LECTURE 28: BOCHNER’S TCHNIQUE AND APPLICATIONS

In studying the relation between the curvatures of a Riemannina manifold and its
geometry /topology, another very useful method is the so called Bochner technique.

1. BOCHNER’S FORMULA

¢ Bochner’s formula.
We start with

Theorem 1.1. Let (M, g) be a Riemannian manifold, and X € T°(T'M).
(1) If VX is symmetric, i.e. (V,X,v) = (V, X, u) for all u,v € T, X, then

1
5A(\X\?) = |VX|? + (X, V(divX)) + Re(X, X).
(2) If VX is anti-symmetric, i.e. (V,X,v)=—V,X,u) for allu,v € T, X, then
1
FAUXP) = [VXP = Re(X, X).
Proof. (1) With Riemannian normal coordinates centered at x, we have
Vaiaj(l') = 0, VZ,j
Recall at x one can write

(V2£)e(0:,0;) = (0:0;f)(x) and  (Af)(z)=) (dif)(x).

It follows that at x,

A(IX]?) Zaa X, X)=) 0(VsX,X)
z Z 0/(VxX, ;)
:i(VaZVXX, 0;)
:i (VxVa, X, 0) = (Vix00 X, 0;) —(R(X, 8,) X, D))
:Z (VxVa, X, 0) — (Vix01 X, 0;) + Rm(X, 8;, X, 8,))

:Z ((VxVy,X,0;)—(Vix00X,8;)) + Re(X, X).
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Note that if we write X = X*9;, then

Tr(VX) = Z (Va. X,0,) Za (X,0) =) 0, X' =divX.

it follows

D (VxVeX,0) =Y X(VyX,0;) = X(divX) = (X, VdivX).

On the other hand, since [0;, X] = V5,0 — Vx0; = V. X
—Z x00X. 0;) = > (Vg, xX,0;)

= Z<V8iX7 VazX>
=|VX \2.
So the conclusion follows.

(2) If VX is anti-symmetric, then there will be a negative sign at the right hand

side of the two é, and we will get 0 after the % So the conclusion follows. O

€ Bochner’s formula for smooth functions.

In particular, if v € C*®°(M), then X = Vu is smooth and VX = V?u is
symmetric. Morever, divX = divVu = Au. It follows

Theorem 1.2. For any u € C>*(M),
1
§A(]Vu|2) = |[V2ul]* + (Vu, V(Au)) + Re(Vu, Vu).

Sometimes one need to replace the Hessian term |V2u|? by a simpler one. Note
that by Cauchy-Schwartz inequality, for any A = (a;;),

|‘4|2 Z |alj|2 > Za'zz — Za’“ - TI'A)
As a result, we get |V?u|> > L (Au)? and thus
Corollary 1.3. For any u € C’°°(M)

—A(|Vu| ) > (Au) (Vu, V(Au)) + Re(Vu, Vu).
Remark. In particular, if Ric > (m — 1)k, then for any u € C*°(M),

() §A(|VUI2) (Auw)* + (Vu, V(Au)) + (m — 1k[Vul*.

1
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Conversely, if this inequality holds for any u € C°°(M), then we must have Ric >
(m — 1)k. To see this, given any xy € M and any X, € T,, M, we take u € C*>(M)
so that Vu(zg) = Xy and (V?u),, = cId. Then by Bochner formula and (*),

1 1
IV2ul? + Re(Xo, Xo) = §A(\Vu|2) — (Vu, V(Au)) > E(Au)2 + (m — 1)k| Xo|?,

On the other hand, our choice of u implies [V2u|? = = (Au)?, so we get
Ric > (m —1)k.

The condition (*) is used in discrete geometric analysis (on graphs one can define
V and A but not curvature tensor) as a definition of “Ric > (m — 1)k”.

€ Bochner formula for closed 1-forms.

Recall from Lecture 2 that given any smooth 1-form w € Q!(M), the musical
isomorphism produce a smooth vector field X = fw. It is not hard to check

X[ =wl, VX[ =|Vw].

Now suppose w € Q(M) is a closed 1-form. Then locally w is exact, i.e. locally of
the form w = du. As a result, X = fw = Vu, and VX is symmetric'. So we may
apply part (1) of Theorem 1.1 to get

1
SA(wP) = [Vef? + (g, Vdivw) + Reto, ).
To proceed let’s do some local computation. Suppose w = w;dz’. Then

fw = Zw,@i, diviw = Z Oiw;, Vdiviw = Z 0;0;w;0;.
7 7 ,J

and thus
(fw, Vdiviw) = E w;0;0;w;.
2]

On the other hand, as we have seen in Lecture 4, for any smooth function f,
div(fiw) = fdiviw + (V. ).
Now we assume M is compact. After integration we get
0= [ (g, = [ (vt + (T L a0V, = [ (v + (@)t
M M M
It follows that
(df ,w) 2 :/ (df ,w)dV, :/ f(=diviw)dV, = (f, —diviw) 2.
M M
So if we define dw = —divfiw. Then ¢ : Q' (M) — C>°(M) is the L*-dual of d,
<df7w>L2 - <f76w>L27 vaCOO(M)JWEQI(M>

In fact one can show that VX is symmetric if and only if w = bX is closed.
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For any closed 1-form w we define Aw = ddw. Then locally
Aw = d(— Z @wl) = — Z 8j8iwl-
i irj

and thus
(w, Aw) = ija Ow; = —(fw, Vdiviw).

So we end with

Theorem 1.4 (Bochner’s formula for closed 1-form). Let (M, g) be a compact Rie-
mannian manifold, then for any closed 1-form w € QY(M),

FA(P) = [Vof? — (v, Aw) + Re(tw, ).

€ Harmonic k-form.
More generally, one can define § : Q¥(M) — Q*1(M) so that

<w7 dn>L2 - <5w7 77>L27 Vw € Qk(M)777 € Qk_l(M)a
and define the Hodge Laplacian on all smooth k-forms to be
A =dé+6d: Q¥ (M) — QF(M).

One can check that when k& = 0 this definition coincides with the Laplace-Beltrami
operator A on smooth functions (and thus differed with A = trV? by a negative
sign). A differential form w € QF(M) is called a harmonic k-form if Aw = 0. In
view of the fact

(W, Aw) 2 = (W, ddw) 12 + (W, ddw) 2 = (dw, dw) 2 + (dw, dw) 12
and the definition of A, we have

Proposition 1.5. w € Q%(M) is harmonic if and only if dw = 0 and éw = 0.

Now suppose w is a harmonic 1-form on compact Riemannian manifold (M, g).
Then w is closed, and thus by Theorem 1.4,

0= [ A0 = [ 1Vul+ [ Refiw. o)

Theorem 1.6 (Bochner). Let (M, g) be a compact Riemannian manifold, then

(1) Suppose Ric > 0. If Aw =0, then Vw = 0.
(2) Suppose Ric >0, and Ric > 0 at one point. If Aw =0, then w = 0.

So we get

According to the famous Hodge theory, the space of harmonic k-forms is iso-
morphic to the de Rham cohomology group HY,(M). So we conclude

Corollary 1.7. Let (M, g) be a closed oriented Riemannian manifold, Ric > 0, and
Ric > 0 at one point. Then by(M) = 0.
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Remarks. There is a Bochner-Weitzenbock formula that generalize the Bochner for-
mula above to k-forms using which one can prove: If (M, g) is a closed Riemannian
manifold with nonnegative curvature operator, then all harmonic forms of order
1 <k<m—1on M are parallel.

€ Bochner formula for Killing forms.

Now let’s turn to part (2) in Theorem 1.1. As we have seen in PSet 1, VX is
anti-symmetric if and only if X is a Killing field on (M, g). So we get

Corollary 1.8. For any Killing vector field on M,
1
5A(|X]2) = |[VX|? = Re(X, X).

As a result,

Theorem 1.9 (Bochner, 1946). Any Killing vector field of a compact Riemannian
manifold with negative Ricci curvature must be zero.

Since the space of all Killing vector fields on (M, g) is the Lie algebra of the
isometry group Iso(M, g)[which is a Lie group], and the isometry group of any com-
pact Riemannian manifold is compact, we conclude that the isometry group of any
compact Riemannian manifold with negative Ricci curvature must be a finite group.

2. CHEEGER-GROMOLL SPLITTING THEOREM

€ Cheeger-Gromoll splitting theorem.

Let (M, g) be a complete non-compact connected Riemannian manifold. Recall
that a line in M is a normal geodesic 7 : R — M so that

d(v(a),v(b)) =|a—b|, Va,beR.

Unlike the case of rays, it is possible that there is no ray in a complete non-compact
Riemannian manifold. For example, a cylinder R x S! admits many lines, while the
paraboloid z = 22 + y? admits no line at all.

As another application of Bochner formula, we prove the following structure
theorem for Riemannian manifolds with positive Ricci curvature that admit lines:

Theorem 2.1 (Cheeger-Gromoll, 1971). Let (M, g) be a complete non-compact Rie-
mannian manifold with Ric > 0. Suppose there exists a line in M. Then (M, g)
is isometric to R x N, where N is an (m — 1)-dimensional complete Riemannian
manifold with Ric > 0.

The idea is to construct a function on M which behaves like the function
f(z,7) = r on N x R, so that the level sets of f gives the desired component
N. So what is the speciality of the function f(z,r) = r? It is smooth, with gradient

Vf = 0, which has length 1, and has Hessian V2f = 0 (so that Vf is parallel). It
is in the proof of “V2f = 0” that we need Bochner’s formula.
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To apply Bochner’s formula one need the function to be smooth. However,
the construction below uses the distance, and thus the function is only Lipschitz.
To solve this problem we will apply theories on PDEs in the barrier sense. More
precisely, we need the Hopf-Calabi strong maximum principle,

Theorem 2.2 (Hopf-Calabi strong maximum principle). Let Q@ C M be a connected
open set. Suppose Af < 0 in M in the barrier sense, and f attains an interior
minimum, then f is constant on €.

We also need the well-known Weyl lemma to increase regularity:

Theorem 2.3 (Weyl Lemma). If Af =0 in the barrier sense, then f is smooth.

€ Busemann function.

The function that we need is the so-called Busemann function (introduced by
Busemann in 1955), defined as follows.

Since (M, g) is complete and non-compact, for any ray « : [0, +o00) — M, let
‘. Elr) —
O, : M — R, b(r)=t—d(x,(t)).
By triangle inequality, it is easy to see
o b, (z) < d(v(0), ),
e for any ¢ < s, one has b3 (v) — b (v) = (s — 1) + d(z,7(t)) — d(z,7(s)) >0,
o [b(x) = bi(y)| < d(z,y).
As a result, the limit
by() o= Jim (¢~ d(z, (1))
is well-defined and is Lipschitz with Lipschitz constant 1. We call the function
by : M — R the Busemann function associated with .
By Laplacian comparison theorem, formally we have

m—1
Ab.(z) > — lim ———— =
(1) 2= G o)

This can be proved rigorously by constructing a lower barrier. Let’s admit this:
Proposition 2.4. Let b, be the Busemann function associated with a ray vy, then
Ab, > 0 in the barrie sense.

Now let [ : (—o0,00) — M be a line in M, and let v,,v_ : [0,00) — M be the
two rays in [ defined by v, (¢t) = I(t) and vy_(t) = [(—t). Then by Proposition 2.4,

Ab,, (2) + b, (x)) > 0.
On the other hand, by definition we have
2 — d(y (1), 74 (1) < d(3 (1), @) + d(: (1), @),

which implies
by, (x) +by_(x) <0.
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Note that on the line [, if we denote z = [(s), then
by, (x) +b,_(2) = tlim (2t — d(z,l(t)) — d(x,l(—t))) = tlim (2t —t—s—t+s)=0.
—00 —00

So we conclude that b,, +0b,_ is a subharmonic function that achieves its maximum
at an interior point. By Theorem 2.2,

by, (&) + by (z) = 0.
In other words, b,, () = —b,_(x), and thus
Ab, () = =Ab, (z) <0.
So we arrive at
Ab, () = —=Ab,_(z) =0.
By Theorem 2.3, b,4,b,— € C*°(M). Moreover, since b,, has Lipschitz constant 1,
Vb, | <1
Also note that by definition, on the line [ we have b,4(I(s)) = s and thus
|Vb7+| =L

€ The proof of Cheeger-Gromoll splitting theorem.

Now we apply Bochner formula to the function 0., , to get

T+
1 .
5A(|vz)7+|2) = |V?b,+|* + Ric(Vb,,, Vb,,) > 0.

So again, |Vb,, |* is a sub-harmonic function that achieves its interior maximum. So
by the Hopf strong maximum principle again,

‘Vb'y+|2 =1
It follows that |Vb.,,| =1 and in particular, Vb, is a complete vector field. More-
over, it follows that

A(IVb,, ) =0,

and thus |[V?b,, |> =0, ie.

Vb, = 0.

Finally we construct the splitting. Let M; = b '(t). Since Vb, | =1, any t € R

is a regular value of b,,. So M, is a smooth submanifold of M of dimension m — 1.

Denote N = M. Let ¢, : M — M be the flow of the vector field Vb,,. Then
s is a diffeomorphism. Moreover, for any s € R and any x € N = M, we have
ws(x) € My. So we get a smooth map

O :RxN— M, ds,p):=pp)
which is bijective, and whose inverse
O M RN,z (by @), 9, () (@)

is smooth. So @ is a diffeomorphism.
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It remains to prove that @ is an isometry. Note that if we let v,(s) = ¢4(p) be
the integral curve passing p, then

Yp = Vb, = V4, =V?,, =0
which implies that 7, is the geodesic ,(s) = exp,(sX,), where X, = Vb, (p). As a
result, we have
e d is a radial isometry: we have |0s| = 1 and
AP (s5.) (05) = [Fp| = Vs, | = 1.
e ® maps “vectors orthogonal to radial direction 0,” to “vectors orthogonal to
radial direction d®,,(0s)”: For any X, € T,N = T,M,, we have
(d®) (5. (0, Xo) = (dps)p(Xo) € T, ) Ms L Vs, (95(p)) = dP(s ) (5)-

e ® preserves the length (and thus the inner product by polarization) of all
vectors orthogonal to d;: For any X, € T,, we may extend X, to a local

coordinate vector field X, on TN such that [0s, )N(O] = 0. Then
Vi) ([d0:)p(X0)) = Vo 50, (Vhy) = [(Vhy, ) (#5(p)), (dips)p Xo).

The first term vanishes since V(Vb,, ) = 0, while the second term vanishes
since it equals dip,([0s, Xo]) = 0. So we conclude that (dgs),(Xo) is parallel
along 7,(s), and thus

A (s.p) (0, Xp)| = |dips(Xo)| = | Xol

So we conclude that (M, g) is isometric to R x N. Finally since (M, ¢g) has non-
negative Ricci curvature, and N is a Riemannian submanifold, and K (9s, Xo) = 0,
we conclude that N has non-negative Ricci curvature.



