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SOME RIGIDITY RESULTS ON CRITICAL METRICS FOR
QUADRATIC FUNCTIONALS

GIOVANNI CATINO

ABSTRACT. In this paper we prove rigidity results on critical metrics for quadratic curvature
functionals, involving the Ricci and the scalar curvature, on the space of Riemannian metrics
with unit volume. It is well-known that Einstein metrics are always critical points. The
purpose of this article is to show that, under some curvature conditions, a partial converse is
true. In particular, for a class of quadratic curvature functionals, we prove that every critical
metric with non-negative sectional curvature must be Einstein.

1. INTRODUCTION

Let M™ be a closed smooth manifold of dimension n > 3 and let .#;(M™) denote the space of
equivalence classes of smooth Riemannian metrics of volume one on M"™. As usual, metrics are
identified if they are related by the action of the diffeomorphism group. To fix the notation,
we recall the decomposition of the Riemann curvature tensor of a metric g into the Weyl,
Ricci and scalar curvature component

1
(n—1)n—2)
where @ denotes the Kulkarni-Nomizu product. It is well known [10] that Einstein metrics
are critical points for the Einstein-Hilbert functional

H—/RdV

on .Z1(M™). From this perspective, it is natural to study canonical metrics which arise as so-
lutions of the Euler-Lagrange equations for more general curvature functionals. In [3], Berger
commenced the study of Riemannian functionals which are quadratic in the curvature (see [4,
Chapter 4] and [16] for surveys). A basis for the space of quadratic curvature functionals is
given by

1
Rm:W—l—mRic@g— Rg®Pgy,

W = /|W|2dV p = /|Ric|2dv S = /RQdV
and, from the decomposition of the Riemann tensor, one has
4 2
2 2 .12 2
d dv .
R = /|Rm[ V /<\W| —l—n 2|ch\ =1 2)R )

We recall that, in dimension three, the Weyl curvature vanishes, and in dimension four, the
Chern-Gauss-Bonnet formula

2
/ <\W|2 — 2|Ric|® + 3R2> dV = 32n%x(M)

implies that the Weyl functional W can be written as a linear combination of the other two
(with the addition of a topological term). All such functionals, which also arise naturally as
1
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total actions in certain gravitational fields theories in physics, have been deeply studied in
the last years by many authors. As it will be clear in Section 6, in dimension greater than
four, the Euler-Lagrange equation of the Weyl functional W has a different structure in the
zero order curvature terms. In particular, if n > 4, it is not true that Einstein metrics are
always critical points for this functional on ., (M™).

For these reasons, following the notation in [8], in the first part of the paper, we will
consider only the curvature functional

Fi = /\Ric|2dV+t/R2dV,

defined for some constant t € R (with ¢ = —oo formally corresponding to the functional
S). Since in dimensions greater than four F; is not scale-invariant, it is natural to restrict
the functional on .#)(M"™). Equivalently, one can consider a modified functional properly
normalized with the volume of the manifold (see [8]).

It was already observed in [4] that every Einstein metric is critical for F; on ., (M™), for
every t € R. The first basic question is whether all critical metrics are necessarily Einstein. Of
course, generally this is false. For instance, in dimension four, every Bach-flat metric is critical
for F_, /3 and every Weyl and scalar flat metric is critical F_; /4 on .1 (M 4) (see [4, Chapter
4]). Moreover, Lamontagne in [15] constructed a homogeneous non-Einstein critical metric for
R =4F_y4 on (S). From this point of view, it is natural to ask under which conditions
a critical metric for F; must be Einstein. Typically, one assume some curvature conditions (of
pointwise or integral type, positivity or negativity of the curvature, etc.) on the critical metric
in order to prove rigidity properties. For instance, for S on .#(M?3) in [1, Proposition 1.1] the
author assumed that the scalar curvature of the critical metric has definite sign (actually this
holds in every dimension [5, Proposition 3.1]); for F_; 3 on .#1(M*) (variationally equivalent
to R) in [14] it is proved that every critical metric with non-positive sectional curvature is
Einstein; for F_1/3 on .#1(M?) in [17] the author assumed a pointwise pinching condition
on the Ricci curvature; finally, for F_3/3 on . (M?3) (variationally equivalent to the oo-
functional) in [7] the authors proved that every critical metric must be Einstein (hence a
space form), just assuming an integral condition, namely F_3 8 <0 (this result was extended
in dimension greater than four in the locally conformally flat case in [11]). As it will be clear
from Corollary 2.3 and Corollary 2.4, for some specific values of the parameter ¢, critical
metrics for F; inherit additional properties from the Euler-Lagrange equation which implies
more constraints on the variational solution. For instance, every critical metric has constant
scalar curvature if ¢ # —1/3 and n = 4 and it has constant oy-curvature if ¢t = —n/4(n — 1)
and n # 4. The results just quoted [14, 7, 11] belong to these cases.

In this paper we will prove some new rigidity results on critical metrics for F; on .1 (M™).
Our first theorem characterizes critical metrics with non-negative sectional curvature.

Theorem 1.1. Let M™ be a closed manifold of dimension n > 3. If g is a critical metric
for Fy on M (M™) for some t < —1/2 with non-negative sectional curvature, then g is an
Einstein metric.

In the case t = —1/2, we can show the following result.

Theorem 1.2. Let M™ be a closed manifold of dimension n > 3. If g is a critical metric
Jor F_y/3 on A1 (M™) with non-negative sectional curvature, then g is either Einstein or the
following possibilities occur
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(i) If n = 3, then the universal cover (M3, §) is isometric to (82 x R,ags2 + bgR), for
some positive constant a,b > 0.
(ii) If n = 4, then the universal cover (M*,§) is either isometric to (82 x S?, ags + ngZ)
or to (82 x R?, agse + bng), for some positive constant a,b > 0.
(iii) Ifn > 4, then the universal cover (M",§) is isometric to (82 x R"2 agg + ban,2),
for some positive constant a,b > 0.

Remark 1.3. We notice that the condition ¢ < —1/2 in Theorem 1.1 is optimal. In fact,
for every t > —1/2, following [15], one can construct non-Einstein critical metrics g; for Fy
on . (S?) (see [8, Section 7]). It turns out that these metrics have non-negative sectional
curvature if —1/2 < ¢ < 3/4. On the other hand, a condition on the sectional curvature is
necessary too. In fact, recently Gursky and Viaclovsky in [9] constructed critical metrics for
Fy on 4 (M*?) for t “close” to a given value which depends on the topology of the Einstein
building blocks. In particular, they found solutions for ¢ close to —1/2 and in some cases
for t < —1/2 (for precise estimates on the critical values see [19]). As it is clear from the
construction, all these metrics have changing sign sectional curvature.

Concerning critical metrics with non-positive sectional curvature, we can extend Lamon-
tagne result [14] in dimension four, proving the following

Theorem 1.4. Let M* be a closed manifold of dimension four. If g is a critical metric for F
on M1 (M*) for some t > —1/4 with non-positive sectional curvature, then g is an Einstein
metric.

In Section 5 we provide a rigidity result on critical metrics for F; on .43 (M?3) for t > —1/2.
As we have previously observed, one has to assume a stronger condition than non-negative
sectional curvature to exclude the non-Einstein examples. Moreover, the estimates used in
the proof of Theorem 1.1 are not sufficient in this regime of ¢, due to the presence of bad
terms with the wrong sign. We were able to overcome this difficulties by “weighting” the
Euler-Lagrange equation, and trying to compensate these quantities. Our result reads as
follows

Theorem 1.5. Let M3 be a closed manifold of dimension three. If g is a critical metric for
Fi on M (M?) for some —1/3 < t < —1/6 with non-negative scalar curvature, then g has
constant positive sectional curvature if

(1+6t)2
24

Remark 1.6. In the cases t = —1/3 (trace-less Ricci functional) and ¢ = —5/16 (Schouten
functional), our result considerably improves the ones in [17] and in [12, Theorem 4.2], re-
spectively. Moreover, for t = —1/4 (Riemann functional), Theorem 1.5 gives a first answer to
a basic question posed by Anderson [1, Section 6] concerning the rigidity of critical metrics
for the L2-norm of the Riemann curvature tensor R.

B> < R?.

Remark 1.7. We notice that the result in Theorem 1.5 also holds when ¢t < —1/2. In fact, the
pinching assumption implies that g has positive sectional curvature and Theorems 1.1 and 1.2
apply. Formally, in the case ¢ = —oo, we recover part of a result in [1] on critical metrics for

S.
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In the last part of the paper (Section 6), we will compute the Euler-Lagrange equation
satisfied by critical metrics for a general quadratic curvature functional of the form

Frs = /Ric|2dV+t/R2dV—|—s/|Rm|2dV,

defined for some constants ¢, s € R. As we have already observed, from the variational point
of view this functional differs from F; only in dimension greater than four. As one would
expect, space form metrics are critical for F; ¢ on . (M"), whereas, due to the presence of
the full curvature tensor, in general Einstein metrics are not. Hence, a basic question would
be to find variational characterization of space form metrics as critical points for F; s on
A1 (M™), in the spirit of the work of Gursky and Viaclovsky [7] on critical metrics for

Foptnn) = —2(n — 2)? / oa(A)dV

where 02(A) denotes the second elementary symmetric function of the Schouten tensor (see [18]).
As we have already observed (see Corollary 2.4), in dimension n # 4, a critical metric g for
this functional satisfy the Yamabe-type equation

o2(Ag) = const.
We will show in Corollay 6.4 that, for every t € R, the functional

./—"t n+4(n—1)t
’7f

naturally extend the os-functional (which correspond exactly to the case s = 0). More
precisely, we will prove that for every t € R, a critical metric g for 7, ntam-1ye on M (M),
) 1
n > 4, satisfies the Yamabe-type equation
n+4(n—1)t 9
——— = |W,|* = const.
16(n — 2) Wl

We hope that this property could help in proving some new variational characterizations of
space forms as critical metrics of these functionals.

(1 +2(n— 1)t)02(Ag) —

To conclude, we mention that the problem of finding conditions that guarantee rigidity
of critical metrics for quadratic curvature functionals also has a lot of interest in the non-
compact setting. For instance, Anderson in [2] proved that every complete three-dimensional
critical metric for the Ricci functional p with non-negative scalar curvature is flat, whereas
in [5] we showed a characterization of complete critical metrics for S with non-negative scalar
curvature in every dimension. Recently in [6], we showed that, in dimension three, flat metrics
are the only complete metrics with non-negative scalar curvature which are critical for the
og-curvature functional F_3/g.

2. THE EULER-LAGRANGE EQUATION FOR JF;

In this section we will compute the Euler-Lagrange equation satisfied by critical metrics for
Fi on A1 (M™) (see also [8]). The gradients of the functionals p and S are given by (see [4,
Proposition 4.66])

1 1
(Vp)ij = —ARij — 2RipjiRi + Vi, R — 5 (AR)gi; + §|chy2gij ,
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1

(VS)ij = 2Vi;R — 2(AR)gij — 2RR;; + §R2gij :

Hence, the gradient of F; reads
1+4¢ 1
(VF)ij = —ARy+(1+2t)V5;R— %(AR)% +5 (|Ric]2 +tR2> 9ij — 2Rikji Ry — 2L RR;; .
Moreover, g is critical for F; on .#1(M™) if and only if (VF;) = cg, for some Lagrange
multiplier ¢ € R (see [4]). Tracing this equation, we obtain
-4 4in—1
n 5 WAR = nc.

From these, we get that g is critical for F; on .4 (M") if and only if

(\Rz’cF +tR2> -

2t 2
— ARy + (1+2t)V},R - —(AR)gy; + (\Rz'c|2 + tRQ) gij — 2RipjiRy — 2tRR;; = 0, (2.1)

and

(n +d(n — 1)t> AR = (n—4) (|Ric|2 N )\) ,
where A = F;(g). Defining the tensor E to be the trace-less Ricci tensor, E;; = R;; — %Rgij,
we obtain the Euler-Lagrange equation of critical metrics for F; on ., (M™).

Proposition 2.1. Let M™ be a closed manifold of dimension n > 3. A metric g is critical
for Fy on A (M™) if and only if it satisfies the following equations

1+ 2¢ 24+ 2nt
AE;; = (1+ 2t)VszR - T(AR)gij — 2R B —

2
REij + ﬁ’E‘Qgij s (2.2)

<n+4(n— 1)t>AR = (n—4)(|Ric[2+tR2 —)\), (2.3)
where A = Fi(g).
In particular, it follows that Einstein metrics are critical (see [4, Corollary 4.67]).
Corollary 2.2. Any FEinstein metric is critical for Fy on My (M™).
From equation (2.3), if n =4 and t # —1/3, we immediately get the following result.

Corollary 2.3. Let M* be a closed manifold of dimension four. If g is a critical metric for
Fi on My (M*) for some t # —1/3, then g has constant scalar curvature.

Notice that, in dimension four, Gauss-Bonnet formula implies that F_; 3 is proportional
(plus a constant term) to the Weyl functional . Hence, critical metrics are Bach-flat and,

in general, do not have constant scalar curvature. On the other hand, if t = —n/4(n—1), one
has n
Ric)> — ——R? = —2(n—2)%03(4A
Ricl? — 1ot (n—2)%03(4)
where 02(A) denotes the second elementary symmetric function of the Schouten tensor
ae Y (me Lony)
n—2\U" T om 1)

Hence, when n # 4 and t = —n/4(n — 1), we have

Fonjan-1) = —2(n—2)2/02(A) av
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and equation (2.3) implies the following

Corollary 2.4. Let M™ be a closed manifold of dimension n # 4. If g is a critical metric
for F_y jan—1y on A (M"), then g has constant o2-curvature.

Now, contracting equation (2.2) with F we obtain the following Weitzenbock formula.

Proposition 2.5. Let M™ be a closed manifold of dimension n. If g is a critical metric for
Fi on A1 (M"™), then the following formula holds

24 2nt
n

1
iA]E\Q = |VE|* + (14 2t)E;;V;;R — 2R i Ei; Ey — R|E)?. (2.4)

Corollary 2.6. Let M™ be a closed manifold of dimension n. If g is a critical metric for Fy
on A1 (M"), then

—2)(1+2¢ 1 t

n
Proof. We simply integrate by parts equation (6.4) and use the second Bianchi identity

n

1 -2
viEij = ViRZ‘j — ﬁij = on VjR.

3. CRITICAL METRICS WITH NON-NEGATIVE SECTIONAL CURVATURE

In this section we will prove Theorem 1.1 and Theorem 1.2. The first key observation is
the following pointwise estimate which is satisfied by every metric with non-negative sectional
curvature.

Proposition 3.1. Let (M",g) be a Riemannian manifold of dimension n > 3 with non-
negative sectional curvature. Then, the following estimate holds

n—2

RipjiEij By < R|EP.

n
Proof. Let {e;}, i = 1,...,n, be the eigenvectors of E and let \; be the corresponding
eigenvalues. Moreover, let o;; be the sectional curvature defined by the two-plane spanned
by e; and ej. We want to prove that the quantity

n—2 - n—2_
R Eij By — o™ RIE* = Z AiXjoij — WRZAi
k=1

1,j=1
is non-positive if o;; > 0 for all 7,5 = 1,...,n. The scalar curvature can be written as

n
ikl
R = g"g" Rigji = Z Tij = QZUz‘j-
ij=1 i<j
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Hence, one has the following

n

f: Aidjoij — ”Q_HQREH:Ai = 2 Aoy - ”T_Q YooY N

ij=1 k=1 i<j i<j k=1

= Z(QAij n;2 ” k)aij.

i<j k=1

On the other hand, one has

M:

Mo=ANHN+ DN
k=1 ki,j
Moreover, using the Cauchy-Schwarz inequality and the fact that Y, _; A = 0, we obtain
1 2 1 2
Sz (X ) = i)
~ n—2 ~ n—2

k#i,j k#i,j

Hence, the following estimate holds

2 n-—- 2 2 2 5
Z/\ /\+)\) i

Using this, since o;; > 0, it follows that

zn: Aidjoj — ”ZTfRZn: No< ol 3 (20 - (A2 Af.))oij

<
i,7=1 k=1 <]
n—1 9
= — n Z()\l — )\]) Uij S 0
1<j
This concludes the proof of the proposition. OJ

From Corollary 6.7, we have that if g is a critical metric for F; on .#;(M™), then

—2)(1+2t 1+ nt
/<|VE|2 - WWRF) v = 2/ (RikﬂEijEkl + R|Ey2) dv .

If t < —1/2, the left-hand side is nonnegative and is zero if and only if [VE| = 0. On the
other hand, if g has non-negative sectional curvature, Proposition 3.1, implies that

1+ nt

RikjEij Ep +

RIBP < (14 5) RIBP.

In particular, if g is a critical metric g for Fi on A1 (M"™) with non-negative sectional curva-

ture, we have
—9)(1
/(\VEF - W!VRF) dv < (1+2t)/R]E\2dV.

Hence, if ¢ < —1/2, then g has to be scalar flat or Einstein. If R = 0, then g must be flat,
since it has non-negative sectional curvature. This concludes the proof of Theorem 1.1.

If t = —1/2, we have that VE = 0 on M". In particular, g has constant scalar curvature,
and, from the de Rham decomposition theorem, is locally a product of Einstein metrics.
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Again, if R = 0, then ¢ has to be flat. So, from now on, we will assume that ¢ has constant
positive scalar curvature R > 0. From the critical equation (2.1) we get

1 TS G 1
ﬁ (‘RZC| - §R )gi]’ - Riklekl + ERRU =0
Moreover, since g has parallel Ricci tensor, the commutation rule of covariant derivatives,
implies
0 = V,ViRy — V;VpRy, = RyjpRig + Rygjp R -
Tracing with ¢P*, we get Ripji Ry = RipRji. Hence, the Ricci tensor satisfies the quadratic
condition
1
— <2|Ric]2 — R2>gij — 2R¢kRjk +RR;; =0
n
In particular, every eigenvalue i of the Ricci tensor, satisfies the equation
1
- (2|Ric|2 - R2> — 2%+ Ry =0,
n
which implies that

2 n—2
2~ R (1B =75 SRY) = 0.

Solving this equation, we get that every eigenvalue satisfies

1 —4)2 1
4 n

16n2
Now, let us assume that for some 1 < m < n, we have
1 (n—4)2 1
=...= = -R \/R2 —|E?
i pn = RN g B
and
1 (n—4)2 1
=...= = -R—\/———R?>+ —|E]?
Hom+1 Hn =4 \/ 16n2 +n’ |
If m = n then the metric is Einstein. On the other hand, if m = 1 we have that u; = 0
on M™ and pg = ... = pp = %R. This implies that n = 3. Moreover the scalar curvature

satisfies the following identity

—4 — 4)2 1
n R— (n_2)\/(n)R2_|_n|E|2’

4 16n2
which in dimension three implies that R must be negative. So this case is excluded. Equiv-
alently, if m = (n — 1), then pu; = ... = pp—1 = %R on M™ and pu, = 0. This, again implies

n = 3 and we are exactly in case (i) of Theorem 1.2. So, from now on we will assume that
2 < m < n. Moreover, by summing all the eigenvalues, we get the identity

n—4 (n—4)2 1
= -2 A 7 R2LCEI2.
4 R= m)\/ 16n2 R+n‘ |

Since R > 0, we have that m =2 if n =3 or n =4, and m < n/2 if n > 4. Thus, if n = 4,
we have that

1.1 11
m=p = TR+ |B|  an e =pa = R—SlE
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On the other hand, if n # 4, one has

m(n —m)(n —4)?

R?.
dn(n — 2m)?

|E? =

Thus, if n = 3, we have proved that

1
/~01=M2=§R and  p3 =0,

whereas, for n > 4, one has that

n—m-—2 2—m
=...= = ———R d =...= = ——R.
# fom 2(n —2m) an Hm1 fon 2(n —2m)

Since g has non-negative Ricci curvature, if n > 4 the only admissible case is m = 2, so

1
m:uz:iR and s =...=pup = 0.

In conclusion, as a consequence of the de Rham decomposition theorem, we have shown that
if g is a critical metric for F_; 5 on .#1(M") with non-negative sectional curvature, then g
is either Einstein or the following possibilities occur

(i)

(i)

(iii)

If n = 3, then the eigenvalues of the Ricci tensor are equal to p; = po = %R and

us3 = 0, where R is a positive constant. In particular, the universal cover (M 3.9) is
isometric to (82 X R,agge + b gR), for some positive constant a,b > 0.

If n = 4, then the eigenvalues of the Ricci tensor are equal to p; = pe = iR + %|E|
and pi3 = pa = TR — 3|E|, where R and |E| are positive constants. Now, there are
two possibilities: either uz = pg > 0 or u3 = pg = 0. Hence, the universal cover
(M*, §) is either isometric to (82 x S?%,a gs2 + ngQ) or to (82 x R?, agse + bg]Rz), for
some positive constant a,b > 0.

If n > 4, then the eigenvalues of the Ricci tensor are equal to p; = po = %R and
w3 =...= p, =0, where R is a positive constant. Since g has non-negative sectional
curvature, the Ricci flat part has to be flat. Hence, the universal cover (M ".g) is
isometric to (82 x R" 2, a gs + ban_z), for some positive constant a,b > 0.

This concludes the proof of Theorem 1.2.

4. CRITICAL METRICS WITH NON-POSITIVE SECTIONAL CURVATURE

In this section we will prove Theorem 1.4. First of all we show some useful estimates which
hold for every n-dimensional Riemannian manifold. We recall the definition of the Cotton

tensor

Cijk = ViRij — VR, — (ViR gij — ViR gir) -

1
2(n—1)

We have the following formula (see [7, Section 4] for this formula in dimension three).

Proposition 4.1. Let (M™,g) be a Riemannian manifold of dimension n > 3. Then, the
following integral formula holds

(n —2)2 1 1
/ (|VE]2 — 7_1)\VR]2 — 5\0]2)&/ = (RikleijEkl — BBy By — ER’E‘Q)dV-

4dn(n
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Proof. A simple computation shows that
(n—2)?
4n?(n—1)

Integrating by parts the last term, we get

1
§|C|2 = |VE[® - IVR|* = Vi EyV ;B . (4.1)
/VkEijVjEik dav = _/EijvkzvjEik’ av
1
= —/ (EijVijEik + RijuEij B + Eij B By + ER|E’2> av
n—2 1 2
= — (TEUVNJR — RigpBijEw + BijEinEji + — R| E >dV

N 1
- /((42)!VR| + Rirjilij Er — EijEz‘kEﬂ—gR|E|2>dV

Using this identity and integrating equation (4.1) we get the desired result. O

Proposition 4.2. Let (M"™,g) be a Riemannian manifold of dimension n > 3 with non-
positive sectional curvature. Then, the following estimate holds

1
RipjiEij By + ;R\E\Z +EijjExE; < 0.
Moreover, if n = 4, equality occurs if and only if |E| = 0.

Proof. As in the proof of Proposition 3.1, we let {e;}, i = 1,...,n, be the eigenvectors of E
and Ric and let \; and p; be the corresponding eigenvalues. Moreover, let o;; be the sectional
curvature defined by the two-plane spanned by e; and e;. We want to prove that the quantity

1 n
Riji Eij By + — RIB|® + Eij By By = Z Xidjoi; + RZA +) A

i,j=1
is non-positive if o;; < 0 for all 4,7 = 1,...,n. First of all, we notice that
Z Aidjoij + Rz/\iJrZ)\i = ZZ)\ \joij +ka,
i,j=1 i<y

since pr = A\ + %R. Moreover, for every k, p = Z#k o, and

Z,uk)\k, = Z )\2 + )\JQ)O'U .

1<J
Hence
Z Aidjoij + RZ)\ +Z/\3 =D @NN A+ X))oy = > (A + )%, <0,
4,j=1 i<j i<j

since 0;; < 0, and the inequality is proved.
Now we will analyze the equality case in dimension four. If equality occurs, then, choosing
(i,7,k,1) as a permutation of (1,2,3,4), we get
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4 4

0 = Z (N + )20y = Z (Mz‘ +pj = %R)Qaij

i,j=1 4,j=1

4
_ pi g+ 2
=2 (s )
ij=1

4
2
= Y (04— ow)’oy
ij=1
2 2 2

= (012 —034)(012 + 034) + (013 — 024)° (013 + 024) + (014 — 023) (014 + 023) .
This implies that o129 = 034, 013 = 024 and 014 = 093, since g has non-positive sectional
curvatures. Now, if we compute A, we get

4
1 1
)\1=/L1—ZR=E Jlj_§£,o—ij:0.
Jj=2 1<J

A similar argument shows that A\; = 0 for every i, so the metric must be Einstein. (|

Now we can prove Theorem 1.4. Let M* be a compact manifold of dimension four and g be
a critical metric for F; on ., (M?*) for some ¢t > —1/4 with non-positive sectional curvature.
By Corollary 2.3, we know that g has constant scalar curvature. Moreover, since g is critical,
then, Corollary 6.7 implies that

14 4t
/|VE]2dV = 2/ (R,»kﬂEijEk, + +4R|E|2> dv < 2/RikﬂEijEk, dv,

since R < 0 and t > 1/4. Using Propositions 4.1, we obtain
1 1
2/yC|2dv < /(RikleijEkl + ER|E|2 +E,~jEZ»kEﬂ> dv'.

From Proposition 4.2, it follows that the right hand side is non-positive, so it must be zero
and the metric must be Einstein. This concludes the proof of Theorem 1.4.

5. THREE DIMENSIONAL CRITICAL METRICS WITH POSITIVELY PINCHED CURVATURE

In this section we will prove Theorem 1.5. Let M3 be a closed manifold of dimension three
and g be a critical metric for F; on ., (M?3) for some —1/3 <t < —1/6. We will assume
that ¢ has non-negative scalar curvature and it satisfies the piching condition

(1+ 6t)?
24
To prove that g must be Einstein, i.e. a constant sectional curvature metric, one would like
to follow the proof of Theorem 1.1. Unfortunately, it is easy to observe that, if ¢ > —1/2, the
left-hand side of the integral formula in Corollary 6.7 could be non-positive. This observation
leads us to find a different strategy in order to deal with the gradient terms of the Euler-

Lagrange equation. In dimension three, the Riemann curvature tensor decomposes as

E]? < R?. (5.1)

1
Rikji = Eijgr — Eugjk + Ergij — Exjga + 5 R (9ijgr — 9a9jk) -
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Hence, the equation (6.4) for critical metrics reads

1—|—6t

1
5A|E\2 = |VE]® + (14 2t)E;V;;R+ AE;Ey Eyj — ——R|E|*.

Multiplying this latter with the scalar curvature R and integrating by parts over M3, we
obtain

1+2t

/<;<V\E|2,VR>+RWE|2 — ~R|VR)? - (1+2t)E(VR,VR)>dV (5.2)

1+ 6t
_ /< O R g2 4REijEikEkj) dv

where we used the second Bianchi identity V;E;; = V;R/6. First of all we observe that,
under the assumption of Theorem 1.5, the right-hand side is non-positive. In fact, since E is
a symmetric traceless two-tensor, then one has the following sharp inequality [7, Lemma 4.2]

1
—|EP.
\/6’ |
Thus, since R > 0, from the pinching assumption (5.1) and the fact that —1/3 <t < 1/6, we
get

|Eij Eip Exj| <

1+ 6t
3

To conclude the proof, we have to estimate the left-hand side of equation (5.2). We have the
following

146t 4
R2|E|2 4REijEikEkj < R’E’z <—;R—|— \/6‘E‘> <0. (53)

Lemma 5.1. Under the assumption of Theorem 1.5, one has

1 1+2
/(2<V|E12,VR>+R|VE|2 =

— 2 R|VRJ]? — (1 +2t)E(VR, VR)) dv > 0.
Proof. From Bochner formula, one has
%A|VR|2 = |V2R> + Ric(VR,VR) + (VAR,VR)
= |V?R]>+ E(VR,VR) + éR|VR|2 + (VAR,VR).

Integrating by parts, we get

1
/E(VR, VR)dV = —/ <|v21~2|2 — |AR|? + 3R|VR|2> d

2 1
/ <3|AR\2 - SR]VR|2> dv

where we have used the algebraic inequality |V2R|? > |AR|?/3. On the other hand, from the
traced equation of critical metrics

IN

_ 1 2 2
AR = o 8t<|ch| FtR? - A) (5.4)
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one has
1
/|AR|2dV = /RAQRdV = ———— [ RA|Ric]*dV — —— /RARQdV
3+8t 3+ 8t
1 2 2t 2
— — = _R|VR]?)dV
/(3+8t<V’R“‘ VR)+ o g y)
1 2 + 6t
= V|E|?>,VR)+ ————R|VRJ? | dV .
/(3+8t< 1] )+ 3(3 +8t) | ’)
Putting all together, we have showed that
2 5+ 12t
E(VR,VR)AV < —— __(V|E , VR) — ———_R|VR|? ) dV .
/ (VR,VR) - /(3(3+8t)<v’ S VER) 9(3 + 8t) v |>

We are now in the position to prove the lemma. We want to estimate the following quantity

1—|—2t

1
/<2<V|E|2,VR)+R|VE|2 — ~R|VR[]* - (1+2t)E(VR,VR)> dv .

Since t > —1/3, from the previous inequahty, we obtain

1 1+ 2t
/ <2<V]E\2, VE) + RIvEP - 2

RIVR* - (1 +2t)E(VR,VR)> dv

5+ 16t 142t
> / <+<V|E|2,VR) + R|VE* + +R|VR|2> v .

6(3 + 8t) 18(3 + 8t)
Now, since R > 0, then from Cauchy-Schwartz and Kato inequalities, we have
5+ 16t 9 |5 + 16t
—(V|E|*,VR) > ————|FE||VE||VR
|5 + 16¢| » |5+ 16t |E|? 5
———eR|VR|* - VE|*,
Z et VR - e rsn r 1VE
for every € > 0. Choosing € = (1 + 2t)/(6|5 + 16t|), we have
5+ 16t 5 1+2¢ ) (5+16t)>  |E? 9
— (V|E|*,VR) > ———R|VR|* — VE
6 ran VIEN VR 2 —gm e BIVRE — s e ren & VL
Hence, the integrand we want to estimate is bounded by
5+ 16t 9 5 142t 2o IVEP [ o (5 + 16t)2 5
——(V|E|", VR)+R|VE|"+ ————=R|VR R El=).
6(3+8t)< B, VR)+R| ‘+18(3+8t) VR = R 2(1+2t)(3+8t)| |

Finally, using the pinching assumption (5.1), it is easy to prove that the right-hand side is
non-negative, since

(1+6t)2 o 201+2t)(3+81)
24— (5+166)2
if —1/3 <t < —1/6. This concludes the proof of the lemma. O

Combining this latter with equation (5.2) and inequality (5.3), under the assumption of
Theorem 1.5, we have showed that

1+ 6t
/R|E|2 <+3R — f]EO dv =0.
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Hence, E = 0 on M3 since R > 0 and the pinching assumption (5.1) holds.
This concludes the proof of Theorem 1.5.

6. THE EULER-LAGRANGE EQUATION FOR Fy s

In this section we will compute the Euler-Lagrange equation satisfied by critical metrics
for

Fislg) = /]Ric]QdV—irt/deV—irs/\Rm[QdV,

on /1 (M™). As we have already observed in the introduction, this functional substantially
differs from F; only in dimension greater than four.

To compute the Euler-Lagrange equation for F; s, we follow the computations in Section 2.
The gradients of the functionals p, S and R are given by (see [4, Proposition 4.66] and [4,
Proposition 4.70])

1 1.
(Vp)ij = —ARi]’ + V?jR — §(AR)gm — 2Riklekl + §|R’LC|29U’ s

1
(VS)ij = 2Vi;R —2(AR)gij — 2RR;; + 532% ,
and
1
(VR)ij = —4AR;j + 2V} R — 2Rijpq Rjipg + §‘Rm]29ij — 4Rk ji Ry + AR Ry, -

Hence, the gradient of F; ¢ reads

1+4¢
(V]:t,s)ij = —(1+ 48)ARi]’ +(1+2t+ 2S)V?jR — T(AR)gij — 2R Ry — 2tRR;;

1
+5 (IRicl? + t12 + 5| Rml? ) gij — 25 Ritgg Rypg — 45 Rinju o + 45 Rig Ry
Moreover, g is critical for F; s on . (M") if and only if (VF;s) = cg, for some ¢ € R.
Tracing this equation, we obtain

n—4 n+4(n — 1)t +4s
2 2

From these, we get that g is critical for F; s on . (M") if and only if

(\ch\Q VR + s|Rm\2) AR = ne.

2% — 2 2
—(1+45)AR;; + (1 + 2t + 25)Vi;R — - S(AR)gij+E(|Ric|2+tR2+8]Rm|2>gij+

—2(1+ QS)RikﬂRkl — 2tRR;; — QSRikqujkpq + 48RikRjk = 0, (6.1)

coupled with the scalar equation
(n Fa(n— 1)t + 43) AR = (n —4) (|Rz'c|2 +tR? + s|Rm|? — )\) :

where A = F; 4(g). Substituting E;; = R;j — %Rgij, we obtain the Euler-Lagrange equation
of critical metrics for F; s on . (M").
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Proposition 6.1. Let M" be a closed manifold of dimension n > 3. A metric g is critical
for Fis on A1 (M™) if and only if it satisfies the following equations

142t +2

(1+45)AE; = (1+2t+2s)V2-R—$(AR) gij — 2(1 + 28) it (6.2)
24 2nt —

—#RE” += (]E]2+s]Rm\ )9i5 = 25 Ritpq Rytpa + 45 B By

(n+4(n— 1)t+4s)AR - (n—4)(|Ric|2+tR2+5]Rm|2 —A), (6.3)

where X = Fi 5(9g).

In particular, any Einstein critical metric must satisfy the following pointwise condition
(see also [4, Corollary 4.67])

Corollary 6.2. An Einstein metric is critical for Fi s on A1 (M"™) if and only if it satisfies
1
Rikqujkpq = E|Rm|292j-

Corollary 6.3. Any space form metric is critical for Fy s on A1 (M™).
In the case n # 4 and

_ n+4n-1)
4
one has the constancy of the following quantity
4(n — 1)t
|Ric|> + tR* — W!Rmﬁ .
Since the norm of the Riemann curvature tensor is given by
4 2
Rl = WP+ s Riel? —

we obtain the following

Corollary 6.4. Let M™ be a closed manifold of dimension n > 4. If g is a critical metric g
for F, niam-1 on A (M™), then the quantity
J 1

4 1)t
_nt (Z ) W[ +4(n —2)(1+2(n — 1)t)o2(A)
is constant on M™.

Moreover, we notice that, when ¢t = s = —1/4, Corollary 6.4 applies, In this case, the
integrand of the curvature functional F_ 11 vanishes if n = 3 and it corresponds (in fact,

it is proportional) to the Gauss-Bonnet 1ntegrand if n = 4. Furthermore, it follows from
equation (6.2) that all the second order terms in the Euler-Lagrange equation vanish. More
precisely, one has the following remarkable fact, which, in part, was already observed by
Berger in [3, Section 7] (see also [13]).

Corollary 6.5. Let M™ be a closed manifold of dimension n > 4. A metric g is critical for
F_1 _1 on A(M™) if and only if it satisfies the following equation.
4’ 4
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n—6 1 ) ) 1
—RigjiBw + — —RE;; + 5~ (4IE| — |Rm| )gij + 5 ftikpajkpg — EinEje = 0.
Moreover, the quantity
(W2 +2(n — 2)(n — 3)o2(A)

is constant on M™.

As already suggested by Berger, it will be interesting to have a complete classification of
these critical metrics. For the sake of completeness, we compute the pointwise and integral
Weitzenbock formulas of critical metrics for F .

Proposition 6.6. Let M™ be a closed manifold of dimension n > 4. If g is a critical metric
g for Fy on A1(M™), then the following formula holds

144
> PAIE? = (1+45)|VEP + (14 2t + 25)Ei; V4R — 2(1 + 25) R Byt (6.4)

24 2nt —4s
—TR|E|2 — QSEinikqujkpq +4sEijEipEjy, .

Integrating by parts and using second Bianchi identity, we obtain

Corollary 6.7. Let M™ be a closed manifold of dimension n > 4. If g is a critical metric
for Fis on A1 (M™), then

/ <(1 48|V (n — 2)(12:er 2t + 2s) |VR|2> g -

1+nt—2s
TR‘EF + SEinikqujkpq - 2$EijEikEjk> av.

2/ <(1 + QS)RikleijEkl -+

In particular, if g is a critical metric for F, niam-1: on My (M™), then
’ 4

_2)2
—(n—1)(1 + 4t Bp— 2 gpp)ay -
-na+a) [ (jvep- 2w
n—2+4(n—1)t n+24+23n—-2)t
2/( 2( )Rz’kleijEkl+ 2( )R’E|2+
n

n+4(n— 1)t n+4(n—1)t
—(Zl)Einikqujkpq + (Q)Ez‘jEikEjk) av.
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