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WEYL SCALARS ON COMPACT RICCI SOLITONS

G. CATINO', P. MASTROLIA?

ABSTRACT. We investigate the triviality of compact Ricci solitons under general scalar con-
ditions involving the Weyl tensor. More precisely, we show that a compact Ricci soliton is
Einstein if a generic linear combination of divergences of the Weyl tensor contracted with
suitable covariant derivatives of the potential function vanishes. In particular we recover and
improve all known related results. This paper can be thought as a first, preliminary step
in a general program which aims at showing that Ricci solitons can be classified finding a
“generic” [k, s]-vanishing condition on the Weyl tensor, for every k,s € IN, where k is the

order of the covariant derivatives of Weyl and s is the type of the (covariant) tensor involved.

1. INTRODUCTION

In recent years, the Weyl tensor has played a preeminent role in the classification of Rie-
mannian manifolds with “special” structures, such as Einstein metrics, Ricci solitons, and,
more in general, Einstein-type manifolds (see for instance [11] and references therein). This
is quite natural since these special structures are assigned prescribing conditions on the trace
part of the Riemann tensor (that is, on the Ricci tensor), and thus we can expect classification
results (in dimension greater or equal than four) only assuming some further conditions on
the traceless part (i. e., the Weyl tensor).

We recall that if (M™, g) is a n-dimensional, connected, Riemannian manifold with metric
g, a soliton structure is the choice (if any) of a smooth vector field X on M and a constant
A € R such that

1
(1.1) Ric+§ﬁxg:)\g,

where Ric denotes the Ricci tensor of the metric g and Lxg is the Lie derivative of the metric
in the direction of X; the constant A is called the soliton constant. The soliton is expanding,
steady or shrinking if, respectively, A < 0, A =0 or A > 0. If X is the gradient of a potential
f € C°°(M) the soliton is called a gradient Ricci soliton and (1.1) becomes

Ric+V2f = \g,
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where V2 f denotes the Hessian of f. In this paper we will focus on compact Ricci solitons.
In this case, by the work of Perelman [17], we known that the soliton has to be gradient.
Note that, when the potential function f is a constant, a gradient Ricci soliton is an Einstein
manifold. Ricci solitons generate self-similar solutions of the Ricci flow, play a fundamental
role in the formation of singularities of the flow and have been studied by several authors (see
H.-D. Cao [3, 4] for nice overviews). It has been shown by Perelman [17] that every compact
steady and expading Ricci soliton is Einstein; moreover, in dimension three, Ivey [15] proved
that the only compact shrinking Ricci solitons are, up to quotients, isometric to $2 with the
standard metric. Dimension four is then the lowest dimension allowing “nontrivial” examples
of compact shrinking Ricci solitons (see e.g. the survey [3]and references therein).

The classification results already known in the literature often rely on vanishing conditions
involving zero, first or specific second order derivatives of the Weyl tensor (see for instance
[12, 18, 13, 16, 6]); on the other hand, in the paper [9] the authors obtain classification of
(shrinking) gradient Ricci solitons only requiring a fourth order scalar vanishing condition,

namely
diV4(W) = Wikjl,iljk: = 0

This paper can be thought as a first, preliminary step in a general research program which
aims at showing that gradient Ricci solitons can be classified finding a “generic” (in a suitable
sense) [k, s]-vanishing condition on the Weyl tensor, for every k,s € IN, where k is the order
of the covariant derivatives of Weyl and s is the type of the (covariant) tensor involved. For
instance, to quote some important examples, the results in [12, 18], [13, 16], [6] and [9] deal,
respectively, with [0,4], [1,3], [2,2] and [4,0] conditions. Obviously, the study of the case
[k, 0] is harder, since it involves only a scalar condition.

The aim of this work is to study general [4,0] conditions, defined as linear combinations of
divergences of the Weyl tensor, contracted with suitable covariant derivatives of the potential
function f. With this choice we improve all the previous quoted results, introducing a general
Weyl scalar having the same homogeneity under rescaling of the metric (see Section 3 for the
precise definitions). For instance, we prove the following triviality result under a single Weyl

scalar vanishing assumption.

Proposition 1.1. Forn > 4 there are no non-FEinstein compact Ricci soliton, provided that at
least one of the following Weyl scalars vanishes: Wi Rk Rji, Wijri iRk, Bijfifi, Wijkiarfj
or Wijkl,itk;-

In particular, in the compact setting, the proposition improves the results in [12, 18, 13, 16,
6]. More in general, Proposition 1.1 holds true assuming a generic [4,0] vanishing condition
on Weyl (see Propositions 4.2 and 4.3); in particular, we show that the Bach tensor

1 1
B;; = — 3Wikjl,lk + mWiklekh
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although interesting for its connections with conformal geometry and Physics, plays no special

role in the classification of Ricci solitons. In fact, we prove the following

Proposition 1.2. Let (M",g) be a compact Ricci solitons of dimension n > 4. If
1
(Clwikjl,lk + coWiikj e fr + mWiklekl>Rij =0 on M,

for some constants c1,co € R with ¢; # %73 and ¢y > —ﬁ, then (M, g) is Einstein.

Note that the Bach case corresponds to the choice ¢; = ﬁ and co = 0. Moreover, we
can show two triviality results under mixed Weyl scalars vanishing assumptions. In general
dimension n > 4 we can prove the following

Proposition 1.3. Let (M",g) be a compact Ricci solitons of dimension n > 4. If
1
AWiijk,tkji + c2Wiijk ks fi + csWejk e fi fj + n—_3Wtz‘jk,thij + caWiijk 1 Rik.
1
+ esWhijk i Ri fj + ceWiije Rk jt + ciWeige R fo f 5 + thiijthik =0 on M,

for some c; € R, i=1,...,7, with either ¢y >0 or ¢y =0 and ¢4 + Z—:gCG # 0, then (M, g) is

Finstein.
In dimension four, we have
Proposition 1.4. Let (M*,g) be a compact Ricci solitons of dimension four. If
AWk tkjit2Wiijk ik i + c3Wejn ik fi f5 + caWeiji i Rij
+ csWiijk i Rikj — csWhijk i Ri fj + ceWiijn Rik jie + %Wtz‘ijthik =0 on M,
for some ¢; € R, i =1,...,6, with 1+ ¢y + ¢4+ c5 + ¢ # 0, then (M, g) is Einstein.

We recall that, for a gradient Ricci solitons, we have the validity of the first integrability

condition

Cijr + [iWiijk = Diji,
where C' and D are the Cotton tensor and the three tensor introduced by H.-D. Cao and
Q. Chen in [5]. Note that if D = 0 then C' = 0 (see [6]); moreover, when M is compact,
C = 0 implies that (M, g) is Einstein (see [13, 16]). Thus, a possible strategy to obtain the
classification is to provide suitable assumptions ensuring the vanishing of C'. The proof of our
results can be divided in three steps:

1. first of all we obtain some pointwise identities for each Weyl scalar given by linear com-
binations of the three terms |C|?, |D|? and CD := CijiDiji, with possible remainder
term of divergence type;
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2. secondly, exploiting the previous pointwise identities, we derive integral identities
with parametric exponential weight of the type e=“/, w € R. More precisely, we prove
that, for every w € R, the weighted integral of a general Weyl scalar is given by the

expression
[ (@lcP + 280D+ 1DR)e,
M

with explicit coefficients «, 8 and 7 depending on w and the Weyl scalar itself (Section
3).

3. Finally, a simple algebraic argument shows that the vanishing of a class of good Weyl
scalars implies that D = C' = 0 (Section 4).

In the final Section 5, we provide some applications of the previous analysis and prove
Propositions 1.1, 1.2, 1.3 and 1.4. Moreover, in Remark 5.1 we discuss possible extensions to

the noncompact case.

2. PRELIMINARIES
The Riemann curvature operator of a Riemannian manifold (M™, g) is defined by
Riem(X,Y)Z =VxVyZ - VyVxZ - Vxy|Z.

Throughout the article, the Einstein convention of summing over the repeated indices will be

adopted. In a local coordinate system the components of the (1, 3)-Riemann curvature tensor

are given by Rﬁjk% = Riem(%7 a%k) a?ci and we denotg by R;jr = gimRﬁl its (0, 4)-version.
The Ricci tensor is obtained by the contraction R;, = gleijkl and R = ¢'* R;;, will denote the
scalar curvature. The so called Weyl tensor is then defined by the following decomposition

formula (see [14, Chapter 3, Section K]) in dimension n > 3,

1
Wik = Rijr — p— (Rirgji — Ragjr + Rjugix — Rjrga)
(n _ 1)(n _ 2) gzkg]l gllg]k N

The Weyl tensor shares the symmetries of the curvature tensor. Moreover, as it can be easily
seen by the formula above, all of its contractions with the metric are zero, i.e. W is totally
trace-free. In dimension three, W is identically zero on every Riemannian manifold, whereas,
when n > 4, the vanishing of the Weyl tensor is a relevant condition, since it is equivalent
to the local conformal flatness of (M",g). We also recall that in dimension n = 3, local
conformal flatness is equivalent to the vanishing of the Cotton tensor

Cijk = Rijk — Rik,j —

1
m (ngij - Rjgik) s
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where R, = ViR;; and Ry = ViR denote, respectively, the components of the covari-
ant derivative of the Ricci tensor and of the differential of the scalar curvature. By direct

computation, we can see that the Cotton tensor C satisfies the following symmetries
Cijk = —Cikjs Cijk + Cjki + Crij = 0,
moreover it is totally trace-free,
99 Cijx = g™ Cijr = ¢*Cijp. = 0,
by its skew—symmetry and Schur lemma. Furthermore, it satisfies
Cijk,i = 0,

see for instance [10, Equation 4.43]. We recall that, for n > 4, the Cotton tensor can also be

defined as one of the possible divergences of the Weyl tensor:

n—2 n—2
Cijk = (m)Wtikj,t = — <n — 3>Wtijk,t-

A computation shows that the two definitions coincide (see e.g. [1]).

In what follows a relevant role will be played by the Bach tensor, first introduced in general
relativity by Bach, [2]. By definition we have

1
Bi=13

A computation using the commutation rules for the second covariant derivative of the

1 1
Wikjiie + ——5 BuWij = ——

5 (Cjirke + RiaWikjn)-

Weyl tensor or of the Schouten tensor (see [10]) shows that the Bach tensor is symmetric
(i.e. Bijj = Bj;); it is also evidently trace-free (i.e. B; = 0). It is worth reporting here the
following interesting formula for the divergence of the Bach tensor (see e. g. [6] for its proof)

n—4
( )2 Rt Crei-

Bis o —

We recall here some useful equations satisfied by every gradient Ricci soliton (M™, g)
Rij + fij = Agij, A €R,
where f;; = V;V; f are the components of the Hessian of f (see e.g. [12]).
Lemma 2.1. Let (M",g) be a gradient Ricci soliton of dimension n > 3. Then
Af+R=n\
R; =2fiRi

R+|Vf2=2\f+c¢

for some constant ¢ € R.
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The tensor D, introduced by H.-D. Cao and Q. Chen in [5], turns out to be a fundamental
tool in the study of the geometry of gradient Ricci solitons (more in general for gradient

Einstein-type manifolds, see [11]). In components it is defined as

1 1
2.1 D =—— o f R . — R0
( ) ijk n—2 (fkRZ] f]le) + (n — 1)(n — 2) ft(Rtk:gu Rt]gzk:)
R
BCENCED)] (fxgij — figik)-
The D tensor is skew-symmetric in the second and third indices (i.e. Djj, = —Dj;;) and

totally trace-free (i.e. Dy = Djr; = Dgi; = 0). Note that our convention for the tensor D
differs from that in [5].

In the rest of the paper we use the notation
CD=DC := CZ]sz]k

We also recall the four integrability conditions for gradient Ricci solitons of dimension n > 3
(see [9] for the proof).

Proposition 2.2. If (M",g) is a gradient Ricci soliton with potential function f, then the

Cotton tensor, the Bach tensor and the tensor D satisfy the following conditions

Cijk + [tWyjr = Dijk,

n—3
(n—2)B;; — <n — 2>ftcjit = Dijkks
RiCrui = (n—2)Dipo s,
1
3 IC)* + RitCriii = (1 — 2)Djpg i

3. WEYL SCALARS ON A RICCI SOLITON

We define the following ten Weyl scalars:

wo,1 = Wik fejfit,  Wo2 = Wyjkficfefis  Wwoz = Wik fikifto Woa = Wiijk fikjts
w11 = Wejkefiefis W12 = Wiijkt fikjs
wo 1 = Wk fij, W22 := Wik fifj
w31 = Wik ks fi,
wa,1 = Whijk thji-
Note that these are the only scalar quantities wich depend linearly on the Weyl tensor and its
divergences. Moreover, all this functions have the same homogeneity under rescaling of the

metric. Indeed, if g = Ag, A € R, then wg = A3 Wq,p- We can now define a general Weyl
scalar as follows:
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Definition 3.1. A general Weyl scalar is a linear combination of the ten Weyl scalars pre-
viously defined, i.e. a function w of the type

. q T 1 1
WG = agWo,p,+01Wi,g + ApWo,r + A3W3,1 + A4W4,1
ith aff,af,ay,a3,a5 € R and p=1,...,4, q,r = 1,2
with Gg, G, Ao, Az, Gy ana p=1L,...,4, q, 7 = 1, 4.

3.1. Pointwise identities. We now obtain some pointwise identities for each Weyl scalar
given by linear combinations of the three terms |C|?, |D|? and CD := CijikDyji, with possible

remainder term of divergence type. Indeed we have

Lemma 3.2. Let (M™,g), n > 3, be a gradient Ricci soliton with potential function f. Then
the Weyl scalars defined in (3.1) satisfy the following pointwise identities:

Wo,1 = Wt’ljk?Rt_] itk = |C|2 ( )CD + (WtZ]kRZ]ft)

n —
wo2 = —WeyjrRikfef; = (n—2) (\DIQ - CD),

2
1
wo,3 = —Wiijk Rk j ft = §(CD —CP),
n—3
wo,4 = —WiijpRik jt = —HICIQ — (WhijiRiji)k,
n—3
w11 = Wik R [ = ! 5 )CD,

n—3
w12 = —Wiijk tRikj = —2((”7_2))\0’27

n—3

W21 = _Wtijk,thij = —ﬁ|0|2 - (Wtijk,tRij)k’
n—3

wo2 = Wy fifj = %CD + Wik fifi)k

n—3
w31 = Wiijk ki fi = HICI2 + Wikt fi) ks

wa1 = Whijk thji-

Proof. We give only the proof of the first identity. Using the soliton equation and Proposition
2.2 one has

wo,1 = Weijk ftj fik = Whije Rij Rig
= Wik friRik = Wi fiRik)j — Wikie,j fe Rir — Wi fi Rik

n—3 1
= (Wi feRij)k + Eni_iftRikait - _Wtikjftcikj

|C|2 ( )CD+ (WtUkRijt)

The other ones are similar. O
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3.2. Integral identities. We first derive integral identities with a general weight function
depending on the f.

Lemma 3.3. Let (M",g), n > 3, be a gradient Ricci soliton with potential function f. For
every ¥ : R — R, smooth function with ¥(f) having compact support in M, the Weyl scalars
defined in (3.1) satisfy the following weighted integral identities:

Wo,i = /Mwmw(f):l/ {(NICP + [(n = D(f) + (n = 2)¢'(£)]CD = (n — 2)¢'(f)| D };
w-2 / U (1D - CD);
1
~5 [ wtnep (e

= | w(f

2
o e
Wi = /MWMTZJ (n /¢f

Wi = /MW12¢ ) / HICP,
Wi = [ waru(h) = / { DICE +v(r)eD

M
Wao = /MW221/1(f) s / U
Wi = /Mw?,Jw(f) 2([; - 32)) / v(ICP:

Wi ;:/ w1 (f
M

Proof. Using Lemma 3.2, integrating by parts and using the definitions of C' and D we obtain

(NICE.

[ Wanrsonotn) = = [ Wbt (5) = =3 [ (D~ ConyDigs’ (1)
M M M

- 252 [ (eo-prywin,

/ (Wi Reji)wo(f) = — / WhiijkRejifu ' (f) = — / WiijkRirj fr ' (f)
M M
= 5| D= ConCuv (=3 [ (ED-1CP)v(s)
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and

_3 )
- 2§ /M CijkRij fr V' (f)

/(Wtijk,tsz)kﬂ)(f) = —/ Wtijk,tRiij//(f):E
M M

o (n—3) /
- B2 [ epwi

Moreover, by the simmetries of Weyl one has

/(ank,tfz‘fj)kw(f) = —/ Wiijkefififr ' (f) =
M M

| Wisiafg vt = [ Wasgeaf () =
M M

Finally

/ Wiiktkzi () = = | Wit [0(F)] i
M M
S /M Wisiis [0 () i + 0" (D il
= - /M Wik [0" (F) fij Fre + 0" (F) i + 0" (F) filf i fr + W(f)fzkfj + 4" (f) fifri]

= —/ Wtz]kt[¢( fzjk; /WtzjktRz]kw(f)
M

In particular, it follows that only six integrals are independent. Indeed, a simple compu-

tation shows that

Corollary 3.4. The following identities holds

_ 1 (n—2) .
Wosz = —mwm + mwl,%

B (n—4) 1 (n—2) .
Woa = (n—3) Wi+ (n—3) 2.1 (n—3) Wi,
Wao = Wiy
Wi1 = —Wia.

Since (M™, g) is compact we choose ¥(f) := e~/ with w € R, thus obtaining

Corollary 3.5. Let (M™,g), n > 3, be a compact gradient Ricci soliton with potential function
f. Then, for every w € R, the Weyl scalars defined in (3.1) satisfy the following weighted
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integral identities:

1
Wo 1 :/ wo,1 el = 5/ {|C’|2 +[(n—4)—(n—-2)w]CD+ (n —2)w|D|2}67“’f;
M M
n—2 w
W0,2=/ woge = (72)/ (ID|* = CD)e */;
M M

-3
Wi :/ wie @l = —M/ CDe
M 2 M

- —wf _ _M/ 2 —wf,
Wi 2 /MW1,26 2(n—2) M|C| e

— 1
ngz/ Wzle”f:—u/ {—|C’|2—WC’D}6“’f;
’ M ’ 2 M n—2

= —wf — u/ 2 —wf
Wi /MW4,16 2= 2) Mw|C| e .

Note that, in the case n =4 and w = 0, the first integral identities appeared in [8].

4. MAIN RESULTS

In virtue of Corollary 3.4, to compute the weighted integral of a general Weyl scalar wg, i.e.
S wa e~ it is sufficient to consider a linear combination of the six independent integrals
W071, W072, W1,1, WLQ, WQJ, W471. Thus, letting

A= (Aé,AQ,A},A%,A;,A}l) € RS
we can define
(4.1) Wa (A, w) = AiWo 1 + AdWo2 + AiWi 1 + ATWi o + ASWs 1 + AjWa4
and correspondingly, at the pointwise level,
(4.2) wa(A) = AéWQl + A%WQQ + A%WLl + A%WLQ + A%WQJ + A}lW471.

From Corollary 3.5, a long but straightforward algebraic computation shows the validity of
the following

Corollary 4.1. Let (M™,g), n > 3, be a compact gradient Ricci soliton with potential function
f- Then, for every w € R

Wo(A,w) = [ (alCP+28CD +4DP)e ",
M
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with
(n—3)
(n—2)

a=o(Aw) = % Ab — (A + A} — wA))

B=pBAw) = i{(n —4)A) — (n —2)A5 — (n — 3)A] —w[(n — 2)Aj — (n — 3)A3]}

n—2
v=7Aw) = ( 5 ) (A +wA(1)).
We now need the following definition. We say that (A,w) € R® x R is C-degenerate or

D-degenerate if

alA,w) #0 and B(A,w) =v(A,w) =0
or
Y(A,w) #0 and alA,w) = B(A,w) =0,
respectively. From Corollary 4.1 we immediately deduce the following proposition justifying

the terminology.

Proposition 4.2. Let (M, g) be a compact shrinking Ricci soliton of dimension n > 4 with
wa(A) = 0 for some A € RC. If there exists w € R such that (A,w) is C-degenerate or
D-degenerate, then C =0 or D = 0, respectively.

Let
A=AAw):=ay— B
A (long) computation shows that

A = 52(,02 + 2(51(&) + (S(],

where
dy = 02(A) :% [—(n —2)2(45)* + 2(n — 3)Ag((n — 2) A3 + 243) — (n — 3)*(43)?]
51 = 51(A) ::1—16{(14(1))2(71 ~9)2 ¢ Ab[n(5A! + 541
+ 442 — 2A%) +n?(—(A] + AL + A3)) — 6A] — 64}
— 443+ 643] + (n — 3) (A A3(n — 3) + ALAF(n - 2) + 24}43) }
o = Go(A) =2 { — (A37(n — 47 + 243 [AL(n — 9)(n — 8) + 430 — 2]

— (A1)*(n = 3)* = 241 A3 (n — 3)(n — 2)
— A2[4AL(n — 3) + A2(n — 2)% + 4A%(n — 3)] }
We now define the subsets of R°
Q) = {A eR’:5,(A) >0},
Qp == {A €R%:6,(A) =0and 61(A) #0} U{A € RO:55(A) =61 (A) =0 and dy(A) >0},
Q_:={A €R°:6,(A) <0 and 6 (A) — 52(A)Jy(A) > 0}
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and
Qi ={A RO :7(A) — 52(A)dp(A) >0} D Q_.
We can now state our main triviality result.

Proposition 4.3. Let (M, g) be a compact shrinking Ricci soliton of dimension n > 4. If
wa(A) =0 for some A € QL UQoUQ_UQy, then C =D =0.

Remark 4.4. Note that if D =0 then C' = 0 (see [?]). Moreover when M is compact, C' =0
implies (M, g) Einstein (see [?]).

To prove Proposition 4.3 we first need the following

Lemma 4.5. Let (M,g) be a compact shrinking Ricci soliton of dimension n > 4. If
Wa(A,@) =0 for some (A, @) € R® x R such that A(A,©) >0, then C = D = 0.

Proof. We set a@ = a(A,w),

= B(A,0), ¥ = v(A,©) and A = A(A,©). Since A > 0 we
have & # 0, and from Wg (A, )zOW

e deduce

:/ (alC> + 25CD +5|DP)e ™
M

2 —_
A _
+ _’D’2> e_Wfa
o

which implies D =0 and C' = 0. U

C+D

Proof of Proposition J.3. Let (M, g) be a compact shrinking Ricci soliton of dimension n > 4
satisfying wg(A) = 0, with A € Q, UQoUQ_. In particular, Wg(A,w) =0 for all w € R.

1. If A € Qy, then d2(A) > 0 and thus A(A,w) > 0 for w sufficiently large;
2. if A € Qp, then 62(A) = 0 and we have two possibilities: if 6;(A) # 0, then A(A,w) >
0 for |w| sufficiently large with wd;(A) > 0. If §;(A) = 0, then A(A,w) = dy(A) > 0;
3. if A € Q_, then 2(A) < 0 and §2(A) — 52(A)dp(A) > 0;
4. if A € Qg, then 67(A) — 62(A)dp(A) > 0 and, clearly, there exist w € R such that
A(A,w) >0
In any case, there exists w € R such that A(A,w) > 0 and the conclusion follows from Lemma

4.5. U

5. SPECIAL CASES

In this final section we highlight some special cases in which we can apply Propositions 4.2
and 4.3.
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1. Single Weyl scalars. We consider here five general Weyl scalars wg given by a single
term, in order to extend all the known results (at least in the compact case) discussed in the

Introduction. We summarize them in the following table:

A o B ¥ 2 61 )

W * Ric * Ric (1,0,0,0,0,0) 1 (n=t)-w(n=2) | oz [ _ (=2 | (02 | _ (o8 [ pcq
div(W) * V Ric (0,0,0,1,0,0) = 0 0 0 0 0 C-deg.
. 1 1 (n—4) —4 \?

B * Ric (m,o,o,o,m,o) 0 L Y 0 0 —(m) zzﬁfg.
B(Vf,Vf) (0, -1, Lo, 0,0) 0 0 -1 0 0 0 D-deg.
div*(W) (0,0,0,0,0,1) wQ(;L——_?’Q) 0 0 0 0 0 C-deg.

Here * denotes a suitable contraction, according to the definition of the Weyl scalars given
in Lemma 3.2. By Propositions 4.2 and 4.3 we can deduce that every compact shrinking
solitons of dimension n > 4 for which one of the five Weyl scalars in the first column of
the previous table vanishes must be Einstein. In the case B * Ric we get the result only in
dimension n = 4. By Corollary 3.4 we include also the condition Wj;z; sixf; = 0. Note that, in
particular, if B(V £, Vf) = 0 or div}(W) = 0, we recover the results in [6] or [9], respectively;
on the other hand the first three cases provide new conditions ensuring the classification. This
proves Proposition 1.1 in the Introduction.

2. Modified Bach tensors. We prove Proposition 1.2. Let (M™, g) be a compact Ricci

solitons of dimension n > 4 with

1
<CIVVikjl,lk + coWiikj e fr + sz‘kﬂRkl)sz =0 on M,

for some c1,co € R with ¢ # %73 and ¢y > —ﬁ. Equivalently, one has wg(A) = 0 with

1
A= ( ,0,—62,0,61,0).
n—2

A computation shows that in this case we have

& B
S (e el - @ wa)]

|E |2

and

52 51 60

_<(n—3)cl—1)2 —(n—3)2c1ea+(n—3)(ca—c1)+1 _((n—4)+(n—2)(n—3)cg>2
4 16 4(n—2)
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In particular, a straightforward computation yields

(n —3)[(n — 2)ea + 1][(n — 3)e; — 1]
64(n — 2)2

Thus A € ©_ and Proposition 1.2 follows from Proposition 4.3.

> 0.

87 — 80y =

3. Mixed Weyl scalars. We prove first Proposition 1.3. Let (M",g) be a compact Ricci

solitons of dimension n > 4. If
1
A Whijk tkji + c2Wiijk ks fi + csWejr e fi fj + thijk,thij + caWhijk 1 Rk j
1
+ esWiijk i Rir fj + ceWiijn Rk je + ctWeige R fo f5 + thiijthik =0 on M,

for some ¢; € R, i =1,...,7, with either ¢y > 0 or ¢c; =0 and ¢4+ Z—:g’c(g # 0. From Corollary
3.4, we get wg(A) =0 with

A 1 Cg n—2 1
= —C — Cy, — Cg —Cqpy, ——=,C .
n_2’ 7,71—2 5 7’L—36 4’n_3,1

A computation shows that

(n—3)
4(n — 2)
If ¢y > 0, then A € Q, and Proposition 1.3 follows from Proposition 4.3. On the other hand,
ifeg =0and eq + Z—:gc@ #£ 0, then 6 = 0 and

(n—3) (n—2)
= i (4 Gms) 70

Thus A € ©y and Proposition 1.3 follows again from Proposition 4.3.

5y =

Cq.

Now we prove Proposition 1.4. Let (M*,g) be a compact Ricci solitons of dimension four
with

A Wiijk kit C@Weijn kg fi + c3Wiijan fi f5 + caWeijk i R
1
+ esWiiji Rik,j — csWiijk i Rin fj + ceWiijn Rk jie + §Wtiijthik =0 on M,

for some ¢; € R, i =1,...,6, with 1+ ¢34+ ¢4 + ¢5 + ¢ # 0. Using Corollary 3.4 implies that
wa(A) =0 with

1
A=<;Q&—@—%;q—%m0-

A computation shows that

o p Y
Ltciwteateatestes | ltestes | w
4 8 2

and
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52 51 60
_ (+cs+ce)? 4 a | Lteteatestes |
32 8 16

In particular, 67 — o2 = 07 > 0 and A € Q4. Now Proposition 1.4 follows from Proposition
4.3.

Remark 5.1. We explicitely note that, if (M, g) is a complete noncompact gradient shrinking
Ricci soliton with bounded curvature, then Proposition 4.3 can be applied. In fact, by Shi
estimates |V¥Riem| is bounded for every k& € N, implying that |C] and |D are bounded.
Moreover, it is well known that the potential function f grows quadratically at infinity while
the volume of geodesic balls is at most Euclidean (see [7]). Hence, all the integration by parts
in the proof of Corollary 3.5 can be justified using standard cutoff functions as soon as w can
be chosen to be positive. For instance, this happens if A € 4. Thus, using the classification
of noncompact shrinkers with D = 0 (see [6]), one has

Proposition 5.2. Let (M",g) be a noncompact Ricci solitons of dimension n > 4. If
1
AWiijk,ikji + c2Wiijk ks fi + csWejk e fi fj + n—_3Wtz‘jk,thij + caWiijk 1 Rik.

1
+ esWhijk i Rin fj + ceWhijn Rk jt + ciWeige R fo f 5 + thiijthik =0 on M,

for some ¢; € R, i = 1,...,7, with ¢y > 0, then (M,g) is isometric to a finite quotient of
N1 x R where N"! is Einstein and R is the Gaussian shrinking soliton.
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