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SOME GEOMETRIC ANALYSIS ON GENERIC RICCI SOLITONS

PAOLO MASTROLIA, MARCO RIGOLI, AND MICHELE RIMOLDI

ABSTRACT. We study the geometry of complete generic Ricci solitons with
the aid of some geometric—analytical tools extending techniques of the usual
Riemannian setting.

1. INTRODUCTION AND MAIN RESULTS

Let (M, (,)) be an m-dimensional, complete, connected Riemannian manifold.
A soliton structure (M, (, ), X) on M is the choice (if any) of a smooth vector field
X on M and a real constant A such that

(1) Ric+3 £x () =A(,),

where Ric denotes the Ricci tensor of the metric (, ) on M and Lx (, ) is the Lie
derivative of this latter in the direction of X. In what follows we shall refer to A
as to the soliton constant. The soliton is called expanding, steady or shrinking if,
respectively, A < 0, A =0 or A > 0. If X is the gradient of a potential f € C*>°(M),
(@D takes the form

(2) Ric+Hess(f) = A (, ),

and the Ricci soliton is called a gradient Ricci soliton. Both equations (1) and ()
can be considered as perturbations of the Einstein equation

Ric=A{(,)

and reduce to this latter in case X or V f are Killing vector fields. When X =0 or
f is constant we call the underlying Einstein manifold a t¢rivial Ricci soliton.

Since the appearance of the seminal works of R. Hamilton, [7], and G. Perel-
man, [16], the study of gradient Ricci solitons has become the subject of a rapidly
increasing investigation mainly directed towards two goals, classification and trivial-
ity; among the enormous literature on the subject we only quote, as a few examples,
the papers [4], [17], [18], [19], [20], [23], which, in some sense, are the most related
to the present work.

On the other hand relatively little is known about generic Ricci solitons, that
is, when X is not necessarily the gradient of a potential f, and the majority of
the results is concerned with the compact case. For instance, it is well known that
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generic expanding and steady compact Ricci solitons are trivial (see e.g. [18]). It is
also worth pointing out that on a compact manifold shrinking Ricci solitons always
support a gradient soliton structure, [I5], and that every complete non-compact
shrinking Ricci soliton with |Ric| bounded supports a gradient soliton structure,
[13]. Observe that expanding Ricci solitons which do not support a gradient soliton
structure were found by J. Lauret, [9) and P. Baird and L. Danielo, [I]. These
spaces exhibit left invariant metrics on Sol and Nil manifolds.

A first important difference is that, in the general case, we cannot make use of the
weighted manifold structure (M, (, ), e~ Fdvol) which naturally arises when dealing
with gradient solitons. The same applies for related concepts such as the Bakry—
Emery Ricci tensor, whose boundedness from below with a suitable radial function,
together with an additional assumption on the potential function f, gives rise to
weighted volume estimates (see [25], [28], [20]). These facts restrict the applicability
of analytical tools such as the weak maximum principle for the diffusion operator
Ay, weighted LP Liouville-type theorems and a priori estimates that have been
considered in previous investigations, (see [23], [20] for details). Nevertheless, in
the general case the soliton structure is encoded in the geometry of an appropriate
operator A x that we shall call the “X-Laplacian” and that is defined on u € C?(M)
by

Axu=Au—(X,Vu).
Clearly, if X is the gradient of some function f, Ax reduces to the f-Laplacian. In
this spirit, rigidity results and scalar curvature estimates for nonnecessarily gradient
Ricei solitons have been recently obtained in [12].

In the present work, assuming a suitable growth condition on the vector field X,
we improve Theorems 1.4 and 1.7 of [12] on general solitons making them sharp
enough to recover the corresponding results in [20] for gradient solitons. Towards
this goal we introduce some analytical tools: a function theoretic version of the
Omori-Yau maximum principle for Ax, a comparison result for the same operator,
and an a priori estimate similar to that of Theorem 1.31 in [21]. These results should
be useful also in other settings (see Proposition [I§ below and its consequences).

From now on we fix an origin o € M and let r(x) = dist(x, 0). We set B, and 0B,
to denote, respectively, the geodesic ball of radius r centered at o and its boundary.

We are now ready to state our

Theorem 1. Let (M,(,)) be a complete Riemannian manifold of dimension m
with scalar curvature S(z) and (M, (,),X) a soliton structure on M with soliton
constant X. Assume

3) X[ < VG(r)
where G is a smooth function on [0,400) satisfying
(1) G(0) >0 (i) G’ (t) > 0 on [0,4+00)
_1 tG t%

(i4d) G ()% ¢ L' (+00) (iv) limsup,_, | % < +o0.
Let

S, = infS.

M
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(i) If A < 0 then mA < S. < 0. Furthermore, if S(zg) = Si. = mA for
some xo € M, then (M,(,)) is Einstein and X is a Killing field; while if
S(xo) = S« = 0 for some g € M, then (M,(,)) is Ricci flat and X is a
homothetic vector field.

(ii) If A = 0 then S, = 0. Furthermore, if S(xo) = Sx = 0 for some g € M,
then (M, (,)) is Ricci flat and X is a Killing field.

(iii) If A > 0 then 0 < S, < mA. Furthermore, if S(zg) = S« = 0 for some
xo € M, then (M,(,)) is Ricci flat and X is a homothetic vector field,
while if S(xo) = S« = mA for some xyg € M, then (M,(,)) is compact,
Einstein and X is a Killing field.

Remark 2. Defining
N
G(t) = A T] (log’ (1)),
j=1

for some constant A > 0 and t > 1, where log(j) stands for the j—th iterated
logarithm, and completing appropriately the definition on [0, 4+00), we obtain a
family of functions satisfying (). In particular this is true for

G(t) =1+t*on [0, +00).
Note that by Z—H. Zhang, [29], in case the soliton is a gradient soliton, that is,
X = Vf for some potential f € C*°(M), then
(5) VS < e(l+r(x)),

for some constant ¢ > 0. Hence for a gradient soliton the upper bound (@) is
automatically satisfied. In this way we recover the scalar curvature estimates of
Theorem 3 in [23] and Theorem 0.4 in [20].

Remark 3. In general for complete Ricci solitons which are not necessarily gradient
Ricci solitons, we have no control on the growth rate of the norm of the soliton field
X. Consider now the vector field Y € X(M x Jy), given by Y (z,t) = ig)t + %,
where J; C R is defined by

(35,+00) ifA<0
J=<¢ R ifA=0
(—oo, %) if A>0.
Our claim is now that the requirement

(6) [ X| < e(l+r(2)),

for some constant ¢ > 0, permits to conclude, as in [29], that for every to < %,
t1 > % fixed, and for every t € R there exist diffeomorphisms ¢, : M x Jo — M X Jo
such that 1o = idyrx s, and %4y, =Y oty on M x Jo, where

(t1,+00) ifA<O0
Jo=¢ R ifA=0
(—OO,to) if A > 0.
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Toward this aim we have to show that for any fixed (y,%) € M X J, the maximal
interval (containing 0) J((y,?)) = (a((y,?)),b((y,?))) where the integral curve of Y’
emanating from (y,?) is defined, coincides with R. In other words, a((y,t)) = —oco
and b((y,t)) = +o0. Let us suppose by contradiction that b((y,?)) < +o0, the other
case being similar. By a well-known “escape” lemma (see e.g. Lemma 12.11 in
[10]) we then know that the integral curve ®, 7 : J((y,?)) = M x R is a divergent

curve. Now, let ¢ = inf {s € J((y,1)) : @, 5 (s) € (M By (y))° x JQ} and for every
t < b((y,t)) consider the restriction

= (I’<yi>‘[5ﬂ [e,8] & M xR.

Then .
1) = [ s
By (@) we have that outside ™ B (y) ]
| X (2)] < 2er(x).
Let 7((z,t)) = duxr ((z,1), (y,7)). Hence we have that in (¥ By (y))¢ x Jo
Y ((z,))| < B ((,1)),

for some constant B > 0. Thus

Fy®) < duxe(y(t), (y,1))
< 7 (v(e) + duxr (v(e), (1))
< 7F(v(e) + 1)
= 7(y(e)+ | |¥(s)lds

< 7(y(e)+ B [ 7(v(s))ds.

Writing this in terms of I(t) = f: 7(v(s))ds and integrating the resulting differential
inequality one obtains

/ 7 (y(s))ds < B'eP?,

for some constant B’ > 0. Recalling that v has to be divergent we thus get that
b((y,t)) = 400, getting the desired contradiction.

By the definition of Y we have that for every (x,t) € M X J the diffeomorphisms
iy, t € Jy, can be written in the form

’Q[Jt(.’lf,t) = (QOt(J]),t) )
for some diffeomorphisms ¢, : M — M. Moreover we have that ¢o = idy, and
4 oi(z) = 557 X (). Let now (, ) (t) be defined by

() () = A =2X)¢; (, ),
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We then have that

d d *

(00 = S (1=2x)¢; (,))
= =22 (, )+ (1 =2M)p7 (L _x_(,))
- _2¢:(A<,>—(1_722m£13;”<,>>

— _2¢:(A<,>—%£x<,>>
= —2¢;(Ric((, ))) = —2(Ric((, ) (1)))-

Thus for every ty < % and t; > % we can define a self-similar solution of the
Ricci flow (M, (, ) (t)) defined respectively on (—oo,%p) if A > 0, on Rif A = 0
and on (t1,+00) if A < 0. In particular, a complete Ricci soliton (M, (, ), X) for
which () holds always corresponds to the “self-similar” solution of the Ricci flow
it generates.

Our next result is

Theorem 4. Let (M, (, )) be a complete Riemannian manifold of dimension m > 3,
scalar curvature S(x) and trace free Ricci tensor T. Suppose that

(7) i) S* = sup S(z) < 4o0; i) [W|* = sup [W| < +o0,
M M

where W is the Weyl tensor of (M, (,)). Let (M, (, ),X) be a soliton structure on
M with soliton constant \. Assume

(8) |X] < VG(r)
where G satisfies {@). Then, either (M, (,)) is Finstein or |T|* = sup,, |T| satisfies
— m—2
9 > = A—S*
9) > <\/ 1) %_1 o] )
In case (M, (, )) is conformally flat this result extends Theorem 1.7 of [I2] and,
since Remark [2] above applies again, it recovers Theorem 0.8 of [20] for gradient

Ricci solitons.
As an immediate consequence of Theorem [Il we have

Corollary 5. Let (M, {, )) be a complete Riemannian manifold admitting a shrink-
ing or steady soliton structure (M, (, ),X) satisfying 8) and {@). Then any mini-
mal immersion of (M, (,)) into R™, n > m = dimM ‘s totally geodesic.

Proof. Indicating by II the second fundamental tensor of the immersion by Gauss
equations we have

S(x) = —|11*(x).
Thus if the immersion is not totally geodesic S, < 0, contradicting (iii) or (ii) of
Theorem [T1 O

Because of (Bl the above Corollary specializes to



6 PAOLO MASTROLIA, MARCO RIGOLI, AND MICHELE RIMOLDI

Corollary 6. Let (M, (, )) be a complete Riemannian manifold admitting a shrink-
ing or steady gradient soliton structure (M, {, ),V f). Then any minimal immersion
of (M,(,)) into R™, n >m = dimM is totally geodesic.

2. SOME BASIC FORMULAS

The aim of this section is to collect and prove some basic formulas for generic
Ricei solitons. Some of them have also been obtained in [I2] but here we adopt a
more direct approach which seems to be clearer and more elegant. In what follows,
to perform computations, we shall use the method of the moving frame referring to
a local orthonormal coframe. Here we fix the index range 1 <4,7,... <m = dim M
and we use the Einstein summation convention throughout.

First of all we recall some commutation formulas.

Lemma 7. Let X be a vector field on a Riemannian manifold (M, (,)). Then the
following commutation formulas hold:

(10) Xijk — Xikj = XeRuij;
(11) Xijrt — Xikjt = RuajeXu + Ruijr,1 X
(12) Xijrt — Xijie = Rt Xy + Rijra Xt

Proof. Equation () follows by taking the covariant derivative of (I0).
Equations ([I0) and ([I2) are the standard commutation formulas of covariant
derivatives acting on tensors. O

Moreover we have the validity of the following general Ricci identities:

(13) Rijr = Rjik;

(14) Rijk — Rirj = —Reijnt;

(15) Rijrt — Rijie = RuaniRe; + RejraRaes
(16) Sk = Riii = Rin,i-

Equation (I3)) is obvious from the symmetry of the Ricci tensor i.e. R;; = Ry;.
Equation ([I4) follows from the second Bianchi’s identities, indeed

Rijr —Rik; = Rusrje — Ruitk,j
Riitj e + Reike,j

= —Ryijrs-

Equation (IH) can be obtained using the definition of covariant derivative and the
structure equations.
Equation (I8) follows tracing (I4).

We are now ready to prove
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Lemma 8. Let (M,{,),X) be a soliton structure on the Riemannian manifold

(M, {,)). Then the following identities hold:

(17) Rij + 3(Xij + Xji) = Ay,

(18) S+ Xii =mA,

(19) S; = —Xij,

(20) Ry X = —ini,

(21) Rijk — Rikj = —2Ruje Xt + 3 (Xnij — Xjin),
(22) Rijr — Riji = RW”X[ + 5 (Xk:_]z — Xijk)-

Proof. Equation ([[T) is a rewriting of (Il). Equation (I8 follows simply by tracing
@D).
To obtain ([IJ) take the covariant derivative of (IJ).
Next, taking the trace of the commutation formula (I0) with respect to i and k we
get
Xiji — Xiij = Ry Xi = Ry X,
Using this latter and equation (7)) we compute
1
Riji = —E(Xijz‘ + Xjii)
1
= —E(Xijz‘ — Xiij + Xiij + Xjii)
1 1
= —5RyX = 5 (Xiij + Xjii).
It follows by (@) that
Sj = —Ri; Xi — (Xiij + Xjii)
and using (I9) we deduce (20).
To prove (2I)) observe that taking the covariant derivative of (7)) yields

Rijr + %(Xijk + ink) =0
and 1

Rik,; + E(Xikj + Xpi5) =0.
Taking the difference and using (7)) we have

1
Rijr — Ry = —§(Xz'jk + Xjir — Xikj — Xnij)
1 1
= _g(Xijk = Xikg) + E(inj — Xjik)

1
5 (Xkij — Xjir )

1
= ——RpuX
5 lijk z+2

that is, (2I)).
Similarly, using the commutation formula (I0) we obtain
2(Rijk = Riji) = —(Xiji + Xjix — Xigi — Xjwi)
= Xpji — Xijr + XeRijwi,
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that is, (22)). O

Lemma 9. Let (M,{,),X) be a soliton structure on the Riemannian manifold
(M, (,)), then

(23)  AxRir = 2ARir — 2RyjksRys + 3Ris (Xar — Xis) + 2 Ron(Xai — Xis),
(24) AxS = 2)S — 2|Ric|>.

Proof. To prove Equation (23) first observe that by (2]
1 1
Ruij = Riji = 5RukjiXo + 5 (Xjki — Xiny),
and thus taking the covariant derivative we obtain the commutation relations

1
(25) Rik,jt — Rjkit = = (Rijrie X + Riju Xue) + §(Xjkit — Xikjt)-

N =

Moreover, contracting the commutation relations ([5]) for the second covariant de-
rivative of Rjj

(26) Rjkij = Rykji + RejijRex + RekijRys
= Rjk,ji + RsiRsr + RsrijRys-

We now use (28) to obtain
1 1
ARik = Rik,jj = Rjk,ij + i(Rijkl,le + Rijr X15) + §(Xjkij — Xikjj)-
On the other hand, from the second Bianchi identities

Rijri i Xi = —RijijeXi —Rijjna Xy
= —RurX;+ Rk, Xy,

and inserting into the above, with the aid of (28]), yields

1 1 1
ARy = Ry + §(Rik,l —Riuw) X + ERijlelj + §(Xjkij — Xikjj)
1
= Rjgji + RsiRsr + RsrijRjs + §(Rik,l —Rik)X;

1 1
+§Rijlelj + §(Xjkij — Xikjj)-
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Hence, from (I6) and (I7)

ARy = %Ski + RoiRak + RarijRej — %Rskinsj
+%(Rik,l — R k) X1 + %(Xjkij — Xikjj)
= %Ski + RsiRsk + 2RskijRsj — Rokij (—Risj + Adsj — %st)
+%(Rik,l — R k) X1 + %(Xjkij — Xikjj)
= %Ski + RsiRor + 2Rsri5Rsj + ARu + %Rskinjs + %(Rik,s — Ris,) Xs
+%(Xjkij — Xikjj)-
We shall now deal with the sum
(27) Z = %Sik + RoxRsi — %Ris,sz + %Xskis-

Towards this aim we first observe that taking the covariant derivative of ([[9) gives

1 1

_Si = __Xssi .

9 k 9 k

Using this information in (27]) we obtain
7 = —IXiu+RaRy - sRi X+ 2 Yo
= 9 ssik sklsi 9 is,k<xs D) skis
1
= (Xskis - Xssik) + RskRsi - iRis,sz
1
= (Xskis - Xsksi + Xsksi - Xsski) + RskRsi - §Ris,sz
1

= (Rtsithk + RtkisXst + Rtskthi + Rtsks,iXt) + RskRsi - _Ris,sz

2
(Rei Xek + Rinis Xot + Ren Xoi + Rig,i Xt) + RaxRsi — %Ris,sz
(RiXer + Rinis Xt + RenXei) + %(Rsk,i — Ryi i) Xs + RskRsi
(RsiXsk + Rikis Xst + Rop Xsi) — %Rtski,th + RsrRsi
si(Rsk + %Xsk) + %(RtkisXst + Rop Xsi) — %Rtski,th
si(_%Xsk + Aosk) + %(Rtkisxst + R Xsi) — %Rtski,th

=] =B TN TN T ST O O

1 1 1 1
= _§Rsist + )\Rzk + iRtkisXst + ERstsi - §Rtski,th'
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Substituting the above into the expression for AR;; we deduce

1 1 1 1
ARik = _§Rsist + 2)\Rzk + §RtkisXst + §Rstsi - §Rtski,th
1 1 1
+2Rskinsj + §Rskinjs + §Rik,sXs - §Xikss-

Now we note that by ([I) and (I2I),

Xikss - Xissk = Xikss - Xisks + Xisks - Xissk
= Rtikths + Rtiks,th + Rtikths + Rtskint;

that is,

Xikss = Xissk + Rtikths + Rtiks,th + Rtikths + Rthit-

Moreover we know, taking the covariant derivative of (20)), that

Thus,

Xissk = —Rui 1 Xt — Ry Xk

Xikss = —Rui 15 Xt — Res X + Riins Xes + Reins, s Xt + Reins Xes + Ren Xt

and substituting above, using the first Bianchi identities and (I4]),

AR

1 1
= 2)\Rzk - 2Rijksts - §Rsist + §RtkisXst
1 1 1 1
+§Rstsi - §Rtski,th + §Rskinjs + §Rik,sXs
1
—5(—Rit,kXt — Rt Xk + Ruiks Xts + Riins,s Xt + Ruiks Xis + R Xit)
1 1 1 1
= 2)\Rzk - 2Rijksts - ERists + ERtkisXst + ERstsi - §Rtski,th
LRk X+ SRip s X + SRig kX, + SRi, X
D) skij<\js 9 ik,s<\ s 9 is,k<xs 9 is<\ sk
1 1 1 1
_§Rtikths - iRtiks,th - ERtikths - ERstis
1 1
= 2 Rik — 2RijnsRjs + Rig,s Xs + §Ris(Xsk — Xps) + §Rsk(Xsi - Xis)

1 1
F+Rikis Xst — Reins Xes + §Rtisk,t — gRtisk,th;

implying (23]). We conclude observing that (24) is easily obtained by tracing (23]).

O

Our next step is to compute the X-Laplacian of the square norm of the traceless

Ricci tensor T' = Ric —

S

m

using Lemmal[d The following result recovers Proposition

2.6 in [12] but the proof is more straightforward. Before stating the lemma we recall
the splitting of the Riemann curvature tensor:
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1
(28) Rijks = Wijs +m(Rik5js —Risdjr + Rjs0i — Rjrdis)
S

- m(5ik5g‘s — 0is0jk),

where W,;1s are the components of the Weyl curvature tensor.

Lemma 10. Let (M,(, ), X) be a Ricci soliton structure on the Riemannian man-

ifold (M, (,)). Then

m — 2 2 4 3
—— S )T +——=T7r(T°)—2T;x Ts; Wgsi;-
S ) [T T (1) -2 T Ty W

Proof. From the definition of T we have

1
(29) 5AX|T|2 = |VT|2+2</\ -

2 2 52

30 T? = |Ric]>-=—
(30) TP = |Ric® - =,

52
(31) VT = |VRic|2—m.

m
Using (23) we deduce
(32) Ax|Ric]* = 2(ARi)Rir + 2|V Ric|? — 2R Rix, s X

= 2RixAxRi + 2|V Ric 2

= 4\ Ric|® — 4RijksRirRys + RisRir (Xsk — Xs)
Rk Rk (Xsi — Xis) + 2|V Ric |2

= 4)\|Ric|® — 4RyjrsRirR;s + 2|V Ric |2,

where in the last inequality we have used the fact that
RisRik(Xsk - st) = RskRik(Xsi - Xzs) =0.

Indeed, both quantities are products of a term symmetric in s, k& with another
antisymmetric in s, k. Moreover, using (24)),

(33) AxS? = 2|VS]* +2SAxS
= 2|VS|? +4AS? — 48| Ric |*.

Hence, by @30), 3I) 32) and (B3]) we compute
1 1 1
—Ax|T? = =A ic|? — —AxS?
2 X| | D) X|R1C| om XS
1 2 2
= 2\ Ric|® = 2RijxsRixR;js + [V Ric | — —|VS|? — —AS? + =S| Ric|?
m m m

2
= 2MT|%® - 2RjrsRirRjs + —S|Ric 12+ VT2
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Observe now that, using the splitting of the curvature tensor (28)),

(34) RijksRikRjs = WinsRiRyjs + %a Ric |?
- Tr(Ric®) — 8
m—2 (m—1)(m—2)"
Moreover, since all the traces of the Weyl tensor vanish we have that
(35) Wijks RikRjs = Wijks Tir Ty
Using (34) and (33]) in the above computation we obtain (29). O

3. PROOF OF THE RESULTS

To prove our main results we first need to introduce some auxiliary analytical
lemmas. We adapt the proof of Theorem 1.9 of [21I] to show the validity of the next

Lemma 11. Assume on the Riemannian manifold (M, (,)) the existence of a non-
negative C? function v satisfying the following conditions

(36) v (z) = 400 as r(x) — oo,
(37) 3A > 0 such that |Vy| < A2 off a compact set,
1
(38) 3B > 0 such that Axy < BW%G (7%> ’ off a compact set,

with X € X(M), G as in M), A, B positive constants. Then, given any function
u € C? (M) with u* = sup,; u < 400, there exists a sequence {z;}, C M such that

(39) (i) w(zk) >u* — £, (i) [Vu(ze)| < 3, (i) Axu(zk) < £,
for each k € N, i.e. the full Omori-Yau mazximum principle for Ax holds on

(M, ()
Remark 12. For X = 0 we recover Theorem 1.9 of [21].

Proof. We define the function

bods
P(t) = exp /
(t) Y 00

and we note that, by the properties of G, ¥ is well defined, smooth, positive ad it
satisfies

(40) P(t) = +oo as t— 400,
41 o<¥ll o __C
( ) v®) t% G(t%)

for some constant C' > 0. Next, we fix a point p € M and, for each k € N and u as
in the statement of the lemma, we define

(42) fi(@) =
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Then, fr(p) > 0. From u* < 400 and ¢(y(z)) — 400 as r(z) — +oo we deduce
that limsup,.(;)_, 4o fe(2) < 0. Thus fi attains a positive absolute maximum at

some z € M. In this way we produce a sequence {xy}. Proceeding as in the proof
of Theorem 1.9 of [21], (up to passing to a subsequence if needed)

(43) u(zy) = u* as k — +oo.

If {x} remains in a compact set, then 2y — T € M as k — 400 (up to passing to
a subsequence) and u attains its absolute maximum.
At T we have

(44) u(Z) =u*; |Vu(Z)]=0; Axu(z)=Au(Z)—(X,Vu)(z) <0.

In this case we let 2z = ¥ for any k£ € N. We now consider the case x — oo so that
v(x) — +o0. Since fi attains a positive maximum at xj, we have

(45) (1) Vlog fr(zx) = 0y (ii) Ax log fr(wr) < 0.

From (@) (i), since

o _ op [(ME) —ulp) + 1YY _ Vu(z) _1Y0E) G,
Vlog i) = ¥ (los (M ) ) = o~ o
we have
0 =V(log f) (k) = u(x)v_ul(f(g 1 %QZ((J((;E:); Vy(zk),

that is,
(16) Vuten) = 1 5 () o) ~ ulp) + ).
Reasoning as in [21], page 9, we deduce
(47) ,

Aufay) < M@ 2 1) {ﬁ((j((j:;; Bt + 1 |22 |w<xk>|2}

A computation using {@3) (i), (1) and (@I shows that

(48) V() < 240 B+
G(y?)
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Therefore, using (0, (@), @) and the assumptions 1) and (B8]) we obtain
(49)
Axu(zy) =Au(zy) — (X, Vu) (xx)

u(z) = u(p) + 1 [ ¥ () L[ ()| :
: { . ke 'W”)'}

1 P (v (s
- 2o — ) + DL (920, X0
)~ u(p) +1 [ ) [0 ) o
; S e+ [ e (““”“)]
<M MO L6 06 0) 1)) B () G

:U(l’k) —u(p)+1

{OB + %CQAQG(V(Q:;C)%)l} .

k
and the RHS tends to zero as k — +oo. In this case we choose z = z;, and {J),
“8), [@9) together with u* < +oo show the validity of the lemma. O

The next result follows from the easily verified formula
(50) Axp(u) = ¢ (u)Axu + ¢" ()| Vul?

valid for u € C%(M), ¢ € C?(R) and Lemma [[T] with the same reasoning as in the
proof of Theorem 1.31 in [21]; see also Theorem 2.6 in [26]. Precisely we have

Lemma 13. In the assumptions of Lemma[Idl let w € C*(M) be a solution of the
differential inequality

(51) Axu = p(u, |Vul)
with p(t,y) continuous in t, C? in y and such that
8%p

a—yQ(fay)ZO vy > 0.

Let f(t) = p(t,0). Then a sufficient condition to guarantee that u* = sup,; u < +00,
is the existence of a continuous function F, positive on [a, +00) for some a € R and
satisfying

{f; F(s)ds} € LY (+00),

. ! F(s)d
lim sup,;_, ; %Fi((gs < 400,

lim inft*}+oo % > 0,

=

{fat F(s)ds}% ap

liminftﬁjLoo W dy > —00.

(£,0)
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Furthermore in this case

fu) <0.

In the next result we shall use the following generalized Bochner formula which
can be easily deduced from the usual one, see [I8]. For X € X(M) and u € C3*(M),

1
(52) 5Ax|vu|2 = |Hess(u)|* + (VAxu, Vu) + Ricx (Vu, Vu)
with
(53) RiCXZRiC+%£X<, >

Note that, when X = Vf, f € C*°(M) then Ricy; = Ricy, the usual Bakry-Emery
Ricci tensor

Ricy = Ric+Hess(f).
We are now ready to state our next lemma which essentially recovers Theorem
2.1 (ii) in [24] by Z. Qian.

Lemma 14. Let (M,{,)) be a complete manifold of dimension m and X € X(M)
a vector field satisfying the growth condition

(54) 1X| < V/G(r)

for some positive nondecreasing function G € C*([0,+o0)). Suppose that

(55) Ricx (Vr,Vr) > —(m — 1)G(r),

for some C* positive function G on [0, +00) such that
—

56 inf — > —o0.
(56) [O}Jrrloo)a% >

Then there exists A = A(m) > 0 sufficiently large such that

(57) Axr < AVG +VG
pointwise in M \ ({o} U cut(0)) and weakly on all of M.
Proof. Let h be the solution on R(J{ of the Cauchy problem
{ ' —Gh=0

h(0)=0, B (0)=1.

Note that & > 0 on RT since G > 0. Fix z € M \ (cut (0) U {o}), with cut(o) the
cut locus of o, and let v : [0,1] = M, | = length (v), be a minimizing geodesic with
v(0) = 0, v (I) = x. Note that G (r ov) (t) = G (t). From Bochner formula applied
to the distance function r (outside cut(o) U {o}) we have

(58)

(59) 0= |Hess (r))* + (Vr, VAr) + Ric(Vr,Vr)
so that, using the inequality
Ar)?
H 2 > (
[Hess(r)]? = =)
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it follows that the function ¢ (t) = (Ar) oy (¢), t € (0,l], satisfies the Riccati
differential inequality
1
(60) ¢ + mgﬁ < —Ric(Vro~y,Vrony)
on (0,1]. With h as in (B8) and using the definition of Ricx, (B3) and (60) we
compute
(h%p)" =2hh'p + h2'
h2902 ) o )
1 +h (m—1)G(t) + h*(Vy,X,Vr)oy

<2hh'¢ —

2
= (\/% —Vm — 1h’) + (m—1)(h)* + K*(m — 1)G(t)

+R* (X, 9) o).
We let y
P (1) = (m—1) = (1
so that, using (58]
(Weq) = (m=1) (W) + (m~1)G (1) 1.
Inserting this latter into the above inequality we obtain
(W*9)" < (Weq) +H2((X.4) o)
Integrating on [0, r] and using (B8] yields

(61) B ) (r) <12 () g () + [ "R2((X,4) 0 ).

Next, we define that
ox =(Axr)oy=(Ar)oy—(X,Vr)oy=¢p —(X,Vr)o~.
Thus, using (@), (58) and integrating by parts we compute

Wox (r) <heg(r) — h (X, Vi) oy(r) + / "H2((X.4) o)t

g — B (X,Vr) 0 (r) + B2 ((X,4) 07) [} — / (12)' (X, 4) 0 7)dt
12 (r) - / (1) (X, 4) 0 7) dt.
that is,
(62) Wox(r) < Bog(r) - / (12) (X, ) 0 )t
0
on (0,1]. Observe now that, by the Cauchy—Schwarz inequality and (54)),

—(X,9) < X < VG(r).
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Inserting this into (G2), using the fact that (h?)’ > 0, integrating by parts and
recalling that G’ > 0, we obtain

Rox (r) < hpg(r) + h*y/G(r) — TG < h?pg(r) + h*\/G(r)

02\/—

n (0,1]. It follows that
px(r) < eg(r) + VG (r)
n (0,1]. In particular

W (r(z))
(63) Axr(@) < om-1) DD /a6

h(r(x))
pointwise on M \ ({0} U cut (0)). Proceeding as in Theorem 2.4 of [22] one shows
that (G3]) holds weakly on all of M. Moreover, fixing A € R, and defining

—1
hit) = A {eA Ji/Gls)ds _ 1} 7
G(0)

we have h(0) = 0, R (0) =1 and

—//

/a(o) [0,+OO) 2 A

by (B6), for A sufficiently large. So by Sturm comparison (see e.g. Lemma 2.1 in

22)),

—  exp {D fot \/ﬁds}
_D\/_exp[DfO\/_ds} -1 =P bve

sufficiently large. Thus from (63 we finally obtain
Axr < (m-— I)D\/E-I— V@
< AVG+VG

@ ?“W
O ;~|| =

for some constant

for some constant A = A(m) > 0, pointwise in M \ ({0} U cut(o)) and weakly on all
of M. O

Remark 15. In case GG is non—increasing, inspection of the above proof yields the

estimate
Axr < AVG +/G(0)
instead of (B7]).

Remark 16. Since with the above notation ¢ = px + (X, Vr) o, from (G1) and
B4) we obtain Ar < B(\/ﬁ—l— \/@) for some B > max{A,2}. This observation
shows that if (M, (, ), X) is a soliton structure on the complete manifold (M, (, ))
satisfying ([B) with G as in (@), applying Lemma [l with v(r) = r(x)?, we have
the validity of the full Omori-Yau maximum principle (and in particular, (M, (, ))
is stochastically complete; see for instance the consequence given in Corollary
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below). In particular, using again Remark [2 one gets that on a gradient Ricci
soliton we have always the validity of the full Omori—Yau maximum principle for
the operator A. This last fact was, very recently, established in [2]. We are grateful
to S. Pigola for pointing out this to us. See also [B] for the shrinking gradient case.

Proof. (of Theorem [I). First of all we observe that since (M, (, ), X) is a soliton
structure on M,

Ricx (Vr,Vr) = A
Since by assumption X satisfies ([B]), Lemma[I4 holds and the function v(z) = r(x)?

satisfies assumptions [B6), (37), B8) of Lemma[I1l We therefore can apply Lemma
On the other hand, by (24 of Lemma[d we have

(64) LARS = AS = [Ric = xS — & | Rie—S ()
2= XP o= m b
from which, setting u = —S we immediately deduce the differential inequality
1 2
(65) SAxu = dut %

We apply Lemma [[3] to (65]) with the choices F(t) = t2,

u2
plu, [Vul) = M+ 2.
m

Then u* < +o00 and

*\2
(66) s+ 8 <o,

m
But u* = —S, so that the claimed bounds on S, in the statement of Theorem [II
follow immediately from (G6). The rest of the proof is as in the proof of Theorem
1.4 of [12]. O

Before proceeding with the proof of Theorem [4] we recall the next estimate due
to Huisken, see [8], Lemma 3.4:

(67) |TszJkW1Jkl| < _\/ |W||T|

Proof. (of Theorem Hl). From (29), Okumura’s lemma [I4] and Huisken’s estimate
([67) we obtain

N |VT|2+2<A— S—\/ 305 |W|>|T|2 N

We set u = |T'|> and from the above we deduce

(68) %Axu22<)\— 1/ | ) (;_DU%.
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We note that if |T'|* = +o0o then (@) is obviously satisfied otherwise u* < +o00 and
in the assumptions of Theorem [l we have the validity of Lemma[I1l It follows that

1 m—2 m—2
u = [ Avm(m—1) - ———=5" — | —0——|W|" | = Vu*| <0,
lZ( ( ) m(m — 1) Q(m—1)| |> ]_
from which we deduce that either u* = 0, that is, T'= 0 on M, or |T'|* satisfies (@J).
In the first case (M, (, )) is Einstein. O

Remark 17. As observed (in the gradient case) in [3], if (M, (, }) is Einstein and in
addition it is a shrinking soliton which is not Ricci flat, by Theorem[I] S is a positive
constant and thus (M, (, )) is compact by Myers’ Theorem. In this latter case, if
|W| is sufficiently small, precisely if [W[* < (m+1)m(ﬁ_l)(m_2)82, then (M, (,))
has positive curvature operator ([8], Corollary 2.5). Thus, from Tachibana [27],
(M, (,)) has positive constant sectional curvature and therefore is a finite quotient

of 5™.
The next Proposition is a consequence of Lemma [T4

Proposition 18. Let (M, (,)) be a complete manifold and X € X(M) a vector

field satisfying
|X] < vG(r)

for some nonnegative nondecreasing function G € C°([0,+00)). Assume

Ricx (Vr,Vr) > —(m — 1)G(r)
for some smooth positive function G(r) on [0,+0c0) such that
—

ot G 7 T

Then
(69) vol(9B,) < CeP Js (VEE+/GE)as

for almost every r, and, as a consequence,

(70) vol(B,) < C / <eB Js (VEo+ G(S)ds)>dt +D,

0
with C, B, D sufficiently large positive constants.

Proof. We let
hir) = e s (VEOH/E@)ds _

with B > max {4, 2}. Since Ar = Axr + (X, Vr), from (&7), @) and the choice of

h we have
W (r)

h(r)
pointwise on M\ ({0} U cut (0)) and weakly on all of M. We now follow the argument
of the proof of Theorem 2.14 of [22]. Thus for each ¢ € Lipo(M), ¢ > 0,

) - [@rva -y [T

Ar<(m-1)
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Next, we fix 0 < 7 < R and € > 0 and we let p. be the piecewise linear function

0 if t € [0,7)

L ifte[r,r+e)
pe(t) =41 ifte[r+e R—¢)

Rt ifte[R—cR)

0 if t € [R, 4+00),

and we define the radial cut-off function

pe(@) = pe(r(a))h(r(z))' ™.

Indicating with xs:, s < t, the characteristic function of the annulus B, \ Bs, we
have

1 1 W (r o
Ve = {EXT,TJrs - EXRfs,R —(m— 1)%/’5} h(T)l Vr
for a.e. x € M. Therefore, using ¢, into ([{I)) and simplifying we get

1 1
—/ h(r)!=™ < —/ h(r)t=m.
€ BR\BRfs € BT+E\BT

Using the co—area formula
I 1 [rte
—/ h(t)*~™vol(0B;)dt < —/ h(t)~™vol(0By)dt
€ JR—e € Jr
and letting € \, 0T
vol(0BR) < vol(0B;)
h(R)™=1 = h(r)ym-1’
for a.e. 0 < r < R. Letting r — 0, recalling that vol(0B,) ~ cp,r™~ ! and h(r) ~ r,

we obtain that
vol(8B;) < CeB I (V G(s)++/ G(S))ds

for some constant C' > 0 and a.e. R. Using the co—area formula we then also deduce

@). O

With the aid of the above estimates we can again conclude that

Corollary 19. In the assumptions of Proposition I8 if G(r) and G(r) are of the
form 2 vazl (log(j)(r))2 forr > 1, then (M, (,)) is stochastically complete.

Proof. From Proposition [[8 and the assumption on G(r) and G(r)

log vol(B,) # L (+00)

and we can apply Grigor’yan sufficient condition, [6], for stochastic completeness.
O

An immediate consequence of Corollary [I9is, for instance, the following
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Corollary 20. If (M, {(,)) is a complete manifold supporting a generic Ricci soliton
structure satisfying @) then it can not be minimally immersed into a non—degenerate
cone of the Euclidean space.

Proof. By (@) and the above Corollary [9, or by Remark 18] (M, (, )) is stochasti-

cally complete. Then the result follows from Theorem 1.4 in [IT]. |
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