1 The Lichnerowicz Laplacian

The goal is to define the Lichenrowicz Laplacian for a tensor and show that we can deconstruct the curvature
term rather easily. This appears to be new, but is modelled on W.A. Poor’s approach to the Hodge Laplacian,
which in turn was inspired by work of Chern.
We define
Ric (T) (X1,..., Xp) = > (R(ej, Xi) T) (X1, 0y €5, 0, X)

and the Lichnerowicz Laplacian
AT = V*VT + Ric(T)

for a suitable constant ¢ > 0. We shall see below that the Hodge Laplacian on forms is of this type and that
interesting information can also be extracted from the Ricci tensor and curvature tensor via this operator
when we use ¢ = % The goal here is to give a simple formula for Ric (T') showing that it is nonnegative
when the curvature operator is nonnegative.

For any tensor T" we have

R(X. V)T = (Vx(VyT))—(Vy (VxT))— (VixyT)
ViyT — Vi xT

and

(R(X,Y)T)(X1,...,Xz) = R(X,Y)(T(Xy,...,Xs))
“T(R(X,Y)Xy,...,Xp)

-T(X1,...,R(X,Y) X})
This can be rewritten in a more abstract and algebraic fashion. We have a natural homomorphism
GL(V)— GL(T(V))
where T' (V) is the space of all tensors over the vector space V. We know that (s,t)-tensors are spanned by
MO QUsRP Q- @ Py

where vy, ...,v5 € V and ¢4, ...,¢, : V — R are linear functions. The natural homomorphism acts on tensors
as follows:

L'(U1®"'®Us®¢1®"'®¢t)
= L(v)® ®L(v)® (oL@ @ (¢,0L")
The derivative of this action yields a linear derivation
End (V) — End (T (V))
where now
L(Ul®"'®vs®¢1®"'®¢t)
- L(U1)®"'®Us®¢1®"'®¢t

+Ul®"'®L(US)®¢1®“‘®¢t
*Ul®"'®vs®(¢1oL)®"‘®¢t

—U1®"‘®’Us®¢1®"'®(¢toL)

In particular, we see that R (X,Y) (T') acts on the tensor T in the way the linear map R (X,Y’) on T, M
extends to a derivation on tensors. Keep in mind that for (0, k)-tensors we have



since T' (X1, ..., X) is a function.
We note further that T — L (T") preserves (skew)-symmetry of L when an inner product is present since

s t s t
. (@ 5 @6, Qi @wj) S g (6,,1,)
i=1 i=1 i=1 i=1
Since R(X,Y) : T,M — T,M is a skew-symmetric linear transformation we can decompose it using an

orthonormal basis of skew-symmetric transformations =, € so (T, M) . This gives

R(X)Y) =

where the last line is due to the convention
g((Ay)(v),w)=—g(xAy,vAw).
With this in mind we can show
Lemma 1 For any (0,k) tensor T we have
Ric(T) = -3 (R(E.)(ET)),
AT = V'VI-¢) R(Z.)(ET)
Proof. We only need to establish the first identity. This works as follows.
Ric (T) (X1,..., X)) = Z(R(ej,Xi)T)(Xl,...,ej,...,Xk)
= =Y g(R(Ea) e, Xi) (BaT) (X1, .r€j, 00y Xi)
= =Y (EaT) (X1, g (R(Ea) €5, Xi) €5, o0y X
= ) (EaT) (X1, R(Ea) Xiy ooy Xi)
= =Y (R(Ed) (EaT)) (X1, ., Xiy ooy Xi)

At first sight we have replaced a simple sum over j and 4 with a possibly more complicated sum. The
next result justifies the reformulation.

Corollary 2 If 9’ > 0, then g (Ric(T),T) > 0.
Proof. Select the orthonormal basis E, to consist of eigenvectors for R, i.e., B (2,) = AoZa, then
R(Za) = AaZa

When taking inner products with 7" and using that R (Z,) is skew symmetric we obtain

Y 9(R(Ea) (BaT),T) = > g(ET,R(E)T)
= > AalZT)

This shows that the curvature term is nonnegative when the curvature operator is nonnegative. m

Having redefined the Ricci curvature of tensors, we can now take it a step further and also get rid of the
orthonormal basis Z,. To assist in this we introduce a type change for (0, k)-tensors T' to a tensor T with
values in A2T'M = so (T M) as follows

g (L,T(Xl, ...,Xk)) = (LT) (X1, ..., X3) for all L € so (TM).



The curvature formula then becomes
gRic(T),T) = > g(ET,R(Za)T)

D (EaT) (€irsrei) (R(Ba) T) (€iy, -onr€i,)

Sy (EQ,T(eiU e)) g (R (Za) 7T(ei1,...,eik)>

_ Zg( (( (ee))E(,) T(en,...,eik))

Zg( ( ell,..,eik)>,T(ei1,...,eik))

g(RoT7T>

This is again clearly nonnegative when the curvature operator is nonnegative, but it also occasionally allows
us to show that it is nonnegative under less restrictive hypotheses.

2 The Hodge Laplacian

The first obvious case to try this philosophy on is that of the Hodge Laplacian on k-forms as we already
know that harmonic forms compute the topology of the underlying manifold. We’ll show that

Theorem 3 (D. Meyer, 1971)
Aw = V*Vw + Ricw.

In particular harmonic forms are parallel when R > 0 and vanish when R >0 for k=1,...,n — 1.
Proof. We shall follow a proof discovered by W.A. Poor. To perform these calculations we need
bw(Xa,, X)) = =Y (Vew) (Ei, X2, .., Xi),

d/w(Xo,...,Xk) = Z(—l)i(inw) (Xo,...,Xi,...,Xk)

and employ the usual assumptions about all covariant derivatives of vector fields vanishing at a fixed point
p € M. We this in mind we get

dow (X1, . Xp) = Z(—l)iﬂvxiéw(Xl,...,Xi,...,Xk)

_ Z(—l)iVXiVij(Ej,Xl,...,XZ-,...,X;@>
= —ZVXiVij(Xl,...,Ej,...,Xk)

6dw(X1,...,Xk) = —ZVE dw Xl,..., k)
= _ZVE,-VE-W(XI;-u;Xk)

—Z VE va( Xl,...,Xi7...7Xk>
= (V*'Vw) (X1, ..., Xp)
+ZVEijiw (Xl,...,Ej,...,Xk)

Thus
Aw = V'Vw+ > (R(E W) (X1, .00, Ejy ooy Xi)

= Vv Vw—Z(R(Ej,Xi)w)(Xl,...,Ej,...,Xk)
= V'Vw + Ric (w)



In case the curvature operator is positive we get that Z,w = 0 for all «, and hence by linearity that
Lw = 0 for all skew-symmetric L. If we assume k < n and select L so that L (e;) = 0 fori < k, L (e) = eg+1,
then

= (Lw) (e1,...,ex) = —w (€1, ..., €x—1, €k+1)

Since the basis was arbitrary this shows that w =0. ®
It is instructive to try to recover the standard formula for 1-forms using this more abstract approach.

Corollary 4 If w is a I-form and X the dual vector field, then

~Y 9(R(Ea) (Baw) ,w) = Ric (X, X).

Proof. In this case we have

(Lw)(2) = -—w(L(2))
= —9(X,L(2))
= g(L,Z/\X)

" w(Z)=ZNX.

This shows that the curvature term in the Bochner formula becomes

_Zg (Ea) Eaw) ,w) Zg(an,R(Ea)w)
,w (E;))
Z gR(E;ANX),E; A X)

I
Eﬂ

= ) R(X,E;,E;,X)
Ric (X, X)

3 (0,2)-tensors

In this section we calculate h for a general (0, 2)-tensor and relate it to curvatures. We have the corresponding
(1,1)-tensor called H
h(v,w) =g (H (v),w)
and the dual H*
g9(H (v),w) =g (v, H" (w)).

Proposition 5 .
h(z,y) =—H(x) Ny+xAH" (y)

Proof.
(Lh) (z,y) = —h(L(2),y)—h(z,L(y))
= —g(H(L(z)),y)—g(H (z),L(y))
= —g(L(z),H" (y)) —g(L(y),H (2))
= g(LixANH"(y)+9(L,yANH(z))
= g(L,—H(z) Ny+zNH"(y))
[ ]



This formula is particularly interesting when H is skew symmetric as

ﬁ(m,y) = —H(z)ANy+zxzANH"(y)
= —H()Ay—xANH(y)
= —H(zny)

—2(HANI)(zANy)
We start by relating symmetric (0, 2)-tensors to sectional curvature:
Proposition 6 The following are equivalent:

Theorem 7 1. sec > 0 on T, M.
2. g (R o h, il) > 0 for all symmetric (0,2)-tensors h on T, M.
3. g(RoH,H) >0 for all symmetric endomorphisms H on T, M.

Proof. We calculate the expressions in 2. and 3. by using an orthonormal basis e; that diagonalizes
H (62) = )\181
We start with 2.

g(Roiz,iz) - g( ( ez,ej) h(ei,ej)>
= ) g(R (ei) Nej+ei NH" (¢;)),—H (&) Nej +ei A H* (¢)))
= D g(R((N—A)eine), (N —Xi)ei Aey)

D =X g(R(einej) eiNe)

D (= Xi)?sec (e, e5)

= 2> (A= \i)’sec(eie))

i<j
For 3. we have
g(RoH,H) = > g(R(H(e; Ney)), H(e; Ney))
i<j
= ZQ(R((Ai-%)\j)ei/\ej),(AiJr)\j)eiAej)
i<j
= > (i+X)g(R(einej) e Aej)
i<j
= Z()\Z——f—)\j)zsec(ei,ej)
i<j

In each case it is clear that nonnegative sectional curvature implies that these inner products are non-
negative. The converse statements are also fairly simple. To check that sec (e1,e2) > 0 simply assume that
A3=---=)\n=03nd, )\1:2, )\2:1. u

Note that it is possible to restrict attention to positive or nonnegative definite tensors in these charac-
terizations.

These characterizations lead to the following variational conditions:

Proposition 8 Assume thatsec >0 onT,M. If g (R o h, iL) =0 (resp. g(RoH,H) =0), theng (R o h, Z) =
0 for all symmetricl (g(Ro H,L) =0 for all symmetric L).



Proof. We have

o
IN

[¢]

(%o
g (Ro (E) ,E) + 2tg (Ro (ﬁ) @ +0 (1)

tg (Ro (/ﬁ) ,2\) +0 (tz) .

Il
&

]
Analyzing when g (R o h, B) = 0 quickly shows that no new info is obtained. On an orthonormal basis

that diagonalizes H it simply tells us that either eigenvalues agree or the sectional curvature vanishes.

We now do a similar analysis for skew-symmetric tensors. This time cases 2. and 3. really are the same
as we saw that h(z,y) = —H (z A y).

Recall that (M, g) has nonnegative isotropic curvature if for all orthonormal vectors ey, ..., 4 we have

Iso(R) (e1,e2,€3,€4)

g(R(ex Nes+eaNeyq),e1 Neg+ea Aey)
+g(R(eaNes—eg Neg),ea ANes—ep Aey) >0

Bianchi’s identity

29 (R(e1 Neg),ea Neg) —2g (R (ea Nes),e1 Aey)
—2g(R(ezNey),eaNes) —2g(R(ea Aes),e1 Ney)
= 2g9(R(e1Nez),e3Neq)

shows that these two curvatures yields the more standard expression for isotropic curvature:

g(R(eiNes),er ANes)+g(R(e1Nes),e1 Aes)
+g(R(eaNes),ea Neg)+g(R(ea Aey),ea Aey)
+2g (R(e1 Nea),es3 Aey)

= g(R(egtNeg+eaNeq),er ANes+eaNey)
+g(R(eaNes—e1 ANey),ea Nes —ep Aey)

Having nonnegative isotropic curvature can be strengthed a bit by allowing e3 = e4. Thus we sometimes
also assume:

Iso(R) (e1,e2,€3,€3)
= g(R(egNes+eaxNes),er Aes+eaAes)
+g(R(eaNes—e1 ANes),ea ANes —ep Aes)
= 2(g(R(e1Neg),e1Nes) +g(R(e2Nes), ez Aes))
> 0

Note that this implies that the Ricci curvature is nonnegative. For odd dimensional manifolds we shall
always make this additional condition. Note that this also allows us to work with 3-manifolds. We can
go further and also let e; = es in which case we end up with sectional curvature. More generally one can
consider complex curvatures

Iso(R) (z,y,u,v)

without further assumptions on how the vectors are related.
Proposition 9 A Riemannian manifold satisfies the condition g(Ro A, A) > 0 for all skew symmetric

A € so(T,M) if and only if the isotropic curvatures on T,M are nonnegative. Moreover, if the isotropic
curvature is nonnegative and g (Ro A, A) =0, then g(Ro A, L) =0 for all L € so(T,M).



Proof. The first part of this proof is a bit more involved, the second statement is obvious. We need to select
an orthonormal basis that puts A in canonical form. This means that

Ale;) Neist,i=1,3,..,2k — 1,
Aleiyr) —XNiej, i =1,3,...,2k— 1
Ale,) = 0, ifnisodd.

0 AL Ay ey A2kt

IN

The inner product can be calculated as

Ro A, A) Zg AeiNej)), Alei Nej))

i<j

But it turns out to be more convenient to select a new basis forA?T, M that also puts A : A2T,M — A*T,M
into canonical form. When i < j are both odd and j < n we note that

) (i = Aj) (eiv1 Aej —ei Nejir),

) = —(Ni—Aj)(eiNej +eir1 Aejr),
eiNej—ep1Nejr1) = (Ni+Aj)(eir1 ANej+eiNejra),

) = —(Ni+XN)(esNej—eir1 Aej).

AleiNej+ et Aejp
Aeir1 Nej —ei Nejia
Al
Al

€i+1 A € +e; A €j+1
While if ¢ < j = n are both odd

Ale;Nen+eip1Nen) = Xi(eir1Nen, —eiNen),
Aleir1 Nen —eiNey) = =Ni(e; Aep+eip1Nen)
Finally we note that for all odd 7 < n
A (61' A 6i+1) =0

Normalizing these vectors suitably we get an orthonormal basis that puts A : A2TpM — A2TpM into
canonical form. Using this basis the inner product becomes

1
g(Ro A, 4) = - > g(R(A(ei Aej+eipa Aejia)), Alei Aej+eipr Aejin))
i<j<n, i,j odd
1
+ Y. g(R(A(esiAej—eiAej)), Aleipi Aej —ei Aejin))

i<j<n, i,j odd

1
+ Y g(R(A(esNej—eipa Aeji)) Alei Aej —eipr Aejin))
i<j<n, i,j odd

1
+Z Z g (R(A(eiy1 N ej +ei/\ej+1)),A(ei+1 Nej +e¢/\ej+1))
i<j<n, i,j odd
1
+5 Z g(R(A(es Nep+eip1 Nen)), Ales Nen + i1 Ney))

i<n, i,n odd

1
+§ Z g(R(A(eix1i Nen —e; Nep)), Aleir1 Nen —ei Ney))

i<n, i,n odd



1
= 3 Z ()\i_)\j)29<R(ei/\€j +eir1 Nejp1),eiNej+eip1 Aejyr)
i<j<mn, i,j odd
1
+3 Yo =N g(Rleiane —eiAejpa) eira Aej — e Aejia)

i<j<n, i,j odd

1
+§ Z ()\Z—l—/\])Qg(R(ez/\e] — €41 /\ej+1)7ei/\€j —€i+1/\€j+1)
i<j<n, i,j odd
1 2
+§ Z ()\14*/\]) g(R(eH_l Ne;j +€i/\6j+1),6i+1/\6j+€i/\6j+1)
i<j<n, i,j odd
1
—|—§ Z Mg (R(eiANep+eipi Aen),ei Aen +eip1 Aey)
i<n, i,n odd

1
—1—5 Z )\?g(R(eiH Nepn —eiNep),eiv1 Nen —e; Aey)

i<n, i,n odd

1
= 3 Yo =) Iso(R) (ess e, eitn,e541)

i<j<n, i,j odd

1 2
+3 D N+ ) Iso(R) (eieg,eipr, —€j41)

i<j<n, i,j odd

1
+5 Z M2Ts0(R) (eis€ix1,€nsen)

i<n, i,n odd

[]
These characterizations can be combined to show

Proposition 10 g (Ro fuﬁ) > 0 for all (0,2)-tensors on TyM if and only if all sectional and isotropic

curvatures on T, M are nonnegative.
Proof. We decompose h = hg + h, into symmetric and skew symmetric parts. Then
g(Rohh) = g(Rohoh)+g(Rohaha)+g(Roheha)+g(Rohahs)

= g(RoiLS,ﬁé,,) +g(RoBa,ﬁa> + 2g (Roﬁs,iza)

However,
g(Roﬁs,fza) = Zg(Roﬁs(enej),ﬁa(en@j))
= =Y g (Rohs(ej e halesen)
_ _g(Roi}s,i}a)
So

g(Ro]A”LjL) Zg(RoiLs,iL5> —l—g(RofLaJA?,a)

and we get the result by combining the above results. m

It also seems clear that we can bound b in terms of lower bounds on isotropic curvature and upper
diameter bounds. This requires lower Ricci bounds for the Sobolev constant, but that’s fine if we assume,
say, that M x R has a lower bound on the isotropic curvature.

I’'d also really like to show that all Betti numbers can be controlled by a combination of isotropic and
sectional curvature. I think that this might be weaker than curvature operator in high dimensions, but I'm
not sure.



4 The Curvature Tensor

The Bochner technique can also be applied to the curvature tensor. It is by no means clear that this
will yield anything. It seems both miraculous and profound that it works. The goal is to show that a
compact Riemannian manifolds with divR = 0 and nonnegative sectional curvature, respectively nonnegative
curvature operator, has parallel Ricci tensor, respectively parallel curvature tensor. The key is to show that
when the curvature tesnor is divergence free then we have

. vop:. 1 SN
0 = AprRic=V"VRic— §ZR(:Q)(:QR1C),

* 1 o N =
0 = ALR=V VR—§ZR(:Q)(:QR)

We start with the Ricci tensor calculations. They are a bit easier and give us an idea of what to expect
for the curvature tensor. Recall that the divergence of the curvature tensor can be defined as the (1, 3)-tensor

divR () =Y (VeR) (B, )
Theorem 11 (Berger) Suppose that a Riemannian manifold (M, g) satisfies divR = 0, then
1
0= V"VRic - 5 Y R(Ea) (EaRic).
Moreover, if (M, g) is closed, oriented and sec > 0, then VRic = 0.
Proof. We start by proving that
divR (X,Y, Z) = (VzRic) (Y, X) — (VyRic) (Z, X).
The left hand side is defined by
divR(X,Y,Z) = > (VgR)(E,X,Y,Z)
> (Ve,R)(Y,Z, E; X)
= Y (VzR)(Y,Ei,E;,X) =Y (VyR) (Z,E;, E;, X)
= (VzRic) (Y, X) — (VyRic) (Z,X)
With this in mind we can then calculate
—(V*VRic) (X, X) = Y (V}, pRic) (X, X)
> (V3 xRic) (B, X)+ Y (Vg,divR) (X, X, E))

If we assume divR = 0, then we get

— (V*VRic) (X, X)

> (V% xRic) (B, X)
= > R(E;,X)(Ric) (B, X) + > (Vk g,Ric) (E;, X)
Here the last term vanishes since
> (VX g.Ric) (Ei, X) VX5 R) (Ei, Bj, Ej, X)

= 2.
= Z (delVR) (EijjaX)
0

Thus we obtain
—(V*VRic) (X, X) = Y R(E;,X)(Ric) (E;, X)
= Y R(E;,X,Z,) (EaRic) (E;, X)
= ) (EaRic) (R(Eq, X, E;) E;, X)
= ) (EaRic) (R(24) X, X)

= 3 Y R(E.) (EaRic) (X, X)



where in the last line we used that Ric is symmetric.
Assuming that Ric (E;) = p; F; the curvature term then looks like

_ Zg <;R(E’a) (24 Ric) ,Ric> = Z% (pi — pj)Qsec (Ei, Ej)

Since this is nonnegative when sec > 0 we get the desired conclusion in the usual fashion by integrating
over M. Note in addition that if the sectional curvatures are positive at a point, the the eigenvalues of Ric
are all the same. Hence the metric becomes an Einstein metric. m

Note that the Berger spheres have divergence-free Ricci tensor, but only the standard sphere has parallel
Ricci tensor. Thus it is not clear that one can get results without assuming divergence free curvature tensor.

We can now address what happens for the full curvature tensor.

Theorem 12 The curvature tensor R on a Riemannian manifold satisfies
. 1 =\ =
(V'VR)(X,Y,Z,W) = 5 3 R(Za) (BaR) (XY, Z,W)

1 1
-5 (VxdivR) (Y, Z,W) + 5 (VydivR) (X, Z, W)
1 1
) (VzdivR) (W, X, Y) + 5 (VwdivR) (Z,X,Y)
Proof. By far the most important ingredient in the proof is that we have the second Bianchi identity at
our disposal. We will begin the calculation by considering the (0,4)-curvature tensor R. Fix a point p, let
X, Y, Z,W be vector fields with VX = VY = VZ = VIW = 0 at p and let E; be normal coordinates at p.
Then

n

—(V*VR) (X,Y, Z,W) > (Vi.mR) (XY, Z,W)

The terms
n

> (Vi R) (B Y, ZW) = (V3 5, R) (B, X, Z,W)
i=1
vanish if divR = 0. The second two terms can be interpreted as

zn:(R(Ei,X)(R))(EuY,Z»W) = i:R(EivX)(R)(Ei»Yasz)
i=1

i=1

> 9(R(Ei,X),Ea) (EaR) (E;,Y, Z,W)
= Y 9(R(Es) X, Ei) (EaR) (B, Y, Z,W)

= Y Ea(R)
R

- ZEO‘( )(R(Ea)XaKZ7W)

Similarly

i=1 Z
3

10



Using that R is symmetric in the pairs X,Y and Z, W we then obtain

— (V*VR)(X,Y, Z,W) —Z(V*VR)(X,Y,Z,W) — % (V*VR)(Z,W,X,Y)

N =

I
DN | =
INgE

(Vi.eR) (E.Y, Z,W) - (V35 R) (Ei, X, Z,W)

s
Il
_

+
-

©
I
—

(Ve R) (B, W,X,Y) — (Viyg,R) (Bi, Z,X,Y)

+

it
9

R)(R(Ea) X, Y, Z, W)+ (E4R)(X,R(E,) Y, Z, W)

N RN~ N~
] ™
@

+

R)(R(Ea) Z,W, X,Y) + (EaR) (Z, R (Ea) W, X, Y)

(VieR)(E,Y,ZW) - (Vi gR) (B, X,Z,W)

Il

N
, NNgE
="

«
Il
-

+

(V2Z,El R) (E27 M/a X’ Y) - (V%V,EZR) (Ei7 Za X7 Y)

+

[t
S

R)(R(Z2) XY, Z,W) + (EoR) (X, R (E) Y. Z,W)

]

+
N RN~ N~

(ZaR) (X,Y, R (Ea) Z,W) + (ZaR) (X, Y, Z, R(Z0) W)

(VAQX,ElR) (Eia K Z7 W) - (v%’,EZR) (El7 X7 Zv W)

Il
N | =
INgE

s
Il
-

(V3.5 R) (B:, W, X,Y) ~ (Viy g, R) (B, Z,X,Y)

Il
—

+
N | \w\»—l
] I
=
W

) (EaR) (X,Y, 2, W)

|

We can now go over to the more complicated result we are interested in. It was first established in [?],
and then with a modified proof in [?]. We shall present a very simple proof based on the above formula
relating the divergence and connection Laplacians of the curvature tensor.

Theorem 13 (Tachibana, 1974) If (M, g) is a compact oriented Riemannian manifold with divR = 0 and
R >0, then VR = 0. If in addition, R > 0, then (M, g) has constant curvature.

Proof. We know from above that
* 1 =\ (=
V*VR — 521%(:&) (E4R) =0
Taking inner products with R and then integrating yields
1
IVR|? dvol = —= / g(R(Z,) (EoR), R) dvol

/. 2,
1 - -
3 > /M 9 (2R, R(E,) R) dvol
1 = 2
3 Z/M Ao |EaR|? dvol

using a basis =, that diagonalizes PR. So if all eigenvalues are nonnegative we obviously get that VR = 0.
Moreover, should all eigenvalues be positive then LR = 0 for all L € so (T,M). This condition will imply
that R (z,y,y,2) =0 and R (x,y,v,w) = 0 when the vectors are perpendicular. This in turn shows that any
bi-vector X A'Y is an eigenvector for R, but this can only happen if S8 = kI for some constant k.

11



To show that the mixed curvatures vanish first select L so that L (y) =0 and L () = z, then
0 = LR(z,y,y,2) = —R(L(2),y,y,2) - R(2,y,y, L (x))
= —2R(z,y,y,2).
Polarizing in y = v 4+ w, then shows that
R(z,v,w,2) = =R (z,w,v, 2)
The Bianchi identity implies

R(z,v,w,z) = R(w,v,z,2)— R(w,x,v,2)
—2R (w, z,v,2)

= 2R (z,w,v,z)

= —2R(z,v,w,z)

showing that R (z,v,w,z) =0. m R
Finally we recover Tachibana’s original formula by calculating S for a symmetric tensor S : A2TM x
A2TM — R. This includes 4-forms.

—(LS) (X, Y,V,W)
= SLX), Y,/ W)+ S(X,LY),VVW)+S(X,Y,L(V),W)+S(X,Y,V,L(W))
-S(V,W)Y,L(X)+S(V,W,X,L(Y))-S(X,Y,W,L(V))+S(X,Y,V,L(W))
= —g( VW)Y, L(X))+g(S(V.W)X,L(Y))—g(SX,Y)W,L(V))+g(S(X,Y)V,L(W))
gL, XANS(VIW)Y)=g(L,YASV I X)+g(LVASX,YYW)—g(L,WASX,Y)V)
g(L,S(VIMNXAY+XASV WY+ SX,Y)VAWHTVAS(X,Y)W)
= g(L,S(V,IW)(XAY)+S(X,Y)(VAW))

If we also think of S : A2T'M — A2T M, then (modulo signs?)

— (LS (X, Y, VW) = —g(S(L(XAY)),VAW)—g(S(XAY),L(VAW))
—g(S(L(XAY)),VAW)=g(L*'S(XAY),VAW)
so if L is skew symmetric
LS =[S, L]

Thus L acts trivally on the identity operator, and one can easily check that if T' is another (1,1) tensor then
[L,T] on A*T'M is the same as the derivation coming from [L,T] on T,M. Finally Lw is a form if w is a
form, so L preserves the natural orthogonal decomposition

S2A*T,M = I ® Rico ® W & A*T,M

We know that 4-forms are spanned by w; A ws where w; are 2-forms. Cuurvature tensors are similarily
spanned by Si A Sy where S; : T,M — T,M are symmetric, this is equivalent to the Kulkarni-Nomizu
product s7 o s under type change. Conformally flat curvature tensors correspond to the case where So = I
or sg = g.

5 f-Laplacians

When the measure is changed from being dvol to e~fdvol then we also need to change the way we compute
divergences so as to make sure they are still adjoints to exterior and covariant derivatives. To this end we
define

5 = elde™l =5+ivy
Vjc V*-i-ivf
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We quickly check that this works as follows:

/g (dw,w’) e dvol g9 (dw,e™Tw') dvol
g (w, 1 (effw')) dvol

g (w,efd (e fw')) e avol

—_— T

g (w,dpw’) e dvol

The f-Hodge Laplacian becomes

Af = 5fd+d5f
= 5d—|—d6+ivfd+divf

where the last term can be rewritten as follows. To simplify calculations we assume that X; are parallel at
the point where calculations occur:

(ivpdw) (X1, Xp) = dw (VF, X1, X,)
= (Vo) (X1 Xp) + 30 (<1 (Vi) (V. X1, 0 K500 X, )
= (Vesw) (X1,..., Xp)
+3° (-1 vy ( (Vf,Xl,... X; Xp)) S (1w (VXij,Xl,...,Xj,...,Xp)
= (Vysw) (X1,..., Xp)

+3(—1) Vx ((Vf,Xl,... ))+Z (X1, VX,V , ooy Xp)

and
(divsw) (X1, Xp) = 0 (=17 (Vxgivgw) (Xi,os Koo Xy )

= S (-1 vy, (ivfw (Xl,...,Xj,...,X,,))
= S (-1 vy, (w (Vf,Xl,...,Xj,...,X,,))

50

ividw +divsw = Vypw+ Y w (X1, Vx, VS, Xp)

= Vypw— Sw

where

Sp(X)=VxVf

acts by derivations on forms as before.
This means that

Aw = Aw+Vysw— Sjw
= V};Vw+ Ric (w) — Syw

which leads us to the new Lichnerowicz Ricci tensor also called C' tensor by Lichnerowicz
Ricy = Ric — Sy
and the f-Lichnerowicz Laplacian on tensors
Apy = ViV +Ricy
= ViV+c(Ric—5;), ¢>0.
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Having f-harmonic curvature tensor becomes:
divyR=divR —iy;R =10

or
(Vg,R)(E;, X,Y,Z)=R(Vf,X,Y,Z)

which is also a consequence of being a Ricci soliton. With this in mind the formula

VYR + %iﬁic (R) = ALR
_ % (VxdivR) (Y, Z, W) — % (VydivR) (X, Z, W)
+% (V4divR) (W, X,Y) — % (VwdivR) (Z, X, Y)
becomes
ViVER+ %E)‘{ic (R) — %sf (R) = AL R
- f% (Vxdiv,R) (Y, Z, W) + % (Vydiv,R) (X, Z, W)
f% (Vydiv,R) (W, X,Y) + % (VwdivsR) (Z,X,Y)

To verify this we need the extra terms that involve f to cancel out. This relies on the second Bianchi
indentity. Assume as usual that X, Y, Z W are parallel at a some fixed point. On the left hand side we have

VyR - %Sf (R)
while on the right hand side we first need to observe that
(VxdivyR) (Y, Z,W) = (Vx(divR—ivsR))(Y,Z W)
= (VxdivR)(Y,Z, W) —-Vx (R(Vf,Y,Z,W))
= (VxdivR)(Y,Z,W) - (VxR)(Vf,Y,Z, W)+ R(VxV/[,Y, Z, W)
Thus we need to simplify

45 (VxR) (V£ Y, 2,0) = 3 (Vv R) (Vf, X, 2, W)

45 (V2R) (VAW X,Y) = 3 (YwR) (V£,2,X,Y)

1 1

+5R(VxVLY.ZW) = SR(Vy VX, Z,W)
1 1

+5R(VZVL,W.X.Y) = SR(VwV [, Z,X.Y)

= L (VxR)(V.VL.Z W)~ L (VyR) (V. X.Z,W)

—% (V2R) (W.VE,X,Y) — & (VwR) (Vf, 2, X.,Y)

1
2
1 1
1 1
1 1

1 1
1 1
+§R(X,Y,VZVJC7W) + QR(XaY’ Z,VwVf)

= (VosR) (XY, 2,W) ~ 5 (S(R) (X, Y, 2, W)
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In case we have a soliton metric

Ric + Sf =\
this means that

0 = ALsR

1 1

= VjVR+ 5Ric(R) - 5 (S7R)
1

= VjVR+ J%ic(R) - 5 (M - Ric) R)

(RicR) + 2AR

NN - N

* 1.
= V};VR+ iiﬁtc (R) +
" 1 o 1.
= ViVR— Y R(Za)Za (R) + 5 (RicR) + AR
If we also think of R : A2T'M — A2T M, then

(RicR) (X,Y,V,W) = —g(RRic(XAY)),VAW)—g(R(XAY),Ric(VAW))
—g(RRic(X AY)),VAW) —gRicR(X AY),VAW)
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