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To the memory of Detlef Gromoll

Abstract

For Riemannian manifolds with a measure (M, g, e~/ dvol,) we
prove mean curvature and volume comparison results when the oo-
Bakry-Emery Ricci tensor is bounded from below and f or |V f| is
bounded, generalizing the classical ones (i.e. when f is constant).
This leads to extensions of many theorems for Ricci curvature
bounded below to the Bakry-Emery Ricci tensor. In particular,
we give extensions of all of the major comparison theorems when
f is bounded. Simple examples show the bound on f is necessary
for these results.

1. Introduction

In this paper we study smooth metric measure spaces (M™,g,e~f
dvoly), where M is a complete n-dimensional Riemannian manifold with
metric g, f is a smooth real valued function on M, and dvol, is the Rie-
mannian volume density on M. These objects have been used exten-
sively in geometric analysis and Kéhler geometry, they play an essential
role in Perelman’s work on the Ricci flow, and they arise as smooth col-
lapsed measured Gromov-Hausdorff limits. f is also referred to as the
dilaton field in the physics literature. Smooth metric measure spaces are
also called manifolds with density. In this paper by the Bakry-Emery
Ricci tensor we mean

Ricy = Ric + Hessf.

This is also referred to as the oo-Bakry-Emery Ricci Tensor. Bakry
and Emery [4] extensively studied (and generalized) this tensor and its
relationship to diffusion processes. The Bakry-Emery tensor also occurs
naturally in many different subjects, see e.g. [24] and [31, 1.3]. The
equation Ricy = Ag for some constant A is exactly the gradient Ricci
soliton equation, which plays an important role in the theory of Ricci
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flow. Moreover Ricy has a natural extension to metric measure spaces
(23, 42, 43].

The purpose of this paper is to investigate which geometric and topo-
logical results for manifolds with a lower bound on the Ricci tensor ex-
tend to smooth metric measure spaces with Bakry-Emery Ricci tensor
bounded below. Interestingly, Lichnerowicz [21] studied this problem at
least ten years before the work of Bakry and Emery. This question has
also been investigated by a number of recent authors. We will discuss
some of these results below but the interested reader should also see
Chapter 18 of [28] and the references therein. For another modification
of the Ricci tensor involving conformal geometry see [9].

The starting point for comparison geometry of Ricci curvature is the
Bochner formula. Let u € C3(M), then

1
§A]Vu\2 = |Hess u|* + Ric(Vu, Vu) + g(VAu, Vu).

If a Riemannian manifold has a lower bound on Ricci curvature one
applies this formula to the distance function to obtain a Ricatti equa-
tion which is then used to prove the mean curvature (or Laplacian)
comparison. The mean curvature comparison can then be used as a
tool to establish classical comparison theorems for Ricci curvature such
as Myers’ theorem, the Bishop-Gromov volume comparison theorem,
the Cheeger-Gromoll splitting theorem, and the Abresch-Gromoll ex-
cess estimate. See Zhu’s survey paper [53] for an excellent account of
this approach.

The mean curvature is important because it measures the relative
rate of change of the volume element of the geodesic sphere. For the
measure e~/ dvol, the weighted (or f-)mean curvature is my = m —
O, f, where m is the mean curvature of the geodesic sphere with inward
pointing normal vector. The self-adjoint (f-)Laplacian with respect to
the weighted measure is Ay = A—V f-V. Note that my = A¢(r), where
r is the distance function. For the f-Laplacian a simple calculation gives
the following Bochner formula,

1
éAf|Vu|2 = [Hessu|?* + Ricy(Vu, Vu) + g(VA ju, Vu).

At first this looks very similar to the classical Bochner formula. How-
ever, since tr(Hessu) # A¢(u), one does not immediately obtain a Ri-
catti equation. Indeed, in the next section we give a quick overview with
examples where the Myers’ theorem, Bishop-Gromov’s volume compari-
son, Cheeger-Gromoll’s splitting theorem, and Abresch-Gromoll’s excess
estimate are not true when Ricy is bounded below, so the comparison
theory here is more subtle.



COMPARISON GEOMETRY FOR THE BAKRY-EMERY RICCI TENSOR 379

One way around this difficulty is to replace Ricy by the“N”-Bakry-

Emery tensor

. . df ® d
(1.1) Rlcﬁcv = Ricy — fN f.
This extra gradient term then allows one to obtain a Ricatti equation
which is identical to the one obtained for a Riemannian manifold of
dimension n + N. One can then proceed as in the classical case to
obtain versions for the N-Bakry-Emery tensor of all the theorems listed
above. We sketch out this approach in the Appendix.

In this paper we take a different approach. Instead of modifying the
Ricci tensor to simplify the ODE along geodesics, we deal with the ODE
directly. We then obtain comparisons that depend on a lower bound on
Ricy and bounds on f or the first derivative of f along geodesics. Using
this method we prove three mean curvature comparisons. The first (see
Theorem 3.1) is the most general, requiring no assumptions on f, and
is quite simple to prove. It appears implicitly in the work of Morgan
[27], and Naber [29] and it recovers some interesting applications for
manifolds with positive Bakry-Emery tensor (Corollaries 5.1 and 5.2).
The other two are more delicate and require assumptions on f but have
stronger applications.

Theorem 1.1 (Mean Curvature Comparison). Let p € M™. Assume
Rics(0p,0r) > (n —1)H.

a) If O.f > —a (a > 0) along a minimal geodesic segment from p
(when H > 0 assume r < 7/2vH) then

(1.2) myg(r) —mp(r) <a

along that minimal geodesic segment from p. Equality holds if and only
if the radial sectional curvatures are equal to H and f(t) = f(p) — at
for allt <r.

b) If | f| < k along a minimal geodesic segment from p (when H > 0
assume r < w/4v/H ) then

(13) mp(r) < mi ()

along that minimal geodesic segment from p. In particular when H =0
we have

4k — 1
(1.4) mp(ry < P2
r
Here m?fﬂ‘k is the mean curvature of the geodesic sphere in M}}Hk ,

the simply connected model space of dimension n + 4k with constant
curvature H and my is the mean curvature of the model space of dimen-

sion n. See (3.18) in Section 3 for the case H > 0 and r € [ﬁ, ﬁ]

in part b.
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As in the classical case, these mean curvature comparisons have many
applications.  First, we have volume comparison theorems. Let
Voly(B(p,r)) = fB(pT) e~fdvoly, the weighted (or f-)volume and

Vol% (r) be the volume of the radius r-ball in the model space M7};.

Theorem 1.2 (Volume Comparison.). Let (M™,g,e~/dvoly) be com-
plete smooth metric measure space with Ricy > (n —1)H. Fizp € M".
a) If 0, f > —a along all minimal geodesic segments from p then for
R>7r>0 (assume R < 7/2vVH if H > 0),
VOlf(B(p7 R)) < eaR VOI?I(R)
Vol¢(B(p,r)) — Vol (r)

Moreover, equality holds if and only if the radial sectional curvatures
are equal to H and O,f = —a. In particular if 0,f > 0 and Ricy > 0
then M has f-volume growth of degree at most n.

b) If |f(z)| < k then for R>1r >0 (assume R < w/4VH if H > 0),
Vol (B(p, R)) _ Voli™*(R)

Vol¢(B(p,r)) — Vol (r)
In particular, if f is bounded and Ricy > 0 then M has polynomial
f-volume growth.

Remark. 1. When Ricy > 0 the condition f is bounded or 0,f > 0
is necessary to show polynomial f-volume growth as shown by Exam-
ple 2.3. Similar statements are true for the volume of tubular neigh-
borhood of a hypersurface. See Section 4 for another version of volume
comparison which holds for all » > 0 even when H > 0.

(1.5)

(1.6)

Remark. 2. To prove the theorem we only need a lower bound on Ricy
along the radial directions. Given any manifold M"™ with Ricci curvature
bounded from below one can always choose suitable f to get any lower
bound for Ric; along the radial directions. For example if Ric > —1
and p € M, if we choose f(z) =r? = d?(p,x), then Rics(9,,0,) > 1.

Remark. 3. Volume comparison theorems have been proven for mani-
folds with N-Bakry Emery Ricci tensor bounded below. See Qian [39],
Bakry-Qian [6], Lott [24], and Appendix A. Since R,iC‘;cV > 0 implies
Ricy > 0 our result greatly improves the volume comparison result of
Qian when N is big and f is bounded, or when 9, f > 0.

The mean curvature and volume comparison theorems have many
other applications. We highlight two extensions of theorems of Calabi-
Yau [51] and Myers’ to the case where f is bounded.

Theorem 1.3. If M is a noncompact, complete manifold with Ricy >
0 for some bounded f then M has at least linear f-volume growth.

Theorem 1.4 (Myers’ Theorem). If M has Ricy > (n —1)H > 0

and |f| < k then M is compact and diamy; < # + ﬁﬁ'
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Examples 2.1 and 2.2 show that the assumption of bounded f is
necessary in both theorems. Qian [39] has proven versions of both
theorems for Ricjcv . For other Myers’ theorems see [14, 52, 20, 27].

The paper is organized as follows. In the next section we discuss some
simple examples and some alternate motivations for the Bakry-Emery
tensor. Then in the third section we prove the mean curvature compar-
isons. In Sections 4 and 5 we prove the volume comparison theorems and
discuss their applications, including Theorem 1.3. In Section 6 we apply
the mean curvature comparison to prove the splitting theorem for the
Bakry-Emery tensor that is originally due to Lichnerowicz. In Section
7 we discuss some other applications of the mean curvature compari-
son including the Myers’ theorem and an extension Abresch-Gromoll’s
excess estimate to Ricy. Finally in Appendix A we state the mean cur-
vature comparison for Ricifv . This is a special case of an estimate in [6],
but we have written the result in more Riemannian geometry friendly
language. This gives other proofs of the comparison theorems for Ric}v
mentioned above. See [45] for a survey in this direction and [8] for the
equality case.

After posting the original version of this paper in June 2007 we
learned from Fang, Li, and Zhang about their work which is closely
related to some of our work here [12]. We thank them for sharing their
work with us. Motivated from their paper we were able to strengthen the
original version of Theorem 1.1 and Theorem 1.2 and give a new proof
to Theorem 1.1. This proof of the mean curvature comparison seems to
us to be new even in the classical Ricci curvature case. We have moved
our original proof using ODE methods to an appendix because we feel
it might be useful in other applications.

From the work of [34] one expects that the volume comparison and
splitting theorem can be extended to the case that Ricy is bounded from
below in the integral sense. We also expect similar versions for metric
measure spaces. These will be treated in separate paper.

Acknowledgments. We thank Matthew Gursky for making us aware
of the work of Lichnerowicz. The authors also would like to thank
John Lott, Peter Petersen and Burkhard Wilking for their interest and
helpful discussions. Part of the work was done while the authors visited
MSRI. We would like to thank MSRI for its hospitality during their
stay. We would also like to thank the referree for making many helpful
suggestions on the exposition and for encouraging us to include some of
the motivational material included in the next section.

2. Some further motivation and examples

In this section we will discuss the simple examples which show that
the classical comparison theorems for Ricci curvature do not hold for
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only a lower bound on the Bakry-Emery tensor. We also discuss a
few different viewpoints on the Bakry-Emery tensor which we hope will
motivate our results.

One very interesting reason to study smooth metric measure spaces
is the fact, observed by Lott in [24], that they are examples of collapsed
measured Gromov-Hausdorff limits. To see this consider (M™ x F' N Je),
where M and F' are compact, with the warped product metric g. =
gu + (ee=/)2gp. Then, as € — 0,

(a7 x PV dvol,, ) " <M",6_NfdvolgM> .

T dvolg, . . . .
Here dvol,, = Vol(B,. (1)) 18 @ renormalized Riemannian measure.
. GH
Recall that a sequence of compact metric measure spaces (X, ;) =
(Xoo, fhoo) if the metric spaces converge in the Gromov-Hausdorff sense
and for all sequences of continuous functions f; : X; — R converging to
foo : Xoo — R, we have

/ fidpi — / Foodivo.
X; Xoo

By O’Neill’s formula, the Ricci curvature of the warped product met-
ric g. applied to vectors v, w tangent to the M factor is

Cdfedf

(v, w).

This gives another motivation for the definition of RiC;cV in (1.1).

It is also instructive to consider the relationship between the Bakry-
FEmery tensor and the characterization of lower bounds on sectional
curvature in the spirit of Alexandrov. That is, in terms of concavity
properties of distance functions. For example a manifold has nonnega-
tive sectional curvature if and only if

Hess r2 <0

Ricg, (v, w) = Ricg,, (v, w) + Hessg,, f (v, w)

for all distance functions r. The corresponding characterization for Ricci
curvature is in terms of the concavity of the volume form in polar coor-
dinates

dvol, = A(r,0)dr A do™ "
Indeed a standard calculation is that

0? 1 Ric(dr, or)
(A < - I
or?

So Ric measures the relative second derivative of the volume form.
If we do this calculation for the weighted volume form written in polar
coordinates

1
A

n—1

e Tdvoly = As(r,0)dr AdO" " = e A(r,0)dr A d9"
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we obtain
0? L of m(r,0)\ Ay
— (A7) < | —Ricg(dr,0r) — 2——"T+~ | ——.
87’2( I )_< icy(9r, dr) or n—1)n-1
Thus from this perspective it seems natural to make assumptions

about the boundedness of f or %, although this equation, in itself,

does not easily give us results because of the m(r,6) term. Thus we are
also motivated to consider m; instead of m.

We now move on to the examples. The most well known example is
the following soliton, often referred to as the Gaussian soliton.

Example 2.1. Let M = R" with Euclidean metric gg, f(z) = %|JE|2
Then Hessf = Agp and Ricy = Ago.

This example shows that, unlike the case of Ricci curvature uniformly
bounded from below by a positive constant, a metric measure space is
not necessarily compact if Ricy > Ag and A > 0.

From this we construct the following.

Example 2.2. Let M = H" be the hyperbolic space. Fixed any
p€ M, let f(x) = (n—1)r? = (n—1)d*(p,z). Now Hess r? = 2|Vr|? +
2rHessr > 21, therefore Ricy > (n —1).

This example shows that the Cheeger-Gromoll splitting theorem and
Abresch-Gromoll’s excess estimate do not hold for Ricy > 0, in fact
they don’t even hold for Ric; > A > 0. Note that the only proper-
ties of hyperbolic space used are that Ric > —(n — 1) and that Hess
r2 > 2I. Therefore any Cartan-Hadamard manifold with Ricci curva-
ture bounded below has a metric with Ricy > 0 since Hess r2 > 2] for
these spaces. On the other hand these examples are not topologically
very interesting. In fact, if Ric < 0 and Ricy > A > 0 then Hessf > Ag
which implies M is diffeomorphic to R™.

A large class of examples are given by gradient Ricci solitons. Com-
pact expanding or steady solitons are Einstein (f is constant) [31].
There are nontrivial compact shrinking solitons [7, 11, 13, 17]. Some
of these examples do not have nonnegative Ricci curvature.

The following example shows that there are manifolds with Ricy > 0
which do not have polynomial f-volume growth.

Example 2.3. Let M = R" with Euclidean metric, f(x1,--- ,z,) =
x1. Since Hess f = 0, Ricy = Ric = 0. On the other hand Vol (B(0,7))
is of exponential growth. Along the z; direction, my —mpy = —1 which
does not goes to zero.

In this example |V f| < 1, so Ricy > 0 and |V f| bounded does not
imply polynomial f-volume growth either.

It is also natural to consider the scalar curvature with measure. As
pointed out by Perelman in [31, 1.3] the corresponding scalar curvature
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equation is Sy = 2Af — |[Vf|?2 + S. Note that this is different than
taking the trace of Ricy which is Af +.S. The Lichnerovicz formula
and theorem naturally extend to Sy while any compact manifold has a
Riemannian metric and function f with Af + S > 0.

On the other hand, if a compact manifold has Ricy > 0 then the
fl—genus must be zero. This was pointed out to us by Aubry. To see
it first note that Ricjcv > €g for some sufficiently large N and small e.
Now, consider the warped product construction of Lott mentioned above
taking FV to be a Ricci flat manifold which has non-zero fl—genus. (For
example, a sufficiently large product of K3-surfaces.) In the warped
product metric, the Ricci tensor on vectors tangent to M is Ric}v and
the Ricci curvature of vectors tangent to F' will shrink arbitrarily to
zero if we scale the warping function. Therefore, by sufficiently scaling
F, we obtain a warped product metric on M x F' which has positive
scalar curvature (but not positive Ricci curvature). Then

0=AM x F) = A(M) - A(F)
so A(M) = 0.

3. Mean Curvature Comparisons

In this section we prove the mean curvature comparison theorems.
First we give a rough estimate on m; which is useful when Ricy > Ag
and A > 0.

Theorem 3.1 (Mean Curvature Comparison I.). If Rics(0,,0,) > A
then given any minimal geodesic segment and rg > 0,
(3.1) my(r) <myg(ro) — A(r —ro) forr > ro.

Equality holds for some r > 7o if and only if all the radial sectional
curvatures are zero, Hessr = 0, and 02 f = X along the geodesic from rg
tor.

Proof. Applying the Bochner formula

(3.2) %A]VUF = |Hess u|? + (Vu, V(Au)) + Ric(Vu, Vu)
to the distance function r(z) = d(z,p), we have

(3.3) 0 = |Hess | + %(AT) + Ric(Vr, Vr).

Since Hess 7 is the second fundamental from of the geodesic sphere and
Ar is the mean curvature, with the Schwarz inequality, we have the
Riccati inequality
2
m .
1= Ric(9r, Or).

(3.4) m < —
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And equality holds if and only if the radial sectional curvatures are
constant. Hence the mean curvature of the model space my satisfies

2

, miy
. = - —(n—1)H.
(3.5) My m—" (n—1)

Since m} = m' — Hessf (Or,0r), we have

2

/ n
. m, < —
(36) F="n-1

— Ricy(0r, or).
If Ricy > A, we have
m'f < =
This immediately gives the inequality (3.1).
To see the equality statement, suppose m} = —\on an interval [rg, 7],

then from (3.6) we have m = 0 and
(3.7) m’ = =02 f = —Ricy (9, 0,) = —\.

So we also have Ric(9,, d,) = 0. Then by (3.3) Hess r = 0, which implies
the sectional curvatures must be zero. q.e.d.

Proof of Theorem 1.1. Let sng(r) be the solution to
snf; + Hsng =0
such that sng(0) = 0 and sn’;(0) = 1. Then

/
sn
3.8 =(n-1)—H.
(3.8) mir = (n ) Snp
From the Riccati inequality (3.4), equality (3.5), and assumption on

Ricy, we have

2_ 2
(3.9) (m—mu) < —=——2L +0,0,f.
We compute
(SH%{(m — mH))’ = 2sn’ysnyg(m —mpy) + S’I’L%{(m -
2mpy m? —m?
< sny | —Z(m — _ - "'H
< SnH<n_1(m my) — +5r5rf>
2
2 (m —mp)
= - 4 arar
ShH ( n—1 + f)

(3.10) < sn% 9,0, f.

Here in the 2nd line we have used (3.8) and (3.9).
Integrating (3.10) from 0 to r yields

(3.11) sn; (rym(r) < s (r)ymy(r) + /OT sn?; ()0, 0, f () dt.
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When f is constant (the classical case) this gives the usual mean curva-
ture comparison. This quick proof does not seem to be emphasized in
the literature.

Proof of Part a. Using integration by parts on the last term we have

312 sib()ms(r) < su(ryma(r) — (sny (1)) B f (1),

Under our assumptions (sn%(t))" = 2sn’y (t)sng (t) > 0 so if 8; f(t) > —a
we have

(3.13) Sn%{(r)mf(r) < SH%{(T‘)’I’RH(T‘) + a/or(sn%](t))'dt

= sn% (r)mp(r) + s (r)a.
This proves the inequality.
To see the rigidity statement suppose that 0,f > —a and ms(r) =
m(r) + a for some r. Then from (3.12) we see

(3.14) asny < /OT(SH%{(t))'&f(t)dt < asn%.

So that 0y f = —a. But then m(r) = my—a = mpy(r) so that the rigidity

follows from the rigidity for the usual mean curvature comparison.
Proof of Part b. Integrate (3.12) by parts again

(3.15)

sy (r)my(r) < sng (rymu(r) — f(r)(snf; () + /0 y (t)(sny)" (t)dt.

Now if |f| < k and r € (0, 2=] when H > 0, then (sn?%)"(t) > 0 and

) m
we have
(3.16) snf (r)ymy(r) < snf(rymp(r) + 2k(sn3; (r))".
From (3.8) we can see that
2
(sn%(r)) = 2sn’ysny = mmHsn%{.
so we have
4k n+4k
(3.17) myg(r) < [ 1+ 1 my(r) =mp " (r).

q.e.d.

Now when H > 0 and r € [ﬁ,ﬁ],

/Orf(t)(sn?{)”(t)dt < k</04m(sn§1)”(t)dt—/T (Sn?{)”(t)dt>
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Hence

4k 1
3.18 me(r) < [1+ . mpg(r).
.19 0= (1555 ) )
This estimate will be used later to prove the Myers’ theorem in Section
5.

Remark. In the case H = 0, we have sny(r) = r so (3.15) gives the
estimate in [12] that

(3.19) my(r) < -l —f t3 / f(t)

r

Remark. The exact same argument gives mean curvature comparison
for the mean curvature of distance sphere of hypersurfaces with Ricy
lower bound.

4. Volume Comparisons

In this section we prove the volume comparison theorems. Fix p €
M™", use exponential polar coordinates around p and write the volume
element dvol = A(r,0)dr A df,_1, where df,,_; is the standard volume
element on the unit sphere S"~1(1). Let A (r,0) = e~/ A(r,0). By the
first variation of the area (see [53])

(4.1) %/(r, 0) = (In(A(r,0))) = m(r,0).
Therefore
A’ ,
(42 “L0,0) = (n(Af(r,0) = my(r,0).
!

And for r > 79 >0

(4.3) Ay (r,0) _ Iy me(s6)ds
‘Af (T()? 9)
The volume comparison theorems follow from the mean curvature com-
parisons through this equation.
First applying the mean curvature estimate Theorem 3.1 we have the

following basic volume comparison theorem.

Theorem 4.1 (Volume Comparison I). Let Ricy > X then for any r
there are constants A, B, and C such that

R
Volt(B(p,R)) < A+ B/ e 2+ Clgy,
T
The version of Theorem 4.1 for tubular neighborhoods of hypersur-
faces is very similar and has been proven by Morgan [26], also see [27].
As Morgan points out, the theorem is optimal and the constants can
not be uniform as the Gaussian soliton shows, see Example 2.1.
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Proof. Using the mean curvature estimate (3.1)
" 1
/ my(r) < mg(ro)r — =Ar?.
ro 2

Hence
Af(r,0) < Ag(rg, 0)e™s ro0r=32r,
Now let A(p,ro,7) be the annulus A(p,ro,r) = B(p,r) \ B(p,ro). Then

(4.4) Vol (A(p,r0,r)) = / [ (s, 0)d0ds

0 Sn—1
(4.5) < / A (ro, )™ 005=205% gg
r0 Sn—1
(4.6) < Af(ro)/ eCs—3s% gg.
7o

Where A¢(rg) is the surface area of the geodesic sphere induced from
the f-volume element and C' is a constant such that C' > m¢(ro, ) for
all # where it is defined. Since Vols(B(p,r)) = Volg(Vol(B(p,ro)) +
Vol¢(A(p,ro,7)) this proves the theorem. q.e.d.

We also have a rigidity statement for (4.5). That is, if the inequality
(4.5) is an equality then we must have equalities in the mean curvature
comparison along all the geodesics, this implies that Hessr = 0 which
implies that

(4.7) A(p,ro,7) = S(p,70) X [ro,7]

where S(p,79) is the geodesic sphere with radius ry. Moreover f must
also be rigid, namely

A
Flat) = @)+ (@) = 1) + 5 = o)
Now we prove Theorem 1.2 using Theorem 1.1.

Proof of Theorem 1.2: For Part a) we compare with a model space, how-
ever, we modify the measure according to a. Namely, the model space
will be the pointed metric measure space My , = (M3, 91, e dvol, 0)
where (M}, gir) is the n-dimensional simply connected space with con-
stant sectional curvature H, O € M}, and h(z) = —a-d(x,O). We make
the model a pointed space because the space only has Ricy(0,,0,) >
(n —1)H in the radial directions from O and we only compare volumes
of balls centered at O.

Let A% be the h-volume element in Mz . Then A% (r) = e® Ap(r)
where Ap is the Riemannian volume element in Mp. By the mean
curvature comparison we have (In(Af(r,0)) < a+mpg = (In(A%))" so
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for r < R,
Af (Tv 9) -’4?{(7", 9)
Namely jé’; ((:,06)) is nonincreasing in r. Using Lemma 3.2 in [53], we get

forO0<ri<r,0< Ry <R, <Ri,r<R,
S Ap(t,0)dt g S A% (t,0)dt
I A0t = [T A (e.0)d
Integrating along the sphere direction gives

VOlf(A(pa RluR)) < VOI?{(RLR)
Voly(A(p,r1,7)) = Vol (ri,7) -

Where Vol%(r1,r) is the h-volume of the annulus B(O,r) \ B(O,r1) C
Myp;. Since Volg(r1,r) < Vol (r1,7) < e Voly(ry,r) this gives (1.5)
when 71 = R; = 0 and proves Part b).

In the model space the radial function A is not smooth at the ori-
gin. However, clearly one can smooth the function to a function with
Orh > —a and 8,2,h > 0 such that the h-volume taken with the smoothed
h is arbitrary close to that of the model. Therefore, the inequality (4.10)
is optimal. Moreover, one can see from the equality case of the mean
curvature comparison that if the annular volume is equal to the volume
in the model then all the radial sectional curvatures are H and f is
exactly a linear function.

(4.9)

(4.10)

Proof of Part b). In this case let A%Hk be the volume element in the
simply connected model space with constant curvature H and dimension
n + 4k.

Then from the mean curvature comparison we have In(As(r,6)) <
In(A%*(r))". So again applying Lemma 3.2 in [53] we obtain
Voly(A(p, 1, R)) _ VolH**(Ry, R)

Voly(A(p,r1,7)) — Vol?"lk(rl,r) '

With ry = R; = 0 this implies the relative volume comparison for balls

Vol (B(p, R)) _ Vol (R)

(4.11)

1) Voly(B(p, 7)) ~ Vol **(r)
Equivalently
(4.13) Voly(B(p, R)) _ Voly(B(p,r))

VETRER) VR

Since n + 4k > n we note that the right hand side blows up as » — 0 so
one does not obtain a uniform upper bound on Vol¢(B(p, R)). Indeed,
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it is not possible to do so since one can always add a constant to f and
not effect the Bakry-Emery tensor.
By taking r = 1 we do obtain a volume growth estimate for R > 1

(4.14) Vol (B(p, R)) < Vol¢(B(p, 1)) Vol (R).
Note that, from Part a) Vols(B(p,1)) < e~ fWew, if 8,f > —a on
B(p,1). q.e.d.

In the next section we collect the applications of the volume compar-
ison theorems.

5. Applications of the volume comparison theorems.

In the case where A > 0 Theorem 4.1 gives two very interesting
corollaries. The first is also observed in [26].

Corollary 5.1. If M is complete and Ricy > X\ > 0 then Volg(M) is
finite and M has finite fundamental group.

We note the finiteness of volume is true in the setting of more general
diffusion operators [4]. Using a different approach the second author
has proven that the fundamental group is finite for spaces satisfying
Ric + Lxg > A > 0 for some vector field X [48]. This had earlier
been shown under the additional assumption that the Ricci curvature
is bounded by Zhang [52]. See also [29]. When M is compact the
finiteness of fundamental group was first shown by X. Li [20, Corollary
3] using a probabilistic method. Also see [52, 14, 39, 24]. We would
like to thank Prof. David Elworthy for bringing the article [20] to our
attention.

The second corollary is the following Liouville Theorem, which is a
strengthening of a result of Naber [29].

Corollary 5.2. If M is complete with Ricy > X >0, u >0, Ag(u) >
0, and there is o < % such that u(z) < e*®*) for some p € M then u
15 constant.

In particular there are no bounded f-subharmonic functions. Corol-
lary 5.2 follows from Yau’s proof that a complete manifold has no pos-
itive LP (p > 1) subharmonic functions [51]. The argument only uses
integration by parts and a clever choice of test function and so is valid
also for the weighted measure and Laplacian, see Theorem 4.2 in [38] for
a complete proof. In addition to the paper of Naber mentioned above,
also see [36, 37, 38] for applications of Corollary 5.2 to gradient Ricci
solitons.

While Theorem 4.1 has applications when A > 0 it is not strong
enough to extend results for a general lower bound, for these results
we apply Theorem 1.2. It is well known that a lower bound on volume
growth for manifolds with Ric > 0 can be derived from the volume
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comparison for annulli, see [53]. Thus Theorem 1.3 follows from (4.11).
We give the proof here for completeness and to motivate Theorem 5.3.

Proof of Theorem 1.3. Let M be a manifold with Ricy > 0 for a bounded
function f. Let p € M and let v be a geodesic ray based at p in M.
Then, applying the annulus relative volume comparison (4.11) to annuli
centered at y(t), we obtain

Vol (Bly (1), 1~ 1)) (N

Vol (A(y(t),t — 1, +1)) = (t+ 1)tk — (¢ — 1)n+ak = 7
vVt > 2. But B(v(0),1) C A(y(t),t — 1,t + 1) so we have

Vol¢(B(p,t — 1)) > c(n, k)Vols(B(p, 1))t Vit > 2.

>

q.e.d.

Using the volume comparison (4.10) in place of (4.11) we can also
prove a lower bound on the volume growth for certain convex f.

Theorem 5.3. If Ricy > 0 where f is convex function such that
the set of critical points of f is unbounded, then M has at least linear
f-volume growth.

The hypothesis on the critical point set is necessary by Examples 2.1
and 2.2.

Proof. Fix p € M. Since the set of critical points of a convex function
is connected, for every t there is z(t), a critical point of f, such that
d(p,x(t)) =t. But Vf(x(t)) = 0 and f is convex so drf > 0 in all the
radial directions from x(t), therefore we can apply (4.10) and repeat the
arguments in the proof of Theorem 1.3 to prove the result. q.e.d.

In [25] Milnor observed that polynomial volume growth on the univer-
sal cover of a manifold restricts the structure of its fundamental group.
Thus Theorem 1.2 also implies the following extension of Milnor’s The-
orem.

Theorem 5.4. Let M be a complete manifold with Ricy > 0.

1) If f is a convex function that obtains its minimum then any finitely
generated subgroup of w1 (M) has polynomial growth of degree less
than or equal n. In particular, by (M) < n.

2) If | f| < k then any finitely generated subgroup of w1 (M) has poly-
nomial growth of degree less than or equal to n+4k. In particular,
b(M) <n+4k.

Remark. Part 1) follows because at a pre-image of the minimum point
in the universal cover, 0, f > 0.

Remark. Part 2) has been improved recently by Yang [50] to the
optimal “ < n.” For the compact case this can also be proven using the
splitting theorem, see the next section.
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Gromov [15] has shown that a finitely generated group has polyno-
mial growth if and only if it is almost nilpotent. Moreover, the work of
the first author and Wilking shows that any finitely generated almost
nilpotent group is the fundamental group of a manifold with Ric > 0
[44, 46]. Therefore, there is a complete classification of the finitely
generated groups that can be realized as the fundamental group of a
complete manifold with Ric > 0. Combining these results with Theo-
rem 5.4 we expand this classification to a larger class of manifolds.

Corollary 5.5. A finitely generated group G is the fundamental
group of some manifold with

1) Ricy > 0 for some bounded f or
2) Ricy > 0 for some convex f which obtains its minimum

if and only if G is almost nilpotent.

It would be interesting to know if Corollary 5.5 holds without any
assumption on f. Example 2.3 shows that the Milnor argument can not
be applied since the f-volume growth of a manifold with Ric; > 0 may
be exponential, so a different method of proof would be needed.

In [3] Anderson uses similar covering arguments to show, for example,
that if Ric > 0 and M has Euclidean volume growth then (M) is
finite. He also finds interesting relationships between the first betti
number, volume growth, and finite generation of fundamental group of
manifolds with Ric > 0. These relationships also carry over to manifolds
satisfying the hypotheses of Theorem 5.4. We leave these statements to
the interested reader.

Applying the relative volume comparison Theorem 1.2 we also have
the following extensions of theorems of Gromov [16] and Anderson [2].

Theorem 5.6. For the class of manifolds M™ with Ricy > (n—1)H,
diamy; < D and |f| < k (|Vf] < a), the first Betti number by <
C(n,k, HD?) (C(n,HD? aD)).

Theorem 5.7. For the class of manifolds M™ with Ricy > (n—1)H,

Voly >V, diamy; < D and |f| < k (|Vf| < a) there are only finitely
many isomorphism types of m (M).

Remark. In the case when |V f| is bounded, Ricy bounded from below
implies Ric}v is also bounded from below (with different lower bound).
Therefore in this case the results can also been proven using the volume
comparison in [39, 24, 6] for the Ricifv tensor.

6. The Splitting Theorem.

An important application of the mean curvature comparison is the
extension of the Cheeger-Gromoll splitting theorem. After writing the
original version of this paper, we learned that Lichnerowicz had proven
the splitting theorem, see [21, 22].
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Theorem 6.1 (Lichnerowicz-Cheeger-Gromoll Splitting Theorem).
If Ricy > 0 for some bounded f and M contains a line, then M =
N1 xR and f is constant along the line.

For completeness we retain our complete proof here.

Remark. In [12] Fang, Li, and Zhang show that only an upper bound
on f is needed in the above theorem. Example 2.2 shows that the upper
bound on f is necessary.

Recall that my = Ay(r), the f-Laplacian of the distance function.
From (1.1), we get a local Laplacian comparison for distance functions

4k — 1
(6.1) Ag(r) < n—l—f for all z € M \ {p,Cp}.
Where C), is the cut locus of p. To prove the splitting theorem we
apply this estimate to the Busemann functions.

Definition 6.2. If v is a ray then Busemann function associated to
~ is the function

(6.2) b () = Jim (¢ — d(z,7(1))).

From the triangle inequality the Busemann function is Lipschitz con-
tinuous with Lipschitz constant 1 and thus is differential almost every-
where. At the points where b, is not smooth we interpret the f-laplacian
in the sense of barriers.

Definition 6.3. For a continuous function h on M, q € M, a function
hq defined in a neighborhood U of ¢, is a lower barrier of h at ¢ if h, is
C?(U) and

(6.3) he(q) = h(q), he(z) < h(z) (x € U).

Definition 6.4. We say that A(h) > a in the barrier sense if, for
every € > 0, there exists a lower barrier function h. such that A (h.) >
a —¢. An upper bound on Ay is defined similarly in terms of upper
barriers.

The local Laplacian comparison is applied to give the following key
lemma.

Lemma 6.5. If M is a complete, noncompact manifold with Ricy > 0
for some bounded function f then Af(bY) > 0 in the barrier sense.

Remark. As in [12], one can use the inequality (3.19) to prove Lemma
6.5 only assuming an upper bound on f.

Proof. For the Busemann function at a point ¢ we have a family of
barrier functions defined as follows. Given t; — oo, let o; be minimal
geodesics from ¢ to 7(¢;), parametrized by arc length. The sequence
0}(0) subconverges to some vy € T, M. We call the geodesic 7 such that
~'(0) = vg an asymptotic ray to 7.
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Define the function h(z) = t — d(z,7(t)) + b7(¢q). Since 7 is a ray,
the points ¢ = 7(0) and 7(t) are not cut points to each other, therefore
the function d(z,7(t)) is smooth in a neighborhood of ¢ and thus so is
hi. Clearly hi(q) = b7(q), thus to show that h; is a lower barrier for b”
we only need to show that hy(z) < bY(z). To see this, first note that for
any s,

(6.4) —d(z,75(t)) < —d(z,7(s)) + d(v(s),7(¢))

=5 —d(z,7(s)) — s +d(v(s),7(1))-

Taking s — oo this gives

(6.5) —d(x,75(t)) <07 (x) = b7 (F(t)).
Also,
07(q) = lim (t —d(g,7(t:)))

i)
= Zliglo(tz — d(q, Ui(t)) - d(O’i(t), ’Y(tz)))
= —d(¢.7(t) + lim (t; — d(03(t),7(¢))

(6.6) = —t+b'(7F()).

Combining (6.5) and (6.6) gives

(6.7) he(z) < b7 (x),

so hy is a lower barrier function for 7. By (6.1), we have that

68)  Aplh)@) = Ag(-da7(0) > T

Taking ¢t — oo proves the lemma. q.e.d.

Note that since Ay is just a perturbation of A by a lower order term,
the strong maximum principle and elliptic regularity still hold for Ay.
Namely if h is a continuous function such that A¢(h) > 0 in the barrier
sense and h has an interior maximum then A is constant and if A¢(h) = 0
(i.e > 0 and < 0) in the barrier sense then h is smooth. We now apply
the lemma and these two theorems to finish the proof of the splitting
theorem.

Proof of Theorem 6.1. Denote by ~v4 and vy_ the two rays which form
the line v and let b*, b~ denote their Busemann functions.

The function b + b~ has a maximum at v(0) and satisfies Ay(b* +
b~) > 0, thus by the strong maximum principle the function is constant
and equal to 0. But then b+ = —b~ so that 0 < Ap(bT) = —Ap(b7) <0
which then implies, by elliptic regularity, that the functions b+ and b~
are smooth.
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Moreover, for any point ¢ we can consider asymptotic rays 7, and
¥_ to vrand v_ and denote their Busemann functions by b and 5.
From (6.7) it follows that
(6.9) b () + bt (q) < bT ().

The next step is to show that this inequality is, in fact, an equality when
v+ extends to a line.

First we show that the two asymptotic rays 7, and 7_ form a line.
By the triangle inequality, for any t

d¥4(51),7-(s2)) = d(F_(s2),7+(t)) — d(v4+ (), 71 (51))
= t—d(v(t), 7 (s51)) — (t = d(F_(52),7+(1)),
so by taking ¢ — oo we have
d(7+(51),7—(52)) bT(F (s1)) =0T (7 (52))
= 0T (7"(s1)) + b (7 (s2)
> b (7 (s1) + 07 () + b (T (52)) +b7(q)
= 81+ S2.

v

Thus, any asymptotic ray to v, forms a line with any asymptotic ray
to v_. Applying the same argument given above for b and b~ we see

that o™ = —b . By Applying (6.9) to b~
=b () = b (q) = b (x).
Substituting b™ = —b~ and b" = —b_ we have
b7 (x) + b7 (q) 2 b (2).
This along with (6.9), gives
b (z) +b"(q) = b ().

Thus, 5" and bt differ only by a constant. Clearly, at ¢ the derivative
of o' in the direction of 7,(0) is 1. Since b has Lipschitz constant 1,
this implies that VbT(¢) =7/, (0).

From the Bochner formula (3.2) and a direct computation one has
the following Bochner formula with measure,

1

6.10 —A¢|Vul? = |Hess ul? + (Vu, V(A u)) + Ricy(Vu, Vu).
547 7 s

Now apply this to b, since ||[VbT|| = 1, we have

(6.11) 0 = ||Hess b | + VbH (A (bT)) + Ricp (VoH, VbT).

Since Ay(b™) = 0 and Ricy > 0 we then have that Hess b = 0 which,
along with the fact that |[Vb'|| = 1 implies that M splits isometrically
in the direction of Vb™.
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To see that f must be constant in the splitting direction note that
from (6.11) we now have Ricy(VbT,VbT) = 0 and VbT points in the
splitting direction so Ric(VbT, Vbt) = 0. Therefore Hessf(Vb+, VbT) =
0. Since f is bounded f must be constant in Vb™ direction. q.e.d.

As Lichnerowicz points out, the clever covering arguments in [10]
along with Theorem 6.1 imply the following structure theorem for com-
pact manifolds with Ric; > 0.

Theorem 6.6. If M is compact and Ricy > 0 then M is finitely
covered by N x T* where N is a compact simply connected manifold and
f is constant on the flat torus T*.

Theorem 6.6 has the following topological consequences.

Corollary 6.7. Let M be compact with Ricy > 0 then

1) bl(M) <n.

2) w1 (M) has a free abelian subgroup of finite index of rank < n.

3) by(M) or m (M) has a free abelian subgroup of rank n if and only
if M is a flat torus and f is a constant function.

4) mi (M) is finite if Ricy > 0 at one point.

We also note that the splitting theorem has been used by Oprea
[30] to derive information about the Lusternik-Schnirelmann category of
compact manifolds with non-negative Ricci curvature. These arguments
also clearly carry over to the Ricy case.

For noncompact manifolds with positive Ricci curvature the splitting
theorem has also been used by Cheeger and Gromoll [10] and Sormani
[41] to give some other topological obstructions. These results also hold
for Ricy with f bounded.

Theorem 6.8. Suppose M is a complete manifold with Ricy > 0 for
some bounded f then

1) M has only one end and
2) M has the loops to infinity property.

In particular, if M is simply connected at infinity then M is simply
connected.

7. Other applications of the mean curvature comparison.

Theorem 1.1 can be used to prove an excess estimate. Recall that
for p,q € M the excess function is e, 4(x) = d(p,x) + d(¢,z) — d(p, q).
Let h(x) = d(x,v) where 7 is a fixed minimal geodesic from p to ¢,
then (1.4) along with the arguments in [1, Proposition 2.3] imply the
following version of the Abresch-Gromoll excess estimate.
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Theorem 7.1. LetRicy > 0, |f| < k and h(xz) < min{d(p, x),d(q, )}

then
1
n+dk—1\ /1 AR
< - n+4k
ep’q(x)_2<n+4k—2> <2Ch )

where

¢=2 <n ij;; 1) (d(p,x)l— m) d(q7$)1— h(x)> .

Remark. (1.2) also implies an excess estimate for manifolds with Ric >
(n —1)H and |V f| < a, however the constant C' will depend on H -
d(p,q)? and e The mean curvature comparison for Ricjcv discussed in
the appendix also implies an excess estimate.

Theorem 7.1 gives extensions of theorems of Abresch-Gromoll [1] and
Sormani [40] to the case where Ricy > 0 for a bounded f.

Theorem 7.2. Let be M a complete noncompact manifold with Ricy>
0 for some bounded f.

1) If M has bounded diameter growth and sectional curvature bounded
below then M is homeomorphic to the interior of a compact man-
ifold with boundary.

2) If M has sublinear diameter growth then M has finitely generated
fundamental group.

Remark. If we consider |f| < k, the arguments in [1] and [40] say
slightly more. Namely, the diameter growth in the first part can be
of order < ﬁ and in the second part one can derive a explicity
constant Sy, , such that the diameter growth only needs to be < S5, 1, - .
Also see [49] and [47].

We can also apply the mean curvature comparison to the excess func-
tion to prove the Myers’ theorem. We note that the excess function was
also used to prove a Myers’ theorem in [33]. It is interesting that this
proof is exactly suited to our situation, since we only have a uniform
bound on mean curvature when » < —2— while other arguments do not

) ] 2VH’
seem to easily generalize.

Proof of Theorem 1.4.
Let p1,py are two points in M with d(p1,p2) > —= and set B =

vVH
d(p1,p2) = -
Let r1(x) = d(p1,x) and ro(z) = d(pe, ) and e be the excess function
for the points p; and ps. By the triangle inequality, e(x) > 0 and
e(y(t)) = 0 where ~ is a minimal geodesic from p; to ps. Therefore,

Ap(e)(y(t)) = 0.
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Let y; :’Y<ﬁ> and yo :’Y<ﬁ+3>. Fori=1,2 ri(y;) = ﬁ
so, by (3.18), we have

(7.1) As(riy) < 2kV.

(1.3) does not give an estimate for A¢(ri(y2)) since r1(y2) > ﬁ but
by (3.1) and (7.1) we have

(7.2) As(ri(y2)) < 2kVH — B(n — 1)H.

So

(7.3) 0 < Ap(e)(y2) = Af(r1)(y2) + Af(ra)(y2) < 4kvV'H — B(n —1)H
which implies B < (n_‘i';\/ﬁ and d(py,p2) < ﬁ + (n—il)f\/ﬁ‘ q.e.d.

As we have seen, there is no bound on the distance between two
points in a complete manifold with Ricy > (n — 1)H > 0. However, by
slightly modifying the argument above one can prove a distance bound
between two hypersurfaces that depends on the f-mean curvature of
the hypersurfaces, here for a hypersurface N the f-mean curvature at
a point x € N with respect to the normal vector n is

(7.4) H](z) = Hp(z) + (n, V f)(x)

where H,, is the regular mean curvature. my is then the f-mean curva-
ture of the geodesic sphere with respect to the inward pointing normal.

Theorem 7.3. Let Ricy > (n —1)H > 0 and let Ny and No be two
compact hypersurfaces in M then

maxpen, |Hi, (p)] + maxgen, |Hily (q)]
2(n—1)H '

Proof. Let en, n,(x) = r1(x)+7r2(x) —d(N1, N2) where ri(x) = d(z, N;).
Then, by applying the Bochner formula to r; in the same way we applied
it to the distance to a point in Section 2, we have

A(r)(@) < max | HY, (2)] = (n = YHA(N;, ).

(7.5) d(Ny, Ng) <

One now can prove the theorem using a similar argument as in the proof
of Theorem 1.4. g.e.d.

A similar argument also shows Frankel’s Theorem is true for Ricy.

Theorem 7.4. Any two compact f-minimal hypersurfaces in a man-
ifold with Ricy > 0 intersect.

One also has a rigidity statement when Ricy > 0 and M has two f-
minimal hypersurface which do not intersect, see [35] for the statement
and proof in the Ric > 0 case.
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Appendix A. Mean curvature comparison for
N-Bakry-Emery Ricci tensor

In [6] the volume comparison theorem and Myers’ theorem for the N-
Bakry-Emery Ricci tensor are proven using what we have called a mean
curvature comparison (actually their work is slightly more general than
the cases treated in this paper). In this appendix, for clarity, we state
this comparison in the language we have used above, which is standard
in Riemannian geometry.

Recall the definition of the N-Bakry-Emery tensor is

1
Ric} = Ricy — S @df for N> 0.

The main idea is that the a Bochner formula holds for Ricﬁcv that
looks like the Bochner formula for the Ricci tensor of an n + N dimen-
sional manifold . This formula seems to have been Bakry and Emery’s
original motivation for the definition of the Bakry-Emery Ricci tensor
and for their more general curvature dimension inequalities for diffusion
operators [4]. See [18, 19] for elementary proofs of the inequality.

(Af(u))?
N+n
For the distance function, we have

1
§Af|Vu|2 > + (Vu, V(Aru)) + RicﬁcV(Vu, Vu)

2
I« (mf) AN )
L Ricy (O, Or)

Thus, using the standard Sturm-Liouville comparison argument one has
the mean curvature comparison.

Theorem A.1 (Mean curvature comparison for N-Bakry-Emery).
[6] Suppose that N >0 and Ricjcv > (n+ N —1)H, then

myg(r) < migN (r).

This comparison along with the methods used above gives proofs of
the comparison theorems for Ricifv .

The Bochner formula for RiC;cV has many other applications to other
geometric problems not treated here such as eigenvalue problems and
Liouville theorems, see for example [5] and [19] and the references there
in.

Appendix B. ODE proof of mean curvature comparison

In this section we include our original proof of the mean curvature
comparison which uses somewhat different methods.

Theorem B.1 (Mean Curvature Comparison). Assume Ric¢ (0, 0)
>(n—1)H.
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a) If O.f > —a (a > 0) along a minimal geodesic segment from p
(when H > 0 assume r < 7/2vH) then
(B-1) my(r) —mu(r) <a

along that minimal geodesic segment from p. Equality holds if and only
if the radial sectional curvatures are equal to H and f(t) = f(p) — at

for allt < r.
In particular when a = 0, we have
(B-2) my(r) < mp(r)

and equality holds if and only if all radial sectional curvatures are H
and f is constant.

b) If | f| < k along a minimal geodesic segment from p (when H > 0
assume r < /2y H) then

ak <\/WSI]H(2T) + 2]H]r>

(B-3) myg(r) —mpy < (n—1)en-T S (1)
H

along that minimal geodesic segment from p, where sng(r) is the unique
function satisfying
snf(r) + Hsng(r) =0, sng(0) =0, sny(0)=1.
In particular when H = 0 we have
n—1 k1

< 4(n—1)en-1-=.
r - (n )e r

(B-4) my(r)

Proof. We compare my to the mean curvature of the model space. Using
Rics > (n — 1)H, and subtracting (3.6) by (3.5) gives
1
(mp—mp) < — [(mf + 0, )% — m%{]
1

(B-5) = — [(mf—mH+8,,f)(mf+mH+8rf)].
Proof of Part a). Write (B-5) as the following
(B-6)

1

(my—mp—a)’ < ——— [(my —my —a+a+0.f)(ms+my +8,f)].

Let us define ¥ g = max{ms — mpg —a,0} = (my —my — a)4, and
declare that v, g = 0 whenever it becomes undefined. Since 0, f > —a,
a+0.f>0. When ¢, g >0, my+myg+0,.f >a+0.f+2myg > 2mpy
which is > 0 if my > 0. Using this and (B-6) gives

1
(B-7) Yo < — s (my +mg + 0 f)an < 0.

Since lim, .o Yq,m(r) = (—0f-(0) —a);+ = 0, we have 1, g (r) = 0 for all
r > 0. This finishes the proof of the inequality.
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Now suppose that my = mpy + a, then from (B-5) we have that
m = my which implies that d,f = —a. So 2 f = 0 which then implies
that Ric(0,,0,) = Rics(0,,0,) > (n —1)H. Now the rigidity for the
regular mean curvature comparison implies that all the sectional curva-
tures are constant and equal to H.

Proof of Part b). By (B-5) we have
(B-8) (my—mp) <

1
n—1
Now define ¢ = max{ms — mpy,0} = (my — mpy), the error from
the mean curvature comparison, and declare that » = 0 whenever it
becomes undefined. Define

[(my —mu)* +2(mg + 0, f)(my —mu) + 0, f 2mu + 0,f)] .

1
(B-9) p=|——=0-f(2mpy + O,f)
n—1 n
Using this notation and inequality (B) we obtain
, 1, 2
- <= o= _
(B10) W< (a4 O+

We would like to estimate ¢ in terms of p. It is enough to use the linear
differential inequality
2
(B-11) W'+ m(mH + 0 )Y < p.
When 0, f = 0 (in the usual case), we have p = 0 and ¥ = 0, getting the

classical mean curvature comparison. In general, by (B-9), the definition
of p, when mg >0

(B-12) p>0<= —2mpy <0, f <O.
Also
2
- < (-——=_ .
(-1 p< (@ m)
Therefore we have A
< 4.

P = n_1

Note that my = (n — 1)22;‘38 Now (B-11) becomes
! / 2
o (220 2 5 ) < a1 (R0
sng(r) n-—1 snp (r)

2
Multiply this by the integrating factor sn%(r)eﬁf ") to obtain

(sn%(r)e%f(’")w?“))/ < 4(n — Den1/O (snly ()2,
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Since 1(0) is bounded, integrate this from 0 to r gives

(B-14) sn%{(r)e%f(r)z/}(r) <4(n-1) /T e%f(t) (sn}l(r))zdt.

0

Since | f| < k, we have

as [ +/|H|sng(2r) + 2|H|r

Y(r) < (n - e 0

When H =0, sng(r) =r, from (B-14) we get

4k 1
P(r) <4(n —1)en-1 o
This completes the proof of Part b). g.e.d.
References

(1]

U. Abresch & D. Gromoll. On complete manifolds with nonnegative Ricci cur-
vature. J. Amer. Math Soc., 3(2), 355-374, 1990, MR 1030656, Zbl 0704.53032.

M. T. Anderson. Short geodesics and gravitational instantons. J. Differential
Geom., 31(1), 265-275, 1990, MR 1030673, Zbl 0696.53029.

M. T. Anderson. On the topology of complete manifolds of nonnegative Ricci
curvature. Topology, 91, 41-55, 1990, MR 1046624, Zbl 0696.5302.

D. Bakry & M. Emery. Diffusions hypercontractives. In: Séminaire de proba-
bilités, XIX, 1983/84, volume 1123 of Lecture Notes in Math., pages 177-206.
Springer, Berlin, 1985, MR, 0889476, Zbl 0561.60080.

D. Bakry & Z. Qian. Some new Results on FEigenvectors via dimension, diameter,
and Ricci curvature. Advances in Mathematics, 155, 98-153(2000), MR 1789850,
Zbl 0980.5802.

D. Bakry & Z. Qian. Volume Comparison Theorems without Jacobi fields. In:
Current trends in potential theory, 2005, volume 4 of Theta Ser. Adv. Math.,
pages 115-122. Theta, Bucharest, 2005, MR, 2243959.

H.-D. Cao. Ewistence of gradient Kdhler-Ricci solitons. In: Elliptic and para-
bolic methods in geometry (Minneapolis, MN, 1994), pages 1-16. A K Peters,
Wellesley, MA, 1996, MR, 1417944, Zbl 0868.58047.

J. Case, Y. Shu, G. Wei. Rigidity of Quasi-Einstein Metrics. arXiv:0805.3132.

S.-Y. A. Chang, M. J. Gursky & P. Yang. Conformal invariants associated to
a measure. Proc. Natl. Acad. Sci. USA, 103(8), 2535-2540 (electronic), 2006,
MR 2203156, Zbl pre05272447.

J. Cheeger & D. Gromoll. The splitting theorem for manifolds of nonnegative
Ricci curvature. J. Differential Geometry, 6, 119-128, 1971/72, MR 0303460,
Zbl 0223.53033.

A. S. Dancer, M. Y. Wang. On Ricci solitons of cohomogeneity one.
arXiv:0802.0759.

F. Fang, X.-D. Li, & Z. Zhang Two Generalizations of Cheeger-Gromoll Splitting
theorem via Bakry-Emery Ricci Curvature. arXiv: 0707.0526v2

M. Feldman, T. Ilmanen & D. Knopf. Rotationally symmetric shrinking and
expanding gradient Kdhler-Ricci solitons. J. Differential Geom., 65(2), 169209,
2003, MR 2058261, Zbl 1069.53036.



(17]

23]
(24]
25]
(26]
27]
28]
29]

(30]

(31]

32]

COMPARISON GEOMETRY FOR THE BAKRY-EMERY RICCI TENSOR 403

M. Fernindez-Loépez & E. Garcia-Riio. A remark on compact Ricci solitons.
Math. Ann., 340(4), 893-896, 2008, MR 2372742, Zbl 1132.53023.

M. Gromov. Groups of polynomial growth and expanding maps. Inst. Hautes
Etudes Sci. Publ. Math., 53, 53-73, 1981, MR 623535, Zbl 0474.20018.

M. Gromov. Metric structures for Riemannian and non-Riemannian spaces, vol-
ume 152 of Progress in Mathematics. Birkh&user Boston Inc., Boston, MA, 1999,
MR 2307192, Zbl 1113.53001. Based on the 1981 French original [MR 85e:53051],
With appendices by M. Katz, P. Pansu and S. Semmes, Translated from the
French by Sean Michael Bates.

N. Koiso. On rotationally symmetric Hamilton’s equation for Kdahler-Einstein
metrics. In: Recent topics in differential and analytic geometry, volume 18 of
Adv. Stud. Pure Math., pages 327-337. Academic Press, Boston, MA, 1990,
MR 1145263, Zbl 0739.53052.

M. Ledoux. The Geometry of Markov Diffusion Generators. Annales de la
Faculté des Sciences de Toulouse, IX(2), 305-366, 2000, MR 1813804,
Zbl 0980.60097.

X.-D. Li. Liouwille theorems for symmetric diffusion operators on complete Rie-
mannian manifolds. J. Math Pures Appl., 84, 1295-1361, 2005, MR 2170766,
Zbl 1082.58036.

X.-M. Li. On extensions of Myers’ theorem. Bull. London Math. Soc., 27(4),
392-396, 1995, MR 1335292, Zbl 0835.60056.

A. Lichnerowicz. Variétés riemanniennes a tenseur C non négatif. C.R. Acad.
Sc. Paris Serie A, 271, A650-A653, 1970, MR 0268812, Zbl 0208.50003.

A. Lichnerowicz. Variétés kdhlériennes & premiére classe de Chern non nega-
tive et variétés riemanniennes a courbure de Ricci généralisée mon megative. J.
Differential Geom., 6, 47-94, 1971/72, MR, 0300228, Zbl 0231.53063.

J. Lott & C. Villani. Ricci curvature for metric-measure spaces via optimal trans-
port. Ann. of Math., 169(3), 903-991, 2009.

J. Lott. Some geometric properties of the Bakry—Emery—Ricci tensor. Comment.
Math. Helv., 78(4), 865-883, 2003, MR 2016700, Zbl 1038.53041.

J. Milnor. A note on curvature and fundamental group. J. Differential Geometry,
2, 1-7, 1968, MR 0232311, Zbl 0162.25401.

F. Morgan. Manifolds with Density. Notices of the Amer. Math. Soc., 52(8),
853-858, 2005, MR 2161354, Zbl 1118.53022.

F. Morgan. Myers’ theorem with density. Kodai Math Journal, 29(3), 454-460,
2006, MR 2278776.

F. Morgan. Geometric measure theory. A beginner’s guide. Fourth edition. Else-
vier/Academic Press, Amsterdam, 2009. MR 2455580, Zbl pre05501365.

A. Naber. Some geometry and analysis on Ricci solitons. arXivimath.DG/
0612532.

J. Oprea. Category bounds for nonnegative Ricci curvature manifolds with in-
finite fundamental group. Proc. Amer. Math Soc., 130(3), 833-839. 2002,
MR 1866039, Zbl 0984.53015.

G. Ya. Perelman. The entropy formula for the Ricci flow and its geometric ap-
plications. arXiv: math.DG/0211159.

G. Ya. Perelman. Ricci flow with surgery on three-manifolds. arXiv: math.DG/
0303109.



404

33]

34]

(35]

G. WEI & W. WYLIE

P. Petersen & C. Sprouse. Integral curvature bounds, distance estimates, and
applications. Jour. Differential Geom., 50(2), 269-298, 1998, MR 1684981,
Zbl 0969.53017.

P. Petersen, & G. Wei. Relative volume comparison with integral curvature
bounds. GAFA, 7, 1031-1045, 1997, MR 1487753, Zbl 0910.53029.

P. Petersen & F. Wilhelm. On Frankel’s Theorem. Canad. Math. Bull., 46(1),
130-139, 2003, MR 1955620, Zbl 1035.53080.

P. Petersen & W. Wylie. Rigidity of gradient Ricci solitons. To appear in: Pacific
J. Math, arXiv:0710.3174.

P. Petersen & W. Wylie. On gradient Ricci solitons with symmetry. Proc. Amer.
Math. Soc., 137, 20852092, 2009.

P. Petersen & W. Wylie. On the classification of gradient Ricci solitons.
arXiv:0712.1298.

7. Qian. Estimates for weighted volumes and applications. Quart. J. Math. Ox-
ford Ser. (2), 48(190), 235-242, 1997, MR 1458581, Zbl 0902.53032.

C. Sormani. Nonnegative Ricci curvature, small linear diameter growth and finite
generation of fundamental groups. J. Differential Geom., 54(8), 547-559, 2000,
MR 1823314, Zbl 1035.53045.

C. Sormani. On loops representing elements of the fundamental group of a com-
plete manifold with nonnegative Ricci curvature. Indiana Univ. Math. J., 50(4),
1867-1883, 2001, MR 1889085, Zbl 1040.53043.

K.-T. Sturm. On the geometry of metric measure spaces. I. Acta Math., 196(1),
65-131, 2006, MR 2237206, Zbl 1105.53035.

K.-T. Sturm. On the geometry of metric measure spaces. II. Acta Math., 196(1),
133-177, 2006, MR 2237207, Zbl 1106.53032.

G. Wei. Examples of complete manifolds of positive Ricci curvature with nilpotent
isometry groups. Bull. Amer. Math. Soci., 19(1), 311-313, 1988, MR 940494,
Zbl 0649.53024.

G. Wei & W. Wylie. Comparison Geometry for the Smooth Metric Measure
Spaces. Proceedings of the 4th International Congress of Chinese Mathemati-
cians, Hangzhou, China, 2007, Vol. II 191-202.

B. Wilking. On fundamental groups of manifolds of nonnegative curvature. Dif-
ferential Geom. Appl., 13(2), 129-165, 2000, MR 1783960, Zbl 0993.53018.

W. Wylie. Noncompact manifolds with nonnegative Ricci curvature. J. Geom.
Anal., 16(3), 535-550, 2006, MR 2250059, Zbl 1104.53031.

W. Wylie. Complete shrinking Ricci solitons have finite fundamental group. Proc.
American Math. Sci., 136(5), 1803-1806, 2008, MR 2373611, Zbl 1152.53057.

S. Xu, Z. Wang, & F. Yang. On the fundamental group of open manifolds with
nonnegative Ricci curvature. Chinese Ann. Math. Ser. B., 24(4), 469474, 2003,
MR 2024985, Zbl 1057.53024.

N. Yang. A note on nonnegative Bakry-Emery Ricci Curvature. preprint.

S. T. Yau. Some function-theoretic properties of complete Riemannian manifold
and their applications to geometry. Indiana Univ. Math. J., 25(7), 659-670,
1976, MR 0417452, Zbl 0335.53041.

7. Zhang. On the finiteness of the fundamental group of a compact shrink-
ing Ricci soliton. Colloq. Math., 107(2), 297-299, 2007, MR 2284167,
Zbl 1116.53027.



COMPARISON GEOMETRY FOR THE BAKRY-EMERY RICCI TENSOR 405

[63] S.-H. Zhu. The comparison geometry of Ricci curvature. In: Comparison geome-
try (Berkeley, CA, 1993-94), volume 30 of Math. Sci. Res. Inst. Publ, pages 221—
262. Cambridge Univ. Press, Cambridge, 1997, MR, 1452876, Zbl 0896.53036.

Current address:
Department of Mathematics,
University of Pennsylvania,
David Rittenhouse Lab,

209 South 33rd Street,
Philadelphia, PA 19104

DEPARTMENT OF MATHEMATICS,
UNIVERSITY OF CALIFORNIA,
SANTA BARBARA, CA 93106

E-mail address: wei@math.ucsb.edu
DEPARTMENT OF MATHEMATICS,

UNIVERSITY OF CALIFORNIA,
Los ANGELES, CA 90024

FE-mail address: wylie@math.upenn.edu



