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Each compact Riemannian manifold with no conjugate points admits a family
of functions whose integrals vanish exactly when central Busemann functions
split linearly. These functions vanish when all central Busemann functions
are sub- or superharmonic. When central Busemann functions are convex
or concave, they must be totally geodesic. These yield generalizations of the
splitting theorems of O’Sullivan and Eberlein for manifolds with no focal
points and, respectively, nonpositive curvature.

1. Introduction

A key insight in Burago and Ivanov’s [1994] proof that each Riemannian torus with
no conjugate points is flat is that the asymptotic norm of its fundamental group
71 (TK) = Z¥ is Riemannian, in the sense that it is generated by an inner product. In
the case of an arbitrary compact Riemannian manifold N whose fundamental group
has center Z(1(N)) of rank k, O’Sullivan [1974] showed that, when N has no
focal points, it must be foliated by totally geodesic and flat k-dimensional toruses
and, moreover, be covered by an isometric product with a flat T*. This generalized
a theorem of Wolf [1964] about manifolds with nonpositive sectional curvature. It
was later shown by Eberlein [1982] that each compact manifold with nonpositive
sectional curvature and Z(;r;(N)) of rank k is finitely covered by a diffeomorphic
product with T*. The aim of this paper is to explore conditions, between having no
conjugate points and no focal points, that allow for variations on these results.

Associated to each zg, z; € Z (71 (N)) is a function onu N — R defined by (3-1);
the linear splitting of central Busemann functions on N, where 7 : N — N is the
universal covering map, is one of a number of conditions equivalent to the vanishing
of all [y Fyz, dvoly.

Theorem 1.1. Let N be a compact Riemannian manifold with no conjugate points
and Z a subgroup of Z(mw(N)). Then, the following are equivalent:

(i) [y Fzpzy dvoly =0 forall zo, z) € Z.
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(ii) B(zo,z1) = 1/Vol(N) [y h(wz,, ®.,) dvoly for all zo, z) € Z.
(iii) h(wgy(x), w;, (x)) = B(zo, z1) forallx € N and all zo, z1 € Z.
(V) @y iz =Dy miwy, forall z; € Z and all m; € 7.

The notation that appears in Theorem 1.1 is defined in the next two sections. The
proof is partly an application of Green’s identity.

It follows from the main result of [Dibble 2019a] that any subgroup Z of
Z(mw1(N)) is isomorphic to Z* for some 0 < k < dim(N). When statements (i )—(i v)
in Theorem 1.1 hold, one may define two integral formulations of an inner product
that generates the asymptotic norm of Z. Moreover, a number of topological prop-
erties, which are known in the case of no focal points, hold (cf. [O’Sullivan 1974]).

Theorem 1.2. Let N be a compact Riemannian manifold with no conjugate points
and Z a subgroup of Z (w1 (N)) for which statements (1)—(iv) in Theorem 1.1 hold.
Then, so do the following:
(a) The asymptotic norm || - || of Z with respect to any isomorphism Z — 7 is
Riemannian.
®) If wy, ..., w; generate Z and Hy, ..., Hy are corresponding horospheres,
then H = ﬂf‘: | Hi is a simply connected submanifold of N.
(©) N is diffeomorphic to H x R-.

(d) There exists a sequence of normal covering maps
H x RF 2% Ny x TF 225 N,

with respective deck transformation groups w1 (Ny) x Z and ", such that v
is a product map, Ny is orientable, w(Ny) is a normal subgroup of mw(N)
containing the commutator subgroup [ (N), w1 (N)], and the sequences

0—-m(Ny)XxZ—>m(N)—-T—->0
and
0— (m(Ny)/[m1(N), mi(N)])) x Z— H(N,Z) - T =0

are exact.

Because [1(N), 1 (N)] € m1(No), the covering map ¢y is abelian.

It is clear from (3-1) that the integrals [ F-,., dvoly vanish when central Buse-
mann functions are harmonic. Lemma 5.1 states that sub- or superharmonic central
Busemann functions must be harmonic, which implies the following.

Corollary 1.3. Let N be a compact Riemannian manifold with no conjugate points
and Z a subgroup of Z(mr1(N)). If each Busemann function associated with Z is
sub- or superharmonic, then statements (1)—(iv) in Theorem 1.1 and the conclusions
of Theorem 1.2 hold.
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Since they must be harmonic, concave or convex central Busemann functions
must have vanishing Hessian and therefore be totally geodesic, in the sense that they
map geodesics to geodesics. It is well known that Busemann functions are convex
when N has no focal points or, more narrowly, nonpositive sectional curvature
[Eschenburg 1977]. Thus, the following generalizes the splitting theorems of
O’Sullivan and Eberlein.

Theorem 1.4. Let N be a compact Riemannian manifold with no conjugate points
and Z a subgroup of Z(m1(N)). If each Busemann function associated with Z is
convex or concave, then, in addition to the conclusions of Theorem 1.2, the following
hold:

(a) N is isometric to H x R¥, where Z acts on each R¥ -fiber by translations.
(b) N is foliated by totally geodesic and flat k-dimensional toruses.

(c) There exists a sequence of Riemannian covering maps
H xR Y5 Ny x TF 25 N,

where N is orientable, V| is a product, ¢| has finitely many sheets, and each
map restricts on each R*- or TK-fiber to a totally geodesic and locally isometric
immersion onto a leaf of the T*-foliation below.

It is not claimed in Theorem 1.4(c) that N; x T has a product metric, and the
statement cannot be strengthened to the isometric splitting of a finite cover, as there
are examples in [Lawson and Yau 1972; Eberlein 1980; 1981] of compact Ny x Tk
with nonpositive curvature that are not finitely covered by isometric products with
flat k-dimensional toruses.

Eberlein additionally proved that every compact manifold having nonpositive
sectional curvature and fundamental group with nontrivial center is of a canonical
form. This result also generalizes, provided one modifies the definition of a canon-
ical manifold in [Eberlein 1982] appropriately. Let H be a complete and simply
connected manifold with no conjugate points, I'g a properly discontinuous group
of isometries of H, where H /Ty is compact, and p : g — T* a homomorphism
whose kernel contains no nontrivial elements with fixed points. Define an action
of Tgon H x TK by @ (&, ) = (@ (%), p(P)-&) forall ® e Ty, £ € T and £ € H.
Then, the quotient (ﬁ x TK)/ Ty is called a k-canonical manifold.

Theorem 1.5. Let N be a compact Riemannian manifold with no conjugate points
and Z a subgroup of Z(mw1(N)). If each Busemann function associated with Z
is convex or concave, then N is a k-canonical manifold for k = rank Z. When
Z =Z(m(N)), Iy is centerless.

The proof of Theorem 1.5 will be omitted, as it exactly follows Eberlein’s
argument, using Theorem 1.4(a) in the place of Lemma 1 of [Eberlein 1982].
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2. Preliminaries

Throughout this paper, (N, h) will denote a compact, connected, n-dimensional,
and C" Riemannian manifold for r > 2. The covering metric on N will be denoted
by h. The metric & will have no conjugate points, which by definition means
that the exponentlal map on each tangent space is nonsingular. It follows that,
for each p € N, exp, : Tp N—>R'isa diffeomorphism. Thus, N is aspherical
and, consequently, 71 (N) is torsion free [Hurewicz 1995]. It is well known that a
complete manifold with nonpositive sectional curvature has no focal points, that a
complete manifold with no focal points has no conjugate points, and that neither of
these implications is reversible within the space of compact manifolds of any fixed
dimension at least two [Gulliver 1975].

For any tangent vector v, denote by y,, the geodesic ¢ — exp(tv). Corresponding
to each unit vector v € TN is the Busemann function b, : N — R defined by
by(x) =lim;_ o[t —d(yy(2), x)]. It will be convenient to generalize the idea of a
Busemann function to arbitrary tangent vectors by setting

b — lvllby v if v #0,
"7 lo ifv=0,

for any v € TN. It was essentially shown by Busemann [1955] that associated
to each z € Z(m(V)) is a unique constant-length vector field w, on N with the
property that each y,,_(x)l[0,1] s a closed geodesic representing z in 71 (N, x). Denote
by @, the lift of w, to N. A Busemann function b, is central if v = &,(p) for
some z € Z(m(N)) and p € N. Following the arguments in [Burago and Ivanov
1994] and [Heber 1994], one finds that, for each z € Z (1 (N)), the corresponding
central Busemann functions have gradient field @,. Arbitrary Busemann functions
are known only to be C!, except for manifolds with bounded asymptote, a class
which includes those with no focal points, where they are C? [Eschenburg 1977].
However, for z € Z(r1(N)), the inverse function theorem implies that w, is cr!
and, consequently, that each central Busemann function is C” [Dibble 2019b].

Foreachve TN, a horosphere of v is, by definition, a level set of the Busemann
function b,. When z € Z(7r1(N)), the horospheres of @, (x) are the leaves of the
normal distribution to &, for any x € N and, consequently, form a C" foliation of N
by hypersurfaces. In this way, one may speak of a horosphere H of z itself. For
each such H, the normal bundle N H is a trivial line bundle; since no point of N is
focal to H, the exponential map on N H is a diffeomorphism onto N. In this way,
N=HxR.

The action of 7 (N) on N by deck transformations will be denoted (¢, x) — o (x).
The following is a special case of an important lemma of Ivanov and Kapovitch
[2014]. However, as they point out, the methods of Croke and Schroeder [1986]
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suffice to prove the lemma for central elements. In particular, the narrow statement
here requires only that the metric be C2 The more general statement in [Ivanov
and Kapovitch 2014] requires C* regularity for some k depending on n.

Lemma 2.1. Let « € 71(N) and z € Z(mw(N)). If y, is an axis of z, then
by(a(x)) — by(X) is independent of x € N.

For any choices of p,q € N, b, (py and by, (q) differ by a constant. Thus, the
function B(zo, 21) = bw,, (p)(20(x)) — ba,, (p)(X), defined on Z (71 (N)) x Z(1(N)),
is also independent of the choice of p. Loosely speaking, B(zg, z1) is the change
in the Busemann functions of z; in the direction of zg.

Lemma 2.1 implies, by the argument in [Ivanov and Kapovitch 2014], the virtual
splitting of cyclic subgroups of Z (7| (N)).

Theorem 2.2 (Ivanov and Kapovitch). For each nontrivial z € Z(w1(N)), there
exists a finite-index subgroup G of w1 (N) isomorphic to a direct product G' x Z,
under which identification z corresponds to a generator of the Z-factor.

A simple consequence is that, when Z(;r1(/N)) has rank at least &, a finite-index
subgroup of 71 (N) splits as a product with Z*.

Corollary 2.3. If z1, ..., zx are independent elements of Z(w(N)), then there
exists a finite-index subgroup G of wy(N) isomorphic to a direct product G' x Z*,
under which identification the 7*-factor is generated by elements of the form
2zt formp > 1.

Proof. Let n; = (m;,07) : G; — G; x Z be the isomorphisms guaranteed by
Theorem 2.2, where each G is taken to be a subgroup of G; on which 7; is
the identity. Let G = ﬂle G;, G = ﬂle G), and 7’ = mg o --- o mry. Then,
n= (' o1,...,0): G — G’ x Z* is a homomorphism. Note that

k k
Kern C ﬂKerai C ﬂ G =G
i=1 i=1
Since each 7; is the identity on G’, n must be one-to-one. Since G has finite index,
there exist smallest m; > 1 such that z;"i € G. It follows that n(G) is isomorphic to

G’ x Z* in such a way that the z;" generate the Z*-factor. U

For any z € Z(m(N)), write ||zl = B(z,z)"/% If Z is any subgroup of
Z(mw1(N)), then Z = 7* for some 0 < k < n [Dibble 2019a]. With respect to
a fixed isomorphism Z — ZX, | - ||« agrees with the asymptotic norm of the orbit
metric on Z obtained from its action on N. That is, if d denotes the induced
Zk—equivariant distance function on ZX, then, up to the identification of Z with 7k,

. d0,mz)
lzlloc = lim ———,
m— 00 m
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and this extends uniquely to a norm on R¥ (see Section 8.5 of [Burago et al. 2001]
for details). Following [Burago and Ivanov 1994], one would like to define an
inner product on R¥ that extends B with respect to this identification. In fact,
elementary arguments show that B satisfies many of the properties of an inner
product: B(zg, mz1) = mB(z0, z1) = B(zo, mz1) for all m € Z; by Corollary 4.2
of [Ivanov and Kapovitch 2014], B(zo + z1, 22) = B(z0, z2) + B(z1, 22); and,
significantly, B satisfies the Cauchy—Schwarz inequality,

(2-1) |B(z0, 20| = lIzolloolIZ1 llcos

with equality if and only if z¢ and z; are rationally related, in the sense that mzo =4£z;
for some m, £ € Z not both zero. However, it is not clear that, in general, B is
symmetric or additive in its second slot. For the purpose of showing that || - |
is generated by an inner product, those two conditions are equivalent: additivity
would follow from symmetry, and, if additivity held, then the symmetrization of B
would extend to an inner product generating || - ||co-

This section ends with a technical lemma about the horospheres of central
Busemann functions. Although it is in many ways unclear how well behaved they
are, they may in some cases be used to construct fundamental domains of w. A
preliminary lemma is first presented.

Lemma 2.4. If z € Z(71(N)) is primitive, in the sense that 7 # mz’ for all |m| > 1
and 7' € w(N), then, for each X € N, T o yss) is injective on [0, ||z]lo0).

Proof. Assume that 7w o y5(x)(fo) = 7 0 Va0 (f1) for 0 <19 < 11 < [|z]l0o. Write
T =1 — to. Without loss of generality, replace x with y; ) (%), so that

70 Vaw)(0) =7 o Ypu)(T) =7 0 Vo) (1zlloo)-

Since inj(w (x))>0, T=(a/b)|z]lc for some relatively prime a, b € Z with |b| > 1.
Because a and b are relatively prime, there exist m, n € Z such that ma = nb + 1.

Since 7 0 Yix) ((ma/b)||zlloc) =7 0 Vi) (0), Yoxeenlio.a/pzi1 1s @ closed geo-
desic representing an element w of 1 (N) with z = bw, which is a contradiction. [J

Lemma 2.5. Let z € Z(m(N)) be primitive and H be a horosphere of z. Then,
there exist disjoint open subsets Uy, . .., Ug of H such that, for V; = U; x[0, [|Z|lco)
andV = Ulel Vi, m is injective on V and vol,(N \ w(V)) =0.

Proof. 1t follows from ||z|| oo-periodicity that there exists ¢ > 0 such that, for each x €
H, the exponential map is injective on B(x, £) X [0, ||z0llco) & N H. By compactness,
one may choose a finite subset {Wy, ..., Wi} of {B(x, €) | x € H} with the property
that {mr (W; x[O0, ||zollcc])} is an open cover of N. Let U; = W;. The remaining U; are
defined inductively: Suppose Uy, ..., U;_ have been defined and satisty U; € W;.
For each 1 < j <i — 1, there exist at most finitely many «; 1, ..., ojm; €m1(N)
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such that &, (U; x [0, |zllec]) N W; # @. Let

i—1 M;
Ui =Wi\|J | @jm(@; <10, lIzllc)).
j=1m=1
The sets Uy, ..., Uk constructed in this way have the desired properties. O

3. Integral formulations of B

Let zo, z1 € Z(w1(N)). The function F,;, : N — R in Theorem 1.2 will be defined
by an equ1var1ant construction on N. Denote by A the Laplace—Beltrami operator.
Fix p € N and vi =, (p). Forx e N, letx e “l(x)and v = @,,(x), and define

F,,z,(x) to be the average value of b,, Ab,, along y,|[0,1] with respect to arclength:

(3-1) Frz (x) = % by, Aby, ds.
vlio,1

More specifically, F,,,, = 0 if z¢ is the identity, and

1
Frpz (x) = / by, Aby, ds
lzolloo Yol 1)

otherwise. To see that F;, is well defined, first recall the following classical result.

Lemma 3.1 (Green’s identity). Let (M, g) be a C*> Riemannian manifold with

boundary 0M and v an outward-pointing unit normal vector field along oM. If
¢, : M — R are C? functions, then

/ ¢A1/de01M+/ g(Vo, Vi) dvoly =f dg(Vyr, v)dvolyy, .
M M aM

This generalizes in a straightforward way to manifolds with corners. A simple
consequence is that, for a central Busemann function b,, Ab, measures the change
in volume of its horospheres under its gradient flow.

Lemma 3.2. Let z € Z(7t1(N)) be nontrivial. Let b, be a corresponding central
Busemann function and T € R. For each t € R, denote by H; the horosphere of z
along which b, =t. Let U C Hr be any open set with C" boundary and compact
closure, and let U, = U x [T, T +t] with respect to the splitting = Hy xR. Then,

1
/ Ab, dvoly,, .
2]l o U x{T+t}

Proof. Denote by v the outward-pointing unit normal vector field along the C” por-
tion of dU,, so that, except at corners, v =—®,/||z|lco along U x{T}, v=&,/||z|lx

d
o voly,, (U x{T +1t}) =
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along U x {T +t}, and fz(v, @;) =0along AU x [0, ||z]lco]- By Green’s identity,

fAbvdvollg,zf (@, v) dvolyy,
i oU;

= l[zlloc[VOlpy,, (U X AT +1}) — volg, (U x {T}H)].

It follows from the coarea formula that

T+t
/ Abvdvolﬁzf f Abydvoly,, ds.
U T U x{T+s}

The result follows immediately. U

If # € 7! (x) and v/ = &, (X"), then ' = a(x) for some « € 7r;(N). Note that,
for all t, Aby,(yy(t)) = Aby,(yv (1)) and, by Lemma 2.1,

by, (Yo (1)) = by, (o (1)) = B(a, z1) €R.

Moreover, for T = by, (2)/l|z0l|%,, U® = B(yy(~=T), &) C Hy, and U
[T, T + llzolls], an application of Lemma 3.2 shows that

U?f x

€ =
llzolloo

/ Aby,dt = lim Aby,dvoly
vlio

e—=0 e
Uizl

= b}gj}) Izolloo[VOlEy 4.y (U XAT +llzolloc}) —vOlp, (U x{TH]=0.
Thus,

/ by, Abydt = f [by, + B(at, 21)]Aby,ds
Y Yv

10,11 lro,11
= / by, Abyyds + B(a, 21) / Aby,ds = / by, Aby,ds.
Yoli0,1] Yolio,1) yolio,1)
So, F,,, is well defined. Similarly, F,, is independent of the choice of p, as
replacing p with g induces a constant change in b,, of by, (§) — by, (p) while leaving
Ab,, unchanged.
For any p as above, let S be a fundamental domain of 7 constructed using a
horosphere Hy of vy as in Lemma 2.5, and write S; = S x [f, t + ||zo|lco] for each
t€[T, T+ |lzolloo]. Then,

(3-2) f Fryz, dvoly =f / by, Aby,ds dVOlN
N ST Yoz, @ lion

T+llzolloo
=/ / / by, Abyyds dvoly, dt
T §x{1} Yoz @ o1

T+zolloo
=/ / by, Aby, dvoly dt.
T S
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Theorem 3.3. Let zg, z1 € Z(m1(N)). Then,

B(zo,z1) = / [h(wzy, ;) + Fzyz 1dvoly .
N

vol(N)
Proof. By Theorem 2.2, there exist a finite covering map ¥ : N — N, with covering
metric h and a primitive Zg € Z (7 (N )) such that v, (Zg) = zo. Foreachi =1, 2,
denote by @; the lift of w; to N. Then,

/h(wZO,wZI)dVOIN— /h(wo,a)l)dvol~

VO](N) vol; (N V)

Fix £ € N and v; = @, (X). Let T € R. For the horospheres H; of zo, let Uy, ..., Uk
be the open subsets of Hy obtained by applying Lemma 2.5 to the covering N—N,
and write S = Ulel U;and S, = S x [t,t 4+ ||zllo]- If each U; has C" boundary,
then Green’s identity shows that

(3-3) /ﬁ(@m,@zl)dvom:/ bvlﬁ(c?)m,v)dvolagt—/ by, Aby, dvoly,
Sy a8, Sy

Applying Lemma 2.1, one has that

[ bvlfz(cbz(,,v)dvolast:IIZOIIOO[ / by, dvoly, — / bvldvolHO]
aS; Sx{t+llzolloo} Sx{r}

= l1zolleo B(z0, 21) VOl (S x {t}).

Suppose that zg is not the identity, as the result holds otherwise. Substituting the
above into (3-3), integrating both sides from 7" to T + ||zo||«, and using the fact
that fSt h(@y,, c?)zl)dvollg = [ h(@o, @1) dvol;, yields

(3-4) B(zo 21) = / (@ wzl>dvolN

T+ll1zolloo
S — / / by, Aby, dvol g di
IIZolloo V01(N) s,

Ah(wzo’wZ')dVO1N+ml—W/lvFZ°Z1 dvoly ,

l(N)

~ Vol(N)

the latter equality following from (3-2). In the general case, one may apply a similar
argument to a union of open sets U, ,, € U; that have C” boundary and whose
measures converge to that of U; as m — oo. O

Corollary 3.4. Let zg, z1 € Z((N)). Then, the following hold:

(a) B(zo, z1) = B(z1, 20) if and only iffN Fry;, dvoly = fN F; 7z, dvoly.
(b) B(zo, z1) = 1/vol(N) fN h(wz,, wz,) dvoly if and only iffN Fry, dvoly =0.
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Let Z be any subgroup of Z (;r; (N)) of rank k, and fix an isomorphism D : Z — 7k,
Denote by ey, . . ., e the standard basis for R¥, and let w; = D! (¢;). Let f: T > N
be any fixed C! map satisfying f,(e;) = w;, where a, ..., o are generators for
m1(TX). Since N is aspherical, and therefore an Eilenberg—Mac Lane space, such
maps are guaranteed to exist, although in the case of no conjugate points they may
be constructed more concretely by iteratively exponentiating around loops (see
Section 3.3 of [Dibble 2019b]).

Theorem 3.5. Let zp,21 € Z and B = f*(a)z]) (i.e., B1(v) = h(w;,, f«(v)) forall
v e TTK). Then, B(zo,z1) = ka B1 o D(zo) dvoly for the standard flat metric g
on Tk

Proof. Suppose k > 2, as otherwise the result is clear. Denote by ¢ : R¥ — T*
the covering map that quotients by ZX. Let V = D(zg) = >, vie; be a constant
vector field on TX. Suppose V # 0, so that some v; # 0. Let u; = V and, for
each j #1i, let u; be the vector in R* whose only nonzero entries are —v ; in the
i-th component and v; in the j-th component. Let P be the parallelepiped in R
determined by uy, ..., ux. Then, P is the union of vl{‘*2 21;21 v? = vf72||V||ék
fundamental domains of ¢. Denote by Q the face of P that contains the origin but
not u;, and, for each p € Q, denote by «, the geodesic = p + 1V /|| V || px.

The map f lifts to amap F : R — N such that fop=moF. Let V= o~ L(V),
so that

h(w,,, fe(V)) = h(@y,, Fu(V)) = h(é,,, Fu(@l(1))).

The coarea formula implies that
1 Wit /
f M@z, fu(V))d volg = —5— / [ / h(wz.,F*mx(t»)dr}dvolQ
T v “lVige JoLJo
1

= | . oF(x+V)=b, o F(x)]dvol
vf‘2||V||Rk/Q . : ¢

i
= | b Go(F(x))) — bz, (F(x))] dvol
F Vil Jo ¢

1
)
UiV e

= B(z0, 21)-

/ B(zp, z1) dvolg
0

If V =0, then z¢ is the identity, and one obtains the same equality. U

Remark 3.6. For N = T* and z € 7", z = D(w;) = [ w, dvol,, where g is the
standard flat metric on TX. This continuously extends the direction at infinity in
[Burago and Ivanov 1994] to the leaves of the Heber foliation [1994] of the unit
sphere bundle of T,
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4. Proof of Theorems 1.1 and 1.2

As before, let Z be a subgroup of Z(;r1(N)), fix an isomorphism D : Z — 7, and
let w; = D~ (¢;), so that wy, ..., w; generate Z. Write By = {w. | z € Z}, and
denote by % the vector space of finite formal linear combinations of elements of %,
with real coefficients. (For each £ € N, % may be identified with the space of
finite formal combinations of Busemann functions in Z that vanish at x.) Roughly
speaking, one may extend D to a linear direction at infinity & : 2 — R* by setting
2(X; aiw,;) =Y; aiD(z;). In the other direction, there is the inclusion ¢ : Z8 — %
defined by (3" miei) = 05w, -

Foreach ¢y, 5, € & (ie., § = Zj a;jw,; forz;; € Z and a;; € R), let B; = f*(g“l.b).
Define

1
G, 8)=5 /k[/‘h 0 P(52) + Pro Z(S1)]dug.
T
It is clear that G is symmetric and bilinear. By Corollary 3.4(a) and Theorem 3.5,
when (i) holds,
G(wZO? wzl) = B(Z(L Zl) = B(Zly ZO)'
At the same time, one may define a semi-inner product H on % by
1

vol(N)

Again assuming (i), Corollary 3.4(b) implies that

H(, ) =

/ h(¢y, &) dvoly .
N

H(w;,, w;,) = B(z0, 21) = B(z1, 20).-

In this case, since they agree on %y x %y, G and H define the same semi-inner
product on & and, consequently, the same seminorm. Overloading notation, write

Illoo=1"llcg=1"la-
Lemma 4.1. Let Z be a subgroup of Z(mw1(N)) such that O miz; = > mjwy, for
all z; € Z and all m; € Z. Then, for all zy, 71 € Z, the following hold:

@) [y, w1 = ZVCUZOwZI (ie., szoa)ZI = —VwZIa)ZO).
(b) h([a)zo» 0)21]» a)zo) = h([a)zo» a)zl]» 0)21) =0.
(c) h(wy(x), w;,(x)) = B(zo, z1) forall x € N.
Proof. One has that
0= szo+zl Wzo+z1 = szo Wz + Va)zo Wz, + szl Wz + szl Wz
= Vo, @z + Vo, 0z,
SO szo Wy, = _qu wz,. This proves (a). Moreover,

O0=w;, [h(wy,, )] :2h(VwZI Wz Wry) = —2h(VwZO Wz, Wzy) =—2wz,[h(w;,, wz,)].
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One may deduce (b) from the first three equalities above. Let X € N, and write
Y =Y., - Since h(®;,, @,) is constant along y, one finds that

B(z0, 21) = b, (20(x)) — b ()
1
_ /0 B(Gay 0 7)), (s, 07) (1)) di = (@ (), o, (1),

which proves (c). (|

It is now possible to prove Theorem 1.1. Statements (i) and (ii) are equivalent
by Corollary 3.4(b). By Lemma 4.1(c), (iv) implies (iii), and it is clear that (iii)
implies (ii). Therefore, the proof can be completed by showing that (i) implies (iv).

Suppose (i) holds. Write & = wy~ ,;, B = )_; miw;,, and { = a — B. Then,

1% =G, ¢)
= /k h(¢, D(¢))dvoly = /k h(¢,0)dvol, =0,
which means that ' '
0=vol(N)H(;,¢)=ho(§,¢)dvolh=fN[||a||i+||ﬂ||i—2h(a, B)ldvol, .
Thus,
(1) /N e, ) dvoly = /N L(lall2 + 112) dvol,

By the Cauchy—Schwarz inequality,
h(e, B) < lelinllBlins

SO

/(||a||i+||ﬂ||i)dvolhs/ 21812 dvoly
N N

At the same time, 2|1 B1lx < Il + 1| B1l7,- Thus,

fzuanznﬁuidvolh=f (lellZ + 1812 dvoly .
N N

which implies that |||/, = || ]|, on N. Substituting into (4-1), one finds that

/ h(a, B) dvoly = / Il 1812 dvol,
N N

and, consequently, that i(a, 8) = ||a||»||B|l» on N. It follows that « = 8, which
is (iv). This proves Theorem 1.1.

Theorem 1.2(a) is a consequence of the following lemma and the fact that, when
(i)-(@v) hold, G agrees with H.
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Lemma 4.2. Let Z be a subgroup of Z(mw(N)) of rank k. If G is positive semidefi-
nite, then

G (1(20), 1(z1)) = G (s, w,) = 5[B(z0, 21) + B(z1, 20)]

extends to an inner product on R¥ that induces the asymptotic norm || - || oo of Z with
respect to the isomorphism D : Z — 7~

Proof. Since G is positive semidefinite, it is a semi-inner product and induces a
seminorm || - ||g on 4. If ¢ € Ker(2), then it follows from the definition of G that
¢l = 0. Conversely, suppose |||l = 0. Since ||t(-)]l¢ = || - llo» there exists
¢ > 0 such that [|t(x)|g = c|lx||g« for all x € ZX. Write W = span{wy,, . . ., Wy, }.
Since Z|w : W — RF is an invertible linear map, there exists C > 0 such that
lwllg < Cl|Z2(w)||gx for all w € W. There exist K; — oo and v; € W with
12 () |lge <1 such that 2(K;¢ +v;) € 7. Since Z o is the identity map on z~,
one has that
Z(Ki¢ +vi—toZ(Ki¢ +v;)) =0,

and, consequently,
HIKig +villg — llto Z2(Kig +vi)llg| = 1Ki§ +vi —to Z(Ki§ +vi)llg =0.
It follows that
cllZ(Kil +vi)llge < llto Z2(Kil +vi)llc = IKi¢ +villg < [Ki¢llg + llville = C.

Therefore, |2(¢)|lpx < (1+C/c)/K; — 0 as i — oo and, consequently, Z(¢) = 0.
Thus, Ker(2) ={¢ € Z | [¢ll¢ =0} y

Let & be the vector space obtained as the quotient of # by Ker(%), G the
corresponding inner product on %, and || - ||z the induced norm. The map 2
descends to a map 2 on £ with trivial kernel. By construction, & ([wy,]) = €; for
each i, so 7 is surjective. From this, we have that 2 is a linear isomorphism, and
g~-Y(7% = {Zl milwy,] | m; € Z} = {[w;] | z € Z} projects to a dense subset of
the unit sphere in 4. Since

llw1lI% = G@.], [0:]) = G (@, @) = B(z, 2) = [z = 1 Z(@:D %

for all z € Z, it follows by continuity that 7 : (%, || - |g) — (R¥, || - [lec) is an
isomorphism of normed spaces. Consequently, Z,(G) is an inner product on R¥
that induces |  ||oo. On Z*, 2,(G) = G o O

By the following lemma, when (i)—(iv) hold, the involutive C"~! distribution
ﬂle ‘I)i,- has constant dimension n—k, and, by Frobenius’s theorem, it foliates N by
C" (n—k)-dimensional submanifolds, each of which is contained in an intersection
of the form ﬂf‘: | H; for horospheres Hy, ..., Hy of wy, ..., wy, respectively.
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Lemma 4.3. Let Z be a subgroup of Z(w1(N)) of rank k for which statements
(i)—(iv) of Theorem 1.1 hold. Then, for each X € N, the set {®, (X), . .., Oy, (X)} is
linearly independent.

Proof. Suppose that, for some cy, ..., cx € R, Zle ciwy, (X) = 0. Then,

k 2
D ciow (8)
i=1 h

k
= Z Cith(a)wi (2), Cij ()2))

ij=1

k

Zciwwi (5))

i=1

k 2
= Z Cl'th(a)w,- ). Wy M) =

ij=1

h

for all y € N. Thus, Zle ciwy,; =0 on N. Therefore,

‘ k
i=1

i Oy, i WOy,

and, consequently,

This forces ¢; = 0 for all i. ([

The next lemma implies that each intersection ﬂle H; is contained in one leaf
of the foliation and, as a consequence, its leaves are exactly those intersections.

Lemma 4.4. Let Z be a subgroup of Z(w(N)) for which statements (1)—(iv) in
Theorem 1.1 hold. Fix x € N, and, for each i, denote by H; the horosphere of w;
through x. Then, H = ﬂle H; is connected.

Proof. The proof is by induction. Write v; = @y,). Since by, has nonzero
gradient, the projection N — HZ , along the integral curves of b,, is a continuous
surjection, which implies that H, is connected. If the result holds for ﬂl | Hi,
then by Lemma 4.1(c), the restriction of bv 4 O ﬂl | H; has nonzero gradient, so

H is similarly connected. (]

Define a map W : H x R* > N in the following way: For each (9, 51, ..., s¢) in
H xRk, let £ = §, and inductively define % | = Voror G (Sit1) =€xXpg, (i410i41(%)).
Let W (9, s1, ..., S;) = X;. The splittings N = H; x R ensure that DW is nonsin-
gular, and, consequently, the inverse function theorem implies that W is a local
diffeomorphism.

Lemma 4.5. W is proper.
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Proof. It follows from Corollary 3.4 that [ B(w;, w;)] is a positive-definite symmetric
matrix, so Zf-;l |bj oW (Y, my, ..., mg)| — oo uniformly as Zle |m;| — oo for
m; € Z. By periodicity, there exists a Lipschitz constant, uniform in y € N, for all
maps of the form W (¥, -). Thus, Zlelb,- oW(y,s1,...,s)| — oo uniformly as
Zle ls;] = o0. Let X C N be compact. Then Zle |b;] is bounded on X, which
implies that the projection of W~!(X) onto the R¥-factor is compact. At the same
time, the projection of ¥~!(X) onto the H-factor is contained within a closed ball
around X, so it too is compact. Thus, ¥ ~!(X) is compact. U

Hadamard’s global inverse function theorem implies that W is a diffeomorphism,
which proves parts (c) and, in turn, (b) of Theorem 1.2.

For a fixed £ € N, let H be the intersection of horospheres ﬂle H; containing X.
Following the argument in [O’Sullivan 1974], set Go = {g € w1 (N) | g(%) € ﬁ}. By
Lemma 2.1, G is normal, contains the commutator subgroup [7,(N), 71(N)], and
acts freely and properly discontinuously on H by isometries. Note that the subgroup
G of Gy consisting of orientation-preserving elements has all of those same
properties, and that the quotient space Ny = H / G, is orientable. The subgroup G
generated by G|, and Z is isomorphic to G{, x Z, and the quotient space H /G is
diffeomorphic to Ny x T*. One obtains normal covering maps

A x RE 225 Ny x TF 20 N,

Note that Yo may be assumed to be a product and that G6 =11 (Np). Let " denote
the quotient group w1 (N)/G. By construction,

0—->m(Ny)xZ—->m(N)—-T->0
is a short exact sequence, which implies that
0 — (11 (No)/[m1(N), mi(N)]) x Z — H((N,Z) > T — 0

is as well. This proves Theorem 1.2(d).

5. Proof of Theorem 1.4

A straightforward volume argument shows that, whenever a central Busemann
function is everywhere subharmonic or everywhere superharmonic, it must be
harmonic.

Lemma 5.1. Let N be a compact Riemannian manifold with no conjugate points
and b, a central Busemann function on N. If b, is either sub- or superharmonic,
then it is harmonic.

Proof. If b, vanishes identically, the result is clear. Suppose b, corresponds to
a nontrivial element of Z(r;(N)). Let T, U, and, for each t € R, H,; be as in
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Lemma 3.2. Then,

d
7 voly,, (U x{T +1t}) =

1
f Abydvoly,,, .
zlloo JUx(T+1)

Since the right-hand side is either nonnegative or nonpositive, voly, , (U x {T +1})
is ||z]lco-periodic, and U and T are arbitrary, Ab, must vanish identically. [l

If b, is a convex or concave central Busemann function, then it is subharmonic
or, respectively, superharmonic. By Lemma 5.1, it is therefore harmonic. Since
every convex or concave harmonic function has vanishing Hessian, one obtains the
following.

Lemma 5.2. Let b, be a central Busemann function on N. If by is convex or
concave, then it is totally geodesic.

For the remainder of this section, the hypotheses of Theorem 1.4 will be assumed.
In this case, the conclusions of Theorem 1.1 hold. As before, let wy, ..., wg
generate Z.

Fix X € N, and, for each i, let v; = ®&,, (X). Since b,, is totally geodesic, each
of its horospheres is a totally geodesic submanifold of N. This and the fact that
Vi, @w, = 0 imply that @, is parallel. Thus, the k-dimensional distribution
54 — span{®y, , . . . , @y, } is involutive and, by Frobenius’s theorem, foliates N by
k-dimensional submanifolds. Because . restricts on each leaf of this foliation to a
globally parallel orthonormal frame, its leaves are flat and totally geodesic Euclidean
spaces. It follows from de Rham’s splitting theorem [1952] that N is isometric
to H x R* for any intersection of horospheres H as in Theorem 1.1. Note that Z
acts on each R¥-fiber by translations, which completes the proof of Theorem 1.4(a).
The proof of part (b) follows exactly as in [O’Sullivan 1974]: the distribution 2
projects to a parallel distribution on N, the leaves of which are compact, flat, totally
geodesic, and without holonomy; consequently, they must be toruses.

Unlike in the case of nonpositive curvature, it is not known that a nontrivial
subgroup of the fundamental group of a compact manifold with no conjugate points
has center consisting of its Clifford translations (cf. Proposition 2.3 of [Chen and
Eberlein 1980] and Lemma 3 of [Eberlein 1982]). However, Theorem 1.4(c) may
still be proved using Theorem 2.2 and the argument in Remark 1 of [Eberlein 1982].
Corollary 2.3 implies that N is finitely covered by a manifold N with 77 (N) = G’ x
Z* for a subgroup G’ of 1 (N), where w'lnl, e w,i"" generate the Z*-factor. With-
out loss of generality, one may replace G’ with its orientation-preserving elements.
By Theorem 1.4(a) and Lemma 2.1, elements of 7r; (V) preserve the horizontal and
vertical foliations of H x R, Thus, G’ acts on H. If this action were not free and
properly discontinuous, one could construct, by an argument similar to the proof of
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Lemma 2.4, elements of 77y (N) of arbitrarily small displacement, contradicting the
compactness of N. Thus, the quotient space N| = H /G’ is an orientable manifold.

An elementary argument shows that N has the structure of a T¥-bundle, with
totally geodesic and flat Tk-fibers, over Ny. The proof of Lemma 4 of [Eberlein
1982], except with C” regularity, passes through exactly as written. Thus, one
may construct a C” section of the T*-bundle as in Remark 1 of [Eberlein 1982],
which then implies that N is diffeomorphic to Ny x T¥ and that the covering map
N x T¥ — N restricts on each T*-fiber to a totally geodesic and locally isometric
immersion onto a leaf of the T*-foliation of N. This proves part (c).

6. Additional results and questions

This work was largely motivated by the question of whether the center theorem of
Wolf [1964] and O’Sullivan [1974] generalizes to the case of no conjugate points.

Question 6.1. Let N be a compact Riemannian manifold with no conjugate points
with Z (71 (N)) of rank k.

(a) Is N foliated by totally geodesic and flat k-toruses?

(b) Does the universal covering space N split isometrically as H x Rk?

As a starting point, one might try to show that the asymptotic norm on Z (7 (N))
is Riemannian.

It is natural to look for geometric conditions, weaker than having no focal points,
that ensure the linear splitting of central Busemann functions in Theorem 1.1. The
following argument shows that it suffices to control the asymptotic geometry of
distance spheres on N: Fix a nontrivial z € Z(7;(N)). The C"! regularity of w,
guarantees that the stable Jacobi tensor along each y; (;) is bounded. The argument
in Proposition 5 of [Eschenburg 1977] shows that, at each point x € N, the second
fundamental forms of the distance spheres d B(y,z(—1), 1), for v =@, (x)/||®,(X)|l,
converge to that of the horosphere of z through x.

For any unit vector v € T; N , define the distance function p;(-) =dy (-, X) to be
asymptotically subharmonic in the direction of v (respectively, superharmonic) if
liminf;_, oo Ap; (yy(2)) = 0 (respectively, lim sup,_, ., Apz (¥, (£)) <0). On N \ {x},
let «; and /c;r be the functions equal to the smallest and, respectively, largest
eigenvalues of Hess p;, and similarly define p; to be asymptotically convex in the
direction of v (respectively, concave) if liminf;_, o K;()/v (t)) = 0 (respectively,
limsup,_, o K;_ (yv(t)) <0). Lemmas 5.1 and 5.2 imply the following.

Proposition 6.2. Let z € Z(w1(N)). Then, the following hold:

(a) If, for all x € N, Pz is asymptotically subharmonic in the direction of v =
@;(X), then, for each such v, b, is harmonic.
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(b) If, forall £ € N, p; is asymptotically convex in the direction of v = &. (%),
then, for each such v, b, is totally geodesic.

Similar results hold for asymptotically superharmonic or asymptotically concave
central Busemann functions.

Question 6.3. Are there natural geometric conditions, other than having no focal
points, that ensure central Busemann functions are asymptotically subharmonic or
asymptotically convex?

Natural conditions that have been considered are Ricci curvature bounds, the
effects and limitations of which are discussed thoroughly in [Eschenburg and
O’Sullivan 1980].

It’s also unclear whether the Heber foliation of the unit sphere bundle of a torus
with no conjugate points [Heber 1994] generalizes to the case where Busemann
functions in Z split linearly.

Question 6.4. Let N be a compact Riemannian manifold with no conjugate points
and Z a subgroup of Z (7 (N)) such that statements (i)—(iv) in Theorem 1.1 hold.
Write

k
W = {Za,’&\)wi |Cli € R},

i=1

and, for any X € N, write

k
Ve = {va |v= Zai@wi@) for a; € R}.

i=1

Is ¥, =7

An elementary argument shows that, for each nonzero a = (ay, ..., a;) € R,
there is a unique C” horofunction 4, such that any sequence of rational directions
that converge to a induces a sequence of Busemann functions that vanish at x
and converge uniformly on compact sets to h,. Moreover, the gradient flow of
h, is through geodesics, and its level sets are the integral submanifolds of the
codimension-one involutive distribution

k 1
(Zw) |
i=1

However, without the linear divergence of geodesics in [Heber 1994], it’s not clear
that, when a is irrational, h, = b, for v = Zf‘: | Qi Dy, (X).



CENTRAL SPLITTING OF MANIFOLDS WITH NO CONJUGATE POINTS 113

References
[Burago and Ivanov 1994] D. Burago and S. Ivanov, “Riemannian tori without conjugate points are
flat”, Geom. Funct. Anal. 4:3 (1994), 259-269. MR Zbl

[Burago et al. 2001] D. Burago, Y. Burago, and S. Ivanov, A course in metric geometry, Graduate
Studies in Mathematics 33, American Mathematical Society, Providence, RI, 2001. MR Zbl

[Busemann 1955] H. Busemann, The geometry of geodesics, Academic Press, New York, 1955. MR
Zbl

[Chen and Eberlein 1980] S. S. Chen and P. Eberlein, “Isometry groups of simply connected manifolds
of nonpositive curvature”, Illinois J. Math. 24:1 (1980), 73-103. MR Zbl

[Croke and Schroeder 1986] C. B. Croke and V. Schroeder, “The fundamental group of compact
manifolds without conjugate points”, Comment. Math. Helv. 61:1 (1986), 161-175. MR Zbl

[Dibble 2019a] J. Dibble, “Abelian subgroups of the fundamental group of a space with no conjugate
points”, preprint, 2019. To appear in Groups Geom. Dyn. arXiv

[Dibble 2019b] J. Dibble, “Totally geodesic maps into manifolds with no focal points”, Bull. Lond.
Math. Soc. 51:3 (2019), 443-458. MR Zbl

[Eberlein 1980] P. Eberlein, “Lattices in spaces of nonpositive curvature”, Ann. of Math. (2) 111:3
(1980), 435-476. MR Zbl

[Eberlein 1981] P. Eberlein, “Geodesic rigidity in compact nonpositively curved manifolds”, Trans.
Amer. Math. Soc. 268:2 (1981), 411-443. MR Zbl

[Eberlein 1982] P. Eberlein, “A canonical form for compact nonpositively curved manifolds whose
fundamental groups have nontrivial center”, Math. Ann. 260:1 (1982), 23-29. MR Zbl

[Eschenburg 1977] J.-H. Eschenburg, “Horospheres and the stable part of the geodesic flow”, Math.
Z.153:3 (1977), 237-251. MR Zbl

[Eschenburg and O’Sullivan 1980] J.-H. Eschenburg and J. J. O’ Sullivan, “Jacobi tensors and Ricci
curvature”, Math. Ann. 252:1 (1980), 1-26. MR Zbl

[Gulliver 1975] R. Gulliver, “On the variety of manifolds without conjugate points”, Trans. Amer.
Math. Soc. 210 (1975), 185-201. MR Zbl

[Heber 1994] J. Heber, “On the geodesic flow of tori without conjugate points”, Math. Z. 216:2
(1994), 209-216. MR Zbl

[Hurewicz 1995] W. Hurewicz, Collected works of Witold Hurewicz, edited by K. Kuperberg, Ameri-
can Mathematical Society, Providence, RI, 1995. MR Zbl

[Ivanov and Kapovitch 2014] S. Ivanov and V. Kapovitch, “Manifolds without conjugate points and
their fundamental groups”, J. Differential Geom. 96:2 (2014), 223-240. MR Zbl

[Lawson and Yau 1972] H. B. Lawson, Jr. and S. T. Yau, “Compact manifolds of nonpositive
curvature”, J. Differential Geometry 7 (1972), 211-228. MR Zbl

[O’Sullivan 1974] J. J. O’Sullivan, “Manifolds without conjugate points”, Math. Ann. 210 (1974),
295-311. MR Zbl

[de Rham 1952] G. de Rham, “Sur la reductibilité d’un espace de Riemann”, Comment. Math. Helv.
26 (1952), 328-344. MR Zbl

[Wolf 1964] J. A. Wolf, “Homogeneity and bounded isometries in manifolds of negative curvature”,
Illinois J. Math. 8 (1964), 14-18. MR Zbl


http://dx.doi.org/10.1007/BF01896241
http://dx.doi.org/10.1007/BF01896241
http://msp.org/idx/mr/1274115
http://msp.org/idx/zbl/0808.53038
http://dx.doi.org/10.1090/gsm/033
http://msp.org/idx/mr/1835418
http://msp.org/idx/zbl/0981.51016
http://msp.org/idx/mr/0075623
http://msp.org/idx/zbl/0112.37002
http://dx.doi.org/10.1215/ijm/1256047798
http://dx.doi.org/10.1215/ijm/1256047798
http://msp.org/idx/mr/550653
http://msp.org/idx/zbl/0413.53029
http://dx.doi.org/10.1007/BF02621908
http://dx.doi.org/10.1007/BF02621908
http://msp.org/idx/mr/847526
http://msp.org/idx/zbl/0608.53038
http://msp.org/idx/arx/1811.10095
http://dx.doi.org/10.1112/blms.12241
http://msp.org/idx/mr/3964499
http://msp.org/idx/zbl/1423.53045
http://dx.doi.org/10.2307/1971104
http://msp.org/idx/mr/577132
http://msp.org/idx/zbl/0401.53015
http://dx.doi.org/10.2307/1999335
http://msp.org/idx/mr/632536
http://msp.org/idx/zbl/0526.53045
http://dx.doi.org/10.1007/BF01475751
http://dx.doi.org/10.1007/BF01475751
http://msp.org/idx/mr/664362
http://msp.org/idx/zbl/0468.57014
http://dx.doi.org/10.1007/BF01214477
http://msp.org/idx/mr/440605
http://msp.org/idx/zbl/0332.53028
http://dx.doi.org/10.1007/BF01420210
http://dx.doi.org/10.1007/BF01420210
http://msp.org/idx/mr/590545
http://msp.org/idx/zbl/0423.53035
http://dx.doi.org/10.2307/1997131
http://msp.org/idx/mr/383294
http://msp.org/idx/zbl/0281.58008
http://dx.doi.org/10.1007/BF02572318
http://msp.org/idx/mr/1278421
http://msp.org/idx/zbl/0807.53039
http://msp.org/idx/mr/1362795
http://msp.org/idx/zbl/0831.01017
http://dx.doi.org/10.4310/jdg/1393424918
http://dx.doi.org/10.4310/jdg/1393424918
http://msp.org/idx/mr/3178440
http://msp.org/idx/zbl/1290.53047
http://dx.doi.org/10.4310/jdg/1214430828
http://dx.doi.org/10.4310/jdg/1214430828
http://msp.org/idx/mr/334083
http://msp.org/idx/zbl/0266.53035
http://dx.doi.org/10.1007/BF01434284
http://msp.org/idx/mr/365413
http://msp.org/idx/zbl/0273.53037
http://dx.doi.org/10.1007/BF02564308
http://msp.org/idx/mr/52177
http://msp.org/idx/zbl/0048.15701
http://dx.doi.org/10.1215/ijm/1256067453
http://msp.org/idx/mr/0163262
http://msp.org/idx/zbl/0126.17702

114 JAMES DIBBLE

Received July 30, 2018. Revised September 18, 2019.

JAMES DIBBLE

DEPARTMENT OF MATHEMATICS
UNIVERSITY OF IOWA

Iowa CiTY, IA

UNITED STATES

james-dibble @uiowa.edu

Current addpress:

DEPARTMENT OF MATHEMATICS AND STATISTICS
UNIVERSITY OF SOUTHERN MAINE

PORTLAND, ME

UNITED STATES

james.dibble @maine.edu


mailto:james-dibble@uiowa.edu
mailto:james.dibble@maine.edu

PACIFIC JOURNAL OF MATHEMATICS

Founded in 1951 by E. F. Beckenbach (1906-1982) and F. Wolf (1904-1989)

Matthias Aschenbrenner
Department of Mathematics
University of California
Los Angeles, CA 90095-1555
matthias@math.ucla.edu

Daryl Cooper
Department of Mathematics
University of California
Santa Barbara, CA 93106-3080
cooper @math.ucsb.edu

Jiang-Hua Lu
Department of Mathematics
The University of Hong Kong
Pokfulam Rd., Hong Kong
jhlu@maths.hku.hk

msp.org/pjm

EDITORS

Don Blasius (Managing Editor)
Department of Mathematics
University of California
Los Angeles, CA 90095-1555
blasius @math.ucla.edu

Paul Balmer

Department of Mathematics
University of California
Los Angeles, CA 90095-1555
balmer@math.ucla.edu

Wee Teck Gan

Mathematics Department
National University of Singapore

Singapore 119076

matgwt@nus.edu.sg

Sorin Popa

Department of Mathematics
University of California
Los Angeles, CA 90095-1555
popa@math.ucla.edu

Vyjayanthi Chari
Department of Mathematics
University of California
Riverside, CA 92521-0135
chari @math.ucr.edu

Kefeng Liu

Department of Mathematics
University of California
Los Angeles, CA 90095-1555
liu@math.ucla.edu

Jie Qing

Department of Mathematics
University of California
Santa Cruz, CA 95064
qing @cats.ucsc.edu

Paul Yang
Department of Mathematics
Princeton University
Princeton NJ 08544-1000
yang @math.princeton.edu

PRODUCTION
Silvio Levy, Scientific Editor, production@msp.org

SUPPORTING INSTITUTIONS

ACADEMIA SINICA, TAIPEI STANFORD UNIVERSITY UNIV. OF CALIF., SANTA CRUZ

CALIFORNIA INST. OF TECHNOLOGY UNIV. OF BRITISH COLUMBIA UNIV. OF MONTANA

INST. DE MATEMATICA PURA E APLICADA UNIV. OF CALIFORNIA, BERKELEY UNIV. OF OREGON

KEIO UNIVERSITY UNIV. OF CALIFORNIA, DAVIS UNIV. OF SOUTHERN CALIFORNIA
MATH. SCIENCES RESEARCH INSTITUTE UNIV. OF CALIFORNIA, LOS ANGELES UNIV. OF UTAH

NEW MEXICO STATE UNIV. UNIV. OF CALIFORNIA, RIVERSIDE UNIV. OF WASHINGTON

OREGON STATE UNIV. UNIV.

UNIV.

OF CALIFORNIA, SAN DIEGO
OF CALIF., SANTA BARBARA

WASHINGTON STATE UNIVERSITY

These supporting institutions contribute to the cost of publication of this Journal, but they are not owners or publishers and have no
responsibility for its contents or policies.

See inside back cover or msp.org/pjm for submission instructions.

The subscription price for 2020 is US $520/year for the electronic version, and $705/year for print and electronic.

Subscriptions, requests for back issues and changes of subscriber address should be sent to Pacific Journal of Mathematics, P.O. Box
4163, Berkeley, CA 94704-0163, U.S.A. The Pacific Journal of Mathematics is indexed by Mathematical Reviews, Zentralblatt MATH,
PASCAL CNRS Index, Referativnyi Zhurnal, Current Mathematical Publications and Web of Knowledge (Science Citation Index).

The Pacific Journal of Mathematics (ISSN 1945-5844 electronic, 0030-8730 printed) at the University of California, c/o Department
of Mathematics, 798 Evans Hall #3840, Berkeley, CA 94720-3840, is published twelve times a year. Periodical rate postage paid at
Berkeley, CA 94704, and additional mailing offices. POSTMASTER: send address changes to Pacific Journal of Mathematics, P.O.
Box 4163, Berkeley, CA 94704-0163.

PJM peer review and production are managed by EditFLow® from Mathematical Sciences Publishers.
PUBLISHED BY
:I mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2020 Mathematical Sciences Publishers


http://msp.org/pjm/
mailto:blasius@math.ucla.edu
mailto:matthias@math.ucla.edu
mailto:cooper@math.ucsb.edu
mailto:jhlu@maths.hku.hk
mailto:balmer@math.ucla.edu
mailto:matgwt@nus.edu.sg
mailto:popa@math.ucla.edu
mailto:yang@math.princeton.edu
mailto:chari@math.ucr.edu
mailto:liu@math.ucla.edu
mailto:qing@cats.ucsc.edu
mailto:production@msp.org
http://msp.org/pjm/
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://apps.isiknowledge.com
http://msp.org/
http://msp.org/

MELISSA EMORY

Schur algebras for the alternating group and Koszul duality
THANGAVELU GEETHA, AMRITANSHU PRASAD and SHRADDHA
SRIVASTAVA

A positive mass theorem for manifolds with boundary
SVEN HIRSCH and PENGZI M1AO

Circle patterns on surfaces of finite topological type revisited
YUE-PING JIANG, QIANGHUA LUO and ZE ZHOU

On some conjectures of Heywood
DONG L1
Knapp-Stein dimension theorem for finite central covering groups
CAIHUA LUO
Some classifications of biharmonic hypersurfaces with constant scalar curvature
SHUN MAETA and YE-LIN OU
Surface diffusion flow of arbitrary codimension in space forms
DONG PU and HONGWEI XU
Nonvanishing square-integrable automorphic cohomology classes: the case GL(2)
over a central division algebra
JOACHIM SCHWERMER
Invariant Banach limits and applications to noncommutative geometry
EVGENII SEMENOV, FEDOR SUKOCHEV, ALEXANDR USACHEV and
DMITRIY ZANIN

A combinatorial identity for the Jacobian of ¢-shifted invariants

OKSANA YAKIMOVA

153

185

203

221

265

281

291

321

357

375

0030-8730(202005)306:1;1-L



	1. Introduction
	2. Preliminaries
	3. Integral formulations of B
	4. Proof of Theorems 1.1 and 1.2
	5. Proof of Theorem 1.4
	6. Additional results and questions
	References
	
	

