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Abstract

We consider intermediate Ricci curvatures Rici; on a closed Riemannian manifold
M". These interpolate between the Ricci curvature when k = n — 1 and the sectional
curvature when k = 1. By establishing a surgery result for Riemannian metrics with
Ricy > 0, we show that Gromov’s upper Betti number bound for sectional curvature
bounded below fails to hold for Ricy > 0 when |n/2] +2 < k < n — 1. This was
previously known only in the case of positive Ricci curvature (Sha and Yang in J Differ
Geom 29(1):95-103, 1989, J Differ Geom 33:127-138, 1991).
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1 Introduction

A basic question in Riemannian geometry is to understand the relationship between
curvature and topology. A fundamental result of this type is the following celebrated
theorem of Gromov for sectional curvature bounded below:
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Theorem 1.1 [6] Givenn € N, d > 0, H € R and a field F, if (M", g) is a closed
Riemannian manifold with diameter at most d and sectional curvature K > H,
then there is a number C = C(n, Hd?) such that the total Betti number of M with
coefficients in F is bounded above by C, i.e.

Zb,-(M";IE‘) < C(n, Hd?).

1

In particular, if the sectional curvature is non-negative, the total Betti number is
bounded above by a constant depending only on dimension.

It is natural to ask to whether such a result continues to hold under weaker curvature
conditions. In the case of positive Ricci curvature, Sha and Yang [19] were the first
to demonstrate that an analogous result is not possible. Indeed one can find examples
of closed manifolds in any dimension at least four with positive Ricci curvature and
arbitrarily large total Betti number.

Interpolating between the Ricci and sectional curvatures are a natural family of
intermediate curvatures: the k’"-intermediate Ricci curvatures. These are defined as
follows:

Definition 1.2 Given a point p in a Riemannian manifold M, and a collection

0, ..., V¢ of orthonormal vectors in T, M, the k' _intermediate Ricci curvature at
k

p corresponding to this choice of vectors is defined to be Z K (vo, v;), where K
i=1
denotes the sectional curvature.

Notice that for an n-dimensional manifold Ric; > 0 coincides with positive sectional
curvature, and Ric,—; > 0 agrees with positive Ricci curvature. For background
concerning these curvatures, see for example [1, 5, 7-13, 17, 21, 23].

The primary motivation behind this paper is to understand the extent to which
a Gromov-like total Betti number bound holds, or fails to hold, in positive kth-
intermediate Ricci curvature. We prove

Theorem A In dimension d > 5, the Gromov Betti number bound fails in Ricy > 0
foranyk > |d/2] + 2.

The principal difficulty in establishing Theorem A is the problem of constructing
examples with positive k'’ -intermediate Ricci curvature. After many years of progress
there is now a rich collection of manifolds which are known to admit positive Ricci
curvature; however, in contrast, there is a dearth of examples as soon as one increases
the strength of the curvature condition. The issue here is the lack of available construc-
tion techniques. Before now, the only known approach was via symmetry arguments
familiar from the study of positive and non-negative sectional curvature. (See the
recent paper [5] for examples of this type.) In this paper, we develop a surgery-based
approach for Ricy > 0, where k is roughly greater than half the dimension of the
manifold. We apply this technique to establish the following theorem, from which
Theorem A follows easily:
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Theorem B Forn,m > 2withn # m, and anyr € N, the connected sum ;_, S" x S™
admits a metric with Ricy > 0 for k > max{n,m} + 1. If n = m > 3 then this
connected sum admits a metric with Ricy > 0 fork > n + 2.

Note that Theorem B demonstrates that one of the classical results of Sha and Yang
for positive Ricci curvature, see [20], continues to hold through a range of stronger
curvature conditions.

The precise surgery result used to prove Theorem B is the following, which extends
the positive Ricci curvature surgery results by Sha-Yang [20] and the authors [16, 22]
to positive k""-intermediate Ricci curvature.

For p > 0 we denote by S”(p) the round sphere of radius p and for R, N > 0
we denote by D%—H (N) a geodesic ball of radius R in S911(N). We will call a map
isometric if it preserves the Riemannian metrics (and not necessarily the underlying
distance functions).

Theorem C Let (M", gpr) be a Riemannian manifold with Ricy > 0 and, for p,q > 2
with p+q+1 =n, lett: SP(p) % D;’;l (N) < M be anisometric embedding. Suppose
k > max{p, g}+2and p,q > 2. Then there exists a constantk = k(p,q,k, R/N) >
0 such that if % < k, then the manifold

M, = M\ im(1)° Ugp 50 (DPF! x §9)

admits a metric with Ric, > 0.

The major advantage that the Ricci curvature enjoys that all the stronger curva-
ture conditions under consideration here lack, is that the Ricci curvature (respectively,
Ricci tensor) is a quadratic form (respectively, symmetric bilinear form). These alge-
braic properties make the positivity of the Ricci curvature relatively straightforward
to detect. On the other hand, detecting Ricy > 0 (for 1 < k < n —2)is fundamentally
more challenging. The detection problem is, therefore, the first, and most crucial issue
which we have to address in this paper. In general this problem is extremely difficult,
as is well-known in the case of positive sectional curvature, i.e. Ric; > 0. Moreover,
the appearance of the vector vg in every summand in Definition 1.2 imposes an addi-
tional technical difficulty whenever k > 1. In the situations we are interested in for our
applications, the detection problem reduces to a highly non-trivial algebraic question.
In some sense, the resolution of this question (addressed in Proposition 2.4) is the key
innovation in this paper.

The metrics we use in the proof of Theorem C are doubly warped product metrics
as in [20]. However, it is not hard to see that the warping functions in [20] do not
produce a metric with Ricy > O for k as claimed in the theorem. We, therefore, follow
a modified approach as in [16]. We also note that the strategy of using doubly warped
product metrics cannot produce a metric with Ricy > 0 in Theorem B for any smaller
k than indicated in the theorem, except in the case n = m, where one could potentially
reduce the lower bound by 1, see Remark 4.3 below.

On a more technical level, we also prove a smoothing result via mollification tech-
niques, which we expect to be useful in a variety of situations beyond the current

paper.
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This paper is laid out as follows. In the second section we discuss the curvature
of certain double warped product metrics, and establish the algebraic result which
enables us to guarantee that our warped product metrics have Ricy > 0 for a range
of k. In the third section we discuss a gluing result which will allow us to smooth a
C! gluing of double warped product metrics within Ric; > 0. Finally, in the fourth
section we discuss the precise choice of scaling functions necessary for us to carry out
our surgery construction, and prove the main theorems.

2 Warped Products and Positive Intermediate Ricci Curvatures

As discussed in the introduction, we ultimately wish to establish a surgery result
for Ricy > 0. The traditional starting point for surgery theorems in positive Ricci
curvature is to consider double warped product metrics, and we proceed in a similar
fashion here.

Instead of expressing Ricy as a sum of sectional curvatures, it will be convenient for
our purposes to think of Ricy in terms of the curvature operator R: A2M — A* M.
Recall that this is defined by the equation

(RIXAY),UAW)=RX,Y,W,U),

where R is the curvature tensor and (-, -) denotes the Riemannian metric. (Here we
assume the following curvature tensor convention: R(X, Y, W,U) = (VxVyW —
VyVxW — Vix.yiW, U).) Note that if V is a vector space with inner product (., -),
we obtain an induced inner product on A2V given by

(v1 Avz, vz Avg) = (vr, v3)(V2, v4) — (V1, V4){V2, V3).

As R(X,Y,W,U) = R(W,U, X,Y) we see that R is symmetric. For a pair of
orthonormal tangent vectors U, W, we have

KU, W)=RWU,W,W,U)=(RWUAW),UAW),

so for an orthonormal collection of vectors vy, ..., vy we have

k

k
Y Ko, vi) =) (R(o A v), vo A vi).

i=1 i=1
Now consider a warped product metric dr® + fz(t)ds[% + hz(t)dsg on Rt x SP x

89, and orthonormal frame fields d;, E1, ..., Ep, F1, ..., F; for this metric where
Ey, ..., Ep are tangent to S” and F1, ..., F, are tangent to S9.
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Lemma 2.1 ([15, Section 4.2.4]) The curvature operator R: A*(RT x SP x §9) —
A2(RT x SP x §9) satisfies:

"

'R(a, VAN Et) = —f78t AN El,

4

h
RO N Fr) = —7(% A Fi;

1—(f)?
R(E; /\Ej) = f—éfEi A Ej;
1—(1)?
R(Fi N Fp) = %Fk A Fy;
1t
R(E; N F) = —WEZ A Fy.

Here it is assumed that i < j and k < £. The elements of A*>(Rt x SP x §9) listed
above form an orthonormal basis of eigenvectors for R, and the coefficients above
form a complete set of eigenvalues.

In order to analyse the Ricy > 0 condition via the curvature operator in the context
of double warped product metrics, we introduce the following concepts. Fix k €
{1,....,n—1}.

Definition 2.2 Let (vg, ..., vx) be an orthonormal basis of a (k + 1)-dimensional
subspace of V.
e The set {vg A vy, ...,v90 A v} C A2V will be called a k-chain. The vector vy is

the base of this k-chain.
e For alinear map A: A’V — A?V we call

k
D (Ao A vi), v A i)
i=1

the value of A on the k-chain {vg A vy, ..., vo A v}

We now consider a linear self-adjoint map A: A2V — A2V and suppose that V
splits orthogonally as

Vv=VieW,eW
so that the spaces
Vinv;

with i, j € {1, 2, 3} are eigenspaces of A. We denote the corresponding eigenvalues
by )\.l‘j .
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Definition 2.3 For fixed i € {1, 2, 3} we say that a partition n; + ny + n3 = k of
k with n; € Ny is admissible for i, if n; < dim(V;) — 1 and n; < dim(V};) for all
je{l,2,3} with j #1i.

Our main algebraic result, which is key to estimating Ricy, is the following.

Proposition 2.4 The value of A on every k-chain is positive if and only if
niiil +nadia +n3kiz > 0 (H

foralli € {1,2,3} and all partitions n1 + ny + n3 = k that are admissible for i.

Before proving this proposition, we first need some preliminary results. We begin
with a definition.

Definition 2.5 For a linear self-adjoint map A: AV — A2V and for any unitv € V,
let A,: V — V denote the map given by

(Ap(x), y) = (A(w A x), v A y).

Note that the self-adjointness of A immediately implies that A, is self-adjoint.

Recall that a self-adjoint linear endomorphism 6 : W — W of a finite dimensional
inner product space (W, (-, -)) is said to be k-positive if for all orthonormal sets of k
vectors {wq, ..., wx} C W, the sum

O(wy), wy) + -+ -+ (B(wg), wg) > 0.

Lemma 2.6 ([18, Lemma 1.1]) The following are equivalent:

1. 0 is k-positive;
2. the sum of any k eigenvalues of 0 is positive.

Using this result in the case where 6§ = A,,, we establish

Lemma 2.7 The following are equivalent:

1. A is positive on every k-chain with base v;
2. Aylye: vt — vlis k-positive;
3. Ay is (k + 1)-positive.

Proof First note that v is an eigenvector of A, with eigenvalue 0. Since A, is self-
adjoint, the other eigenvalues of A, (counted with multiplicity) can be associated to
an orthonormal frame of eigenvectors belonging to v=. Thus, by Lemma 2.6, (k +
1)-positivity of A, is equivalent to k-positivity of Ay|,., so items (2) and (3) are
equivalent.

The equivalence of items (1) and (2) now directly follows from the fact that every
orthonormal set of vectors {v, ..., v} C vl defines a k-chain {v A vy, ..., v A vg}
with base v and vice versa. O

@ Springer



Intermediate Ricci Curvatures... Page70of20 364

Proof of Proposition 2.4 That condition (1) is necessary can easily be seen by choosing
a k-chain {vp A v1, ..., vo A vi} with base vy contained in V; and where n; of the
vectors vy, ..., vk are contained in V;.

To see that (1) is sufficient, by Lemma 2.7, it suffices to prove that the map A,|,.
is k-positive for any unit length v € V. Given such a v, there exist unit length vectors
v; € V; and u; eRwithu%—i—/L%—}-M% = 1 so that

V= (v + Hav2 + u3vs3.

We extend the vectors v; to orthonormal bases (v; = vil, vl.2, e, v?lm(v")) of the

spaces V;. Then

(vll, el v?lm(vl), v%, e vglm(VZ), v%, el vglm(v3))

is an orthonormal basis of V. In this basis the map A, is given by the following matrix,
where we set q; = M%Ml + ,u%)»,-z + /L%)u,g.

wpratedry 00 —pquoria 00 —pquzriz 00
0  a 0 0 0 0
0 0 o 0 0 0 0

—pip2riz O 0 132 +u3003 0 ) 0 —uou3rzz 0 0
0 0 0. a - 0 0
0 0 0 0 a» 0 0

—pipu3zriz 0 0 —popsrzz O 0 Whz+idis O ) 0
0 0 0 0 0 a3
0 0 0 0 0 -0 a3

The eigenvalues of this matrix are the values a; with multiplicity dim(V;) — 1, together
with the eigenvalues of the matrix

M3ki2 4+ u3hi3 —pip2Ai2 —H1H13A13
—wipohz  piha + p3has —pou3hos
—R1H3A13 —pam3raz  puihz + u3o3

This matrix has eigenvalue 0 with eigenvector (1, U2, u3)T, which corresponds to
the vector v. The other eigenvalues A+ are given by

1
hi =3 (H1C2 + A13) + B3 G2 + 2) + 130t +223) £ VD).
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where

D = —4(?»12/\13M% + MzMaM% + M3)»23M§)
+ (312 + A13) + w3 (M2 + 223) + 131z + 223)2

Rearranging the terms yields

D = —4(ui + 13 + u3) (M2h3ut + AzA2ans + Aizhozp3)
+ (a2 + A13) + w3 (2 + A23) + 13 (h13 + A23))?
=p] (12 — A13) + 13 (ka2 — 223) + 13 (i3 — A23)?
+2uiu3 (M2 — A13) (i — A23) + 2u 3 (M3 — A12) (A3 — A23)
+ 2u313 (A3 — Ai3) A2z — A12). )
By symmetry, we can assume that A;p > XAi3 > Ap3. Then only the term

Z;L%,u%()qg — A12)(A13 — A23) in (2) can possibly be negative, all other terms are
non-negative. Hence, we can estimate D from below as follows:

D > pi(hiz — A13)? + 26T 3 (hiz — A12) (A3 — A23) + 13 (M3 — A3)?
= (3 (M2 — A13) + 13 (a3 — A3

Further, by using that
2#%#%0»13 —A12)(A13 —A23) <0< 2#%#%(/\12 — A13)(A13 — A23),
we can estimate D from above as follows:

D < iz — 213)* + 13012 — 223)% + U3 (13 — 223)°
+2ui i3 (M2 — A13) (A2 — A23) + 203 U3 (ka2 — A13) (ki3 — A23)
+2u5u3 (A3 — A13) (A3 — A12)

= (1f (M2 — M3) + u3 (12 — A23) + 13 (A3 — A23)%

Using these estimates for D, we obtain the following lower and upper bounds for A
and A_, respectively:

1
Ay = 3 (M%(Mz + A13) + (3 (k12 + A23)
U303 + A23) + (A2 — A13) + 13 (has — )»13))
2 L, 2
= puiri2 + 5#20»12 + A23) + 1323

> uirin + 13z + u3rs
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and
1
Ao 22 (i G2 +23) + 13002 + A23) + 1303 + A23)
— (312 — A13) + U302 — A23) + 13 (M3 — A23)))
=uihi3 + U3ros + M§k23-
Nowlet (A1, ..., Ag) beacollection of k non-zero eigenvalues of A, |, . We distinguish

several cases:

e Case 1: A4 and A_ are both not contained in this list. Then there are 0 < n; <
dim(V;) — 1 with ny + ny 4+ n3 = k, so that n; of these eigenvalues are given by
a;. Thus,

k 3

Z)”- = Z;ﬁ(mk/l +nakj2 +n3kj3) > 0.
i=1 j=1

e Case 2: Only A is contained in this list. Then there are 0 < n; < dim(V;) — 1
with n1 + ny + n3 = k — 1, so that n; of the remaining eigenvalues are given by
a;. Thus,

k
Zki >ud (i + (n2 4+ Dagn 4+ n3riz) + pd(nirar + naran + (13 + 1)A23)
i=1

+ u3(nirsr + (2 + sy +n3rzz) > 0.

e Case 3: Only A_ is contained in this list. Then there are 0 < n; < dim(V;) — 1
with ny + ny + n3 = k — 1, so that n; of the remaining eigenvalues are given by
a;. Thus,

k
Z?»i > (midnn + naain + (13 + DA1s) + w3 (mirar + naran + (n3 + Dias)
i=1

+ M%(n1k31 + (np + DAzp + n3izz) > 0.

e Case 4: Both A4 and A_ are contained in this list. Then there are 0 < n; <
dim(V;) — 1 with ny + ny + n3 = k — 2, so that n; of the remaining eigenvalues
are given by a;. Further, we have

A+ Ao = pi (a2 4+ A13) + w3 (a2 + A23) + 3z + A23).
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Thus,

k
D ki =i + (2 4 Diaa + (13 4 Daz) + 5 (01 + DAz
i=1

+ nahan+(n3 4+ Daoz)+u3((n1 + DAszi+ (2 + DAzz + n3i33) > 0.

Hence, the map A, |, is k-positive. By Lemma 2.7 and since v € V was arbitrary, it
follows that A is positive on every k-chain. O

Remark 2.8 In a similar way, one can show in the setting of Proposition 2.4 the value
of A on every k-chain is greater than ¢ € R, provided all sums of eigenvalues as in (1)
are greater than c.

Corollary 2.9 Let I be an interval, and consider a warped product metric dt> +
h2(t)dsy + f2(t)ds; on I x SP x 84, where f" > 0, i < 0, h', f' € [0, 1),
p = land q > 2. Then the warped product metric has Ricy > 0 if and only if the
following inequalities are satisfied.

I —(k -t —qu >0,

" _ 2 1!
2 Mt e—g -1 —qlp >0,
2 n
3 (k—q) 5 —qL >0,
11 1 2
4 —fT—pJ}—Z+(k—p—1)1f]; > 0.

Note that inequality (1) implies kK > g + 1 and inequality (4) implies k > p + 2. Thus,
the assumptions of Corollary 2.9 can only be satisfied if k > max{p + 2, g + 1}.

Proof 1t is easily verified that inequalities (1)—(4) are necessary conditions for having
Ricy > 0 by considering appropriate k-chains consisting of the vectors 9;, E; and
Fy in Lemma 2.1. In fact, inequality (1) is obtained from a k-chain with base o,
inequalities (2) and (3) from k-chains with base F; and inequality (4) from a k-chain
with base E;.

To show that the inequalities provide sufficient conditions, we apply our main
algebraic result, Proposition 2.4. For that we consider the vector space

V=RaeT.S"oT,5.

According to this result, we need to consider the three cases i = 1,2, 3, where i = 1
corresponds to R, i = 2to 7 S”, and i = 3 to T, 59.

Considering first the case i = 1, we see that the only possibility for ny is 0. If
ny # 0, this would indicate the existence of a bivector involving a pair of orthonormal
vectors from within the R component of V, which of course is impossible. Thus,
we only have to consider ny, n3 € Ng with ny 4+ n3 = k. Incorporating the relevant
eigenvalues of the curvature operator, we need the following inequality to hold:

" 4
—nzh— — n3f— > 0.

h f
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Since i < 0 and f” > 0, it follows that

h// 4 " "
— Ny — — > —(k — - g 0
m— nsf_ ( Q)h qf>

by (1).
Moving on to the case i = 2, we need the following inequality to hold:

h 1 — h/2 f/h/
—ni—— +tny——5— —n3
I h fh

> 0.

The first two terms in this expression are positive, and the third is negative. Note that
since dim(R) = 1, we have ny € {0, 1}. If n; = 1, then

)X 1— h/2 f/h/ n 1— h/2 f/h/
—ny1— —_— - >——+(k—g—1 — 0
mo- s n3fh_ h+( q )h2 leh>
by (2). If n; = 0, then
h 1— h/2 f/h/ 1 — h/Z f/h/
—ny— —_— - >k—-—q)—5——qg— >0
mo- s n3fh_( D3 T 7
by (3).
Finally, we consider i = 3. The inequality we need to consider here is
" n 1— n”
—nlf——nzf + nj3 2f > 0.
f fh f
The only positive term here is the third term, hence we have
f// f/h/ 1 — f/2 f// f/h/ 1— f/2
—ni—- —n +n3 >——-p—F+k—-—p-1 >0
f fh f? f fh f?
by (4).

Taking all three cases together, we will ensure that all three inequalities hold, as
required by the hypothesis of our algebraic result. O
3 Gluing Within Positive Intermediate Ricci Curvature
As in [20] we wish to perform surgery on $"~! x §”*! as follows:

§71 x (S’”+1 V] D;"“) Ua D" x [ [ s (%)

i=0 i=0
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The resulting manifold is the connected sum f,(S" x $™), see e.g. [4, Proposition
2.6] and cf. [20, Equation 2]. The metric on each connected component D" x S™ of
D" x [ [;_o SI" will be given by a double warped product metric of the kind discussed
in Sect. 2. The curvature analysis performed in that section will help us to guarantee our
desired curvature condition. On the left-hand term of (x) we will assume the restriction
of a certain product metric, namely p>d slf_l +d srzn 1 for some suitably small constant
p > 0. It is easy to see that in a neighbourhood of each boundary component, the
metric can be described as a double warped product. In the construction of Sect.4 we
will arrange for a C! join between the metrics on each piece of the surgery (x). In this
section we show that such a metric can always be smoothed within Ricy > 0.

Lemma 3.1 Consider the following function:

h(x) := :f(x) ¥=0
g(x) x>0,

and assume that f,g are smooth functions on R such that h(x) is C' at x = 0.
Then for any § > 0 and any v > 0 sufficiently small (where the upper bound for v
depends on f, g and §), the function h can be smoothed in the neighbourhood [—v, v]
of x = 0 in such a way that h and its smoothing are 8-close in a C' sense, and the
second derivative of the smoothed function on [—v, v] lies in the interval between

min{ f”(—v), g’ (v)} — 8§ and max{f"(—v), g"(v)} + 6.

This result can be proved using a spline interpolation similarly as in the proof of
the gluing theorem of Perelman for positive Ricci curvature [14], see e.g. [2, Lemma
7]. Below we give an alternative proof using mollifying techniques.

Proof Let ¢ : R — R be a standard mollifying function with support (—¢, €). Define
h to be the convolution ¢, * h, i.e. set

h(x) = /R Be(x — Y)h(y) dy.

It is well known that / is a smooth function. Moreover, since 4 is C1, we have i’ (x) =
¢e * h'. Since h' is continuous, we have

_ d[rte xte
h'(x) = —/ $e(x — Y)W (y)dy = f .(x — y)h' (y)dy.

dx Jx_e x—€

Since i’ is absolutely continuous on [x — €, x + €], it follows from integration by parts
that the latter expression is equal to ¢ * h”, where we view h” as a function defined
almost everywhere.

Given any § > O, it is clear that by choosing € sufficiently small, we can ensure
that ||h — hllc1 < & over the interval [—1, 1] say. Moreover, by choosing € smaller
if necessary, we can ensure that ||z — h|lc2 < 8 onthe set [—1, —e] U [€, 1]. (Notice
that this last norm only depends on f alone on [—1, —€], and on g alone on [€, 1].)
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As indicated above, let us suppose that the smoothing interval is [—v, v] for some
v € (0, 1). Given a choice of v, let ¥ : R — [0, 1] be a smooth bump function with
support in [—v, v], such that ¢ (x) = 1 for x € [—v/2, v/2] say. Set

H(x) = h() ¥ (x) + h(x)(1 = ¢ (x)).

Thus, H is a smooth function which agrees with A outside [—v, v], and with & for
x € [—v/2, v/2]. We claim that for a suitable choice of €, H is the desired smoothing
of h.

Clearly H” is influenced by v and its first and second derivatives. However, for
any choice of v and V¥, it is clear that a sufficiently small value for € will render both
|H —hllct <donallof R,and [|H — hllc2 < donR\ (—¢,€).

It remains then to investigate H” over [—¢, €]. Let us assume that € < v/2, so then
H agrees with h on this interval. Thus, it suffices to focus on /.

We can ensure the desired behaviour of 2" by choosing e sufficiently small. Indeed,
let f” and fY (resp. g” and g/} ) be the minimum and maximum value of f"on[—2¢, 0]
(resp. of g” on [0, 2¢]). Then, since h”" = ¢ * h”, it follows that for € sufficiently
small,

R € [min{f”, g}, max{f}. g/}]

on [—¢, €]. By the continuity of f” and g”, this interval is contained in the interval
between min{ f”(—v), g”(v)} — 8 and max{f”(—v), g’ (v)} + 8§ for v sufficiently
small.

Thus, with a suitable choice of € (depending on the functions f and g), the resulting
function H will have all the desired properties. O

Adapting the argument given above by replacing C! by C* immediately yields the
following corollary:

Corollary 3.2 Suppose that f,g in the above lemma are C' functions for some
I € NU {oo} and that h at x = 0 is C* for k < 1. Then given any 8§ > 0
and any v > O sufficiently small, there exists a C' function H which agrees
with h outside [—v, v], satisfies ||H — h|lcx < 6, and we have that H*D(x) e
[min{ f €D (=v), @D )} = 8, max{fEHD (=), g*FD W)} + 8] for x € [-v, v].

When applied to double warped product metrics, Lemma 3.1 yields the following
corollary:

Corollary 3.3 Consider smooth double-warped product metrics dt* + h%(t)ds,% +
flz(t)dsg and dt* + h%(t)dsf, + f22(t)dsq2 onR x S? x S9. Suppose that for some k
the first of these metrics satisfies Ricy > 0 when t < 0, and the second satisfies the
same curvature condition when t > 0. If the metric

_ Jar +hiyds; + fE@wds;  ift <0
£7 ar? + 2yds2 + f2(ds? ift =0
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isClatt = 0, then there exists a smooth metric dtz—i—hz(t)ds[z,—i—fz(t)dsg with Ricy >
0on R x SP x 89, which agrees with g outside an arbitrarily small neighbourhood
oft =0.

Proof We simply apply Lemma 3.1 to the corresponding pairs of scaling functions, i.e.
to f1 and f>, and to i and h;. Notice that the curvature inequalities in Corollary 2.9
depend linearly on the second derivatives of the scaling functions. It is then clear that
by choosing § in Lemma 3.1 sufficiently small, the resulting smooth functions are the
desired scaling functions f and A. O

4 Proof of the Main Result

The main task in this section is to show how to choose scaling functions f, i for our
double warped product metric which satisfy the conditions required by Corollary 2.9.
These functions must also satisfy certain boundary conditions at t = 0 to ensure
smooth extension to a metric on D" x $™, as well as boundary conditions for large
f 50 as to guarantee at least a C! join with the metric on the ambient manifold when
surgery is completed. Corollary 3.3 will then complete the metric surgery construction
within Ricy > 0 for suitable k.
We begin by restating Theorem C from the Introduction.

Theorem 4.1 Let (M", gpr) be a Riemannian manifold with Ricy > 0 and, for p, g >
2withp+q+1=mn,leti: SP(p) x D%H(N) — M be an isometric embedding.
Suppose k > max{p, q} + 2. Then there exists a constant k = k(p,q,k, R/N) > 0
such that if % < Kk, then the manifold

M, = M\ im(1)° Ugp 50 (DPF! x §9)

admits a metric with Ric, > 0.

Proof Let I = [fy, t1] be a closed interval. Then we can identify DP+! x §7 with the
space obtained from

I x SP x §1

by collapsing {tp} x S? x {x} for every x € $7. Via this identification a double-warped
product metric

grn=dt* + B> (s, + f(t)ds;
defines a smooth metric on D”*! x S if and only if

RV (1) = 0, W () = 1, )
f(to) > 0, £ 1) =0, 4
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see [15, Proposition 1.4.7].
The metric on S?(p) x D%H(N ) can also be obtained from the double warped
product metric

2, 2,2 2..2( ¢ 2
dt -+ p dsp—i—N sin (N)dsq

on [0, R] x S? x §9. We replace R by % R, so that a neighbourhood of the boundary of

M\ ((SP(p) x D?{H (N)) is isometric to the corresponding part of this double warped
product metric. Hence, in order to make a C 1 join with this metric, the functions f
and & need to satisfy

h(t) = p, (1) =0, (&)

f(t)) = N sin (%) , f'(t1) = cos (%) . (6)

Thus, if we can construct functions f and & satisfying the boundary conditions (3)—(6)
for which the metric g s j, has positive k-th intermediate Ricci curvature, then we can

apply Lemma 3.3 to glue the metric g7, to M\t(S”(p) x D%H(N)) and obtain a
metric with positive k"-intermediate Ricci curvature on M,.

We will construct the required functions piecewise in four steps based on a partition
to < 0 < th < 13 < t1. We will then use Corollary 2.9 to show that these functions
define a metric of Ricy > 0.

We start as in [16, Section 3.3], i.e. we first define the functions Ag: [0, o0) — R
and fc: [0, 00) — R for some C > 0 as the unique smooth functions satisfying

1,2
h6 = e_fh()’

ho(0) =1,
and

fl=ceife,

Jc©) =1,

fc(0) =0.
Fora,b > Oweseth, =a-hgand f, c = b- fc. Then from the definition it follows
that

a

ﬁv
Sfo.c(0) =b, fp.c(0) =0.

ha(0) = a, h,(0) =

To show that g , ., has Ricy > O for suitable a, b, C we will use Corollary 2.9. For
that, we need to ensure that the inequalities (1)—(4) in Corollary 2.9 are satisfied. Here
we follow the same strategy as in [16, Proof of Lemma 3.9].
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. _ 512
First note that hj = —hoe ho. Hence, we have
h" 2 1 2
“a— _ph gnd 2C — ceho,
ha Jb.c

It follows that inequality (1) is satisfied for all C > O sufficiently small and for all
a,b > 0.
For the other inequalities we have by [16, Lemma 3.7 (4)] that

fb/,Ch/ _ fc
fo.cha — fchohy

hy? < hy?.

Hence, it follows that

h// l_h/2 f
ha ha beh

1 1
=3 <h2 “h 4 (k—q— 1) (— —e hﬁ) — qhge—h?))
0

Since h%e’h% and e’h% are bounded independently of a, b, C, it follows that this
expression is positive for all @ > 0 sufficiently small and for all b, C > 0. Thus,
inequality (2) holds. By a similar argument it also follows that inequality (3) holds for
all a > O sufficiently small and for all b, C > 0.

For inequality (4) we fix a, C > 0 so that inequalities (1)—(3) are satisfied. We have

fre  Jrcha ~ frc’
— 2%t +k—p—1
Io,c pfb cha k=r ) e

1 1
z—;(%kh@%—p@%2+w—p—w>ﬂi—fﬁ))
2 b

1 ,
fc< (p+C) f2h,2 + (k— p — 1)<b_2_fcz>>.

The last expression is positive at t = 0, and hence also for all # > 0 sufficiently small.
Further, by [16, Lemma 3.7 (3)], the term fch() converges to 0 as ¢t — oo and by [16,
Lemma 3.7 (2)], the term f/. converges to 00 as t — oc. Thus, the whole expression
eventually becomes negative as t — oco. Let #;, > 0 be the smallest value for which
it vanishes. Since fch{) is bounded, we have 1, — 0o as b — 0. Further, rearranging
the terms yields

2

freW)? =0 fh)* =1- (4 O fe ) hy(1)* — 1

k —

asb — 0.
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Hence, there is #; > 0 so that for a, b, C sufficiently small the inequalities in
Corollary 2.9 are satisfied on [0, 2], so the metric g , - 1, has positive k' -intermediate
Ricci curvature, with fb,,C(Q) > cos(R/N) and h) () > 0. We set h = h, and
f = fp.conl0,1n].

To satisfy the boundary conditions (3) and (4) let R, N’ > 0 so that

Nsi R’ R’ a
sin(|—)=a, cos|—|)=—.
N’ N’ Je

For t) = —R’ we then define for ¢ € [#g, 0]
. (t—1
h(t) = N'sm( N ) ,
f@®) =b.

Then h and f are C ! and satisfy (3) and (4). Further it is easily verified that the
assumptions of Corollary 2.9 are satisfied on [#9, 0], hence the metric g ¢ 5 has positive
k'"-intermediate Ricci curvature on this piece.

For the boundary conditions (5) and (6) we extend % and f in two steps. First, for
& > 0 there exists § > 0, so that 4 can be extended on [#,, t» + §] such that

1. his C! ats = t, and smooth at all other points,

2. W (t), h"(t) < —1 forallt € (t2, 1 + 5], and

3. W (p+8)=0.

By integrating the inequality " (t) < —1/¢ over [, t; + 8] and using i’ (t; + 8) = 0,
we obtain § < ¢h’(t;). Hence,

h(ty +8) < h(ta) + 8K (t2) < h(ty) + h’ (12)*.
In particular, § = O(¢) and h(t) = h(t2) + O(e). Further, by construction, we have

h(t) = h(ty) and h'(t) < K (1), and for ¢ sufficiently small A”(r) < h” (t;) for
t € [fp, o + 8]. If we now extend f linearly on [#2, 2 + 4], then we obtain

fO=f)+0@E), f®=/f() and f'@©)=0<f"(t2)

forallt € [t, 12 + 8]. Hence, for ¢ sufficiently small, it follows that all inequalities in
Corollary 2.9 are satisfied: For (1) this follows from the fact that f” =0and A" < 0
on [fp, tp + 8]. For (2) we estimate

n'(t) 1—Hn@®?>  fl(Or®)
_ k—ag—1 _
o TET T DT T on
B (t2) 1=1(®)?  f()h ()
=" TETT DT T on

Now, by using the fact that 4(¢) = h(#p) + O(e) and f(¢) = f(#2) + O(¢e) and that
the corresponding expression at ¢t = t, is positive, the required inequality follows
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for ¢ sufficiently small. The remaining inequalities follow similarly. Hence g j has
positive k'™ -intermediate Ricci curvature on [, 1 + 8]. We set 13 = 1y + 8.
Finally, we extend f on [t3, t1] for some #; > 3, so that

1. fis C!att = t;3 and smooth at all other points,
2. fi(t), f"(t) < Oforallt € (13,13 + 4],
3. % = % sin () and /(1)) = cos (£).

This is possible if and only if f(f3) < }%N sin (%), which can be arranged, by
choosing ¢ sufficiently small, if and only if

h R
f(h) < (sz)N sin (ﬁ) ,

i.e. if and only if

p _ h) . <R>
— < sin{ — ).
N f() N
By construction, the values of 4 and f at¢ = #, only depend on the quotient R/N and

on the coefficients of the differential inequalities in Corollary 2.9, which in turn only
depend on p, ¢ and k. Hence we can define

K =k( k,R/N) = hit2) sin <£)
— e R ) AN

and we can extend f in the desired way if and only if

0
— < k.
N
If we now extend & constantly on [#3, t1], it follows from Corollary 2.9 that g ¢ j, has
positive k'"-intermediate Ricci curvature.
We rescale the metric by A = %, i.e. we replace the functions 4 and f by

o (s ()

and we replace 79 and #; by Afg and Afy, respectively. Note that this preserves the
boundary conditions (3) and (4) and the boundary conditions (5) and (6) are now also
satisfied. Finally, we smooth the functions 4 and f using Corollary 3.3. This concludes
the proof. O

Remark 4.2 The metric in Theorem C is constructed so that it coincides with
Dng(N/) x §9(p") near the centre of DPT! x 9 for some p’, R’, N’ > 0. In fact,
by defining a suitable value for /((0) and by possibly choosing the constants a and
b even smaller, we can prescribe the values of p’, R’, N’ (after possibly rescaling the
metric). This adds additional dependencies for «.
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Proof of Theorem B Let us compare this with the Sha—Yang surgery result. Sha—Yang
guarantee the existence of a positive Ricci curvature metric on #"S" x S™ for any
n,m > 2 by performing r + 1 surgeries on the " ! factor of the product §"~! x §"+!
as in (x). Using Theorem C instead of Sha and Yang’s surgery result, and comparing
the two scenarios, we clearly need p = n — 1 and and ¢ = m. Thus, we can put a
Ricy > 0 metric on f" S” x S whenever

k> max{g +2, p+2} = max{m + 2,n + 1}.

But notice that m and n are interchangable here, so the smallest value of k which will
work is the smaller of the quantities max{m + 2, n + 1} and max{n 4+ 2, m + 1}. Itis
easy to see thatif m # n, then k;,;,, = max{n, m}+1, andif n = m then k;,;;, = n+2.
O

Proof of Theorem A We want to show that the Gromov Betti number bound fails to
hold for some Ricy > 0, with k as small as possible, in a given dimension d > 5.
There are two situations to consider, depending on whether d is even or odd.

Beginning with d even, suppose that d = 2n. Considering " §" x S" will yield
the minimal k& which we desire. Setting n = m = d/2 in Theorem B, we see that
kmin =n+2=1(d/2)+2.

If d is odd, say d = 2c + 1, then the optimal connected sum to consider is #” S¢+! x
S¢, and by Theorem B this gives ky,;, = ¢+ 2 = |d/2] + 2. O

Remark 4.3 Lemma 2.1 shows that the metric constructed in the proof of Theorem C
is simple, i.e. the curvature operator has an orthonormal basis of decomposable eigen-
vectors. By [3, Corollary 5.28] compact Riemannian manifolds with Ricy > 0 and
simple curvature operator satisfy by (M) = 0. Hence, for metrics with simple curva-
ture operator, the bound on k in Theorem B is optimal if n # m and could potentially
only be lowered by 1 if n = m.
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