. Stephan / Journal of Functional Analysis 262 (2012) 1529-1565 1559

Table 3

The summands ((Tjx., Tj1) — (Tjx. Ty))? fori < j. k <.

@ ) &0 (1,2) (1,3) (1,4) 2,3) 2,4) 3,4
1,2) (t? +1)? 312 113 212 1212 0

(1,3) 21 (t? +13)? 122 313 0 1213
(1,4) 21 217 (3 +13)° 0 1313 317
2,3) 1317 212 0 (% +13)? 1212 1212
2,4 1213 0 1213 12 (3 +13)° 21
(3,4 0 213 1212 21 1212 (13 +13)?

We note that each summand ((Tx, Tj1) — (T, T,-l))2 remains the same after interchanging i
and j and is zero if i = j. Noticing the same for the indices k and /, we restrict ourselves to the

casei < j, k <lI.
For (i, j) = (1,2) and (k, ) = (1, 2) we get

({Th1, Toa) — (Ta1, T12))” = (T2, T12))” = (T2, (T 12) + (T2, (T12)) = (12 +13)7,
where we have used that

ifa #b,

0
((Ta)ijv (Tb)ll> = { [2 ifa=>n.

For (i, j) = (1,2) and (k,1) = (1, 3) we find
((T11, Ta3) — (Ta1, T13>)2 = (T2, T13>)2 = ((T12. (7"3)13))2 =117,

and for (i, j) = (1,2) and (k, ) = (3,4) we have

2
((T13, To4) — (T23, T1a)) " = 0.
The same considerations apply to the other summands, and we give the results for the cases
i < j,k<1!in Table 3.

Now we drop the condition i < j, k <[, and we get a factor 4 when we add up all summands:

4

Z ((Tix, Tjt) — (Tjxs Til))2 242(23 + fg)z + 16Zfa2t13
i.jk =1 ab ab
4
=12) 6t +8) g +16) 121}
a=1 a#b a#b

4
- 12(25‘} +22t§t§)
a=1

a#b
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4 2
= 12(Zr§) :
a=1

from which in combination with (66) the claim follows. O

Lemma A.3. The square of the anti-symmetric part of the Riemann tensor of V is pointwise
given by

=

[riem | = 52 (V& T)(E;. Ex, E)®
i,jk =1
n
+ 52 (VE,T)(E;. Ex. EN(VE T)(Ei. Ex. En).
ij.k =1

Proof. The anti-symmetric part of riem is then given by

1
riem? (X, Y, Z, W) = E(riem(X, Y,Z, W) —rtiem(Z, W, X, Y))

= %((ViT)(Y, Z, W) — (VET)(X, Z, W)

—(VET)(X, Y, W) + (Vi T)(X. Y, 2)). (67)
The lemma follows by direct calculation. O

This shows in particular that riem” does only depend on the torsion 7" and not on the Rie-
mannian curvature Riem#.

A.2. The square of the norm of the Ricci curvature
Now we decompose the Ricci curvature into its symmetric and its anti-symmetric components
ric(X,Y) =ric’(X, Y) +ricd (X, Y).

With (24) we have

ricS(X,Y) = %(ric(X, Y) +ric(Y, X)) =ric¥ (X, ¥) — 5? Z(T(X, E;, )" T(Y,E;,-)") (68)

i=1
and

(ric(X, Y) —ric(Y, X)) = Z(vg T)(X,Y,E)=—s8T(X,Y). (69)
i=1

ricd(X,Y) =

| =

To evaluate |ric || of the Ricci curvature (24) we proceed as in the evaluation of ||Riem [ and
get
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n

n
|Iric ||? = Z (ric(E;, E; ) Z r1c Z rlc 74 Z I'lCl]

i,j=1 i,j=1 i,j=1 i,j=1

= |Jric®|)* + [ric? . (70)
We find

Theorem A.4. Let M be a 4-dimensional manifold with Riemannian metric g and connection V
as given in (22). Then the norm of the Ricci tensor of V is given by

. . 1
lIric 1 = | ric?|* + s NTI = S RENTIP +25°B(T) + 56T |

with B(T) as defined in (63).

Proof. In order to compute the squared norm ||ric ||> of the Ricci curvature defined in (24) we
proceed as in the evaluation of ||Riem ||2. With (68) and (69) we get

n

[|ric ||2 = Z (rlc(E,, E; ) Z rlc Z (ricisj)z + Z (riClAj)2

ij=1 ij=1 ij=1 ij=1

We restrict ourselves again to dimension n = 4 and calculate rics |12 = > j=1 (ricfj)2 with (68).
We find

4 4

4
Z(rlcu —2s2 Z r1c T, T st Z Tik, Tjx){Ti, Tjp)
k=

i,j=1 i,j=1 i,j.k=1 i,j, 1

—~
=.
o

Pl e
~
Il

. 1 1
= [rict | = S2RETIZ +26°BT) + 55T

where we used Lemmas A.5 and A.6 in the last step. We conclude the proof noting that

n

n
3 (rict)’ =52 Y (T(ELEp) =s218TI%. O

i,j=1 i,j=1
Lemma A.5. Let M be an n-dimensional Riemannian manifold. For any 3-form T one has
n
1 2
> ticfi(Tie, Tjx) = —B(T) + — R T

i,j.k=1

Proof. We use the decomposition of the Ricci curvature into its trace-free part and its trace (59)
and find
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n n
. 1
> rick (T, Tig) = ) b(E;, E)(Tik, Tjk) + — > RE8ij(Ti. Tja)
i,j.k=1 i,j.k=1 ijk=1

n n
1
=— E b(Ei,Ej)<Tik,Tkj)+—RgE (Tik, Tix)
i)jk=1 =

1
=—B(T)+ —R¥|T|?
with B(T') as defined in Theorem 3.1. O

Lemma A.6. Let M be a 4-dimensional Riemannian manifold. For any 3-form T one has

4

1
> (T T T, Tia) = T
i,j.k =1
Proof. We compute:
4
> (T T (T, Tjo)
i,j.k,I=1
4
= > T(Ei. Ew. E)T(E}, Ex, E)T(E;, E;, En)T(Ej. Ey, Ep)
i,j,k,l,n,m=1
4
= Y T(Ey. Ex, EDT(En. E1. E)T(Ey, Ex, E)T (En. E1, E,)
i,j,k,l,n,m=1
4
= Y (Tin, Tim)* (71)
k,l,n,m=1

We decompose T = T1 + T» + T3 + T4 according to the definitions of the 7, in Lemmas A.1
and A.2. Following precisely the arguments of Lemma A.2 we obtain for (71) from the Tables 1
and 2 the summands given in Table 3. It follows that

4

4 2
Z ((Tkn, Tlm))2 = 12(21‘3) .
a=1

k,l,n,m=1
Combining this with (66) and (71) finishes the proof. O
A.3. Proofs of Theorem 3.4 and Lemma 3.6

Proof of Theorem 3.4. Choose an orthonormal basis Ey, ..., E4 of T, M at a point p and ex-
press the curvature 2-form in this basis
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4
Riem;; = Y Riem;j(Ey, En)(En)” A (Ep)’

n,m=1
4
> (Riem(E;, Ej)Ep. En)(En)” A (Em)”

n,m=1

4
= Z riemijnm(En)b A (Em)b

n,m=1

where riem is the (4, 0)-tensor defined in (29). Now the 4-form K reads

4
1
. . b b b b
=32 Z € jki TI€M jppn TiEMY 5p (E)” A (Emp)” A (Eg)” A (Ep)
i,....,p=1
1 4
= T2 Z € jkl€nmsp TI€M; . TiEMygp dvOL.
i,....,p=1

With the standard equality

€ijkl€nmsp = det

and ric;; =ric(E;, E;) one finds

4 4
1 L . .
K= 2 R?>—4 E ric;j ricj; + E riem; g riemyy;; | dvol.
j.k=1 i,j,k,l=1

Decomposing the Riemann and the Ricci curvature into their symmetric and anti-symmetric
components we find

4 4 4 4 4

L . g2 Z . A2 Z s . AL
Z I'lCt‘j I'lel' = Z (I'lC;sj) — (I'IC;A}) — I'lC;gj I'lC;j- —+ E I'ng- I'IC;Sj
jk=1 jok=1 jok=1 jk=1 jk=1

. 2 . 2
= [fric®|” - Jric” |

and by the same argument
4

. . . S12 .
Z riem; ji; riemyy;j = “rlem H — ||rlem
i,j.k,l=1

2
e
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Thus we have

1

= 8n2 (R2 - 4||ric5 ”2 + 4||ricA ||2 + ”riems Hz — ||riemA Hz) dvol. 0

Corollary A.7. Let M be a closed 4-dimensional manifold with Riemannian metric g, V an
arbitrary orthogonal connection and V& the Levi-Civita connection. Then

[ (R = afic?|” o+ riem ) avol = [ (2 — i |+ 4]ric
M M
+ ||riemS ||2 - ||riemA “2) dvol.

Proof. The Euler characteristic is a topological invariant and does not depend on the choice of
the connection in the representation of the Euler class. O

Proof of Lemma 3.6. Let riem, ric and R be the Riemann curvature, the Ricci curvature and the
scalar curvature of V. With the decomposition of the norm squared of the symmetric part of the
Riemann curvature, Theorem 3.1, the Ricci curvature, Theorem A.4, and the scalar curvature,
Eq. (25), we have from Corollary A.7

0= [ (R = (&%) = 4((icS | e * = Jriet )
M
+ ||riem5 ||2 — ||riemA H2 — ||riemg ||2) dvol
- /(—2s2RgIIT||2 +s*T)* - §s4||T||4 +252R8|| T > — 8s>B(T) +4s2||8T||2> dvol
M
+/<%s4l|T||4 + %szlldTHz - %szRg IT %+ 4s*B(T) — | riem” ||2) dvol
M

1 1 1
=52/<4I|8T||2 = RENTIP + 4TI = 4B(T) — — riem” ;|2> dvol.
N

For any s # 0 the assertion of the lemma follows. O

Remark A.8. At first glance the cancelation of the term ||7||* in the proof of Lemma 3.6 might
surprise. But it has to vanish because it is the only term scaling in the 4th power in this pre-
factor s while all other terms scale quadradically in s.
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