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ON DEMAZURE AND LOCAL WEYL MODULES
FOR AFFINE HYPERALGEBRAS

ANGELO BIANCHI, TIAGO MACEDO AND ADRIANO MOURA

We establish the existence of Demazure flags for graded local Weyl modules
for hyper current algebras in positive characteristic. If the underlying sim-
ple Lie algebra is simply laced, the flag has length one; that is, the graded
local Weyl modules are isomorphic to Demazure modules. This extends to
the positive characteristic setting results of Chari and Loktev, Fourier and
Littelmann, and Naoi for current algebras in characteristic zero. Using this
result, we prove that the character of local Weyl modules for hyper loop
algebras depend only on the highest weight, but not on the (algebraically
closed) ground field, and deduce a tensor product factorization for them.

Introduction

Let g be a semisimple finite-dimensional Lie algebra over the complex numbers
and, given an algebraically closed field F, let G be a connected, simply connected,
semisimple algebraic group over F of the same Lie type as g. The category of
finite-dimensional G-modules is equivalent to that of the hyperalgebra Ur(g). The
hyperalgebra is a Hopf algebra obtained from the universal enveloping algebra of g
by first choosing a certain integral form and then changing scalars to [ (this process
is often referred to as reduction modulo p). If the characteristic of [ is positive,
the category of finite-dimensional Gr-modules is not semisimple, and the modules
obtained by reduction modulo p of simple g-modules — called Weyl modules —
provide examples of indecomposable, reducible modules. The Weyl modules have
several interesting properties which are independent of F such as: a description in
terms of generators and relations, being the universal highest-weight modules of
the category of finite-dimensional Gy-modules, their characters are given by the
Weyl character formula.

Consider now the loop algebra § = g ® C[¢, ¢~ ']. The finite-dimensional rep-
resentation theory of g was initiated by Chari and Presley [1986], where the
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simple modules were classified in terms of tensor products of evaluation modules.
Differently from the category of finite-dimensional g-modules, the category of
finite-dimensional g-modules is not semisimple. Therefore, it is natural to ask
if there is a notion analogue to that of Weyl modules for g. Chari and Presley
[2001] proved that the simple finite-dimensional g-modules are highest-weight in
an appropriate sense and introduced the Weyl modules for g in terms of generator
and relations which are the natural analogues of the relations for the original Weyl
modules. The highest-weight vector is now an eigenvector for the action of the loop
algebra 6 over the Cartan subalgebra b of g. Because of this, it eventually became
common practice to use the terms ¢-weight and highest-£-weight. In particular, it
was shown in [Chari and Pressley 2001] that the just-introduced Weyl modules share
a second property with their older relatives: they are the universal finite-dimensional
highest-£-weight modules. These results were immediately quantized and, still in
the same paper, the notion of Weyl modules for the quantum loop algebra U, (g)
was introduced. Chari and Presley conjectured (and proved for g = sl) that the
Weyl modules for g were classical limits of quantum Weyl modules. Moreover, all
Weyl modules for g could be obtained as classical limits of quantum Weyl modules
which are actually irreducible. This can be viewed as the analogue of the property
that the original Weyl modules are obtained by reduction modulo p from simple
g-modules.

Motivated by bringing the discussion of the last paragraph to the positive charac-
teristic setting, [Jakeli¢ and Moura 2007] initiated the study of the finite-dimensional
representation theory of the hyperalgebras associated to g, which we refer to as
hyper loop algebras. Several basic properties of the underlying abelian category
were established and, in particular, the notion of Weyl modules was introduced.
Moreover, it was shown that certain Weyl modules for g can be reduced modulo p.
In analogy with the previous paragraphs, it is natural to conjecture that the reduction
modulo p of a Weyl module is again a Weyl module (the difference is that now we
cannot restrict attention to Weyl modules which are irreducible since there are too
few of these).

In the meantime, two partial proofs of Chari and Presley’s conjecture appeared
[Chari and Loktev 2006; Fourier and Littelmann 2007]. Namely, it follows from a
tensor product factorization of the Weyl modules for g proved in [Chari and Pressley
2001] together with the fact that the irreducible quantum Weyl modules are tensor
products of fundamental modules, that it suffices to compute the dimension of
graded analogues of Weyl modules for the current algebra g[¢] = g ® C[¢]. These
graded analogues of Weyl modules were introduced in [Feigin and Loktev 2004] as
a particular case of a class of modules (named local Weyl modules) for algebras
of the form g ® A, where A is a commutative associative algebra (see also [Chari
et al. 2010; Fourier et al. 2012] and references therein for more on the recent
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development of the representation theory of such algebras). For g of type A, the
dimensions of the graded Weyl modules were computed in [Chari and Loktev 2006]
by explicitly exhibiting a vector space basis. As a consequence, it was observed that
they are isomorphic to certain Demazure modules. For a general simply-laced Lie
algebra, this isomorphism was proved in [Fourier and Littelmann 2007] by using a
certain presentation of Demazure modules by generators and relations as well as by
studying fusion products. In particular, the dimension of the graded Weyl modules
could be computed resulting in a proof of the conjecture. It was also shown in
[Fourier and Littelmann 2007] that such isomorphisms do not exist in general in
the non-simply laced case. It was pointed out by Nakajima that the general case
could be deduced by using global bases theory (this proof remains unpublished, but
a brief sketch is given in the introduction of [Fourier and Littelmann 2007]). The
relation with Demazure modules in the nonsimply laced case was finally established
in completely generality in [Naoi 2012] where it was shown that the graded Weyl
modules for g[#] admit Demazure flags, that is, filtrations whose quotients are
Demazure modules. Such flags are actually obtained from results of Joseph [2003;
2006] (see also [Littelmann 1998]) on global bases for tensor products of Demazure
modules. Therefore, in the nonsimply laced case, the relation between Weyl and
Demazure modules is, so far, dependent on the theory of global bases, although in
a different manner than Nakajima’s proposed proof.

The goal of the present paper is to extend to the positive characteristic context
the results of [Fourier and Littelmann 2007; Naoi 2012] and prove the conjecture of
[Jakeli¢ and Moura 2007] on reduction modulo p of Weyl modules for hyper loop
algebras. Moreover, we prove a tensor product factorization of Weyl modules —
the hyperalgebraic analogue of that proved in [Chari and Pressley 2001]. However,
due to the extra technical difficulties which arise when dealing with hyperalgebras
in positive characteristic, there are several differences in our proofs from those
used in the characteristic zero setting. For instance, the tensor product factorization
was originally used to restrict the study to computing the dimension of the graded
Weyl modules for current algebras. In the positive characteristic setting, we actually
deduce the tensor product factorization from the computation of the dimension.
Also, for proving the existence of the Demazure flags, some arguments used in [Naoi
2012] do not admit a hyperalgebraic analogue. Our approach to overcome these
issues actually makes use of the characteristic-zero version of the same statements.
We also use the fact proved in [Mathieu 1988; 1989] that the characters of Demazure
modules do not depend on the ground field. Different presentations of Demazure
modules in terms of generator and relations are needed for different parts of the
argument. For g of type G, technical issues for proving one of these presentations
require that we restrict ourselves to characteristic different than 2 and 3. Outside
type G2, there is no restriction in the characteristic of the ground field.
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While this paper was being finished, new ideas for studying Demazure, local
Weyl modules, and Kirillov—Reshetikhin modules are introduced. In particular,
several results of [Chari and Pressley 2001; Fourier and Littelmann 2007; Naoi
2012] are recovered and generalized. Moreover, new (and simpler) presentations in
terms of generators and relations for Demazure modules are obtained. It will be
interesting to study if the ideas and results of [Chari and Venkatesh 2014] can be
brought to the positive characteristic setting as well.

The paper is organized as follows. We start Section 1 fixing the notation regarding
finite and affine types, Kac-Moody algebras and reviewing the construction of the
hyperalgebras. Next, using generators and relations, we define the Weyl modules
for hyper loop algebras, their graded analogues for hyper current algebras, and
the subclass of the class of Demazure modules which is relevant for us. We then
state our main result (Theorem 1.5.2) and recall the precise statement (1.5.4) of the
conjecture in [Jakeli¢ and Moura 2007]. Theorem 1.5.2 is stated in 4 parts. Part
(a) states the isomorphism between graded Weyl modules and Demazure modules
for simply laced g. Part (b) states the existence of Demazure flags for graded Weyl
modules. Part (c) establishes an isomorphism between a given graded Weyl module
and a twist of certain Weyl module for the hyper loop algebra. Finally, part (d) is
the aforementioned tensor product factorization. In Section 2, we fix some further
notation and establish a few technical results needed in the proofs.

Section 3.1 brings a review of the finite-dimensional representation theory of
the finite-type hyperalgebras while Section 3.2 gives a very brief account of the
relevant results from [Jakeli¢ and Moura 2007]. Section 3.3 is concerned with the
category of finite-dimensional graded modules for the hyper current algebras. The
main results of this subsection are Theorem 3.3.4, where the basic properties of
the category are established, and Corollary 3.3.3 which states that the graded Weyl
modules for g[#] admit integral forms. Assuming Theorem 1.5.2(b), we prove (1.5.4)
in Section 3.4. The proof actually makes use of the characteristic-zero version
of all parts of Theorem 1.5.2 as well as [Naoi 2012, Corollary A] (stated here as
Proposition 3.4.1). In Section 3.5, we prove a second presentation of Demazure
modules in terms of generator and relations. It basically replaces a highest-weight
generator by a lowest-weight one. This is the presentation which allows us to
use the results of [Mathieu 1988; 1989] on the independence of the characters of
Demazure modules on the ground field.

In the first three subsections of Section 4 we collect the results of [Joseph 2003;
2006] on crystal and global bases which we need to prove Theorem 4.4.1 which is
an integral analogue of [Naoi 2012, Corollary 4.16] on the existence of higher level
Demazure flags for Demazure modules when the underlying simple Lie algebra
g is simply laced. We remark that the proof of Theorem 4.4.1 is the only one
where the theory of global bases is used. We further remark that, in order to prove



ON DEMAZURE AND LOCAL WEYL MODULES FOR AFFINE HYPERALGEBRAS 261

Theorem 1.5.2(b), we only need the statement of Theorem 4.4.1 for g of type A. We
observe that the only other place quantum groups are being used here is in the proof
of the characteristic-zero version of Theorem 1.5.2(c); [Fourier and Littelmann
2007, Lemmas 1 and 3 and Equation (15)].

Theorem 1.5.2 is proved in Section 5. In particular, in Section 5.2, we prove a
positive characteristic analogue of [Naoi 2012, Proposition 4.1] which is a third
presentation of Demazure modules in terms of generator and relations in the case
that g is not simply laced. This is where the restriction on the characteristic of the
ground field for type G, appears. Parts (b) and (c) of Theorem 1.5.2 are proved in
Sections 5.3 and 5.4, respectively. Finally, in Sections 5.5 and 5.6, we prove that
the tensor product of finite-dimensional highest-£-weight modules for hyper loop
algebras with relatively prime highest £-weights is itself a highest-£-weight module
and deduce Theorem 1.5.2(d). As an application of Theorem 1.5.2, we end the
paper proving that the graded Weyl modules are fusion products of Weyl modules
with “smaller” highest weights (Proposition 5.7.1).

1. The main results

1.1. Finite-type data. Let g be a finite-dimensional simple Lie algebra over C with
a fixed Cartan subalgebra h C g. The associated root system will be denoted by
R C h*. We fix a simple system A = {; : i € I} C R and denote the corresponding
set of positive roots by R*. The Borel subalgebra associated to R* will be denoted
by b* C g and the opposite Borel subalgebra will be denoted by b~ C g. We fix
a Chevalley basis of the Lie algebra g consisting of x¥ € g, for each « € R,
and h; € b, for each i € I. We also define hy € b, € R, by hy =[x}, x,]
(in particular, h; = hy,,i € I) and set RY = {hy € h : @ € R}. We often simplify
notation and write xl.lL in place of x;:, iel.Let(, )denote the invariant symmetric
bilinear form on g such that (hg, hg) = 2, where 6 is the highest root of g. Let
v : h — b* be the linear isomorphism induced by (, ) and keep denoting by (, )
the nondegenerate bilinear form induced by v on h*. Notice that

(1.1.1) (x;f,xa_ = (oz,zoe) forall € R
and
2 if o is 1
(1.12) (@, 0) = Lo one
2/rY if « is short,

where r¥ € {1, 2, 3} is the lacing number of g. For notational convenience, set

2 1, ifaislong,
1.1.3 M =
(1.13) "o = (@, @) {rv, if o is short.
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We shall need the following fact [Carter 1972, Section 4.2]. Given « € R, let
Xo =xia according to whether « € =R*. Fora, B € R let p=max{n: 8 —na € R}.
Then there exists ¢ € {—1, 1} such that

(1.1.4) [Xa, Xxg]l = €(p + Dxg1p.

We define the weight lattice P = {A € h* : A(hy) € Z for all @ € R}, the subset
of dominant weights P* = {A € P : A(hy) € N for all « € R™}, the coweight lattice

V=1{hebh:ah) € Zforall a € R}, and the subset of dominant coweights
PYt ={he PY:a(h) e Nforalla € RT}. We denote the fundamental weights
by w;, i € I, the root lattice of g by Q, and we let Q" = Z-oR™. We consider the
usual partial order on h*: u < A if and only if A —u € Q. The Weyl group W of g
is the subgroup of Autc (h*) generated by the simple reflections s;, i € I, defined by
s;() = u— w(h;y)a; for all u € h*. As usual, wy denotes the longest element in W',

1.2. Affine-type data. Consider the loop algebra § = g®C][t, t~'], with Lie bracket
givenby [x @17,y @t ] =[x, y]®t 5, forany x,y € g, r, s € Z. We identify g
with the subalgebra g ® 1 of g. The subalgebra g[7] = g ® C[¢] is the current algebra
of g. If a is a subalgebra of g, let a = a ® C[z, t~'1 and a[f] = a ® C[¢t]. Let also
alt]+ := a® (¢T!C[¢*']). In particular, as vector spaces,

g=i"@h®i" and glrl=n"[r]1®hl]SnT[r].

The affine Kac-Moody algebra g is the 2-dimensional extension g := gdCcdCd
of g with Lie bracket given by

1", y®t5]=[x,y]®tr+s+r8r,,s(x,y)c,
[c,8]=1{0}, and [d, xRt |=rx®1t"

for any x, y € g, r, s € Z. Observe that if g’ = [g, g] is the derived subalgebra of g,
then §' = g @ Cc, and we have a nonsplit short exact sequence of Lie algebras
0—>Cc—g —>g—0.

Set 6/ = bh & Cc. Notice that g, g[z], and g[t]+ remain subalgebras of §. Set

6=U®CCEBCd, At =nT@glr]L, and bt =t @h.

The root system, positive root system, and set of simple roots associated to the
triangular decomposition § = A~ @ § @ AT will be denoted by R, R and A,
respectively. Let [=1Iu {0} and hg = c — hg, so that {h; : i € f} U {d} is a basis
of 6 Identify h* with the subspace {A € 6* :A(c) =A(d) =0}. Letalso § € 6*
be such that §(d) =1 and 6(h;) =0 for all i € [ and define og =68 — 0. Then
A={aj:iel}, RFr=RTUfa+rs:a € RU{O},r € Z-0}, and §ours =g, 1"
ifaeR,reZ and g,s =h®1t",if r € Z\ {0}. Observe that

(1.2.1) a(c) =0 forall « € R.
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A root y € R is called real if y = (o +ré) with ¢ € R, r € Z, and imaginary if
y =ré withr € Z\{0}. Set x}, =xF ®1", hay =he @1, 0 € RT,r € Z. We
often simplify notation and write xij; and h; , in place of xai[_’r and hy, i€l rel.
Observe that {xir, hi,:a € RT,iel,rel}isabasis of §g. Given « € RT and
res.y, set

+ - - - _ .F [+ - _ Vv
xia+r8 - xa,r’ xia-',-r(i - xa,—r’ hiOH‘”S - [xioz—',-ré’ xia—i—r(S] - :tha + rrycC.

Define also A; € 6*,1’ € f, by the requirement A;(d) = 0, A;(hj) = §;; for
alli, jel. Set P=25& @, ;ZA;, P =250 @, ;NA;, P' =@, ; ZA;, and
Pt = P'Nn P*. Notice that

Ao(h)=0 <= heh®Cd and A; —w; = w;(hg)Ao foralli e I.

Hence, pP= ZAo® P DZ5. Given A € f’, the number A (c) is called the level of A.
By (1.2.1), the level of A depends only on its class modulo the root lattice Q Set
also Q* = Zzolé+ and let W denote the affine Weyl group, which is generated by
the simple reflections s;, i € I. Finally, observe that {Ag, 6} U A is a basis of 6*

1.3. Integral forms and hyperalgebras. We use the following notation. Given a
(D-algebra U with unity, an element x € U, and k € N, set

(k)_l k X _1
x® =2t and <k>—ﬁx(x—l)---(x—k+l).

In the case U = U(g), we also introduce elements A, 1, € U(g), x € g, r €N, by
the following identity of power series in the variable u:

+ r x®tis K
Ax(u):=ZAx,i,u =exp —Z S u .

r>0 s>0

Most of the time we will work with such elements with x = h, for some o € RT.

We then simplify notation and write Afj () = A,i (n), and if « = «; for some i € I,

we simply write Aii(u) = Ai (u). To shorten notation, we also set Ay (u) = A (u).
Consider the Z-subalgebra Uz(g§") of U(g’) generated by the set

{F)®aeRT reZ keN}

By [Garland 1978, Theorem 5.8], it is a free Z-submodule of U (§) and satisfies
C®RzUz(g)=U(§). Inother words, Uz(g’) is an integral form of U (§'). Moreover,
the image of Uz(g’) in U(g) is an integral form of U (g) denoted by Uz(g). For a
Lie subalgebra a of §’ set

Uz(a) = U(a) N Uz(§),
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and similarly for subalgebras of g. The subalgebra Uz(g) coincides with the Z-
subalgebra of U (g) generated by {(x(;t)(k) :a € R™, k € N}. The subalgebra Uz (n¥)
of Uz(g) is generated, as a Z-subalgebra, by the set {(x;—L)(k) o€ RT, k e N}
while Uz (h) is generated, as a Z-subalgebra, by {(};(’) el ke N}. Similarly,
the subalgebra Uz (n*[t]) of Uz( g[t]) is generated, as a Z-subalgebra, by the set
{xE)® ra € RT, k € N, r € Zs0} while Uz(h[r]4) is generated by {A;, : i €
I, r € Z-¢}. In fact, the latter is free commutative over the given set. The Poincaré—
Birkhoff-Witt (PBW) theorem implies that multiplication establishes isomorphisms
of Z-modules

Uz(§) = Uz(R7) @ Uz(h) ® Uz (/F),
Uz(3) = Uz(R™) ® Uz(h) ® Uz (i),
Uz(glt]) = Uz(n"[t]) @ Uz(b[t]) @ Uz(nF[1]).

Moreover, restricted to Uz(f)) this gives rise to an isomorphism of Z-algebras

Uz(h) = Uz(9[1]-) ® Uz(h) @ Uz (blr]y).

In general, it may not be true that Uz (a) is an integral form of U (a). However, if a
has a basis consisting of real root vectors, an elementary use of the PBW theorem
implies that this is true. We shall make use of algebras of this form later on.

Given a field [, define the F-hyperalgebra of a by Ur(a) = F ®7z Uz(a), where a
is any of the Lie algebras with Z-forms defined above. Clearly, if the characteristic
of [F is zero, the algebra Up(g) is naturally isomorphic to U (gr) where gr =F®z gz
and gz is the Z-span of the Chevalley basis of g, and similarly for all algebras a
we have considered. For fields of positive characteristic we just have an algebra
homomorphism U (ay) — Ur(a) which is neither injective nor surjective. We will
keep denoting by x the image of an element x € Uz(a) in Ur(a). Notice that we
have Ug(g) = Ur(87) U () U (™).

Given an algebraically closed field F, let A be a Henselian discrete valuation
ring of characteristic zero having [ as its residue field. Set Ua(a) = A ®z Uz(a).
Clearly Ur(a) = F ®a Ua(a). We shall also fix an algebraic closure K of the field
of fractions of A. For an explanation why we shall need to move from integral
forms to A-forms, see Remark 1.5.5 (and [Jakeli¢ and Moura 2007, Section 4C]).
As mentioned in the introduction, we assume the characteristic of [F is either zero
or at least 5 if g is of type G».

Notice that the Hopf algebra structure of the universal enveloping algebras induce
such structure on the hyperalgebras. For any Hopf algebra H, denote by H its
augmentation ideal.

1.4. The £-weight lattice. For a ring A, we shall denote by A* its set of unities.
Consider the set QP['{ consisting of |I|-tuples @ = (®;);cs, Where w; € F[u] and
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®;(0) =1 for all i € I. Endowed with coordinatewise polynomial multiplication,
9]’; is a monoid. We denote by P the multiplicative abelian group associated to 9’;
which will be referred to as the £-weight lattice associated to g. One can describe
Pr in another way. Given u € P and a € F*, let , , be the element of Pf defined
as

(@p.0)i () = (1 —aw)*") foralli e 1.

If 4 = w; is a fundamental weight, we simplify notation and write @, ; = ®; 4. We
refer to w; , as a fundamental £-weight, for all i € I and a € F*. Notice that P is
the free abelian group on the set of fundamental ¢-weights. One defines P in the
obvious way. Let also @g be the submonoid of 9’& generated by w; 4,1 € [, a € A™.

Let wt: F — P be the unique group homomorphism such that wt(w; ,) = w;
foralli € I,a € F*. Let also @ — @~ be the unique group automorphism of P
mapping @; , to w; ,~1 for all i € I,a € F*. For notational convenience we set
0" =ow.

The abelian group Pr can be identified with a subgroup of the monoid of |/ |-tuples
of formal power series with coefficients in | by identifying the rational function
(1 —au)~" with the corresponding geometric formal power series Y nolauw)". This
allows us to define an inclusion P — UF(E)*. Indeed, if @ € PF is such that
wii(u) =) oo wi+rt €Pr,set

w((?{)) _ (Wt(";{)(hi)), @(Ai)) = wiy, foralliel,rkeZ k=0,

and w(xy) = w(x)w(y), forallx,ye U[F(f)).

1.5. Demazure and local Weyl modules. Given w € P, the local Weyl module
Wi (w) is the quotient of Up(g) by the left ideal generated by

UsHY, h—wm), (x;)® forall h e Up(h), @ € RT, k > wt(@) (ha).

It is known that the local Weyl modules are finite-dimensional (see Theorem 3.2.1(c)).
For A € P, the graded local Weyl module W (1) is the quotient of Ug(g[t]) by
the left ideal If (1) generated by

(15.1) UsteD)°,  Urblel)°, h—a(h),  (x)®
forall h € Up(h), o € RY, k > A(hy).

Also, given ¢ > 0, let Dg(¢, 1) denote the quotient of Ur(g[¢]) by the left ideal
I (€, 1) generated by I (1) together with

(1.5.2) (xg ) ® foralla € RY, 5,k € Z>0, k > max{0, A(he) —stry}.

In particular, Dg(¢, 1) is a quotient of Wy (A).
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The algebra Ur(g[t]) inherits a Z-grading from the grading on the polynomial
algebra C[t]. The ideals If (1) and If(¢, 1) are clearly graded and, hence, the
modules W (1) and Dg(¢, 1) are graded. If V is a graded module, let V[r] be
its r-th graded piece. Given m € Z, let t,,(V) be the Ur(g[t])-module such that
,(V)[r]=V[r —m]forall r € Z. Set

Dg(€, X, m) = 1,y (Dg(€, 1)).

Remark 1.5.1. Local Weyl modules were simply called Weyl modules in [Chari and
Pressley 2001]. Certain infinite-dimensional modules, which were called maximal
integrable modules in the same work, are now called global Weyl modules. The
modern names, local and global Weyl modules were coined in [Feigin and Loktev
2004], where the authors introduced these modules in the context of generalized
current algebras. We will not consider the global Weyl modules in this paper. We
refer the reader to [Chari et al. 2010; Fourier et al. 2012; Fourier et al. 2014] and
references therein for recent developments in the theory of global and local Weyl
modules for (equivariant) map algebras. See also [Chamberlin 2013] for the initial
steps in the study of the hyperalgebras of (equivariant) map algebras.

We are ready to state the main theorem of the paper.
Theorem 1.5.2. Let A € P,
(a) Ifgissimply laced, then Dg(1, L) and W (1) are isomorphic Ug(g[t])-modules.

(b) There existk > 1,m; € Z>¢, and A € P*t,j=1,...,k, (independent of )
such that the Up(g[t])-module W{ (L) admits a filtration (0) = Wy C W C
<o C Wi C Wi = WER), with

Wj/W/—l = Dﬂ:(l, )\ja H’Lj).

(c) For any a € F*, there exists an automorphism ¢, of Ur(glt]) such that the
pull-back of W (@, 4) by @, is isomorphic to Wi ().

@ Ifw= ]_[.’:-1:1 ®3;.a; for some m >0, 1; € Ptoaj e F*,j=1,...,m, with
a; #aj fori # j, then

Wi (@) = R) Wr(@3,.q,))-
j=1

Assume the characteristic of [ is zero. Then part (a) of this theorem was proved
in [Chari and Pressley 2001] for g = sl,, in [Chari and Loktev 2006] for type A,
and in [Fourier and Littelmann 2007] for types ADE. Part (b) was proved in [Naoi
2012]. Part (c¢) for simply-laced g was proved in [Fourier and Littelmann 2007]
using part (a) (see Lemmas 1 and 3 and Equation (15) of that reference). The same
proof works in the nonsimply laced case once part (b) is established. The last part
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was proved in [Chari and Pressley 2001]. We will make use of Theorem 1.5.2 in
the characteristic zero setting for extending it to the positive characteristic context.
Both [Chari and Loktev 2006] and [Fourier and Littelmann 2007] use the sl,-case
of part (a) in the proofs. A characteristic-free proof of Theorem 1.5.2(a) for sl, was
given in [Jakeli¢ and Moura 2014].

We will see in Section 3.5 that the class of modules Dg (£, A) form a subclass
of the class of Demazure modules. In particular, it follows from [Mathieu 1988,
Lemme 8] that dim(Dg (€, 1)) depends only on £ and A, but not on [ (see also
the remark on page 56 of [Mathieu 1989] and references therein). Together with
Theorem 1.5.2(b), this implies the following corollary.

Corollary 1.5.3. Forall » € P, we have dim W§ (1) = dim WED). ([l

As an application of this corollary, we will prove a conjecture of Jakeli¢ and
Moura, which we recall after quoting a theorem of theirs.

Theorem 1.5.4 [Jakeli¢ and Moura 2007]. Suppose @ € P and let . = wt(w), v
be the image of 1 in Wi (w), and La(w) = Up(g)v. Then L (w) is a free A-module
such that K @p La(w) = Wk(w). [l

Let w be the image of @ in P. It easily follows that F ®a La(®) is a quotient
of Wig(w) and, hence,

(1.5.3) dim Wik (w) < dim Wg(w).

It was conjectured in [Jakeli¢ and Moura 2007] that

(1.5.4) F®a La(w) = Wr(@).

We will prove (1.5.4) in Section 3.4. In particular, it follows that
(1.5.5) dim Wr(w) = dim Wz (3).

Remark 1.5.5. Theorem 1.5.2(d) was also conjectured in [Jakeli¢ and Moura 2007]
and it is false if F were not algebraically closed (see [Jakeli¢ and Moura 2010] in
that case). Observe that for all @ € P} there exists @ € P such that @ is the image
of @ in Pg. This is the main reason for considering A-forms instead of Z-forms.
The block decomposition of the categories of finite-dimensional representations of
hyper loop algebras was established in [Jakeli¢ and Moura 2007; 2010] assuming
(1.5.4) and Theorem 1.5.2(d). The proof of one part of [Bianchi and Moura 2014,
Theorem 4.1] also relies on these two results. Therefore, by proving (1.5.4) and
Theorem 1.5.2(d), we confirm these results of [Bianchi and Moura 2014; Jakelié
and Moura 2007; 2010]. A version of Theorem 1.5.2 for twisted affine Kac—Moody
algebras was obtained in [Fourier and Kus 2013] in the characteristic-zero setting.
We will consider the characteristic-free twisted version of Theorem 1.5.2 elsewhere.
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2. Further notation and technical lemmas

2.1. Some commutation relations. We begin recalling the following well-known
relation in Uz(g)

min{k,/}

@2.1.1) (x;)(l)(xa—)(k) _ Z (x(;)(k—m)<ha—k—l+2m>(x;_)(l—m)

m
m=0

forall € RT, 1,k € Z>¢. Since for all @ € R*, s € Z, the span of xiis, hy is a
subalgebra isomorphic to sl,, we get the following relation in Uz(g)

min{k,/}

(212) (xoz s)(l)(xa — )(k) = Z ()C —s)(k m)( k_l+2m)(x;:s)(lim).

m

Next, we consider the case when the grades of the elements in the left-hand side is
not symmetric.

Given m > 0, consider the Lie algebra endomorphism 7, of g induced by the
ring endomorphism of Clz, t~11, t — ™. Notice that the restriction of 7, to olz]
gives rise to an endomorphism of g[¢t]. Moreover, denoting by t,, its extension
to an algebra endomorphism of U(g), notice that Uz(a) is invariant under T,
for a = g, n*, b, &%, b, n¥[r], ble], ble]s. In fact 7, ((xE)®) = (xZ,,)® and
Tm(Aq,r) satisfies D, o Tn (Ao, Ju" = exp(— Dol hotms ‘) for all r, m € 7 and
a € R™. Consider the power series

Xy s () = Zxam(r st and AL () =T (A ).

Lemma2.1.1. Leta € RT,k, 1 >0,m > 0,s € Z. Then
) Vg ) ® = (DX s @) P AL, @), mod Uz(@Uz (),

where the subindex k denotes the coefficient of u* of the above power series. More-
over, if 0 < s < m, the same holds modulo Uz(g[t])UZ(n’L[t])%

Proof. The case m =1, s =0 was proved in [Garland 1978, Lemma 7.5] (see [Jakelié
and Moura 2007, Equation (1-11)]). Consider the Lie algebra endomorphism

Oy : g[a — s [, given by x&'fr — xjf res: The first statement of the lemma is obtained
from the case m = 1, s = 0 by applying (o5 o 7). The second statement is then
clear. U

Sometimes it will be convenient to work with a smaller set of generators for the
hyperalgebras.

Proposition 2.1.2 [Mitzman 1985, Corollary 4.4.12]. The ring Uz(§') is generated
by (xii)(k), ie€l,k>0andUz(g) is generated by (xii)(k), iel,k>0. O
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2.2. On certain automorphisms of hyper current algebras. Let a, b be such that
Uz(a) have been defined. Then, given a homomorphism of A-algebras f : Ua(a) —
Un(b), we have an induced homomorphism Uy (a) — Up(b). We will now use this
procedure to define certain homomorphism between hyperalgebras. As a rule, we
shall use the same symbol to denote the induced homomorphism in the hyperalgebra
level.

Recall that there exists a unique involutive Lie algebra automorphism i of g
such that xijE — xijF and h; — —h; for all i € I. It admits a unique extension to an
automorphism of g[#] such that ¥ (x ® f(¢)) =¥ (x) ® f(¢) forall x € g, f € Cl[z].
Keep denoting by ¥ its extension to an automorphism of U (g[¢]). In particular, it
easily follows that

(2.2.1) Y () ) =7 )% foralla € RT, r k> 0.

Since Uz(g[t]) is generated by the elements (x;fr)(k), it follows that the restriction
of ¥ to Uz(a) induces an automorphism of Uz(a), for a = g, b, g[z], blz], blz]+.
We have an inclusion P — Homz(Uz(h), Z) determined by

h; h;
22 uw((}))=("1") ad wem =pewww
foralli e I,k>0,x,y e Uz(h).
Therefore,

(2.2.3) M(w((}]‘c ))) - (_“k(h")) foralli e I,k >0, e P.

Suppose now that y is a Dynkin diagram automorphism of g and keep denoting
by y the g-automorphism determined by xijE > xff(i), hi = hy @y, 1 € 1. It admits a
unique extension to an automorphism of g[#] such that y(x ® f(¢)) = y(x) ® f(¢)
for all x € g, f € C[t]. Keep denoting by y its extension to an automorphism
of U(g[t]). Let y also denote the associated automorphism of P determined by
v(®i) = wy), i € I. In particular, y (a;) = a, ), i € I. It then follows that for
each @ € R™, k > 0, there exist si « € {—1, 1} (depending on how the Chevalley
basis was chosen) such that

(2.2.4) y (O ®) = e (x5, )® forall r > 0.

This implies that the restriction of y to Uz(a) induces an automorphism of Uz (a),
for any a in the set {g, nt, b, glt], nE[r], ble], ble1L). Ttis also easy to see that

(2.2.5) u(y((?{))) - ((V_l(’,j))(h")) forallie I,k >0, ueP.

We conclude this subsection by constructing the automorphism mentioned in
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Theorem 1.5.2(c). Thus, let a € F and a € A be such that the image of a in F is a,
and ¢; the Lie algebra automorphism of g[#]i given by x ® 1 — x ® (t —a). Keep
denoting by ¢; the induced automorphism of U (g[?]) and observe that ¢; is the
identity on Uy (g). One easily checks that

sl = Y T1(0) ok e vain.

ko+-+~+kr-=k s=0

Hence, ¢; induces an automorphism of Un (g[¢]). Notice that in the hyperalgebra
level we have

(2.2.6) GNP H(; )’“‘(_a)m_s)(xis)(ks).

ko+---+k,=k s=0

This justifies a change of notation from ¢; to ¢,.

2.3. Subalgebras of rank 1 and 2. For any o € R™, consider the Lie subalgebra of g
generated by x= which is isomorphic to sl,. Denote this subalgebra by sl,. Consider
also nf = CxF, b, = Ch, and b = Ch, @ Cx. Notice that Uz(g) N U (sly)
coincides with the Z-subalgebra Uz(sl,) of U(g) generated by (x(;t)(k), k>0
(see details in [Macedo 2013]). This implies that Uz(g) N U (sl,) is naturally
isomorphic to Uz(sly) and, hence, the corresponding subalgebra Ug(sly) of Ur(g)
is naturally isomorphic to Ug(sly). Similarly, for any o € R*,r € Z, the Lie
subalgebra s, , of g generated by xiir is isomorphic to sl and Uz(g) N U (sly, )
coincides with the Z-subalgebra of U(g) generated by (x;fi,)(k), k > 0. We shall
denote the corresponding subalgebra of Ur(g) by Ur(sl, ). We also consider
the subalgebra 5[ of g generated by xa r» I € Z and the subalgebra sl,[r] of g[]
generated by xa .7 >0. The correspondlng subalgebras Uf (sly) and Ug(sly[1])
of Up(g) are naturally isomorphic to U[F(slz) and Ug(sh[1]).

We will also need to work with root subsystems of rank 2. Suppose a, 8 € R™
form a simple system of a root subsystem R’ of rank 2 and let t denote a simple
Lie algebra of type R’. Denote by g, 4 the subalgebra of g generated by xE and
x;t, which is isomorphic to t. Notice that, for r, s € Z, the subalgebra g,;’; of §
generated by xjfir and xf; 4+, 18 also isomorphic to t. Let U (g, ) be the subalgebra
of Uz(g) generated by (x)®, (xfgt)(k), k>0, and U%(gg’,sﬂ) the subalgebra of Uz (§)
generated by (xéfi,)(k), (xéf jES)(k), k > 0. Proposition 2.1.2 implies that U%( O, p)
and U;(g,,") are naturally isomorphic to Uz(t). Recall that if a is a subalgebra
of U(g), then Uz(a) = U(a) NUz(g). As in the rank-1 case, we have

(2.3.1) Up(80p) = Uz(a,p) and  Uy(gy’s) = Uz(gy'y).
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The details can be found in [Macedo 2013]. It follows from (2.3.1) that Ug(g,, ﬂ) =
F®2 Uz(ga.) € Ur(g) and Up(gl'y) = F ®2 Uz(g)%y) € Ue(§) are isomorphic
to Ur(Y).

2.4. The algebra g, Another important subalgebra used in the proof of our main
result is the subalgebra g, generated by the root vectors associated to short simple
roots.

Let Agqy = {o € A: (o, @) < 2} denote the set of simple short roots. In particular,
if g is simply laced, As, = @. Let R;lr1 =7ZA4NRY and Ry, =Z AN R (and notice
that if g is not simply laced, Ry #{o € R: (o, @) <2}). Set Iy ={i € [ : otj € A}
and define Py, = @i cly Zw; and P;ﬂ = Py, N P*. Consider also the subalgebras
hsh = EBielsh Chi, b;i = hshean:l:l’ where n?}:l = @iaeR:}Z o> and Ish = n;h@hsh@n;'
Then if Ay, # @, gg, is a simply laced Lie subalgebra of g with Cartan subalgebra b,
and Ag, can be identified with the choice of simple roots associated to the given
triangular decomposition. The subsets QO , ;L, and the Weyl group Wy, are
defined in the obvious way. The restriction of (, ) to gy, is an invariant symmetric
and nondegenerate bilinear form on gg,, but the normalization is not the same as the
one we fixed for g. Indeed, (o, o) =2/r" for all @ € Rg,. The set {xojf, hi ae Rsqu’
i € Iy} is a Chevalley basis for gg,.

Observe that Uz(g) N U (gg,) coincides with the Z-subalgebra of U (g) generated
by (x5)®, & € Ag; and, hence, Proposition 2.1.2 implies that Ug(gg,) can be
naturally identified with a subalgebra of Ur(g). Similar observation apply to Uz (a)
fora= njl, Bsh-

Consider the linear map h* — b3, A~ X, given by restriction and let i, : b —b*
be the linear map such that iy, (&) = « for all @ € Agy,. In particular, isy () = u for
all u € b}, Given A € P, consider the function 1, : Psy — P given by

(2.4.1) M.(1) = isn(1) + A — in(R).
Lemma 24.1. If A€ PT, n¢€ PS+, and ju < X, then n;(n) € P™.

Proof. For each i € I, take m; € Z>¢ such that u = = Zi cly Midi. In particular,
M) = A =2 ;c;, mia;. Then for j € Iy, we have 0 (1) (hj) = p(h;) > 0, while
for j € I'\ I, we have n,(n)(hj) =A(h;) — Zielsh m;a;(h;) > A(h;) > 0. O

The affine Kac—Moody algebra associated to gg, is naturally isomorphic to the
subalgebra

Gsh = gn ®Clt, 71 ® Cc® Cd

of g, and under this isomorphism Ben is identified with hen @ Cc @ Cd. The sub-
algebras gg,[7] and ﬁ;i, as well as Pgn, Qg,, etc., are defined in the obvious way.
Moreover, Ur(gsh) and Up(gg,[t]) can be naturally identified with a subalgebra
of Ur(g).
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3. Finite-dimensional modules

3.1. Modules for hyperalgebras. We now review the finite-dimensional represen-
tation theory of Ur(g). If the characteristic of [F is zero, then Ur(g) = U(gf) and
the results stated here can be found in [Humphreys 1978]. The literature for the
positive characteristic setting is more often found in the context of algebraic groups,
in which case Ur(g) is known as the hyperalgebra or algebra of distributions of an
algebraic group of the same Lie type as g (see Part II of [Jantzen 2003]). A more
detailed review in the present context can be found in [Jakeli¢ and Moura 2007,
Section 2].

Let V be a Ur(g)-module. A nonzero vector v € V is called a weight vector
if there exists u € Ur(h)* such that hv = p(h)v for all h € Ug(h). The subspace
consisting of weight vectors of weight u is called a weight space of weight © and it
will be denoted by V),. If V = GBMEUF(IJ)* V.., then V is said to be a weight module.
If V,, #0, u is said to be a weight of V and wt(V) = {u € Ug(h)* : V,, # 0} is said
to be the set of weights of V. Notice that the inclusion (2.2.2) induces an inclusion
P — Ug(h)*. In particular, we can consider the partial order < on Up(h)* given
by u < Aif A —pu € O and we have

(3.1.1) x5OV, C Vg foralla e RT, k>0, u € Up(h)*.

If V is a weight-module with finite-dimensional weight spaces, its character is the
function ch(V) : Ur(h)* — Z given by ch(V)(u) =dim V,,. As usual, if V is finite-
dimensional, ch(V) can be regarded as an element of the group ring Z[Uf(h)*]
where we denote the element corresponding to u € Ur(h)* by e*. By the inclusion
(2.2.2) the group ring Z[ P] can be regarded as a subring of Z[Uf (h)*] and, moreover,
the action of W on P induces an action of W on Z[P] by ring automorphisms
where w - et = e"*.

If v € V is weight vector such that (x;))®v =0 for all @ € R*, k > 0, then v is
said to be a highest-weight vector. If V is generated by a highest-weight vector,
then it is said to be a highest-weight module. Similarly, one defines the notions of
lowest-weight vectors and modules by replacing (x;" )® by (x, )y,

Theorem 3.1.1. Let V be a Ur(g)-module.

(a) If V is finite-dimensional, then V is a weight-module, wt(V) C P, and
dimV, =dim V,, for all o € W, u € Up(b)*. In particular, ch(V) € Z[P]V.

(b) If V is a highest-weight module of highest weight A, then dim(V;) = 1 and
V,. is nonzero only if @ < A. Moreover, V has a unique maximal proper
submodule and, hence, also a unique irreducible quotient. In particular, V is
indecomposable.
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(c) Foreach ) € P, the Ug(g)-module Wg(\) given by the quotient of Ug(g) by
the left ideal Ir(\) generated by

UrmM)°,  h—a(h) and (x;)®, forallh € Us(h), @ € RT, k > A(hy),

is nonzero and finite-dimensional. Moreover, every finite-dimensional highest-
weight module of highest weight A is a quotient of WE(A).

(d) If V is finite-dimensional and irreducible, then there exists a unique ) € P*
such that V is isomorphic to the irreducible quotient Vy()) of Wg(A). If the
characteristic of T is zero, then W (X) is irreducible.

(e) For each . € P, ch(Wg(L)) is given by the Weyl character formula. In
particular, u € Wwt(Wg(X)) if and only if o < A for all o € W. Moreover,
WEA) is a lowest-weight module with lowest weight wgA. U

Remark 3.1.2. The module Wg(X) defined in Theorem 3.1.1(c) is called the
Weyl module (or costandard module) of highest weight A. The known proofs
of Theorem 3.1.1(e) make use of geometric results such as Kempf’s Vanishing
Theorem.

We shall need the following lemma in the proof of Lemma 5.2.5 below.

Lemma 3.1.3. Let V be a finite-dimensional Ug(g)-module, i € P, and a € R™.
If v e V, \ {0} is such that (x;)®v = 0 for all k > 0, then u(hy) € Z<o and
(x;‘)(_ﬂ(ha))v #0. 0

Remark 3.1.4. In characteristic zero, it is well known that the following stronger
statement holds: if v € V,, \ {0} is such that j(hy) € Z<p, then (x;)"F*)y =£ 0.
In positive characteristic this stronger statement is not true for all finite-dimensional
representations.

The next lemma can be proved exactly as in [Naoi 2012, Lemma 4.5].

Lemma 3.1.5. Let m; € Z>q,i € I,V be a finite-dimensional Ur(n™)-module, and
suppose v € V satisfies (x;)(k)v =O0foralli €1,k > m;. Then, givena € R™, we
have (x;)®v =0 for all k > Y ic; him; where n; are such that hy =Y _;; nih;.0]
3.2. Modules for hyper loop algebras. We now recall some basic results about
the category of finite-dimensional Ur(g)-modules in the same spirit as Section 3.1.
The results of this subsection can be found in [Jakeli¢ and Moura 2007, Section 3]
and references therein.
Given a Up(g)-module V and & € UF(E)*, let

Ve={veV:forallx U[F(E), there exists k > 0 such that (x — ";‘(x))kv = 0}.
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We say that V is an ¢-weight module if V = € V,,. In this case, regarding V as a

Ur(g)-module, we have wePr
VM:@V&, forall w € P and V:@Vu-
WEPF: LeP
wt(w)=pn

A nonzero element of V,, is said to be an £-weight vector of £-weight . An £-weight
vector v is said to be a highest-£-weight vector if Ur(h)v = Fv and (xg)Pv=0
forallaa € RT and all r, k € Z, k > 0. If V is generated by a highest-£-weight vector
of £-weight w, V is said to be a highest-£-weight module of highest £-weight .

Theorem 3.2.1. Let V be a Up(g)-module.

(a) If V is finite-dimensional, then V is an £-weight module. Moreover, if V is
finite-dimensional and irreducible, then V is a highest-£-weight module whose
highest £-weight lies in 9}’}“.

(b) If'V is a highest-€-weight module of highest £-weight @ € 97’}', thendimV, =1
and V,, # 0 only if © < wt(w). Moreover, V has a unique maximal proper
submodule and, hence, also a unique irreducible quotient. In particular, V is
indecomposable.

(c) For each @ € P, the local Weyl module Wg(®) is nonzero and has finite
dimension. Moreover, every finite-dimensional highest-£-weight module of
highest £-weight  is a quotient of W (w).

(d) IfV is finite-dimensional and irreducible, then there exists a unique € ?P;
such that V is isomorphic to the irreducible quotient Vi (@) of Wi (®).

(e) For € P and w € P, w is in wt(Wg(@)) if and only if © € wt(Wr(wt(w))),
or equivalently if wu < wt(®) for all w € W. (]

3.3. Graded modules for hyper current algebras. Recall the following elementary
fact.

Lemma 3.3.1. Let A be aring, I C A aleft ideal, B=TF @z A an F-algebra, and
J the image of I in B, that is, J is the F-span of {(1 ® a) € B :a € I}. Then
F®z (A/I) is a left B-module, J is a left ideal of B, and we have an isomorphism
of left B-modules B/J =F®z (A/I). U

We shall use Lemma 3.3.1 with A being one of the integral forms so that B is
the corresponding hyperalgebra.
Given 1 € P*, let I5(A) C Uz(glr]) be the left ideal generated by

Uz 1)’ Uz(b111)°  h—ah),  (x)®,
forall h € Uz(h),x € R™, k > A(hy), and set

Wz () = Uz(altD/1; (V).
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Similarly, if £ > 0 is also given, let Iz({, A) be the left ideal of Uz(g[¢]) generated
by

Uz 1), Uz(b[119)°, h—ah),  (xg )%,
forallh e Uz(h),a € R, s,k e Zs0, k > max{0, L(hy) — roﬂs}.

Then set
Dz(€, 1) =Uz(glt])/1z(L, 1).

Notice that W; (1) and Dz (¢, 1) are weight modules.

Since the ideals defining W (A) and Dy (£, 1) (see Section 1.5) are the images of
I5(}) and I7(¢, A) in Up(gl[t]), respectively, an application of Lemma 3.3.1 gives
isomorphisms of Ug(g[¢])-modules

WEQ) ZF®z Ws(h) and  Dg(f, 1) ZF®z Dz (L, A).

As before, Dz(£, 1) is a quotient of W;(A) for all A € Pt andall £ > 0. We
shall see next (Proposition 3.3.2) that the latter is a finitely generated Z-module
and, hence, so is the former. Together with Corollary 1.5.3, this implies that

(3.3.1) Dz (£, )) is a free Z-module.

The proof of the next proposition is an adaptation of that of [Jakeli¢ and Moura
2007, Theorem 3.11]. The extra details can be found in [Macedo 2013].

Proposition 3.3.2. For every A € P, the Uz(g[t])-module W5(1) is a finitely
generated 7-module.

We now prove an analogue of Theorem 1.5.4 for graded local Weyl modules.

Corollary 3.3.3. Let A € P and v be the image of 1 in WER). Then Uz(glt]v is
a free Z-module of rank dim(W¢ (X)). Moreover, Uz (glt])v = EBMEP(UZ(Q[[])U N
WE) ). In particular, Uz (glt])v is an integral form for WE(A).

Proof. To simplify notation, set L = Uz(n")v. Let also »# be as in the proof of
Proposition 3.3.2. Since v satisfies the relations satisfied by ¢, it follows that there
exists an epimorphism of Uz (g[¢])-modules Wz(A) — L, » — v. Since Wz(L) is
finitely generated, it follows that so is L. On the other hand, since L C Wé (A), it is
also torsion free and, hence, a free Z-module of finite rank. Since Uz(n™) spans
Um™) and WE(A) = U(n™)v, it follows that L contains a basis of W{(A). This
implies that the rank of L is at least dim(W¢(1)). On the other hand, C ®z L is
a g[t]-module generated by the vector 1 ® v which satisfies the relations (1.5.1).
Therefore, it is a quotient of W{(A). Since dim(C ®z L) = rank(L), the first and
the last statements follow. The second statement is clear since L is obviously a
weight module. (]
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Consider the category 9r of Z-graded finite-dimensional representations of
Ur(g[t]). Recall the functors t,, defined in the paragraph preceding Remark 1.5.1.
For each Ur(g)-module V, let evg(V) be the module in %f obtained by extending
the action of Ur(g) to one of Up(g[t]) on V by setting Ur(g[t]+)V = 0. For
re Pt reZ, set Vi(h, r) =ev,(VF(L)) where ev, = 1, o evy.

Theorem 3.3.4. Let A € P+,
(a) If V €% is simple, then it is isomorphic to Vi (X, r) for unigue (A, r) € PT x Z.
(b) W{(Q) is finite-dimensional.

(c) If V is a graded finite-dimensional Ug(g[t])-module generated by a weight
vector v of weight A satisfying Ur(mH[])% = U[F(h[t]+)0v =0,thenVisa
quotient of Wg (%).

Proof. To prove part (a), suppose V € 4 is simple. If V[r], V[s]#0Ofors <r € Z,
(-, VIk]) would be a proper submodule of V, contradicting the fact that it is
simpl_e. Thus there must exist a unique r € Z such that V[r] # 0. Since Ur(g[t]+)
changes degrees, V = V[r] must be a simple Ur(g)-module. This shows that
VZVg(A,r) forsome e PT,reZ.

To prove part (b), observe that W (1) =F ®z W;(A) (see Lemma 3.3.1). Thus
the dimension of W (1) must be at most the number of generators of W (1), which
is proved to be finite in Proposition 3.3.2.

To prove part (c), observe that the Ug(g)-submodule V' = Ug(g)v C V is a finite-
dimensional highest-weight module of highest weight A. Thus, by Theorem 3.1.1(c),
V' is a quotient of Wi (). The statement follows by comparing the defining relations
of V and W{(A). U

Remark 3.3.5. Denote by v the image of 1 in W (X). From the defining relations
(1.5.1) it follows that F ®z Uz(glt])v is a quotient of W (). It follows from
Theorem 1.5.2(b) that F ®z Uz(g[t]))v = W (2) for all A € P (see Section 3.4
below). Moreover, since F ®z Wz(1) = W (L), Theorem 1.5.2(b) also implies that
Wz(A) is free.

3.4. Proof of (1.5.4). The argument of the proof will use Corollary 1.5.3, the
characteristic-zero version of parts (c¢) and (d) of Theorem 1.5.2, and the following
proposition.

Proposition 3.4.1 [Naoi 2012, Corollary A]. Let . € P*. Then dim We) =
[Tic; (dim WE(w;)*®). O

We shall also need the following general construction. Given a Z>o-filtered
Ur(glt])-module W, we can consider the associated Ug(g[¢])-module gr(W) =
D,-o W5/ Ws_1, which obviously has the same dimension as W. Suppose now
that W is any cyclic Ur(g[t])-module and fix a generator w. Then the Z-grading
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on Ur(g[t]) induces a filtration on W. Namely, set w to have degree zero and
define the s-th filtered piece of W by W, = F*Ur(glt])w where F*Ur(g[t]) =
D, -, Ur(gltDI[r]. Then gr(W) is cyclic since it is generated by the image of w in
gr(W).

Recall the notation fixed for (1.5.4): @ € P, A = wt(w), @ is the image of  in
Pr. Also recall that, using (1.5.3), (1.5.4) will be proved if we show that

dim Wig(w) < dim Wk(w).

Fix w € Wg(w), \ {0}. Not only does w generate Wr(w) as a Up(g)-module,
but it also follows from the proof of [Jakeli¢ and Moura 2007, Theorem 3.11] (with
a correction incorporated in the proof of [Jakeli¢ and Moura 2010, Theorem 3.7])
that Ur(n™[t])w = W (@). Hence, we can apply the general construction reviewed
above to Wr(w). Set V = gr(Wr(w)) and denote the image of w in V by wv.
The module V is finite-dimensional and v is a highest-weight vector of weight A
satisfying Ur (h[t]5)%v = O (the latter follows since dim(V,) = 1, V is graded, and
Ur(h[t]) is commutative). Hence, v satisfies the defining relations (1.5.1) of W (&).
In particular,

dim Wi(w) < dim Wf (%).

Since dim W (1) = dim W (1) by Corollary 1.5.3, it now suffices to show that
dim Wi (1) = dim Wi (@).

For proving this, consider the decomposition of @ of the form

m
= l_[ W3;.a,
j=1

for some m > 0,a; € K*, a; #aj fori # j, »j € P* such that A = 3", &;. By
Theorem 1.5.2(d), in characteristic zero, W (w) = 3’1=1 Wik (@y;.q;)- In character-
istic zero, Theorem 1.5.2(c) implies that dim Wi (wy; 4;) = dim Wi (X). Hence,
m m
dim Wig(@) = [ [ dim Wg(x) = [ [ ] ] dim Wig (i)™
j=1 j=liel
= [ [ Wi(@)*" = dim W (0).
iel

Here, the second and last equality follow from Proposition 3.4.1 and the others are
clear. This completes the proof of (1.5.4).

Notice that all equalities of dimensions proved here actually imply the corre-
sponding equalities of characters. In particular, it follows that

(3.4.1) ch(We(@)) = [ [ch(WE ()" ™ * for all w € P}

iel
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3.5. Joseph—Mathieu—Polo relations for Demazure modules. We now explain the
reason we call the module Dg(¢, A) a Demazure module. We begin with the
following lemma. Let y be the Dynkin diagram automorphism of g induced by wy
and recall from Section 2.2 that it induces an automorphism of U (g[#]) also denoted
by y.

Lemma 3.5.1. Let A € PT, € > 0, and set \* = —woA. Let W be the pull-back of
Dg(£, A*) by y. Then Dp(£, \) =W

Proof. Let v € Dp(£, 1*);= \ {0}. By (1.5.1) and (1.5.2) we have
Ur(m™ )% = Up(b[11)°v =0, hv=21*()v,  (x,)Pv =0,

forall h € Up(h),a € R, s, k € Z>¢, k > max{0, A*(hy) —s€r,/}. Denote by w the
vector v regarded as an element of W. Evidently, W = Ur(g[¢])w. Since y restricts
to automorphisms of Ug(n*[¢]) and of Up(h[t]4), it follows that Ur(n*[t])°w =
Ur(h[1]+)°w = 0, while (2.2.5) implies that w € W,. Finally, (2.2.4) and (2.2.5)
together imply that

(xozs)(k)w =0 foralla € R, 5,k € Z>0, k > max{0, A(hy) — str,)}.

This shows that w satisfies the defining relations of Dg(€, A) and, hence, there
exists an epimorphism from Dg(¢, 1) onto W. Since (A*)* = A, reversing the
roles of X and A* we get an epimorphism on the other direction. Since these are
finite-dimensional modules, we are done. O

In order to continue, we need the concepts of weight vectors, weight spaces,
weight modules and integrable modules for Up(g’) which are similar to those for
Ur(g) (see Section 3.1) by replacing I with [ and P with P’. Also, using the
obvious analogue of (2.2.2), we obtain an inclusion P U[F(G/ )*. Let V be a
Z-graded Up(g’)-module whose weights lie in P’. As before, let V[r] denote the
r-th graded piece of V. For € P, say u = ' +md with ' € P, m € Z, set

Vy={veVim]:hv=pu' (h)vforall h e Ur(H)).

If V,, # 0 we shall say that u is a weight of V and let wt(V) = {1 € P V. #0}.
We record the following partial affine analogue of Theorem 3.1.1.

Theorem 3.5.2. Let V be a graded Up(g')-module.

(a) If V is integrable, then V is a welght module and wt(V) C P. Moreover,
dimV, =dimV,, forall o €°W nwEe P.

(b) If V is a highest-weight module of highest weight A, dim(V,) =1and V,, #0
only if uw < A. Moreover, V has a unique maximal proper submodule and,
hence, also a unique irreducible quotient. In particular, V is indecomposable.
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(c) Let A € P and m = A(d). Then the Ug(§')-module Wr(A) generated by a
vector v of degree m satisfying the defining relations

Ur@H)% =0, hv=A(v and (x;)Pv=0,

forall h € U[F([a/), i€ f, k > A(h;), is nonzero and integrable. Moreover, for
every positive real root o, we have

(3.5.1) (x)®v =0 forall k > A(hy).

Furthermore, every integrable highest-weight module of highest weight A is a
quotient of Wg(A). O

Given A € P+, o € W, the Demazure module VE (A) is defined as the Ug (6')-
submodule generated by W[F(A)U A (see [Fourier and Littelmann 2007; Mathieu
1989; Naoi 2012]). In particular, V7 (A) = V[;"(A) if o A =o' A for some o’ € W.
Our focus is on the Demazure modules which are stable under the action of Ug(g).
Since V{7 (A) is defined as a U[F(B’+)—m0dule, it is stable under the action of Up(g)
if, and only if,

(3.5.2) Ur(n ) Wi (A)gp = 0.

In particular, since V¢ (A) is an integrable Up(sl,)-module for any « € RT, itfollows
that (0 A)(hy) < O for all @ € R™. Conversely, using the exchange condition for
Coxeter groups (see [Humphreys 1990, Section 5.8]), one easily deduces that, for
alli e f, we have

) ©OWg(A)yn =0 forall k > 0

where e =+ if 0 A(h;) > 0and e = — if 0 A(h;) <O0. This implies thatif o A (h;) <0
foralli € I, then V7 (A) is Up(g)-stable. Thus, henceforth, assume (o A)(h;) <0
for all i € I and observe that this implies that o A must have the form

(3.5.3) oA =LAg+ wor+mé forsome A € P, meZ, and £ = A(c).

Conversely, given £ € Z>p, . € P™, and m € Z, since W acts simply transitively on
the set of alcoves of 6* (see [Humphreys 1990, Theorem 4.5.(c)]), there exists a
unique A € P such that £A¢+ wok +m8 € WA. Thus, if o € W and A € P+ are
such that

(3.54) oA =LAy+ woh +mé,

then V¢ (A) is Up(g)-stable. Henceforth, we fix o, A, wo, A, and m as in (3.5.4).
Notice that if y = +a + 58 € Rt with o € R, then

o Ahy,) = Fwoh(he) +slr).
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The following lemma is a rewriting of [Mathieu 1989, Lemme 26] using the above
fixed notation.

Lemma 3.5.3. The Us(6'")-module V(M) is isomorphic to the U (6')-module
generated by a vector v of degree m satisfying the following defining relations:
hv =0 A(h)v, h € Up(h'), Ur(blr]4) v = Up(n~[1]4)°v = 0, and

(3.5.5) (S )®v=0 foralla € R, s >0,k > max{0, —woA(hy) —stry}. O

Remark 3.5.4. Mathieu [1989] attributes Lemma 3.5.3 to Joseph and Polo. This
is the reason for the title of this subsection. The original version of this lemma in
[Mathieu 1989] gives generator and relations for any Demazure module, not only
for the U (g)-stable ones.

The following is the main result of this subsection.

Proposition 3.5.5. The graded Ug(g[t])-modules V{ (A) and Dg (€, A, m) are iso-
morphic.

Proof. It suffices to prove the statement for m = 0, so for simplicity we assume that
this is the case. Proceeding as in [Fourier and Littelmann 2007, Corollary 1] (see
also [Naoi 2012, Proposition 3.6]) we show that V¢ (A) is a quotient of Dg({, A).
Namely, let v be a nonzero vector in W[F(A) x Where u = woo A. Quite clearly v
generates V7 (A). It follows that v is an extremal weight vector and, hence, satisfies
the relations

(3.5.6) (x;)®v =0 for all k > max{0, Fu(h,)}

and all positive real roots y. In particular, taking y = a + s with « € R™ and
s > 0, it follows that

_:Uv(hy) = —A(hg) — Er(;/s <0,
showing (x; S)(k)v =0 for all £ > 0. Similarly, taking y = —« + 56, we get
—u(hy) = A(hy) — Er,;/S,

which shows that v satisfies the relations determined by (1.5.2). It remains to be
shown that U[F(h[t]+)0v = (. This can be proved as in [Mathieu 1989, Lemme 26].
Alternatively, this can also be shown by proving that there exists a surjective
map from D (£, 1*) to the pull-back of V7 (A) by the automorphism v defined in
Section 2.2 (similarly to what we do in the next paragraph), and then comparing
weights (one uses a vector as in Lemma 3.5.3 to prove the existence of such a map).
It now suffices to show that dim(Dg (¢, 1)) < dim(V (A)).

Now let v be in Dy (£, 1*),« \ {0}, W be the pull-back of D (£, A*) by v, and
w denote v when regarded as an element of W. Since Ug(n™ [1])%v = 0, and since



ON DEMAZURE AND LOCAL WEYL MODULES FOR AFFINE HYPERALGEBRAS 281

(3.5.2) implies that ¥ (Ur(n~[t])?) = Up(n*[])?, it follows that Up(n~[¢])°w = 0.
Also, ¥ restricts to an automorphism of Ur(h[#]+) and, hence, U[F(f)[t]+)ow =0.
Since hv = A*(h)v for all h € Up(h), (2.2.3) implies that hw = woAr(h)w for all
h € Ur(h). Finally, the defining relations of v and (2.2.1) imply that

i )Pw=(x; )®v=0 foralla € R, s > 0, k > max{0, 1* (hy) — s¢r,}.

Thus w satisfies all the defining relations of Vi (A) in Lemma 3.5.3. Hence, W is a
quotient of V7 (A) and therefore dim(W) < dim(V¢ (A)). Since dim(Dg(£, 1)) =
dim(Dr (€, A)) by Lemma 3.5.1, we are done. O

Corollary 3.5.6. Dg(¢, 1) is isomorphic to the quotient of Ug(g[t]) by the left ideal
I (¢, 1) generated by h — woA(h), h € Up(h), Up(hlt]+)°, Ur(n~[¢])°, and

(X&F,s)(k) foralla € R™, s > 0, k > max{0, —woA(hy) — slr,}. -

Remark 3.5.7. Observe that the difference between our first definition of Dg (£, 1)
and the one given by Corollary 3.5.6 lies on exchanging a “highest-weight generator”
by a “lowest-weight” one. More precisely, let v be as in Lemma 3.5.3. Then the
isomorphism of Proposition 3.5.5 must send v to a nonzero element in Dg(£, A) .
In particular, if w is in Df(€, A)y,a, it satisfies the relations listed in Lemma 3.5.3.
The second part of our proof of Proposition 3.5.5 differs from the one given in
[Fourier and Littelmann 2007, Corollary 1] in characteristic zero. It is claimed
there that a vector in Df (£, A),,,, must satisfy several relations, including (3.5.5),
without further justification. Proposition 3.5.5 implies that this is true, but we do
not see how to deduce it so directly (even in characteristic zero) since we cannot
use extremal-weight vector theory to such vectors Dg(£, A) a priori contained in an
integrable module for the full affine hyperalgebra.

Corollary 3.5.8. Let g = sl, and consider the subalgebra a = n™[t] ® h[t] &
nt[t]y C glt]. For €, A € Z>o, let I (£, 1) be the left ideal of Us(a) generated
by the generators of Ir(£, \) which lie in Ugp(a). Then, given k,l,s € Z>o with
k > max{0, A — s€}, we have

(3.5.7) P )™ € Up()Us )’ @ I(€, )
where i is the unique element of I.

Proof. The statement is a hyperalgebraic version of [Naoi 2012, Lemma 4.10] and
the proof follows a similar outline. Namely, by using the automorphism of g[]
determined by xij; — xfr, i €l,reZsg, we observe that (3.5.7) is equivalent to

(3.5.8) )P H® € Up(a)Us () + I (€, 1)

forall k,1,s € Z>¢, k > max{0, A — s¢}, where a~ =n"[t]+ ® h[r] ®nT[t] and
I[f (£, A) is the left ideal of Up(a™) generated by the generators of I (¢, 1) given



282 ANGELO BIANCHI, TIAGO MACEDO AND ADRIANO MOURA

in Corollary 3.5.6 which lie in Ug(a™). Since g[t] =a~ &n~, the PBW theorem
implies that

Ur(glt]) = Ur(@ ) Ur(n )’ @ Up(a™),

and, hence, (x;)® (x;)® = u +u" with u € Up(a™)Ur(n™)? and u’ € Up(a™).
Consider the Demazure module D¢ (£, 1) and let w € Dg(£, 1)_, \ {0}. It follows
from the proof of Proposition 3.5.5 that if k > max{0, A — s£}, then

w'w = ((xi_)(l)(x;;)(k) —u)w =0.

Since b'* = a~ @ Cc and a~ is an ideal of b'*, it follows from Lemma 3.5.3 that
I7 (€, 1) is the annihilating ideal of w inside Uy (a), and, hence, u’ € I/ (¢, ). O

4. Joseph’s Demazure flags

4.1. Quantum groups. Let C(g) be the field of rational functions on an indeter-
minate ¢g. Let also C = (¢;;); jei be the Cartan matrix of g, and d;, with i € I, be
nonnegative relatively prime integers such that the matrix DC, with D =diag(d; )¢y,

is symmetric. Set g; = qdi and form,ne Z,n >0, set
q" —q; "
[m]q, l—l_l, [n]qi! = [n]qi [n— 1](1,- ce [l]q,-s
qi — 4;

|:m:| _ [mlg,[m — 1y ...[m —n+1],
q [n] '

The quantum group U, (g') is a C(qg)-associative algebra (with 1) with generators
+ gl

l’l

ciel subject to the following defining relations for all i, j € I:
ki — k!

1
qi — 4;
1—cij

Z( " [ Ct}} (T =0, i # ).
q

i

kiki =1, kikp=kiki, kit =g xE A 1=8

i ]’ [

Let U, () be the subalgebra generated by xl.i, iel, and U, (Bi) be the subalgebra
generated by U, (A*) together with kiﬂ, iel.

We shall need an integral form of U ( @ ). Let Z, = Zlq, q -1, Uz, (7%) be the
Z 4-subalgebra of U, (H*) generated by (x )’"/([m]q,') i€ I m >0, and Uz, (8"
be the 7, subalgebra of U,(g') generated by Uz, (%) and k,, i €. Let also
Uz, (b%) = U, b5 N Uz, (§). Then Uz, (a), where a=§, A%, b*, is a free Z,-
module such that the natural map C(g) ®z , Uz, (a) = Uy(a) is a C(q)- algebra
isomorphism. In other words, Uz, (a) is a Z,-form of U, (a). Moreover, letting
Z be a Z,-module where g acts as 1, there exists an epimorphism of Z-algebras
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Z ®z, Uz, (a) = Uz(a), which is an 1som0rphlsm if a = A%, and whose kernel is
the 1deal generated byki—1,i¢€ I, fora= g, b

Given A € Pt let V,(A) be the simple (type 1) U,(g’)-module of highest
weight A. Given a highest-weight vector v € Vy(A), set Vz, (A) = Ug, M),
which is a Z,-form of V,(A). Given o € W and a nonzero vector v € V,(A)
of welght aA set V“ (A) = Ug, (A*)v, which is a free Z,-module as well as a
Uz, (b+) module, and C®Z V" (A) VE(A). In partlcular

4.1.1) V7 (A) = Z®z, VZ“q (A)
is an integral form of VZ(A).

4.2. Crystals. A normal crystal associated to the root data of g defined as a set B
equipped with maps ¢;, f; : B — B U {0}, ¢&;,¢; : B — Z, foreach i € I, and
wt: B — P satisfying

(1) &;(b) = max{n : e;b # 0}, ¢;(b) = max{n : f,-b # 0}, for all i € f, b € B;

2) @i(b) —€;(b) =wt(b)(h;), foralli e f, b € B;

(3) for b, b’ € B, b' = &b if and only if f;b' =b

(4) if b€ B and i € I are such that &;b # 0, then wt(é;6) = wt(b) + a;.
For convenience, we extend &;, f;, €;, ¢;, wt to BLI{0} by setting them to map 0 to 0.
Denote by € the submonoid of the monoid of maps B LI {0} — B LI {0} generated

by {e; :i € I}, and similarly define %. A normal crystal is said to be of highest
weight A € P if there exists by € B satisfying

wt(bp) = A, by =1{0), and Fbn=B

Given B’ C B and u € P, define B, = {b € B’ : wt(b) = 1} and define the character
of B” as ch(B’) = Zuep #B) el € Z[P]
Given crystals By and B;, a morphism from Bj to B is amap ¢ : By — B, {0}

satisfying

(1) if ¥ (b) # 0, then wt(y (b)) = wt(b), i (¥ (b)) = &i (D), ¢i (¥ (b)) = ¢ (b), for

alli e I;

(2) if &b # 0, then ¥ (&ib) = &Y (b);

(3) if fib #0, then Y (/ib) = fivr(b).
The set B; x B, admits a structure of crystal denoted by B; ® B, (see [Joseph 2003,
Section 2.4]). There is, up to isomorphism, exactly one family {B(A) : A € P*} of
normal highest-weight crystals such that for all A, u € P, the crystal structure of

B(A) ® B(u) induces a crystal structure on its subset F(b, ® b,,), the inclusion is a
homomorphism of crystals, and % (b, ® b,,) = B(A + ).
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Given a crystal B and o € W with a fixed reduced expression o = s;, ...s;,,
define

€ =" ... :m;jeNyC€ and F={f". . f":m;jeN}CF

1] 1]

If B=B(A), A€ Ptando e °W, define the Demazure subset B° (A) = b C
B(A). Then B?(A) is é-stable: €B? (A) C B? (A)L1{0}. It was proved in [Joseph
2003, Section 4.6] that ch(VZ(A)) = ch(B°(A)). This fact and the following
theorem are the main results of [Joseph 2003] that we shall need.

Theorem 4.2.1,.\ Let A, € P*. For any o € W, there exist a finite set J and
elements o; € W,b; € B°(A) for each j € J, satisfying

(1) b, ® B°(A) =UjeyBj where B; := %% (b, ®b));

(2) €(b,®bj) ={0};

(3) ch(B;) =ch(B% (v})), where v; = .+ wt(b;) € pPt.

Remark 4.2.2. The proof of Theorem 4.2.1 establishes an algorithm to find the
set J and the elements o}, b;.

4.3. Globalizing. The theory of global basis of Kashiwara shows, in particular,
that for each A € P, there is a map G : B(A) — V,(A) such that

(4.3.1) Vz,(M) = P 7,6).
beB(A)
the weight of G(b) is wt(b) and G(b,) is a highest-weight vector of V,(A).

Fix A, n e 13+, o €W and let J,bj,0j,vj, jbein J, be as in Theorem 4.2.1.
Let b be in B(A), and set VZ‘7 (A) = Uy, ()G (b). Similarly, let b/ be the
unique element of B; such that wt(b/ ) =o;v;. Choose a linear order on J such
that wt(b;) < Wt(bk) only if j > k. For J € J, let Y; be the Z,-submodule of
V() ® V; (A) spanned by G(b,) ® G(b) withb € By, k < j, and set

(4.3.2) yi=G(b,)® G(b;).
LetalsoZ;j =}, iUz, (07)(G(b,)®G (by)). Since J is linearly ordered and finite,
say #J = n and identify it with {1, ..., n}. For convenience, set Yy = {0}. Observe

that 0 =Yy, C Yy C--- C Y is afiltration of the Uz, (EA)J“)—module G(bp,)® VZG,, (A).
The following result was proved in [Joseph 2006, Corollary 5.10].

Theorem 4.3.1. Suppose g is simply laced and pu(h;) <1 foralli e I. Then:
(@) The Zy-module Y; is Uz, (8%)-stable for all j € J.

(b) Forall j € J,Y;/Y;_y is isomorphic to Vzoqj (vj). In particular, Y;/Y;_i isa
free Z,-module.



ON DEMAZURE AND LOCAL WEYL MODULES FOR AFFINE HYPERALGEBRAS 285

(c) Forall j € J, the image of {G(b,) ® G(b) :b € B;}inY;/Y;_yisaZ,-basis
Oij/ijl.
(d) Foreach je€J,Zjis Uy, (§')-stable and Y; = Z; N (G(bu) ® VZ”q (A)).

Remark 4.3.2. The above theorem was proved in [Joseph 2006] for any simply-
laced symmetric Kac—-Moody Lie algebra. However, as pointed out in [Naoi 2012,
Remark 4.15], the proof also holds for sl5.

It follows from Theorem 4.3.1 and the fact that G(b,,) is a highest-weight vector
of V,(A) (4.3.1) that

(4.3.3) Y=Y Uz, (H)y;.
k<j

4.4. Simply laced Demazure flags. Given £ >0, € PT . me€Z,let Dg(£, A, m) =
tn(Dr(¢, 1)) and Dz (€, &, m) = 1, (Dz (€, 1)).

Theorem 4.4.1. Suppose g is simply laced, let u be in Pt and ¢’ > £ > 0. Then
there existk >0, 1, ..., ux € P, my, ..., my € Z >0, and a filtration of Uz(g[t])-
modules 0 = Dy C Dy C--- C Dy = Dz(£, ) such that Dj and Dj/D;_ are free
Z-modules forall j =1, ..., k,and D;j/D;_| = Dz (¢, wj, mj). Moreover, for all
J € J, there exists v; € D; such that

(i) the image of vj in Dj/D;_; satisfies the defining relations of Dz (€', jj, mj);
(ii)) D; = stj Uz (n™[t])o.

Proof. The proof follows closely that of [Naoi 2012, Corollary 4.16]. First notice
that it is enough to prove the theorem for ¢’ = ¢+ 1. Then let A € P+ and weW be
such that wA = £Ag + wou, and let Vw (A) = Ug, (WT)G(b) where b € B(A)y,.

From Section 4.3, we know that the Uz, (b*) submodule G(bp,) ® Vw (A) C
V,(Ao) ® V,(A) admits a filtration 0 =Yy C Y C --- C Y. Foreach j = 1 Lk,
let D; =7 ®z, ¥j, and observe that

Dy =7®z,(G(bay) 8z, V7 (M)
= (Z®z,G(bay)) ®2 (282, V7, (M) =Za, ®2 Dz (¢, ),

where Z,, is a Uz(b*)-module on which Uz(#1)? and Uz(g)° act trivially and
UZ(G) acts by Ag. Moreover, as a Z-module it is free of rank 1. Thus Dy is
isomorphic to Dz (¢, u) as a Uz(g[t])-module. It follows from Theorem 4.3.1(d)
that D; is a Uz(g[t])-module for all j =1, ..., k and, hence, sois D;/D;_y. So
we have a filtration of Uz(g[t])-modules 0 = Dy C D; C - -C D, = DZ(E Ww.
By Theorem 4.3. l(b) Y;/Yi 1 = V (v]) for some o; € W and v € P. By
4.1.1) D;/D;_, = V (vj) Thus J/Dj | 1s isomorphic to Dz (£, uj, mj)
for some u; € Pt ,mj € Z and £; = v;j(c); see (3.5.3). Since all the weights
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of V,(Ap) ® V,(A) are of the form A + Ao — n for some n € Q+, and ¢;(c) =0
for all i € I, it follows that £; = £+ 1 for all ;.

Keep denoting the image of y; in D; by y; (see (4.3.2)). It follows that D; =
D k<) Uz(8T)y; by (4.3.3). Asin Remark 3.5.7, we now replace the “lowest-weight”
generators y; by “highest-weight generators”. Thus, let b;./ be the unique element
of B; such that wt(b;./) =woojv; =+ 1)Ag+ nj+m ;8 and let v; be defined
similarly to y; by replacing b} by b}’ . O

The next corollary is now immediate.

Corollary 4.4.2. Let g, u, 0, €, k, uj, j=1,...,k, be as in Theorem 4.4.1. Then
there exists a filtration of Up(g[t])-modules 0 = Do C D1 C --- C Dy = Dg(¢, ),
suchthat Dj/D;_y = Dg({', u;) forall j =1, ... k. O

5. Proof of Theorem 1.5.2

5.1. The isomorphism between Demazure and graded local Weyl modules. Re-
call that for g = sl, a characteristic-free proof of Theorem 1.5.2(a) was given in
[Jakeli¢ and Moura 2014]. Thus, assume g is simply laced of rank higher than 1
and recall from Remark 1.5.1 that Dg(1, 1) is a quotient of W§(A). To prove the
converse, let w be the image of 1 in Wy (4). In order to show that Wg(4) is a
quotient of Dg(1, A), it remains to prove that

(5.1.1) (xg ) ®Pw=0 foralla € RY, s > 0, k > max{0, A(hy) — s}.

Given o € R™, consider the subalgebra Up(sl,[¢]) (see Section 2.3) and let W,, be
the Up(sly[?])-submodule of W (L) generated by w. Clearly, W, is a quotient of
the graded local Weyl module for Ur(sl,[¢]) with highest weight A(h,), where we
have identified the weight lattice of sl, with Z as usual. Since we already know
that the theorem holds for sl,, it follows that w must satisfy the same relations as
the generator of the corresponding Demazure module for U (sl,[¢]). In particular,
(5.1.1) holds and so does Theorem 1.5.2(a).

5.2. A smaller set of relations for nonsimply laced Demazure modules. In this
subsection we assume g is not simply laced and prove the following analogue of
[Naoi 2012, Proposition 4.1].

Proposition 5.2.1. For all > € P, Dg(1, L) is isomorphic to the quotient of
Ur(g[t]) by the left ideal Iy (A) generated by

(5.2.1) Ur* D, Up(hlt1)°  h—a(h), ()%, (g )@

forallh € Ug(h),i € I\ I, o € R}, s >0,k > A(h;), £ > max{0, A(hg) —srV}.

Let w be in Dp(1, 1), \ {0} and V be the Ur(g[t])-module generated by a vector
v with defining relations given by (5.2.1). In particular, there exists a unique
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epimorphism V — Dg(1, A) mapping v to w. To prove the converse, observe
first that since (xl._)(k)v =0 foralli € I,k > A(h;), Lemma 3.1.5 implies that
(x(;)(k)v =0forall« € R", k > A(hy). In particular, V is a quotient of W (L) and,
hence, it is finite-dimensional. It remains to show that

(xy )®Pv=0 foralla € R*\ R}, s > 0,k > max{0, A(hy) — 57, }.
These relations will follow from the next few lemmas.

Lemma 5.2.2. Let V be a finite-dimensional Ug(g(t])-module, A be in PT, and
suppose v € Vy, satisfies Ur(n[t])%v = Up(h[t]1)°%v = 0. If « € RT is long, then
(x5.s)Pv =0 forall s > 0, k > max{0, A(hy) — s}.

Proof. Consider the subalgebra Up(sl,[?]) (see Section 2.3). By Theorem 3.3.4
(c), the submodule W = U (sl,[¢])v is a quotient of the local graded Weyl module
for Up(sly[t]) with highest weight A(hy). Theorem 1.5.2 (a) implies that W =
Dg (1, A(hy)) where the latter is the corresponding Demazure module for Ug (sl [7]).
In particular, v satisfies the relations (1.5.2). O

Lemma 5.2.3. Assume g is not of type G,. Let V be a finite-dimensional U (g[t])-
module, ) be in P, and suppose v € V_satisfies Ur(nt[t])°v = Ur(h[t]4)°v =0
and (xozs)(k)v =0 foralla € R:, k > max{0, A(hy) — 2s}. Then for every short
root y, we have (x}zs)(k)v =0forall s > 0, k > max{0, A(h,) — 2s}.

Proof. The proof will proceed by induction on ht(y). If ht(y) = 1, then y is simple
and, hence, y € R:ﬂ- Thus, suppose ht(y) > 1 and that y ¢ R:g. By [Naoi 2012,
Lemma 4.6], there exist o, 8 € R™ such that y = o + B with « long and 8 short.
Notice that {or, 8} form a simple system of a rank-two root subsystem. In particular,
h, =2hy + hg and, hence, A(h,) = 2A(hy) + A(hp).

Fix s > 0 and suppose first that A(h,) —2s > 0. In this case, we can choose
a,b € Zs¢ such that

a+b=s, A(hg)—a>0, and A(hg)—2b>0.

Indeed, » = max{0,s — A(hy)} and a = s — b satisfy these conditions. Then
Lemma 5.2.2 implies that (x, ,)®v =0 for all k > A(hy) — a, while the induction
hypothesis implies that (x5 ,)*v =0 forall k > A(h) —2b. Applying Lemma 3.1.5
to the subalgebra U[F(QZ:Z) (see Section 2.3), it follows that (x,; D®y =0 for all
k> 2(A(hy) —a)+ (A(hg) —2b) = A(h,) —2s.

Now suppose A(h,) —2s < 0; this implies s — A(hy) =5 — %(A(hy) —A(hg)) =
A(hp)/2 = 0. We need to show that (x;,,)®v =0 for all k > 0. Letting a = A(hq)
and b = s — A(hy), we have

a+b=s, A(hg)—a<0, and A(hg)—2b<0.
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Then Lemma 5.2.2 implies that (x,_, Y®y = 0 for all k > 0, while the induction
hypothesis implies that (xg )(")v = 0 for all kK > 0. The result follows from an
application of Lemma 3.1 5 as before. ([

It remains to prove an analogue of Lemma 5.2.3 for g of type G,. This is much
more technically complicated and will require that we assume that characteristic of
[ is at least 5. For the remainder of this subsection we assume g is of type G, and
set I = {1, 2} so that o is short. Given y = saj +las € RT, set s, =s. Set also

sy—1

.= P, ntil= P, a=nlH@bltlOntr].,

yeR* s=sy yeRT s=0

and observe that n*[¢]. and n™[r]_ are subalgebras of n™[¢] such that n*[¢] =
nt[¢]. @nT[t]-. The hyperalgebras Up(n*[t].), Us(n"[t].), and Ug(a) are then
defined in the usual way (see Section 1.3) and the PBW theorem implies that

(5.2.2) Ur(*[t]) = Up(n*[t]s) ® Up (T [t Up (" [1]2)°.
We now prove a version of [Naoi 2012, Lemma 4.11] for hyperalgebras.

Lemma 5.2.4. Given A € P™, let I/ ()) be the left ideal of Ug(a) generated by the
generators of Ir(L) described in (5.2.1) which lie in Up(a). Then

Ir(0) € IE () @ Up(a)Up(nt (1] 2)°.

Proof. Recall that Ip(A) is the left ideal of Up(g[t]) generated by the set $ whose
elements are the elements in Up(n*[7])°, UF(h[t]Jr)o, together with the elements

()= (7))

foriel, k,l,m,s € Z>9, m > A(hs), k > max{0, A(h;) —3s}. To simplify notation,
set U =Up(n™[t]<) and J = I{ (M) @ Up (a) Up(n[1]-)°. Observe that Up(a)J C J.
Therefore, since Up(g[t]) = Ur(a)U~ by (5.2.2) and we clearly have $ C J, it
suffices to show that

uls cu.

We will decompose the set .$ into parts, and prove the inclusion for each part.
Namely, we first decompose $ into (9 NUp(n™ [t])U[F(h[t])) L (9 NUr(n™ [t])), and
then we further decompose $ N Up(n™[¢]) as

()™ im > M)} u{(x )™ 15 € Zo0, k > max{0, A(hy) — 3s}}.

Since h[t] @ n™[¢] is a subalgebra of g[¢], the PBW theorem tells us that
Ur(m* [t DUp(h[1]) = Up(b[tD U (n*[1]), and therefore

UL ($ NUrmT DU (b12]) S Us (hIt D) Up(nT[1]).
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Now, by (5.2.2), Us(b[tDUr(n"[z]) € J, so U2($ N Us (@t [1DUE(b[2]) S J. In
particular, we have shown that

(5.2.3) Us(gltDUs (¥ [r])° < J.

It remains to show that

U($NUF(n™[t]) S J.

We begin by proving that U2 U (n,) € J, where n, is the subalgebra spanned
by x, . Consider the natural Q-grading on Up(g[?]), and for n € Q let Ug(g[t]),
denote the corresponding graded piece. Observe that m; := n*[f]- & n, is a
subalgebra of g[¢] and that

UUs(n3) € @D Uk (my),,
n

where the sum runs over Z-oa; @ Zay. Together with the PBW theorem, this
implies that
UUp(ny) € Up(n;)) UL € Up(a)U2 € J.

Finally, we show that U%$; C J, where $; = ($ N Ug(n{[])) and n| is the
subalgebra spanned by x, . Consider

sy—1

L= @ Py,

yeR \[ar} 5=0

which is a subalgebra of n™[¢] such that n*[t]- =n| ®n*[¢]L, where n] = Cx; .
Moreover, m; :=n"t [t]1< ©n, [7] is a subalgebra of g[] such that U (my), # 0 only
if n € Zoy @ Z>pa2 and U (my)g = C. This implies that

Ur(n ™ (11D Ur (7 [1]) = Uy [t Up (nF[11L)°.
Since U% = Ur(m)Ur(n™[111)% @ Ur(n)P, we get
U291 € (UrmH U [11L)° 4+ Up(])°) 94
C Us(mDHUs (] [IDUr(mT[11D)° + Up ()09,
C Up(gltDUr (™ [1])° + Us(n])°91.

The first summand in the last line is in J by (5.2.3) while the second one is in J by
Corollary 3.5.8 (with A = A(h;) and £ = 3) together with (5.2.3). O

Seth; =Ch;,i € I,and b =n"[t]® b[t]; b, ®nT[r]-. Observe that b is an
ideal of a such that a = b @ ;. One easily checks that there exists a unique Lie
algebra homomorphism ¢ : b — g[#] such that

$(x;,) =X, 4, forally e RT.
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Moreover, ¢ is the identity on h[z]+ + sl,,. Also, ¢ can be extended to a Lie
algebra map a — U (g[t]) by setting ¢ (h1) = h; — 3 (see [Naoi 2012, Section 4.2]).
Proceeding as in Section 2.2, one sees that ¢ induces an algebra homomorphism
Ur(a) — Ur(g[t]) also denoted by ¢.

We are ready to prove the analogue of Lemma 5.2.3 for type G».

Lemma 5.2.5. Let V be a finite-dimensional Ug(g(t])-module, . € P, and suppose
v € Vy satisfies Us(n*[1])% = Up(9l1]4)% = 0 and (x; )®v = 0 for all k >
max{0, A(hy) — 3s}. Then for every short root y, we have (x;s)(k)v = 0 for all
s >0, k > max{0, A(h,) — 3s}.

Proof. Notice that the conclusion of the lemma is equivalent to
(x, )® € Ir(1) forall s > 0, k > max{0, A(hy) — 3s)

for every short root y. Recall that the short roots in R are a, @ := a1 + ap and
¥ 1= 2a1 + ap while the long roots are o, B := 3a; + oy and 6 := 31 + 2a2. For
y =a, we have h,, = h| + 3h; and the proof is similar to that of Lemma 5.2.3 (the
details can be found in [Macedo 2013]). We shall use that the lemma holds for
y = « in the remainder of the proof. It remains to show that the lemma holds with
y = ¢'. Notice that hy = 2h| + 3h, and thus we want to prove that

(5.24)  (x; )W e Iz() forall s >0,k > max{0, 24 (hy) + 3A(ha) — 3s}.

We prove (5.2.4) by induction on A(4). Following [Naoi 2012], we prove the cases
A(hy) € {0, 1, 2} and then we show that (5.2.4) for A — 3w; in place of A implies it
for A. To shorten notation, set a = A(h1), b = A (hy).

(1) Assume a = 0. Since o € R}, it follows that (x;)®v = 0 for all k > 0.
By Lemma 5.2.2, we have (xis)(k)v = 0 for all £ > max{0, b — s}. Applying
Lemma 3.1.5 to the subalgebra U[F(ggﬁaz), it follows that (xy. S)(k)v = 0 for all
k > 3max{0, b — s} = max{0, 2a + 3b — 3s} as desired.

(2) Assume a = 1. This time we have (xl_)(k)v =0 forall k > 1. We split in 3
subcases.

(2.1) Suppose b > s — 1, and notice 2a + 3b — 3s > 0. Lemma 5.2.2 implies
(x3,)®Pv = 0 for all k > max{0, b — s} = b —s. Applying Lemma 3.1.5 to the
subalgebra Ug(gy?,,), it follows that (x; )®v =0 forall k > 2+ 3(b —s) =
2a +3b — 3s.

(2.2) Suppose b = — 1, in which case 2a +3b —3s < 0. Notice that hg = h1 +hy
and, hence, A(hg) =a+b=s. Lemma 5.2.2 then implies that (x,;s)(k)v =0 for all
k > 0. Notice that {—«, 8} form a basis for R. Since, (xfr)(k)v =0forall k >0,
Lemma 3.1.5 applied to the subalgebra Up( g(i’;h p) implies that (x; S)(k)v =0 for
all k > 0.
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(2.3) Suppose b < s — 1, in which case 2a 4+ 3b — 3s < 0. This time we apply
Lemma 3.1.5 to the subalgebra U[F(ga . ) Indeed, we have (x; 1)(")v = 0 for
all k¥ > max{0, a — 3} = 0 and Lemma 5. 2 2 implies that (x2 2)< v =0 for all
k > max{0,b — (s — 2)} = 0. Thus, since3(b —s) < —3 and a = 1, we have
max{0, 2a +3b —3s} = 0 and Lemma 3.1.5 implies that (x;’s)(")v =0 for all k > 0.

(3) Assume a = 2. We split in subcases as before.

(3.1) If b > s — 1, the proof is similar to that of step (2.1).

(3.2) Suppose b = s — 1, and notice that 2a 4+ 3b — 3s = 1. Hence, we want
to show that (5.2.4) holds for k > 1. For k > 3 we apply Lemma 3.1.5 to the
subalgebra Uf (géﬁ ;22) in a similar fashion as we did in step (2.3) (the same can be
conclude using the argument from step (2.2). For k € {2, 3} we need our hypothesis
on the characteristic of F. Assume we have chosen the Chevalley basis so that
xy =[x}, x5 ] and observe that (1.1.4) implies that [x;", x; ] = +2x, . Using this,
one easily checks that

(xl;,s)a) = (x;r)(Z) (xﬂ_,s)(Z) - %xr(xﬁ_,s)(Z)x?— - lxgsx;sxr :Fx,B_sxa_s'

Using the case y = o and Lemma 5.2.2 we see that x_ ;v = (x )(2)11 = 0. Hence,
since 2 € F*, (5.2.4) holds for k = 2. For k = 3, we have (xl,s)@) 1y (xy 0@
and, since 3 € F*, (5.2.4) also holds for k = 3.

(3.3) If b < s — 1 the proof is similar to that of step (2.3).

(4) Assume a > 3 and that (5.2.4) holds for A — 3w;.
(4.1) Suppose s > 2 and recall the definition of the map ¢ : Ug(a) — Ur(gl[t]). The
induction hypothesis together with Lemma 5.2.4 implies that

(x5, ® € [{(. — 3w) for all k > max{0, 2a +3b — 3s},
and therefore
() ® =gy, ™) € UL —3wy)) for all k > max{0, 2a + 3b — 3s).

One easily checks that ¢ sends the generators of / [E (A —3w1) to generators of Ir(A),
completing the proof of (5.2.4) for s > 2.
(4.2) For s = 0, notice that Ur(g)v is a quotient of Wr(}X), and (5.2.4) follows.
Equivalently, apply Lemma 3.1.5 to U[F(ga - az) = Ur(g) and the proof is similar to
that of step (2.1).
(4.3) If s =1 and b > 1, we have 2a + 3b — 3s > 0 and the usual application of
Lemma 3.1.5 to U[p(gw1 ) completes the proof of (5.2.4). If s =1 and b =0, we
need to show that (x ’1)(")1) =0 for k > 2a — 3.

Consider the subalgebra Ug(sly[t]) = Ur(sly[¢]) defined in Section 2.3. Since
A(hy) =2a, it follows that W := Ur(sly[t])v is a quotient of the Ur(sl,[¢])-module
Wi (2a), where we identified the weight lattice of sl; with Z as usual. Since
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Wi (2a) = Dg(1, 2a) by Theorem 1.5.2(a), the defining relations of Dg(1, 2a)
imply (xlil)(k)v = 0 for k > 2a — 1. It remains to check that (xl;I)(k)v = 0 for
ke{2a—2,2a—1)}.

Suppose by contradiction that (x; , )24=Dy £ 0, and notice that

(5.2.5) () (xy )P Py =0 for all k > 0.

Indeed,
() ey VY € WE(2a) —20-24—1)

is a vector of degree 2a — 1 > 1 for all £k > 0. By the Weyl group invariance of
the character of Wi (2a), we know that W (2a) 2,241y = 0 if kK > 1, and that
Wi (2a)—24-2(—1) is one-dimensional concentrated in degree zero if k = 1. This
proves (5.2.5). Then Lemma 3.1.3 implies that

(x;)(ZafZ) (xﬂ—’l)(Zafl)v # 0.
On the other hand, it follows from Lemma 2.1.1 that
P2y Dy = x5, o,

Since 2a — 1> 2 and 2a —3(2a — 1) = —4a + 3 < 0, it follows from step (4.1) that
Xy 941V = 0 yielding a contradiction as desired.
Similarly, assume by contradiction that (x;, 1)(2“_2)1) # ( and notice that

(x)®(x; )PPy =0 forall k > 1.

Suppose first that x; (x, 1)(2“_2)1) =0 as well. It then follows from Lemma 3.1.3

that 2a—4 2a-2
()PP (xy PP £0.

On the other hand, Lemma 2.1.1 implies that
2a-2
(x,;r)(za_‘” (xg’l)(za_”v = (x;’a_l)(z)v + Z X9 2q_2_pXg V-

r=a

Since a—1 > 2, step (4.1) implies that (xl;r)(k)v =0forallr >a—1, k >0, implying

that the right-hand side is zero, which is a contradiction. It remains to check the

possibility that x (x;, l)(2‘1_2)1) # 0. In this case it follows that x, (xﬁ_’ 1)(2“_2)11 isa

lowest-weight vector for the algebra Up(sly) and, hence, Lemma 3.1.3 implies that
(x;—)(Za—Z)xl; (x; 1)(2&—2)1) # O

Using (2.1.1) we get
(x;r)(Za—Z)x;(x;’I)(Za—Z)v — (x;(x;)(Za—Z) 4 (x;)(Za—3))(xl;’l)(2a—2)v'

Lemma 2.1.1 together with step (4.1) will again imply that the right-hand side is
zero. This completes the proof. (]
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5.3. Existence of Demazure flag. 1f g is simply laced, Theorem 1.5.2(b) follows
immediately from part (a) with £k = 1. Thus, assume from now on that g is not
simply laced and recall the notation introduced in Section 2.4.

Given A € Pt let u = A € PJr and v be the image of 1 in WE(2). Consider
W= U(gglt])v and W3 := Uz(gsh[t])v. By [Naoi 2012, Lemma 4.17], there is
an isomorphism of U (gy,[#])-modules W&h = Dc¢(1, n). By Corollary 3.3.3, W‘Zgh
is an integral form of Wg(u) = Dc(1, u). Hence, we have an isomorphism of
Uz (gg,[t])-modules WS = Dz (1, ).

Since gg, is of type A, Theorem 4.4.1 implies that there existk >0, @1, ..., g €
Pgh, mi, ..., mg € Z>p, and a filtration of Uz(gg,[¢])-modules O = Dy € Dy C

-C Dy = th, such that D; and D;/D;_; are free Z-modules, and D;/D;_1 =
Dz(rv, wj,mj) forall j=1,..., k. In particular,

(5.3.1) WZSh/Dj is a free Z-module for all j =0, ..., k.

Set A; = nu(uj) € Pt where 7, is defined in (2.4.1), Wé = Uz(g[t])D; and
W[F] =F®z Wé. It is easy to see that we have 0 = W[P - W[F1 c...C W[é‘, and
M = A since u; = . Hence, we are left to show that

Wl /Wi = De(1,0j,mj) forall j=1,...,k, and WEZWEQ).
Notice that Wf = Uz(g[t])v. Then Corollary 3.3.3 implies that Wg is an
integral form of W{(A). Since Z is a PID and Wf is a finitely generated, free
Z-module, it follows that WZJ is a free Z-module of finite rank for all j =1, ..., k.
Set WC = U(gltDD;. It follows from [Naoi 2012, Proposition 4.18] (which is

Theorem 1.5.2(b) in characteristic zero) that Wé / WJ - Dc(1, A j, m;) for all
j=1, , k. Moreover, since Wé =ZCQyz WZ, we have

C®z Wi/ Wi )= WL/ WLH) = De(, Aj.m)).
Therefore, W% / W%_l is a finitely generated Z-module of rank dim(D¢ (1, A;, m))
forall j=1,...,k. Since W/ W/™' = F®; (WJ/WJ™"), it follows that
dim(W{ /W ™") > dim(De(1, A}, m ) = dim(Dg(1, A}, m ).

Now, let v; € D; be as in Theorem 4.4.1, w be the image of v in Wf, ujeUznyl[r])
be such that v; = u v, and w; = u;w. It follows that

W)=Y Uz(glthv, and Wi = Ug(altDw,.
n<j n=j

We will show that the image w; of w; in Wj / Wj ~! satisfies the relations described
in Proposition 5.2.1, which implies that W] / W] Yisa quotient of Dg(1, A;, m )
and, hence, W/ / W/ ™' = D¢(1, kj,mj)for allj =1,...,k.
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By construction, v; is a weight vector of weight A ; and degree m ;, and so is w;.
Since D;j/Dj_i = Dz(r", uj, mj), it follows that

Ur(i (1) % ; = Ur(hg[t])°w; =0 and (x, )Pw; =0

for all ¢ € R;lg, s >0, k > max{0, A(hy) —sr”}, j =1, ..., k. Thus, it remains to
show that
CFO™Mw; = A w5 = () Pw,; =0

forallaeR+\R:,szo,r,m>O,k>kj(h[),j=l,...,k. Since,
(5.3.2) Aj+magr—QF foralla € RY\ R}, m>0,

we get (xi )™ w; =0 forall m > 0,5 > 0. In particular, it follows that w; is
a highest-weight vector of weight A ; and, hence, (x, Y B i j=0forall« € RT,
k > A(hy). Finally, we show that

(5.3.3) Aijywj=0 foralli e I\ I, r>0,j=1,... k.

Observe that
Aiyuj € Uz(ng)Uz(b[t]4).

In particular, A; ,v; € W‘ZSh N Wé. We will show that A; ,v; € D;_; which implies
(5.3.3). Let y; € Uz(ng) be such that A; ,u; = y; modulo Uz(ns_h)UZ(h[t]Jr)O.
Thus, we want to show that

(534) yjv e Dj—1~
We prove this recursively on j =1, ..., k. Notice that since C ®z (Wé / sz 71) =
Dc(1, Aj,m;), there exists n; € Z~¢ such that n;y;v € Wéfl,j =1,....,k. In

particular, since Wg =0 and WZ1 is a torsion-free Z-module, (5.3.4) follows for
j = 1. Next, we show that (5.3.4) implies

(5.3.5) Winwsh=D;.
Indeed, it follows from (5.3.2) and (5.3.4) that
W3 = Uz(n™ [1DUz(galthv; + W3

Since Uz(hsh[t]Jr)OUz(n:{l)ovj € D;_ and, by the induction hypothesis, Wéil N
Wﬁh = D;_1, (5.3.5) follows by observing that
Uz [thv)) NW3" € D;

(which is easily verified by weight considerations). Finally, observe that since
nji1yj+1v1sin Wé N Wgh = Dj, (5.3.1) implies that y; ;v € D;. Thus, (5.3.5) for
j implies (5.3.4) for j + 1 and the recursive step is proved.
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Remark 5.3.1. It follows from the above that W / W/ ™' = Dg(1, A, m ) for any
field F. Hence, W’/WJ ! must be isomorphic to Dz(l Aj,mj)forall j=1,... k.

It remains to show that W[F = Wg(A). Since Theorem 3.3.4(c) implies that
we have a projection Wf (L) — Wk of Ur(g[t])-modules, it suffices to show that
dim(W{ (k)) < dun(Wk ). This follows if we show that there exists a filtration 0 =
Wl c W1 - C WE=W¢ (1) such that WJ/WJ s aquotlent of Dp(1, Aj, m;)
forallj_l , k. Let w’ be the image of 1in W (1), w/ _ujw e W), W=
an Ur(g[t] )w C Wg(A), and w w be the image of w 1n W[F /Wg ! Observe that
W[F W (X). We need to show that w satisfies the deﬁmng relations of Dg(1, A;)
listed in Proposition 5.2.1. Let D = [F®ZD and D/ Zn</ Ur(ggn[t])w,,. Notice
that D; is a quotient of Wf(u) = Dy and let 77 : Dk — D;. be a Ur(gg,[t])-module
epimorphism such that v — w; (we keep denoting the image of v; in D by
v;). In particular, w;. = m(v;) and 7 induces an epimorphism D i = D;. for all
j=1,..., k. Hence,

xw; € D;'—1 for all x € Uz(gg[r]) such that xv; € Dj_;.
This immediately implies that
Ur(mi D)W’ = Us(b[11)°w; =0 and  (x, )®w; =0

foralla € R}, s >0, k > max{0, A(hy) —sr¥}, j=1,..., k. Note that (5.3.4) has
been used here. The relations

()™M = () Pw; =0

forallozeRJr\R:“,ieI\ISh,sZO,m>O,k>Aj(hi),j=1,...,kf0110wfr0m
(5.3.2) as before.

5.4. The isomorphism between local Weyl modules and graded local Weyl mod-
ules. We now prove Theorem 1.5.2(c). Recall the definition of the automorphism ¢,
of Ur(g[t]) from Section 2.2. In particular, let @ € A be such that its image in [ is a.
Denote by ¢ (Wr(w;,4)) the pull-back of W (w, ) (regarded as a Ur(g[¢])-module)

by ¢a.
Notice that

dim Wg(®;, o) = dim Wi (®;, ;) = dim Wi (L) = dim W ().

Here, the first equality follows from (1.5.4), the second from (3.4.1) (with F =
[K) together with Proposition 3.4.1, and the third from Corollary 1.5.3. Since
dim ¢} (Wr(®y 4)) = dim Wg(w;, o), Theorem 1.5.2(c) follows if we show that
@ (WE(@;.,4)) is a quotient of W ().

Let w € Wr(w;. ), \ {0} and use the symbol w, to denote w when regarded as an
element of ¢} (Wr(w;, 4)). Since Wr(w;, ,) = Ur(glt])w and ¢, is an automorphism
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of Ur(glt]), it follows that ¢} Wr(w, ») = Ur(glt])w,. Thus, we need to show
that w, satisfies the defining relations (1.5.1) of Wf(X). Since ¢, fixes every
element of Ur(g), w, is a vector of weight A annihilated by (x, YO for all o €
R™,k > A(hy). Equation (2.2.6) implies that ¢, maps Up(n*[¢]) to itself and,
hence, Ur(nt[¢])°w, = 0. Therefore, it remains to show that

Ur(h[t]4)°w, = 0.

To show this, let v be in Wix(w; )1 \ {0} and L = Un(glt])v. By (1.54), FQa L =
WE(w;. o). In particular, the action of U[F(h[t]+)0 on ¢ (Wr(w;, 4)) is obtained from
the action of UA(b[t]Jr)O on ¢X(Wi(w; z)) which, in turn, is obtained from the
action of UK(h[t]Jr)O. Since Uk (h[t]+) is generated by h; ., i € I,r > 0, we are
left to show that

hi,rva = 0,

where v, is the vector v regarded as an element of <p;f(WK (w;.z)). It is well known
that the irreducible quotient of Wic(w; z) is the evaluation module with evaluation
parameter a (see [Jakeli¢ and Moura 2007, Section 3B]). Hence, h; ;v = a*A(h;)v
foralli € I, s € Z. Using this, it follows that, for all i € I, r > 0, we have

hi Ve = (hi ® (t —@) v = z(; )@ hipsv =1 (h)@" i(;)el)w =0.

s=0 s=0

5.5. A tensor product theorem. We say that @, & € 97); are relatively prime if for
all i, j € I the polynomials w; (1) and 7 ;(u) are relatively prime in F[u]. The goal
of this subsection is to prove the following theorem from which we will deduce
Theorem 1.5.2(d).

Theorem 5.5.1. Suppose w, T € 97’; are relatively prime and that V and W are
quotients of Wr(w) and W (1), respectively. Then V ® W is generated by its top
weight space.

Theorem 5.5.1 was proved in [Chari and Pressley 2001] in the case F = C.
Although the proof we present here follows the same general lines, there are several
extra technical issues to be taken care of arising from the fact that Ug (g) is generated
by xoj(f,, a € RT,r € Z, while, in the case of Up(g), we also need arbitrarily large

divided powers of these elements. We start the proof by establishing a few technical

lemmas. Recall the definition of X, ((u) in Section 2.1 and set

Xos ) =X,y 1)

To shorten notation, we shall often write X . instead of X . (u).
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Fix @ € ?* and let w be a highest-¢-weight vector of Wi(w). Given 8 € RT,
define wg(u) € Flu] by

wg()w = Ag(u)w.

One can easily check (see [Chari and Pressley 2001, Lemma 3.1]) that if ¢ is the
highest short root of g and 8 € R, then there exists wy g € P such that

Wy = WgWy g.
Lemma 5.5.2. Forall B € R",k,l,s €Z,0 <1 <k, k > X(hg), we have

(@5 X5, “7") 0.

k+deg(wy,p) w=

Proof. We will need the following particular case of Lemma 2.1.1:
(5.5.1)

)0 D™ = (DX ) D Apw)),  mod Uz(§)Uz(RT)°

forall k,I,s € Z,0 <[ < k. It follows from (5.5.1) and the definition of wg that

(5.5.2) (0pX5, " ") w=0 forallk,I.s €Z,0 <1 <k, k > A(hp).
Hence, for such k, [, s, we have
_ (k=D (k=D
(wﬁ Xﬁ;s )k+deg(wz7,/s)w - (wﬁ’ﬂwﬂx s )k+deg(wz9,ﬂ)w
deg(wy,p) -
— (k=D
= Z (wﬁaﬂ)j (wﬂXﬂ;s )k-‘,—deg(wly,ﬁ)—jw = 0’

j=0
where the last equality follows from (5.5.2) since k +deg(wy,g) — j > A(hg). U

Let R = RY x Z x Z>( and E be the set of functions & : N — R given by
J & = (Bj,sj,k;), such that k; = 0 for all j sufficiently large. Define the
degree of £ tobe d(§) =) i k;. Let E;4 be the subset of functions of degree d and
E7 =Uy-q Bar- Given & € E such that £, = (B, s, k;) forall j e Nand k; =0
for j > m, set

(5.5.3) X =g ) (g ) and w® = xfw,

m>Sm

It will be convenient to write deg(wf )=d(¢) = deg(xs ). The next lemma is an
easy consequence of [Mitzman 1985, Lemma 4.2.13].

Lemma 5.5.3. Let o« be in RT,s € Z, d,k be in 7>y, and & be in E;. Then
xs(xozs)(k) is in the span of

{r ) Oxf Ux® g e EF ). 0
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Lemma 5.54. Let Bbein RT, kinZ,d,r,sinZso,r <s,s > A(hg) and & in Ey.
Then (w,;XE;k(r))swg is in the span of vectors of the form w* with ¢ € E7,_,.
Proof. If d = 0, it follows from (5.5.2) that (@ X}; k(r)) swé =0, which proves the

lemma in this case. We now proceed by induction on d. Thus, let d > 0 and write
ws = (xg, () - (xp ) w with ky # 0. Let also £ € E be such that

. {sj, ifj #1,

(B1,s1,0), ifj=1.
Then, by Lemma 5.5.3, we have

- - - k ! — k - ’ !
(wﬂX,B ik )swsz(wﬂXﬂ;k )s(xﬂl,ﬂ)( 1)w§ :(xﬂl,ﬂ)( l)(wﬁXﬂ;k )swS +Xw§

where X is in the span of {x* : ¢ € 7, }. In particular, Xw? is in the span of
vectors of the desired form. Since d(¢') = d — k; < d, the induction hypothesis

1mp11es that (wy X; )‘ & is in the span of vectors associated to elements of
B a s, Therefore, (xg ;)8 (@ X ")y wé' is in the span of vectors associated
to elements of E7; as desued O

Proof of Theorem 5.5.1. Let w,, and w, be highest-¢-weight vectors for V and W,
respectively. Let also

M = Up(9)(wy @ wy) = Ur(™ ) (we @ wy).

Our goal is to show that M = V ® W. Since the vectors wﬁ, ® wf,/, £,& € E span
V ® W, it suffices to show that these vectors are in M. We do this by induction
on d(&) 4+ d (&) which obviously starts when d (&) + d(&") = O since, in this case,

wa, ® wi = We @ Wy
Let n > 0, and suppose, by induction hypothesis, that

(5.54) wi@w € M forall £, &' € B such that d(§) +d (') <n.
In order to complete the induction step, it suffices to show that
(5.5.5) wh ® (xp )Vwh €M and (G5 )Vwh) @w € M

forall Be RT,r,lcZ,r>1,£ & € B, suchthatd(é)+d(E)+r=n+1. We
prove (5.5.5) by a further induction on r > 1. Henceforth we fix 8 € R™.
Observe that the hypothesis on @ and & implies that wy and my are relatively
prime. Therefore, we can choose R, S € [F[u] such that
Rwy + Smy = 1.
Set
8 =deg(Rwy) =deg(Smy) and m = max{wt(w)(hg), wt(m)(hg)}.

We claim that for all S eEBandke”Z,

(5.5.6) (Rwle )S e span({wg, : ¢ € ud(er}) forall s > m+3$.
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Indeed,
deg R

(Rwp X5, ") Z Ri (w9 X5, )y

and, since s — j > m+38 — j > m +deg(wy) > wt(w) (hg), the claim follows from
Lemma 5.5.4. Similarly one proves that

(5.5.7) (Sn,;X )S e span({w;, : ¢ € ud(g)+r}) foralls >m+36.

We are ready to start the proof of (5.5.5). Suppose d(§) + d(¢’) = n and let
£ > m+4. Then

(Rwy X5, )e(wh, @ wh)

= (Rwy X5, )ews) @ wh +wh @ (1 — Sm5) X5, 0w

= ((szle;k)zwﬁ,) ® wi/ —wl ® (Snnglg;k)gwi/ + ws) ®xl;e+kw§[/.
It follows from (5.5.6), (5.5.7) and (5.5.4) that ((Rwy X 5.,)¢we) ® ws and wi ®
(Sp X 5, )ewy, are in M. Since (Rwy X, e(ws, @ wy ) is in M by definition, it
follows that wf, ® xﬂ_; bk wi is in M for all k € Z, which proves the first statement
in (5.5.5) with r = L. The second statement is proved similarly by looking at
(S79 X ) (W, ® Wi ).

Letr >1,&,& € Ebesuchthat r +d(&)+d(E) =n+1 and set £ = r¢’ with
¢ such that £ > m + 6. Then

(Rwy X5, e (wh @ wh)
= (R0 X5, New) @ wh +wé @ (Rwy X5, )ews +v
= (Rwy X3, ") ews) @ wl +wf, ®((1—snﬁ)x— Dy ws +v

= (Rwp X, @

)ewh) @ wh —w ® (Smy X, Oy wé

+wf®(X‘ Oy w4
= (R0 X5, Newh) @ wh —wé ® (Smy X5, ") ews
+wi®(x;e,+k)(r)wi/ ®Xw "+,

where v is in the span of vectors of the form
(H(xmi)("")wf)) ® (l_[(xmj)(bj)wi) with 1 <a;, b; <r, Zai +ij =,
i J i J

and X is in the span of elements of the form

(g ) g )P (g ) withr 4y =1, O<rj<r
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Again, (Rwy X;;k @

(5.5.4), imply that

)e(w, ® ws ) is in M by definition, while (5.5.6), (5.5.7), and

((Rw,;X/g;k(r))gwf)) %Y wi/ €M and wi ® (SnﬁXlg;k)gwf: eEM.

By induction hypothesis on r, it follows that v and wf, ®X w,é,, are in M, which
then implies that wf,, ® (x; v +k)(’> wf,/ is in M for all k € Z, completing the proof of
the first statement of (5.5.5). The second statement is proved similarly by looking
at (Smp X5, ") e(wh @ wh). O

5.6. The tensor product factorization of local Weyl modules. Theorem 1.5.2(d)
clearly follows if we prove

(5.6.1) Wi (@) @ Wi (@2) = Wi(w@2)

whenever @, W, € 97)["{ are relatively prime.

In order to show (5.6.1), let w4, and w4, be highest-£-weight vectors for Wi (@)
and Wr(wy), respectively. It is well known that w4, ® v, satisfies the defining
relations of Wg(w; @), so there exists a Up(g)-module map ¢ : Wr(w@,) —
Wr(w1) ® Wr(w2) that sends wg,w, 10 Wy, @ We,. Theorem 5.5.1 implies that ¢
is surjective. Hence, it suffices to show that

(5.6.2) dim(Wr(w@2)) = dim(Wg(w1) @ Wr(®2)).

In fact, recall from Remark 1.5.5 that there exist wy, w, € QPg such that w; and w»
are the images of @; and @, in 9’;, respectively. It then follows from (1.5.4) that

dim(Wi(w®3)) = dim(Wk(wi®>2)) and

(5.6.3)
dim(Wi (@;)) = dim(Wg(w;)), i =1, 2.

On the other hand, it follows from Theorem 1.5.2(d) in characteristic zero that
(5.6.4) dim(Wk(@1®;)) = dim(Wk(w;)) dim(Wi (@2)).
Since (5.6.3) and (5.6.4) clearly imply (5.6.2), we are done.

5.7. Fusion products. We finish the paper with an application of Theorems 1.5.2
and 5.5.1 related to the concept of fusion products originally introduced in the
characteristic-zero setting. Namely, we deduce the positive characteristic counterpart
of [Naoi 2012, Corollary B] (compare [Fourier and Littelmann 2007, Corollary A]
for simply-laced g).

Let V and W be as in Theorem 5.5.1, set A = wt(w) + wt(xr), and fix v €
(V® W), \ {0}. Then Theorem 5.5.1 implies that V@ W = Up(g)v. In fact, as
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mentioned in Section 3.4, we actually have
VW =Ur(m [tDv.

Define the fusion product of V and W, denoted V x W, as the Ur(g[t])-module
gr(V ® W) with the module structure determined by v as described in the paragraph
after Proposition 3.4.1. Evidently, if we have a collection w1, . .., w,, of relatively
prime elements of QP; and, for each j € {1,...,m}, V; is a quotient of Wg(w;),
we can define the fusion product Vy % - - - % V), in a similar way.

Proposition 5.7.1. Let . € P™,m € Z.y and wj € 97’;, j=1,...,m,be relatively
prime and such that » = 3 _; wt(@;). Then
WEQ) = Wi(@1) * - - - % Wi (@p).

Proof. One easily checks that a vector in (Wp(w1) * - - - * Wr(®y,)), satisfies the
defining relations of Wy (1) (compare the proof of (1.5.4) in Section 3.4), showing
that Wr(w) * - - - * Wg(wy,) is a quotient of W (X). On the other hand, setting
@ =[], w;, we have
dim(Wg(wy) * - - - % Wg(@p))

=dim(Wp(1) ® - - - ® Wr(@y)) = dim(Wr(w)) = dim(Wf (1)). U

The following corollary, which is the characteristic-free version of [Naoi 2012,
Corollary B], is now easily deduced.

Corollary 5.7.2. Letm € Z.¢, A € Pt and aj € F*, j=1,...,m, be such that
a; #ajfori # j. Then, for ) =3""_ hj, WE(A) = Wi (@x,a)) * - - - % Wi(@3,,.4,)-
O
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ON CURVES AND POLYGONS
WITH THE EQUIANGULAR CHORD PROPERTY

TARIK AOUGAB, XIDIAN SUN, SERGE TABACHNIKOV AND YUWEN WANG

To the memory of Eugene Gutkin

Let C be a smooth, convex curve on either the sphere S?, the hyperbolic
plane H? or the Euclidean plane E* with the following property: there exists
o and parametrizations x(¢) and y(¢) of C such that, for each ¢, the angle
between the chord connecting x (¢) to y(¢) and C is « at both ends.

Assuming that C is not a circle, E. Gutkin completely characterized the
angles « for which such a curve exists in the Euclidean case. We study the
infinitesimal version of this problem in the context of the other two constant
curvature geometries, and in particular, we provide a complete characteri-
zation of the angles « for which there exists a nontrivial infinitesimal defor-
mation of a circle through such curves with corresponding angle «. We also
consider a discrete version of this property for Euclidean polygons, and in
this case, we give a complete description of all nontrivial solutions.

1. Introduction

Given a smooth, convex oriented closed curve C in the Euclidean plane E? and
x,y € C,x #y,let |xy| denote the oriented chord connecting x to y. Motivated
by his study of mathematical billiards, E. Gutkin [1993] asked the following:

Question 1. Assume the existence of parametrizations x(¢) and y(¢) of C such
that, for each ¢,

(1) x'(1), y'(t) #0;
(2) x(1) #y(@);
(3) there exists o € (0, ] such that both angles between C and |x(¢)y(¢)| equal «.

Then if C is not a circle, what are all possible values of «?

MSC2010: 37A45, 37E10, 52A10.
Keywords: mathematical billiards, capillary floating problem, geometric rigidity.
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Gutkin provides a complete answer to Question 1 by establishing the following
necessary and sufficient condition for «: there exists an integer k > 2 such that

(1-1) ktan o = tan(ka);

see [Gutkin 1993; 2012; Tabachnikov 1995]. In particular, only a countable number
of values of the angle o are possible.

In terms of billiards, the billiard ball map on the interior of C has a horizontal
invariant circle given by the condition that the angle made by the trajectories with
the boundary of the table is equal to «. This statement can also be interpreted in
terms of capillary floating with zero gravity in neutral equilibrium; see [Finn 2009;
Finn and Sloss 2009].

We call a curve satisfying this equiangular chord property a Gutkin curve; we
will refer to the corresponding angle « as the contact angle.

We generalize Gutkin’s theorem in two directions: to curves in the standard
2-sphere S? and the hyperbolic plane H? and to polygons in [E? via a discretized
version of Question 1. For S? and H?, we consider the following infinitesimal
version of Gutkin’s question:

Question 2. In either H? or S?, for which angles « are there nontrivial infinitesimal
deformations of a radius-R circle through Gutkin curves with contact angle «?

Here, a nontrivial deformation of a circle is a deformation that does not corre-
spond to a circle solution (of a different radius).
Our first result yields an answer to Question 2:

Theorem 1.1. Assume that a circle of radius R in S* or in H? admits a nontrivial
infinitesimal deformation through Gutkin curves with contact angle a. Define
angles c via

cotc = cos R cota

in the spherical case and
cotc = cosh R coto

in the hyperbolic case. Then there exists k € N, k > 2, such that
ktanc =tankc.

Thus, as in the Euclidean case, only a countable number of values of the contact
angle « are possible for a given radius R.

Note that, in the Euclidean plane, Gutkin curves with contact angle o = /2 are
precisely the curves of constant width; the same holds in the spherical and hyperbolic
settings; see [Leichtweiss 2005] for curves of constant width in non-Euclidean
geometries.
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Figure 1. Gutkin (6, 2)-gon and (12, 4)-gon.

In Section 4, we consider the following analog of Gutkin’s theorem for polygons
in E2. Let P be a convex n-gon with vertices {vo, ..., v,—1} in their cyclic order.
Fork e N, 2 <k <n/2, a k-diagonal is a straight line segment connecting vertices
of P whose indices differ by kX modulo n. Then P is a nontrivial Gutkin (n, k)-gon
if P is not regular and there exists « such that, for any k-diagonal D, both contact
angles between D and P equal o (see Figure 1 for examples). That is, for each i,

LV 410 Vg = LV p—1 V44 Vi = &,

where Zv;41v;v; 4 denotes the angle between the edge |v;;v;| and the k-diagonal
[V Vi k|-

Our second result is a complete characterization of the pairs (n, k) for which a
nontrivial Gutkin (n, k)-gon exists:

Theorem 1.2. A nontrivial Gutkin (n, k)-gon in the Euclidean plane exists if and
only if n and k — 1 are not coprime.

Interestingly, the main ingredient of our proof is the Diophantine equation

krm T km rmw
tan —— tan — = tan — tan —,
n n n n

which is a discrete version of (1-1). This equation also appeared in [Tabachnikov
2006], and it was solved in [Connelly and Csikds 2009].

2. A proof of Gutkin’s theorem in E>

Although the existing proofs of Gutkin’s theorem in E? [Gutkin 1993; 2012; Tabach-
nikov 1995] are very clear and simple, our goal in this paper is to study the situations
in S? and H?. Therefore, in this section, we reprove (the necessary part of) Gutkin’s
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Y

Figure 2. Curve I with chord xy.

theorem using methods that can be applied to the other constant-curvature settings.
This proof is motivated by the study of integrable billiards by M. Bialy [1993; 2013].

Let 7 : R — R? be a periodic unit-speed parametrization of a smooth strictly
convex curve I'. For x, y € R, let X and Y be the points y(x) and y (y), ¢ and
the angles made by the chord XY with I', and L = |XY| the length of the chord,
the generating function of the billiard ball map. See Figure 2.

We have
L,=—cos¢, Ly,=cosy,
(2-1) sin ¢ sin ¥ sin” ¢ ) sin® yr .

where « is the curvature of the curve and subscripts denote partial differentiation;
see, e.g., [Bialy 1993].

We interpret L(x, y) as a function on the torus I' x I'. If T is a Gutkin curve
with contact angle «, then there exists a curve s on this torus where both angles, ¢
and v, have the same constant value «.

We seek a reparametrization y (¢ (x)) = 7 (x) so that the values #(x) and #(y) of
the new parameter at the points X and Y differ by a constant: 2¢c = £(y) — ¢ (x).
Denote d/dt by a prime.

Proposition 2.1. The parameter t is determined by the condition x' = a/k(x),
where a is a constant.

Proof. Since « is constant as a function of ¢,

(2-2) 0=Ly=Lyx"+Lyy and 0=Ly =Lyx"+Lyy.

This implies that L, L, = L)%y along our curve, and substituting from (2-1), we
have

(2-3) sin o n sin o _
k(x) k()
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We compute y’/x’ from (2-1)—(2-3),

y Lyy sin « _ k(x)

x' Ly, «k@)L-—sina «(y)’

which implies the claim. ([

Since the curvature is the rate of turning of the direction of the curve, Proposition
2.1 defines (up to a multiplicative coefficient) the angular parameter along the curve.
Note that 0 <x < L(y) and 0 <t < T, where T is the upper bound of ¢ and L(y)
is the length of y. It follows that

T 1 L(y)
T=/ dt=—/ k(x)dx.
0 aJo

Choose a = 1 to make T = 27, which agrees with the angle. Then ¢ = «.
In view of Proposition 2.1, we set

sin o and £ £t +a) sin o
= o) = .
k(x) 2 k(y)

fii=f—-a)=

From (2-3), we have

I— k(x)sina + Kk (y) sina
Kk (XK (y)
It follows that L’ = f| 4 f,. By the chain rule, we have

= fi+ fo.

Lox'+ Lyy =cota(fr— f1) = fl+ f5,
and therefore,
(2-4) flt+a)+ f(t —a) =cota(f(t+a)— f(t —a)).

Since f(¢) is a function with period 27, using the Fourier expansion, we obtain
f(t)=>bre*, where by € C and b_; = by. Thus,

fxa) = bef* et and  f'(r+a) =Y brikeT ket
Let LHS be the left-hand side of (2-4) and RHS the right-hand side. It follows that
LHS = Y brik(e’* 4 e7*@)el*  and RHS = cota Y by (e'*® — e7Hk*) ik,
Equating both sides, we have
by (k coska — cota sinka) = 0.
For k = 1, this automatically holds, and if b; # 0 for some k > 2, then

ktan o = tan k.
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If the curve is a circle, then f(¢) is constant and all b; = 0, and if the curve is
not a circle, then by # 0 for some k£ > 1. It remains to show that by = 0.

Recall that x is arc length and ¢ is the angular parameter on the curve y. Then
yx = (cost, sint) and dt /dx = k. Therefore,

1 2w
Yy = ;(cos t,sint) and / v, dt = 0.
0

2w 21 o
CcoSt sin ¢
/ —dr= / — dr =0;
0 K 0 K

that is, the function f is L?-orthogonal to the first harmonics. Hence, f has no first
harmonics in the Fourier expansion; that is, b; = 0.

Hence,

3. Infinitesimal analogs of Gutkin’s theorem in S? and H?

We prove Theorem 1.1 in detail for S?. The hyperbolic case being analogous, we
only indicate the necessary changes.

Let y be a Gutkin curve, and as before, let x and y be arc length parameters.
Then ¢ and i should have constant value, namely, the contact angle «. By [Bialy
2013], we have the following formulas for the first and second partials of L (valid
along the curve s C I' x I'):

Ly=—cosa, Ly=cosa,
G-1) L sin? « sin? « )i L sin? « ()i
- = —, = —k(x)sino, , = —K sin .
* sin L o tan L i tan L Y

(The function « is the geodesic curvature of the curve.) Once again, we seek a
parametrization on the curve such that the values of the parameter at points x and y
differ by a constant: 7(y) = t(x) + 2c.

Proposition 3.1. The desired parametrization y (t) is given by the equation

a

VK2(x) +sin’ « ,

/
X =

where a is a constant.

Proof. Equation (2-2) holds along our curve as before, so Ly Ly, = L)%y. Substitute
from (3-1) to obtain the equation

(3-2) <K ) — sin o ) (K o) — sina) _ sin o

tan L tan L sin? L’
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Then we can compute y’/x" from (2-2),

sin o
y Lix (K(x)— sinoc)sinL _ fe(x) — tan L

33 =- — = ,
L tan L / sin« / sin o
)= tan L

x/
with the last equality due to (3-2). Next, we claim that

Xy

sin o
tan L V&2(x) +sin’«

sina Vi2(y) + sina’
K (y) =
tan L

K(x) —

(3-4)

which, along with (3-3), implies the statement of the proposition.
It remains to prove (3-4). Rewrite (3-2) as

sin o

tan L

K (X)K (y) — (ke (x) +k (y)) —sin® & = 0,

and multiply by «(y) — « (x) to obtain

sin o
tan

sino

Kk (0K (y) — — sz(y) + K (x) sin” @ = k2 (0)k (y) —

or

(()—“ﬂ)<2<)+'2)— () — MY (2(0) it a)
K(X tanL K y SiIn" o) = Ky tanL K (X Sin~" o).

This implies (3-4).
We choose a in such a way that
L(y)

vV Kz(x) +sinadx =27

in order to make Fourier expansion more convenient.
Define a function f on the curve by

(3-5) r=1
a Jo

(3-6) cot f = ——.
Sin o

311

sz(x) +Kk(y)sin® a,

Remark 3.2. The meaning of the function f is illustrated in Figure 3. Let O be
the center of the osculating circle at point x € y, and let R be its radius. Then
cot R = k(x). Drop the perpendicular from O to the segment xy. Then we have a
right triangle Px O with an angle /2 — «. Solving a right spherical triangle yields

cot|Px|sina = cot R. Hence, f = |Px].

Denote by f; and f, the values of this function at points y and x.
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X

Figure 3. Geometric interpretation of the function f.

Proposition 3.3. One has
(3-7) acota(sin fi —sin f2) = f{ + f5.

Proof. First, note that Proposition 3.1 and (3-6) imply that

a sin
(3-8) x'=— f.
sin o
Next, as before, L, L, = L)zcy, and substituting from (3-1), we obtain
cot L — K (x)k(y) —sin® o

k(x)sina 4+« (y)sina
Substituting « (x) and « (y) from (3-6) yields

cot ficot fr — 1
cotL = ————
cot f1 +cot f>

Thus, L = fi + f», and hence, L' = f{ + f,. By the chain rule,

= cot(f1+ f2).

L [y = 9C0s
=Lyx Lyy =

(sin fi —sin f3),

sin o

where the last equality is due to (3-1) and (3-8). This implies the statement.

Remark 3.4. Equation (3-7) appeared in [Tabachnikov 2006] in a study of a differ-
ent rigidity problem also related to a flotation problem (Ulam’s problem on bodies
that float in equilibrium in all positions) and to a problem of bicycle kinematics.

Equation (3-7) is an analog of (2-4), but unlike the Euclidean case, it is nonlinear,
and we do not know how to solve it. Thus, we resort to linearization of the problem,
that is, start from a circle y; of radius R and then deform it to find infinitesimal

solutions.
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Write f1(¢t) = f(t+c¢) and f>(t) = f(t — ¢), where the constant ¢ depends on
the Gutkin curve and the contact angle (in the Euclidean case, ¢ = «). For a circle
on S%, we compute the relation between R, o and ¢ and the value of a.

Lemma 3.5. One has

cosc _
cosa = or equivalently cotc = cos R cota,

Vsin? R cos? ¢ + cos? R

and

a = v/cos? R +sin® a sin? R.
Proof. The circle of radius R is parametrized as
1o(t) = (sin R cost, sin R sint, cos R),

where ¢ € [0, 2r]. We need to find the angle « made by the geodesic segment
[Yo(—=c), yo(c)] with this circle.
The great circle through points yy(—c) and yp(c) is the parametric curve

cos
I'(s)= ¢ (sinRcosc, 0,cos R) +sins(0, 1, 0),

\/sin2 Rcos2c+cos? R

and I'(sg) = yo(c) for sinsg = sin Rsinc. It remains to compute the velocity
vectors dI"(s)/ds and dyy(t)/dt, evaluate them at s = 5o and ¢t = ¢, respectively,
and compute the angle between these vectors. This straightforward computation
yields the first formula of the lemma. A calculation using trigonometric identities
yields the simpler, equivalent, formula.

To obtain the formula for a, note that the length and the geodesic curvature of
the circle yp are equal to 277 sin R and cot R, respectively. Then (3-5) yields the
result. U

Remark 3.6. A referee pointed out that this lemma can be proved, in a simpler
way, by applying formulas of spherical trigonometry to the spherical triangle X P O
in Figure 3.

Now we are ready for the proof of Theorem 1.1 in the spherical case. Let y, be a
circle of radius R. Then the function f is a constant satisfying cot f =cot R/ sin«
(see (3-6)), and the constants ¢ and a are as in Lemma 3.5. Consider an infinitesimal
deformation of the curve in the class of Gutkin curves with the contact angle «.
Then f, ¢ and a deform as

f f+egt), cr—>c+ed, ar>a+ep,
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where g(¢) is a 2w -periodic function and all the previous relations hold. Substitute
into (3-7):

(a +&p) cota(sin(f + eg(r + ¢+ &8)) —sin(f +eg(t — ¢ — 3)))
=e(g (t+c+ed)+g'(t—c—ed)).

Computing modulo &? yields
acotacos f(g(t+c)—gt—c) =gt +c)+g'(t—c).

As before, this implies that, if g(¢) is not a constant (which would correspond to a
trivial deformation to a circle of possibly different radius), then

kcoskc =acotwacos f sinkc

for each k for which the Fourier coefficient b; # 0. Substituting the values of the
constants f and a and eliminating « using Lemma 3.5 yields, after a straightforward,
albeit tedious, computation,

kcoskc =cotcsinkc or ktanc=tankc.

For k = 1, this formula holds for all ¢, and it remains to explain the condition
k > 2 in the formulation of the theorem. The next proposition shows that the first
Fourier coefficient b vanishes.

Proposition 3.7. The function g(t) is L?-orthogonal to the first harmonics; that is,
its Fourier expansion does not contain cost and sint.

Proof. Let ¢ and 6 be the spherical coordinates. Recall that the spherical metric is
sin” 6 dg?* + db?. The unperturbed curve yy(t), the circle of latitude of radius R,
has the coordinates (¢, R). Consider its infinitesimal deformation

ye(t) = (t +ef(1), R+e3(1)),

where f and g are 2m-periodic functions. The curvature of yp is cot R. Let
cot R+¢k(t) be the curvature of y,. Here and below, all computations are modulo 2.
Due to (3-6),

sina cot(f +¢eg(t)) =cot R + ck(t);

hence, up to a constant multiplier, g = k. We shall compute k(¢) and show that it is
free from first harmonics.

We shall use Liouville’s formula for curvature of a curve in an orthogonal
coordinate system (u, v); see, e.g., [do Carmo 1976]. Recall this formula. Let i
be the angle made by the curve with the curves v = const, let K, and K, be the
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geodesic curvatures of the coordinate curves v = const and u = const and let x be
the arc length parameter on the curve. Then the curvature of the curve is

dy .
(3-9) d—+Ku cos Y + K, sin .
x

Here u and v are the longitude and latitude, so K, =0 and K, (¢, 8) = cotf.
Since

x =sinfcosep, y=sinfsing, z=cosH,
one has

Ve = (sin Rcost+&(g(t) cos Rcost — f(t)sin Rsint),
sin Rsint + &(g(t) cos Rsint + ]_”(t) sin R cost), cos R —eg(t) sin R).

Then

/

Vo= (— sin R sin r+&(—g cos R sint+g’ cos R cost— f sin R cost— f’ sin R sint),
sin R cost +&(gcos Rcost + g cos Rsint — fsin Rsint + f'sin R cost),
—eg'sin R).

It follows that
|yl = sin R +¢&(g cos R + f'sin R).

The angle ¥ between y, and the circles of latitude is infinitesimal. Therefore,
cos ¥ = 1 (modulo &?). Using the formula for y/, one computes this angle:

g’
sinR’

Y=—c

(The minus sign is due to the fact that increasing g pushes the curve down to the
equator.) Hence,

day _y'_ ¥ _ . g'(t)
dx x|yl sin R’

Finally,
g()

cotd =cot(R+¢eg(t)) =cotR —e— >
sin“ R

Now (3-9) implies that, up to a constant factor, k() = g(¢t) + g”(¢). Since the
differential operator d?/dx? + 1 “kills” the first harmonics, the result follows. [J

This concludes the proof in the spherical case.
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For the case of H?, we apply a similar method, so we briefly describe the
differences. The formulas for the partials of L read [Bialy 2013]

Ly=—cosa, L,=cosa,
sin? o L sin? « ) s L sin? « () si
= — = — Kk (x)sinx by = — Kk (y) sina.
7 Sinh L’ 7 tanh L ’ Y7 tanh L

The parametrization of a Gutkin curve is given by x, = a/v/k(x)? —sin® a,
where the constant a is normalized so that the parameter ¢ takes values in [0, 27].
One defines the function f(¢) by coth f = k/sin«, and as before, one obtains a
difference-differential equation

acota(sinh f; —sinh fo) = f{ + f5.

Analogs of Lemma 3.5 hold:

cosc )
coso = or equivalently cotc = cosh R cotw

\/ cosh? R — sinh? R cos2 ¢

and

a= \/cosh2 R — sin® a sinh® R.

The computations in Euclidean space R? involving the unit sphere are replaced
by similar computations in the Minkowski space R involving a hyperboloid of
two sheets, used as a model of H?2.

4. Gutkin polygons

Refer to the introduction for the definition of a Gutkin (n, k)-gon. Let G(n, k)
denote the set of all Gutkin (n, k)-gons. Given P € G(n, k), it will be convenient
to think of P as being embedded in the complex plane C. Let /; denote the side
length, |v; 1 — v;].

Notice that if n = 2k, for every index i, one has i — k =i 4+ k. Therefore, in
this case, each vertex is the end point of exactly one diagonal. If n # 2k, then
i —k # i+ k, so each vertex is the endpoint of two diagonals. In this case, for
each v;, we call the angle between the two diagonals §;; i.e., B; = Zv;_xV; ;4.

The first two propositions in this section will establish basic geometric properties
of a Gutkin (n, k)-gon.

Proposition 4.1. Given n and k, the associated contact angle is equal to w(k—1)/n
for any Gutkin (n, k)-gon.

Proof. Let P € G(2k, k) for some k > 2. For each i, Zv; 14 v;vj+1 = Lv;14V; Vi1 = 0.
Then all interior angles of P are equal to 2¢. Since the sum of the interior angles
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Figure 4. Two Gutkin polygons with angles labeled. Left: Gutkin
(6, 3)-gon. Right: Gutkin (6, 2)-gon.

of any n-gon is equal to w(n — 2), we have o = w(n — 2)/(2n), which is equal
tom(k—1)/n.

Now assume that n # 2k. First, note that the sum of the interior angles of the
Gutkin polygon equals (n — 2)r and also equals

n—1
Z Bi +2na;
i=0

see Figure 4. Therefore,

LT =D - Y B
2n '
For fixed n and k, let P € G(n, k). For 1 < j < gcd(n, k), define the polygon

(4-1)

Q) =0V 3%V 42k~ Vj+(nk/ ged(n,k))—1-

Two examples of the Q; are shown in Figure 5. Note that the sides of Q; are the

diagonals of P. The vertices of all Q ; form a disjoint partition of {vg, vi, ..., V,—1}
into gcd(n, k) subsets of equal size. Thus, the sum of the interior angles of all Q ;
is 312 Bi-

Each Q; is a star polygon with the number of vertices N =n/ ged(n, k) and the
turning number W = k/ gcd(n, k). The sum of the interior angles of such a polygon
equals (N —2W), that is, 7w (n — 2k)/ gcd(n, k). One has gcd(n, k) polygons Q ;;
hence, the total sum of their exterior angles is 7 (n — 2k). Substituting into (4-1)
yields the result. (]

Proposition 4.2. In a Gutkin (n, k)-gon, the interior angles associated to vertices v;
and viyy—1 are equal for all i.
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Ve

Us

V13

Figure 5. Polygons Qg on two Gutkin polygons. Left: Qg for a
Gutkin (12, 4)-gon. Right: Qg for a Gutkin (14, 6)-gon.

Proof. Consider the self-intersecting quadrilateral B; = v; V¢ Vitk+1Vi+1; S€€
Figure 6. Let w; denote the intersection point of the two diagonals, v;v; 1 and
Ui+1Vi+k+1- Notice that B; is comprised of two triangles meeting at w;. The opposite
angles at w; are equal, and the angle at v; and v; 4 is equal to «. Therefore, the
angles at v; 1 and v; 4 are equal, which are also equal to « + S;+1 and o + B; 14,
respectively. Then B; 41 = Bi«. Since the interior angle associated to any v; is
equal to 2« + B;, the desired result follows. O

Corollary 4.3. Ifn and k — 1 are coprime, then any P € G(n, k) is equiangular.

vy Ve

Figure 6. A Gutkin (12, 4)-gon. The shaded region is Bjy.
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Vs Yo U3

Figure 7. A Gutkin (6, 3)-gon with side lengths labeled. The
shaded region is Bj.

The case n = 2k is special in that Gutkin polygons abound (in the continuous
case, this corresponds to the contact angle 7 /2, that is, when Gutkin curves are
curves of constant width). Let R, be the positive orthant.

Proposition 4.4. The dimension of the space of Gutkin (2k, k)-gons, considered
modulo similarities, equals k — 2. This quotient space is the intersection of a
(k — 2)-dimensional affine subspace with an open cube in R¥.

Proof. Let P be a Gutkin (2k, k)-gon. Consider the diagonals v;v; 1 and ;11 Vitx+1
of G(2k, k); see Figure 7. Let w; denote the intersection of these two diagonals,
and let B; be the bow-tie-shaped polygon v;v; +1V;1£+1Vi+«. Notice that Av; v, w;
and Av;r41v;+4w; are both isosceles triangles and are similar.

Thus, v;w; = v;+1w; and v; 1, w; = v; 1141 w;. Hence, the diagonals v;v; 14 and
V;+1V;+k+1 have equal length. Since i is arbitrary and the indices are circular, all
diagonals have the same length, say, 4. Since £ is just a scaling factor, we set h = 1
for the remainder of the proof.

Notice that P is comprised of k polygons B;. Let x; denote the length of v;v; ;|
for 0 <i <k —1, and let y; denote the length of v, xv; 14+, where 0 <i <k — 1.
Note that x; and y; denote the lengths of the nonintersecting sides of B;.

Assume that vy is at the origin and v lies on the positive x axis, and recall that
the vertices are labeled in counterclockwise order. This factors out the action of the
isometry group of the plane. We shall show that x, ..., xx—; uniquely determine
Y0, - - - » Yk—1 and study the condition that these sides form a closed polygon.

Since the diagonals have fixed length equal to 1, one has y; =2 cos o — x;. Also,
Ui is at the point (cos ¢, sina). Viewing the sides of G (2k, k) as vectors, the i-th
side is x;(cosi6, sinif), where 6 = m — 2« = 7/ k, and the sum of these vectors
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must be equal to vg. Thus,

k—1
(4-2) > " xi(cosif, sinif) = (cosa, sina).
i=0
If the side lengths xo, ..., X¢—1, Yo, - - . , Yk—1 form a closed polygon, then the sides

with lengths y; must start at vy and end at vg. In other words, the side lengths satisfy

k—1
(4-3) vt Y yi(cos(m + i), sin(r +if)) = vo.
i=0

Simplifying the left-hand side yields

k—1
(cosa, sina) + Z yi(—cosif, —sinif)
i=0
k—1
= (cosa, sina) — 2(2 cosa — x;)(cosif, sinif)
i=0
k—1 k—1
= (cosa, sina) — 2 cos o Z(cos i0,sinif) + in(cosie, sinif)
i=0 i=0

= (cosa, sina) —2cosa(l, tana) + (cos e, sina) = (0, 0) = vy.

Thus, (4-2) implies (4-3).
Hence, G (2k, k) is determined by the k-tuple xo, . .., xx—1 satisfying the two lin-
ear equations (4-2). In addition, 0 < x; <2 cos« for all i. This implies the result. [

Next we consider other equiangular cases.

Proposition 4.5. The quotient space of the space of equiangular Gutkin (n, k)-gons
by the group of similarities is identified with the intersection of an M -dimensional
affine subspace with R, where M is equal to the number of positive integers
2 <r <n —2 satisfying the equation

4-4) tan krm tan = = tan ke tan 7.

n n n n

Proof. Let P € G(n, k) be embedded in the complex plane with vy = 0 and v; on
the positive real axis. Let x; = |v;41 — v;| for 0 <i < k — 1 be the side lengths
of P. Let w = exp(27/n). Notice that v;;; — v; = x;w’, and a diagonal can be
represented as

4-5) Vigk — v = @’ T,
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where a; € R, a; > 0 and m = (k — 1)/2. Notice that in this representation,

arg(viy1 —v;) = 2mi)/n,
arg(Vi1k — Viqk—1) = 2w (i +k—1)/n,
arg(vipx —v;) =7 (2i +k—1)/n.
Then

LU 1V Vipk = LVjpk—1Vipk Vi =T (k — 1) /n = a.
Moreover,

Vitk — Vi = Witk — Vigk—1) + Wigh—1 — Vigr—2) + -+ (Wit1 — v;)

— C()1—',-k—l i+k—2

Xipk—1+ Xijk—2+ -+ o'y

=o'xi+o Mg+ 4o .
From (4-5), vi4x — v; is also equal to a;0' ™. Thus,

aia)z-‘rm — a)’xi +wl+1xi+l 4. +a)l+k_1xi+k—l

ai =0 "X+ o' x4+ T T gy

Using a; — a; = 0, one has
(a)—m _ a)m)xl- + (a)l—m _ wm_l)xi+l + . + (Cl)k_l_m _wm—k-l-l)xk_l — O

This gives a system of n linear equations on variables x;. The coefficient matrix, A,
is a circulant matrix where the first row is equal to

(w—m — M a)l—m _ a)m—l . wk—l—m _ a)m—k+l 0 0 . 0) .

Then the eigenvalues of A are

k—1
(4-6) A, = Z(wv—m o a)m—v)wvr;
v=0

see [Davis 1979].

We expect one of the eigenvalues to be equal to zero because we have not
factorized by scaling yet. If no other eigenvalue equals zero, then only trivial
solutions exist. Now, we compute A, in three cases: r =0,r =1l orr =n—1, and
2<r<n-2.

For r =0, we have

k—1
o= " Za)v — o™
v=0
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Let h be equal to |@' + - - - +w**|. By rotational symmetry, 4 does not vary with i.
Now evaluating the above equation,

M =ho """ —ho"w™" =0.

Thus, for » = 0, A has eigenvalue A equal to zero.
Assume that A, is equal to zero for some other r. Set (4-6) to zero and simplify:

k+1 k—1
(4_7) Zw(r+l)v — a)k—l Zw(r—l)l).
v=0 v=0

For r = 1, (4-7) can be written as ko* ! = Zﬁ;(l) w? . Then k = ‘Z"f;(l) wz”‘.
This is true only if the w?" are collinear, which is clearly not the case. Thus, A; # 0
and likewise for r =n — 1.

For 2 <r <n —2, using geometric series, we can rewrite (4-7) as

18 a)k(r+l) -1 1 wk(rfl) -1

(4-8) o1 Y T

After expanding this equation in terms of sines and cosines and using trigonometric
identities, one rewrites it as (4-4). For any solution r, one obtains A, = 0. This
implies the claim. U

We are ready to prove Theorem 1.2.

If n and k — 1 are coprime, then a Gutkin polygon is equiangular by Corollary 4.3.
Connelly and Csikds [2009] show that a solution to (4-4) for integer values 1 < k
and r <n/2 must satisfy k +r =n/2 andn | (k —1)(r —1). Since n and k — 1 are
coprime, there are no solutions. Note also that, if  is a solution, so is n —r. Thus, by
Proposition 4.5, the matrix A has corank 1 and the Gutkin polygon must be regular.

It remains to construct a nontrivial Gutkin polygon for noncoprime n and

k—1. Let p = ged(n, k — 1) and g = n/p. Choose angles 0y, ..., 6, such that
01+---+6, =2m/q. Divide a unit circle into g equal parts, and divide each of
these equal arcs into p arcs of lengths 6y, ..., 0, in this order. One obtains an

inscribed n-gon. See Figure 8§ for n = 8 and k = 3.
Lemma 4.6. The constructed n-gon is a Gutkin polygon.

Proof. The angular measure of an inscribed angle is half that of the subtended arc.
It follows that
Oi+---+6, =«
2 g’
Since the choice of the angles 6, ..., 6, was arbitrary, we obtain a (p — 1)-
parameter family of pairwise nonsimilar Gutkin polygons.

LV 41V Vigk = LVj4k—1Vi4k Vi = O
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Figure 8. Constructing a nontrivial Gutkin polygon.
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THE WELL-POSEDNESS OF
NONLINEAR SCHRODINGER EQUATIONS
IN TRIEBEL-TYPE SPACES

SHAOLEI RU AND JIECHENG CHEN

Sufficient and necessary conditions for embeddings between F If’ 4 (Triebel
spaces) and N, , (new spaces constructed by combining frequency-uniform
decomposition with L? (£7)) are obtained. Moreover, we study the Cauchy
problem for generalized nonlinear Schridinger equationsin L" (0, 7, N, ).

1. Introduction and notation

We study NLS (nonlinear Schrodinger equations) by using frequency-uniform
decomposition techniques. Suppose that Oy is the unit cube centered at k and
{Or}ikezn is a decomposition of R”. Such decompositions go back to the work of
N. Wiener [1932], and we call them Wiener decompositions of R”. We can write

(1) Ok~ F 'yo F for keZ",

where y g denotes the characteristic function on the set £. Since Qy is just a
translation of Qg, the [0j have the same localized structures in the frequency space,
and are called the frequency-uniform decomposition operators.

Compared with the dyadic decomposition, the frequency-uniform decomposition
has many advantages for the Schrodinger semigroup. It is known that

S()=e"A . LP > P

if and only if p = 2. This is one of the main reasons that we can not solve NLS in
L?(p #2). However, if we consider the frequency-uniform decomposition, we have

10k S@) f e < A+ )22 O flLe,

which enables us to solve NLS in frequency-uniform decomposition spaces.
Roughly speaking, combining dyadic decomposition operators with function

spaces L7 (£4), we can introduce Triebel spaces [Triebel 1992]. Combining frequen-

cy-uniform decomposition operators with function spaces L? (£9), we can introduce

MSC2010: 42B37, 42B35, 35Q55.

Keywords: nonlinear Schrodinger equation, embedding between Triebel spaces and N3
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Triebel-type spaces. From a PDE point of view, the combination of frequency-
uniform decomposition operators and Banach function spaces L? (£4) seems to be
important in making nonlinear estimates, which contains an automatic decomposi-
tion on high-low frequencies.

We now give an exact definition on frequency-uniform decomposition operators.
Since y g, is not differentiable, one needs to replace y g, in (1) by a smooth cut-off
function. We first denote || := max;=1,..» |&|. Let p € S(R") : R” — [0, 1] be
a smooth radial bump function adapted to {& : |&]|oo < 1} with p(§) = 1 if |£]oo < %,
and p(§) = 0if |€|c0 = 1. Let pg be a translation of p:

pr(§) = p(E—k), kez"

Since pr (§) = 1 in the unit closed cube Qf 1 {£ e R" : [ —k|oo < %} and { Qg }kezn
is a covering of R”, one has that for all § € R”, Y ", cn px(§) = 1. Set

-1
0w () = pk@)( 3 pk(e-)) kern.
kezn
Then we have

AGIEE: £e 0y,
@ supp og C 1§ 1 |§ —kloo = 1},

> kezn 0k(§) =1 for all £ € R”

|D%0x (§)| < Clay, for all £ € R", o € (N U{0})".

Hence, the set
Yn = {0k kezn : {0k kezn satisfies ()}

is nonempty. Let {0%}rezn € T be a function sequence. We call {{j }rezn
the frequency-uniform decomposition operators, where [y := F~ o} F, k € Z".
If we combine these decompositions with L? (£7), we can introduce a new type
of function spaces as follows. For any k € 7", we set |k| = |k1| + --- + |kn]|,
(k) =14 |k|. If 0 < p < 00,0 < g < o0, for any s € R, we denote

(= (k>sq|Dkf|q)1/q

Npq(R") = {f € S'®): IS Iy, = '
kezn

<oo].
p

If p=00,0<¢g < o0, for any s € R, we set
(3) N5, R := {f € §'(R™) : 3{ fi (x)}22, € L®(R") such that

o0
f= ¥ FlocFfe €S/ and [ ()" flLoean,en) < oo},
=0

and
I f v, @y = inf [{(K)° fic || Loown 00y
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where the infimum is taken over all admissible representations of f in the sense of (3).

One purpose of this paper is to study the semilinear estimates, dual estimates,
Strichartz estimates and time-space estimates in the Triebel-type spaces. Further-
more, from the definitions, we see that Triebel spaces and Triebel-type spaces are
rather similar; both of them are the combinations of frequency decomposition oper-
ators and function spaces L? (£4). In fact, we have the following inclusion results:

Theorem 1.1. Let0 < p < 00,0 < g <00, 51,52 €R.

(@) If s1>s2+0(p.q) (wheno(p,q) =0, 51 = 52), then Nply C Fp%, where

o(p,.q)= maX{O,n(% —é),n(l —é— %)}

(b) If s1 > s2+t(p,q) wWhen t(p,q) =0, 51 = 52), then F;}q - le,zq, where

(p,q) =max{0,n($—%),n(é +%—1)}.

Theorem 1.2. Let0 < p < 00,0 < g <00, 51,52 €R.

(a) If Fply C Np%, then s1 = 52 + t(p. q), where

(p,q) =max{0,n(é—%),n($ +%—1)}.

(b) If Nply C Fp2, then s = s2 + 0 (p,q), where

o(p,q) =max<0,n(% — Cll)n(l —é—%)}

In recent decades, a large amount of work has been devoted to the study of
well-posedness in Besov and modulation spaces (for example, see [Kato 1987;
1989; 1995; Cazenave and Weissler 1989; 1990; Wang 1993; Kenig et al. 1995;
Pecher 1997; Nakamura and Ozawa 1998; Cazenave 2003; Wang et al. 2006; 2009;
2011; Wang and Huang 2007; Wang and Hudzik 2007; Chen and Fan 2011]). Our
second goal is to explore solutions of NLS in the Triebel-type spaces. We will use
the smooth effect estimates, together with the frequency-uniform decomposition
techniques, to study NLS, and we show that it is locally well-posed in a class of
Triebel-type spaces.

Theorem 1.3. Assume f(u) =ulul*, k =2m,me7Zt,2<p<k+2,r=>k+2;
then for any initial data ug € H”, s > %n, there exists T™* := T*(||uo||gs) > 0 such
that the initial value problem

u() = S)uo—1i /Ot Sit—1)f(u(r))de
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has a unique solution
* S r %, N
weCO,T* H*) N L0, T*; N,).
Moreover, if T* < oo, then
lullco,r,m9)nLr (0,7%:N5 ) = 0

_ i 2

where S(t) = F~le 1tE F.

Theorem 1.4. Assume f(u) = u|u|k, k=2m,meZ"T,2< p<k+2,r=k+2,
P’ < q < p, then for any initial data ugy € le, 5> n(l— cl]), there exists T such
that the initial value problem

u(t) = S)uo—1i /Ot Sit—1)f(u(r))dre

has a unique solution

e Ll (0.T:N5 ).

,
loc

The rest of this paper is divided into five sections and an appendix. In Section 2
we will state some properties of N, ,, which are useful to establish the embedding in-
clusions between Triebel spaces and N .. In Section 3 we will prove Theorems 1.1
and 1.2. Section 4 is devoted to considering the multiplication algebra of N, ;. Some
dispersive smooth effects for the Schrédinger semigroup will be given in Section 5
and Theorems 1.3 and 1.4 will be proved in Section 6. The Appendix derives a com-
plex interpolation in Triebel-type spaces (Theorem A.14) and shows some properties

of the modulation spaces (Theorems A.1-A.8) that are used in Sections 2-5.

Notation. Throughout the paper, we set

1/r
L7(R, NS, = {feS/: (/R 1/ s, dz) <oo}.

We shall sometimes write X < Y to denote the estimate X < CY for some C. For
any s € R, 0 < p,q < oo, we set

1/q
M@ = | 1 €S @)1 g, = (X W0I06A1E,) <ol
kezn

M, =M, ,(R") is called a modulation space, first introduced by Feichtinger
[2003] in the case 1 < p,q < oo.
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2. Basic properties of N

In order to study the Cauchy problem in N3

. . s
0.q» We first give some properties of N,

Proposition 2.1. Let —00 <5 < 00,0 < p <00, 0 < g < oco. The following
inclusions hold:

(1) Let g1 < q2. Then

N N
Np,ql c Np,qz'
(2) Let eqy > n. Then
s+ K
NP9611 - vaqZ'
3) Let p < 00. Then
S S S
Mp,p/\q c Np,q c Mp,pvq'

Proof. Since £ C {PT4 a >0, we can get (1) directly. Let us observe that

1/g2 1/q2
(X weeiad=) ™ = (X 6o
kezn kezn
< sup (1) lay (c2 > m)
kezn

Taking a; = Oy f, we can show that (2) holds with the help of (1).
Finally we prove (3). Let by = (k)*Og f. There are two cases:

Case 1. g < p. In this case, we have

IDkllerzry < b liLreay < brlleaczry-

Actually, noticing that £9 C £7, we have ||bg[|¢r(Lry = |bkllLr@r) < IIbkllLP £2)-
So, the first part of the above inequality holds. Moreover, by Minkowski’s inequality,
we have

1/q
16k |27 ey =

o0
> bl
k=0

This proves the second part.

0 1/q
< (Z IIIbqulle/a) = 1Dk |l ¢a (Lr)-
k=0

Lr/a

Case 2. p < q. By Minkowski’s inequality and £7 C {4, we have

1/p 1/p
||bk||€q(Lﬁ)=(H / b ]? dx ) s(/ |||bk|P||eq/pdx)
R7” L4/ p R”

= ||bx 7 ey < bk ller (Lr)s a
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Proposition 2.2 (completeness). Forany s e R,0 < p < o0, 0 < g < 0o, we have:

(1) Nj , is a quasi-Banach space. Moreover, if 1 < p <00, 1 <q <00, then Ny ,
is a Banach space.

2) S®*)C Ny, C S’ (R™).

(3) If0 < p,q < 00, then S(R") is dense in N, ..

Proof.

Step 1. Thanks to [Wang and Hudzik 2007], we obtain that S C M , C S

Step 2. We prove that S C N, ,. From Step 1, we have that S C le'gg By
Proposition 2.1 and Theorem A.5, we know that Mps"o'g C M, CM,,NN,,
(¢ > n/p Aq). Thus, we have the desired result.

, PG

Step 3. Similarly to Step 2, we can also prove that N, , C S (by M, c8).

We omit the details of the proof.

»DVq

Step 4. N, , is a quasinormed space. Now we prove completeness. Let { f¢}72
be a Cauchy sequence in le’ 4 (with respect to a fixed quasinorm in Nij, g)- Part (2)
of the theorem shows that { f¢}72, is also a Cauchy sequence in S’. Because S’
is a complete locally convex topological linear space, we can find a limit element
f €8'. Then F~loy Ff; converges to F~lox Ff in S'(R") if £ — oco. On the
other hand, { F~lo} Ff}72, is a Cauchy sequence in LP(R") (N, , C M7 ., ).
By Theorem A.2, it is also a Cauchy sequence in L°°(R"). This shows that the
limiting element of {F ~ Loy Ffe}72, in LP(R™) (which is the same as in L*°(R"))
coincides with { F 1oy Ff}. Now it follows by standard arguments that f belongs
to N, , and that f; converges in N, , to f. Hence, N, , is complete.

Step 5. We prove that if —oo < s < oo and 0 < p,q < oo, S(R") is dense in

N, ,(R"). Let f € N, ,; then we put

N
Sn@x)=Y FlocFf.

k=0
Note fn € N, ,(R"). Consequently (by Theorem A.6),

o0 1 1/
(Z > (k)sq|F_10k0k+rFf|q) '

k=N r=—1

If = INllng ey <€

LP(R")
( o0
k=N
Lebesgue’s bounded convergence theorem proves that the right-hand side of above
inequality tends to zero if N — oco. Hence, fx approximates f in N, ,(R"). Next,

<c

1/q
<k>W|F—1oka|q)

Lo@my
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we let ¢ € S with ¢(0) =1 and supp Fo C{y:|y|<1}. Let f5 (x) =@(8x) f (x) with
0 <8 < 1. Then (fn)s € S(R") approximates fx in L ={f eL?:supp f C Q}
with Q@ = {y : |y| <2¥*+2}if § — 0. But this is also an approxmlatlon of fy in
N; ;(R™). This proves that S(R") is dense in N, ,(R"). O

Proposition 2.3 (dual space). Assume —oo0 < s < 00. The following inclusions hold:
(@) Let 1< p<ooand 1 <q < oo. Then
(Npg)* =
(b) LetO< p<land0<gq < 1. Then
(Np.g)
Proof.

Step 1. For 1 < p < 00, 0 < g < oo, [Triebel 1983] showed similar results for
Triebel spaces. We can prove the result similarly as for Triebel spaces, and omit
the details.

Step 2. For 0 < p <1 and 0 < ¢ < 1, by the property of N, ,, we have

R*) C Ny ,R?) C M,y (RY) C M7 (R).

P PAq P pvq

Then by Theorem A.3, we have
Mg oo (R") D (N 4 (R"))* D Moo (R).
This proves the second part of this proposition. O

Proposition 2.4 (equivalent norm). Assume {0y }xczn, {Pk }kezn € Yn, 0 < p <00,
0 < g < 0o. Then {0y }kezn and {Py }rezn generate equivalent norms on N, .

Proof. Recall that [Feichtinger 2003; Wang and Hudzik 2007] showed the equiva-
lence of || - ”X;S and || - ||ﬂ‘s . By a similar argument as for modulation spaces and
pr.q pr.q

by Theorem A.6, we can obtain the claimed equivalence of || - ||%‘s and || - ”%A . O
p.q p.q

Lemma 2.5. Assume (I —A)*/2f = F7Y(1+€]2)/2Ff,0< p<o0,0< g < .
Then we have

2
1T =AY f Ny ~ 1S g,

Proof. Analogously to the case of modulation spaces, by Theorem A.6 we can
prove the consequence, and the details are omitted. O

Theorem 2.6. Assume 1 < pp < p1 <00, 1 < g < o00. Then we have

lullng, , < lullwg, .-
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Proof. By the definition of NS _, we have

D9’
1/q
Il ., = | (3 61 10)
iezn LP1
1
B as|o. - a\1/q
= D@0 > Oipeu
iezn 1€]oo<1 L~
a\1/q
< (zws o] ( )3 m) )
iez" o<1 L?
a\1/q
< (ZWS(Z Di+eu) )
iezn o<1 LP2
1/q
< (Z(i)qsmiurf) ,
iezn LP2

which implies the result. In the above equation, we used Theorem A.7 and
llog I* fllLer < 1| fllLr2 (p1 = p2. Young’s inequality). O

Theorem 2.7. Assume f € L?. Then for any s € R, we have

1l ~ 1S N

Proof. First, we prove that || f||.2 < || f | ~,,- By Plancherel’s inequality, we have

2 1/2 2 1/2
1/ ll2 = (/ Y O dx) - (/ S oiFf dx)
Rl ezn Rl ezn
1/2

([, Ztorrrear)

"ien

1/22  \1/2

- (/ ((Z |F—lol-Ff|2) ) dx) — 1 f s

R \\jezn

2
The inverse inequality can be proved similarly ( S loi FfI?<| Y. oi Ff ‘ ) O
iezn iezn

Theorem 2.8. Assume 51,52 € R, 0<q1,g92 < 00,0 < p <o0. Then, for g < q1,
S1—82>n/qa—n/q1, we have

Npigi R") C Ny, (RY).
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Proof. By Holder’s inequality, we have

1/q>
(Z <k>sm|mkf|q2) N

kezn

1/, = ‘

< ”f”N;,lql (Z (k)(52_51)‘11‘I2/(£I1—£I2))

kezn

1/q>
(Z (k>(52—S1)qz (k)s1q2|Dkf|q2)

kezn

Lr

(q1—q2)/(q192)

Then by g2 < q1, 51 —52 >n/q2 —n/q and

o0
Z <k>(52—S1)q1q2/(q1—qz) < Z<i>(32—51)111q2/(41—q2),
kezn i=0

we obtain the results.

3. Embedding between N , and Triebel spaces

333

The embedding theorem is of importance for the study of nonlinear PDEs and we
give the details of the proof. We start with the embedding for the same indices p, g.

Proof of Theorem 1.1.

Step 1. For 0 < p < 00, 0 < g < 00, ¢ > 0 (a small positive number), we have

“) Npg CFpq forall g<1Anp,
(5) Ny (eAD=1/are « o forall 0< p <gq.

Letay =max(0,25=1— /i), by =2%+1 4+ /n. We can easily find that A;O; f =0

for |i| € [ak, bx]- First, we show the inclusion (4).

Case 1. p =1, q < 1. By Theorem A.6, we have

=) (0) ] <[ (5
k k

E A0 0; f
iez"
lil€lak,bk]

Lr

1/q
<C (}j 3 (|F‘1(<pkal-)FD,-f|)‘1)
k : n

lil€lak,bk]

1/q
3 |D,~f|q)

iez"
lil€lak,bk]

scC (;

iezn

q)l/q

el

Lr

Ly
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Case 2. p <1, p =q. By Theorem A.1, we have
prp C Mp’p C Bp’p C Fp’p-

Then by combining Cases 1 and 2, we obtain the result (4).
Next, we show the second inclusion. By Theorem A.1, we obtain that

1/(pAD)—-1/q)+ 1/pA1-1/9)+
Ny *F DrEC My P DrEC By, CBppCFpy.
This proves (5). In the above discussion, we used Theorem A.15.

Step 2. We prove the following inclusions:

(a) If 0 < g <2, ¢ > 0 (a small positive number), then we have

(6) an’(ql/q—l/Z)-‘ra c Nz,q-

®) If p = 2, e > 0 (a small positive number), then we have
1-1
(7) NIOUPYE C
By Theorem A.1, one has that for 0 < g < 2,
B0/ g,

Then by the embedding estimates in Proposition 2.1 and Theorem A.15, we have

F;;1/q—1/2)+2s c any(olo/tI—1/2)+e CBg,(olo/tI—l/Z)+e CBg,(ql/q—l/Z) CMsyCNag.

which implies the result (6).
For the case p = 2, by Theorem A.1 and Proposition 2.1, we have that

NG Pte ¢ pqrU=lPTe © BE By paco C Fp.oo-
This proves (7).

Step 3. Assume 1 < p <00, 1 < g < o0o. Then for

o(p,q) = max(O,n( ! .= l))
PAD 4

and s1 > s2 +0(p,q) (ifo(p,q) =0, s1 = 52), we have

®) le"q C Flffq.
Actually, thanks to (5), (7) and the dual versions of (6), we have
N;’—gj CFpoon 1< p<oo,

N;,go_l/p)ﬂ C Fp,co p= 2,

Nn(1/2—1/q)+e

2’q CFZ,q: 2§qs00.
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Taking p = 1, 00" (i.e., a sufficient large number) and ¢ = oo, we have

NPEEC oo, NYZTCFooe NZLU®% C Foo oo

Applying the complex interpolation theorem to these three estimates, we obtain

Nps/pn/P)re C B, 1< p < oo,

Moreover, by (4), we have

9 Np1 CFp1, 1<p<oo.
Recall that

(10) Nrp = F>p.

Applying the complex interpolation theorem separately to the above three estimates
again, we obtain
o(p,q)+e
Np.g C Frq

(When o(p, q) = 0, we apply the complex interpolation theorem to (9) and (10).)

Step 4. We show the sufficiency of lelq C Flf2q By Step 3, we see that the
conclusion holds if 1 < p < 00, 1 < g < co. By Step 1, we have the result if
O<p<lorO<g<l.

Next, we prove the sufficiency of F,}, C Np%. Set

Ri+:{(%,é):%>0, ézo},
51:{(%,}1)e[@i+:é>%,%s%},
R e
S3=R3 | —(S1US»).
Step 1. For 1 < p < 00, ¢ = 00, we have
(1) Fy 00 CNpoo.

Actually, by the definition of Np o0, Fp 0o and Theorem A.7, we have (§; is the
Littlewood—Paley decomposition)

sup |0 /1] =

Flo; Z 3;
iezn

sup [F'8; F/1| =1/ e
jezr L?

1INy o =

sup
iezn
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Step 2'. For 0 < p < 1, we have
(12) FySdP™V € Np.oo

By Theorem A.6, we have that for |i| € [2/71,2/),

1 Ivp.00 = | sup B S|,

iezn
Flo; Z 3;

(=—1
S12770i Q7)< f s o (s=zn1/p—1))
SIAIFS o (s=n(1/p=1). [2776: (27 )|~ SO,

which implies the result (12).

Step 3. (1/p,1/9) € S3, t(p.q) =n(1/p+1/g—1). Let
11 1 1 1 1 1

sup
iezn

1
po P ¢ q  p1 2 q p
Assume 6 = 1/q(1/p +1/g—2)™1, we have

1
P Po P14 qo g1

%+611—1—(1—0)( )+(qi1—%)9.

By (6) and (12), we have

2
=6, 6 1_1-0_ 6

an,(qll/¢11—1/2)+8 C Nag, . F;O(L/opo D Ny,

A complex interpolation yields

Fpn’gl/p—i-l/q—l)+s c Np,q

Step4’. (1/p,1/q)€S1, t(p.q)=n(1/g—1/p). Let (1/p,1/q) € S1 (inner point
of 5). Then (1/p,1/q) € S is a point at the line segment connecting (1/00™, 0)
and some point (1/p1,1/q1) €{(1/p,1/q): p =2, g <2}. By (11), Step 3’ and
complex interpolation, we have

Fzgl/q—l/p)% C Npg

Step 5. (1/p,1/q) € S2, t(p,q) = 0. We can obtain the results by F> > C N2 »
and the dual version of (4), i.e., for 1 < p < 00, Fp 00 C Np,co- O
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Proof of Theorem 1.2.

Step 1. For the first part, we need to show that forany 0 < <1, F;’(qp’q)_" Z Npg.
Casel. (1/p,1/q) € S3,t(p,q)=1/p+1/g—1. Let f = F~1§;, j > 1. We have

. 1/q
I gggpas = | (L2012, 11
J

L
1

< Z 2j(r(p,q)—n)(j+€)“F—l(ng(gj lLr <2/7/a=7m,
{=—1
Denote
Ao =1{k eZ": Bk, v/n)N{§:|§| €[0,2)} # 2},
Aj=t{keZ": Bk, /n)N{E:[E| €271 27T} £ o).
If k € Aj, then |k| ~ 27 . Noticing that at most O(2"/) unit cubes intersect with
Aj, we have

1/ Iy = H (; |Dkf|4)1/q
( > |F—1Gk5j|q)l/q

kGAj

( ) |Dkf|4)1/q

keA;

=
Lp L»

>

~

> 0Jnlq.
LP

Based on the above observation, we have
11850 2 2V 15 ppcpnn.

which implies that Fi 79" ¢ N, ,.

Case 2. (1/p,1/q) € Sa, ©(p,q) = 0. We consider the case ¢ = co. Taking
k(j)=(/,0,...,0)and f = F_lok(j), we have that

11Ny oo 21227 [1f |
If ¢ < 0o, we need to show that
(13) Npg & Fy,, 1< p<oo.
AssumefeS,suppfAC{ézlm<%,i=1,...,n}. Let N > 1,0<ek 1,

k(j)=@2No0,...,0)e 7",
FE) =Y 27N f(&—k())).

J=1
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We see that

1/q
IFlly,., = H (Z |DiF|q)
i

Ly

. . 1/q
5”(2 > 2_”Vq’|F—1<7k(j)+ef(-—k(j))l) <1
J Ko<l Lr
On the other hand, letting s > ¢, we have
1/r
IFllps, = (sz”m F|)
LP
. . 1/r
= ( 27| F 13y 27M k()
Lr
) . 1/r
2 ‘ ( Y NGO sy f (- —k(j))|’)
Lr
1/r
Z‘(ZW“ NF N 101, /¢ k(jm’)
LP
1/r
= (Zzer(s 8)|F XQk(/)f( k(]))|r)
Lr
R 00 (let §(€) = L,if €] € [2, 2]),

which implies (13). Then by its dual version, we obtain the claimed results.

Case 3. (1/p,1/q) € S1, t1(p,q) =n(1/g—1/p). Let 0. (§) = 0 if
EEQr=1{§: |~k <i 1<i<n}
and §;(§) = 1if £ € Dj :={£: 32771 <|§] < 22/F1}. Assume
={keZ":Q0rCD;}, j>1.
Let f €S, suppfc B(0, %) and

gx) =Y e Hx). wf=rf(—k.

kGAj
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It is easy to see that supp r7<7 C B(0, %) and supp 7% (77<7) Nsuppoy = 9, if k # L.
Then, we have
q)l/q

1/q
lgly,, = H (Z |D,-g|Q)
i

O Y ™ (e f)(x)

o b2

kGAj Lr
. 1/q L 1/q
- H(Z - al-Fgw) - H(Z - cm(rkf)w)
iGAj Lr iEAj L»

zzjn/q.

On the other hand, by supp g C {£ : 2/~ < |£] <2/}, we have

; 1/q
Il g rsimmn = | (D 2001190 1)
J

< 2Jj(n(1/q=1/p)—n) ||Ajg||LP

Lr

< 2/00/a=1/P)=m) g »

j — - 1-2 2
< CCD D g 2207 g 747

By Plancherel’s identity, we have
vE A 1/2 .
lgllz2 =181z = ( / >l F @)1 ds) <22,
R" kea;

We can further assume that f(x) = f(|x|) is a decreasing function on |x|. Then
| f(x—k)| <(A+]|x—k|)™™, N > 1 and a straightforward computation will lead

to |g(x) < 1.
Based on the above observation, we have

”g”Fn(l/q—l/p)_,, < onila—nj
P

This proves the results.

Step 2. We study the second embedding estimate. Set

R3=R3, —(R1 URy).

We consider three cases:
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Case I'. (1/p,1/q) € Ry. We have discussed it in Case 2 (dual version).

Case 2. (1/p.1/q) € R3. For 1 < p,q < oo, we obtain the claimed results by
Case 1. For the case ¢ = oo, letting f = F~1§;, we have

~

1/ NF,q 2 2/"1=UP) and 1/l yna=17m < 2/n(1=1/p),
p.oo

which implies the result.

Case 3'. (1/p,1/q) € Ry. Assume f € S, f(0) =1 and
supp f € Qo= {£:|&] < 4. 1<i<n}.
Choose 0 < a « 1. Denote f,(x) = f(x/a). Then
supp fu C Qo= {E 1611 < 5. 1<i <n.
Let
Dj=1{§: 3271 <5< 32T and Qpgya i=k() + Qoa.
One has that Q(;),, and D; overlap at most O(a™2’™) cubes. Moreover, there is

a f > 0 such that f,(x) > %, xe€B(0,B). Let Aj ={k@i):i=1,..., 0(a™2/m)}
and g(x) = ;¢ 4 e*k (1 f,)(x). By a straightforward computation, we obtain

IglF,, = (@B)"/P2/"/?  and gl ynaro—1ra < 2/n/p.
This finishes the proof. 0

4. Multiplication algebra

It is well known that B, , is a multiplication algebra if s > n/ p; see [Cazenave and
Weissler 1990]. The regularity indices, for which N’f’ ¢ constitutes a multiplication
algebra, are quite different from those of Besov space. Set

11y 1 1
R2 z{(—,—):—>0,—>0}, Dy = (0, 1] %[0, 1],
Le={( D) tso ! 1= (0.1]x[0,1]
11 , 1 1 11
D z{(—,—)ER __1<_$_5_>1}’
2 P’ q Tty P 4 q
11 s 1.1 1
py={(t e, 11 1oy
3 P q ++ p q’ p
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Theorem 4.1. Assume that p >0,1—1/(p+1) <gq < oo and

n(l—é) (%,é)eDl,
s><0 (%,é)eDz,

Then le’q is a multiplication algebra, i.e.,

Ifellng, < Ifling, lglng,

holds for all f,g € NS
Proof.

Stepl. 0< p<o00,g =

Casel. 1 < p<oo,q=o00,s>n. LetA;; ={keZ":|i—j—k|l<C(n)}.
Then it is easy to see that O; fg = 00; 37; O; f > ki, jyea, , Ok, /8- Suppose
f.g € NS, by Theorems A.6, 2.6, 2.8 and ||a; * b;||goo < ||ai|lg1||bi |00, We have

p.q°
I /gl oo = sup<i>S|D,-fg|HL,,
1
= sup sS10; Z IZIJ Z Dk(l’J)gH'
k(i.j)eA; ; g
< {lsup(i)* Y 10, £ 110k 8l ‘ (li =j—k(, ) <C(n))
I j Ly
S supZ( + (kG J)DIT; SOk,
< |[sup(i)*|C; 0; f1
i LP2
+ Jsuptiy® Oyl
LP2

S lglng, sl f Ny, 0 + 1 Mg, g, . S IIfIIN;_OOIIgIIN;;,OO,

where 1/p=1/p1 + 1/ p2.
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Case 2. 0 < p <1, q = o0, s >n. By the similar argument as in Case 1, we have

supZ( + (k@i )

D.
jZ_| mHLOO

+ Jsuptiy 10 1]

If&llng oo <

S Hsup(i>S|D~g|)
i %

|ng|H
o ; .

On the other hand, by Theorem A.7, we have

;mj ZDJZD

J {=—-1
ks Z 0, <1 =/l
t=—1 j L!
Then by Proposition 2.1 and Theorem A.5, we have
Iy = 1 sy < 1 g o < I f Mg o fOr s >n.

This finishes the proof of Case 2.
Combining Cases 1 and 2, we have || fgln; o < |/ In5 o 1gllNg o fOrs > n.

Step 2. 0 < p=gq < 1. Suppose f, g € Np, p; from Proposition 2.1 and Theorem A .4,
we have
1 /glIn,., = 1 /8lm, , < 1 fllm, I8 l0, ,, =1 f N, IS NN, ,-

Step3. 1< p<oo,qg=1,5=0. Suppose f, g € N, ,. By Theorems A.4, A.7,2.6
and |la; * bi|lg1 < ||aillgr||billgr, we have

Z<i>S|Difg|

PO

i

I fellws, =

Ly

_1((71')|*(Z[1f > Dk(i,j)g)‘HLp

k(i,j)eA; ;

ZZ( =S (k(i,j>>S|Dk<i,,->g|)HLp

k@i,j)EA; ;

<|(Zera)(Zaroe)

i i

/A

A

< . .
L S0l Dl

where we used the fact that |[i — j —k(i, j)| < c(n).
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Step 4. Let (1/p,1/q) € D;. Tt is easy to see that (1/p, 1/q) is a point of the
line segment connecting (1/p,0) and (1/p, 1). At the point (1/p,0), in Step 1,
we have shown that N, , is a multiplication algebra if s > n. For (1/p, 1), in
Step 3, we have shown that Nps’1 is a multiplication algebra if s = 0. Using
complex interpolation (Theorem A.14), we obtain that for (1/p, 1/q) € D1, N, ,
is a multiplication algebra if s > n(1 —1/g).

If (1/p,1/q) € D3, then it belongs to the segment by connecting (1/pg, 1) and
(1/p,1/p), where 1/po <1/p—1/g+1and p=1-p(1—q)(1—po)/(p— Pog).
In Step 3, we see that for s = 0, N 1S>0,1 is a multiplication algebra; in Step 2, we see
that N 5 is a multiplication algebra, if s = 0. Then complex interpolation between
them gives that for (1/p,1/q) € D2 and s =0, N, , is a multiplication algebra.

If (1/p,1/q) € D3, then one can make a line segment connecting (1/p, 1/p)
and (1/p,0). For (1/p,1/p), we see that once s = 0, Nj , is a multiplication
algebra. For (1/p,0), we see that once s = n, N, , is a multiplication algebra.
Then we use complex interpolation to obtain that N, , is a multiplication algebra

ifs>np(l/p—1/q). O
Remark. Assume thatk € ZT, p>0,1—1/(p+1) < g < oo and
1 11
n(1-2)  (5.7)eDr
( q p 61) :
§s>140 (l,l)eDz,
P 4

np(l _ l) (l, l) € Ds.
P 4 P q
Then Ny , is a multiplication algebra, i.e.,
¥z, < lullyy
holds for all u € N , (for p = 1, we obtain Ikl ys < ullks .
s p.q kp.q
Proof. We obtain the result by the similar argument as for the above theorem. [J

5. Smooth effects of the Schrodinger semigroup

In this section we will discuss a kind of Strichartz estimates. This kind of estimate
was first introduced by R. S. Strichartz [1977], then developed by Pecher [1984],
Ginibre and Velo [1995] and Wang, Han, and Huang [2011]. Set

S(t) = Fle itlEP F.

Our aim is to derive the estimates of S(¢) in the spaces N, .
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Theorem 5.1. Assume 2 < p <oo, p' <q<p,and 1/p+1/p’ = 1. Then, for
any s € R, we have

IS flIng, S A+ 12D f s,
p.q
Proof. By Proposition 2.1 and Theorem A.8, we have

—n(1/2—1/p)
IS fllng, < IS@ fllagg, < A+ 27D fllpys
<+ ARTYP fllys,

In view of the estimates above, the theorem is proved. O

Theorem 5.2. Assumer>1, p'<q<p,2<p<oo,and Af :f(; Sit—1)f(r)dr.
Then for any s € R, we have

IAf lrr.min5 ) < Tz/r||f||Lr’(—T,T;N,§,‘q)‘

Proof. By Theorem 5.1, we have

t
VAf I crring.) < /0 1S =) f(@)llwy, dr

L™ (-T,T)

t
< / (1+]t —rl)_”(l/z_l/”)IIf(T)llN;, L4t
| ,

L' (-T,T)

o0
S| [ reewal @,
0

L7 (—T,T)
/ T 1/r
§T1r(/ |, s dt)
O o,
ST N f e, O
P .q
Theorem 5.3. Assume r = 1 and 2 < p < 0o. Then we have

! 1/r
ISOfllerrrns ) ST S las

Proof. We show thatforany 7>0, 1 =(—=7,T),peSand y € C.([0,T), C°(R")),

T
‘ [_ SOp vy dr

ST el o, -

Actually, we have

T T
V (SO, @) dt] < llel2 / S(=0)y @) dt
-T -T

2
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Thanks to Theorem 5.2, we have

'[ ((z) S(t—r)w(r)dr)dt‘

/ St—t)y¥(r)dr
-T

T
H/ S(—t)l//(l‘)dl
-T

< lyr ”L”(I,Np/,z)

L"(1,Np2)
< 2/7‘ 2
NT ||¢|| r/(Ipr/,z)'

Then by || (1 — A)s/2f||Np’2 ~ ||f||N; , (Lemma 2.5) and density, we are done. [

Lemma 5.4. Assume f(u) = ulul®, k = 2m, m € Zt. Assume also r =k + 2,
2<p<k+2 p <qg<pand A(f) = fé S(t — 1) f(u(r))dr. Then for any
s >n(l—1/q), we obtain

1—k k+1
A ILro,rns ) ST /r”“”U(o,T;Ng,q)'

Proof. By Theorems 2.6, 5.2 and 4.1, we have

t
Aoz = | [ S0 7w ds LT

2/r
ST ||f||Lr/(0,T;N,§/.q)

T , 1/r’
_ Tz/r(/o 1/ )lys, dr)

1/r
sTZ/’([ (o) I dr)
0 (k+1)p’.
)(k+1)/r

T
2/r r
<72 ([ o, o

1—-k k+1
ST G sy O

T(r—k—2)/r

Lemma 5.5. Assume f(u) = ulu|®, k = 2m, m € Z*+. Assume alsor =k + 1,
1< p<2(k+1)and A(f) = [y St — ) fu(z))dt. Then for any s > in,
we obtain

1A ez < T D lEE G s -

Proof. By Theorems 2.6, 2.7, 4.1 and 5.1, we have

T T
14N co.r:m3) </0 If (@)l o dr§/0 It

2(k+1) 2

k 1 1—(k+1 k+1
< fo Il de < TR g O
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6. Well-posedness of nonlinear Schriodinger equations
In this section we study the well-posedness of the Schrédinger equations
iug+Au= f(u), u(0,x)=up(x).
The solution, u(x, t), of the above Cauchy problem is given by
t

(14) u(t):S(t)uo—i[ Sit—1)f(u(r))dr,

0
where S(7) = F~ i’ F .
Proof of Theorem 1.3. Fix T > 0, § > 0 to be chosen later. Let
D={ueCO.T: H)NL (0.T: N5, : lullro.ring ) <5 lullc.rsm) <6}
be equipped with the metric

d(u,v) = [lu =vllLr0,r;n5 )nC0,T;H)-

It is easy to see that (D, d) is a complete metric space. Now we consider the map

Jiu@) —> St)ug—1i /t St—1)f(u(r))dr.
0

We shall prove that there exists 7,6 > 0 such that J : (D,d) — (D, d) is a strict
contraction map.

By the nonlinear term estimate (Theorems 4.1, 5.4 and 5.5) and Theorem 5.3,
we have

1 1-k k+1
1 ullLro.ring ) S TV Nuollas + T 7l G s )
and
1—(k+1 k+1
1l S lwollas + T E DTG 7y .
Then we let

8:2C||u0||Hs, T <1

and take T such that
r¢ 7= (k+1)/r) sk <!

N

Then we have
I Tullcco,r;m5)nLr (0,7:N5 5) <8
and

1
I Ju—=Jvlico,r;a90L 0,155 ) < 34 =Vlic@,r;m590L 0,753 ,)-
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In this way, we obtain that J : (D,d) — (D, d) is a strict contraction map. So,
there exists a u € D satisfying (14). Using standard argument, we can extend the
solution (considering the mapping

(15) J:u(t)—>S(t—T)uT—i[t S(t — 1) f(u(z)) dr,
T

and noticing that u(7') € H® [Li and Chen 1989], we can use the same way as in
the above to solve (15)). And we can find a maximum 7* > 0 which satisfies the
conditions in the theorem. O

Proof of Theorem 1.4. Fix T > 0, § > 0 to be chosen later. Let
D= {u S Lr(O, T; N;’q) . ||u||Lr(0!T;N1§.q) < 8},
which is equipped with the metric

d(u,v) = [u=vlLro,r;n3.,)-

It is easy to see that (D, d) is a complete metric space. Now we consider the map

t
Ju)—> SE)uo—i / St —1)f(u(r))dr.
0
By the nonlinear term estimate (Theorems 4.1 and 5.4) and Theorem 5.1, we have

1 1—k k+1
1T ullero,rivg 0 < T uollns, 4T M ulEF 6 7ovs -

Then we let

5=2C||u0||le)'/.q, T <1

and take T such that
2C T(l—k/r)(gk < %
Then we have
172l 0,73v5.4) <
and
[ 7w = JvliLroring.) < 3l =viLror:ng.,)-

In this way, we proved that J : (D,d) — (D, d) is a strict contraction map. So,
there exists a u € D satisfying (14). O
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Appendix

We list some properties of modulation spaces and some inequalities used in this
paper; most of them are well-known to those familiar with PDEs. Moreover, we
sketch a proof of complex interpolation on le’ g

Theorem A.1. Assume 0 < p,q < oo and s1, 52 € R. Then we have:

(1) Bp'y C Mp2% ifand only if s1 = s2 + t(p. q), where

(p,q) =max{0,n(é—%), n(é —i—%—l)}.

(2) Mpl, C By, ifand only if s1 = 52 + 0(p. q), where

o(p,q) :max{O,n(%—cll), n(l—é—%)}.

For details of the proof, refer to [Toft 2004; Wang et al. 2006; Sugimoto and
Tomita 2007].

Theorem A.2. Assume 0 < p <q<oo. Let 2 CR”" be a compact set, diam Q <2R.
Then there exists C(p, q, R) > 0 such that

1fllLe <CIflLr forall feLg,
where Lf-’z ={felL?: supp f CQ}
For details of the proof, refer to [Wang et al. 2009; 2011].
Theorem A.3. Suppose 0 < p,q < oo. Then we have
% ag—
(Mziq) _M(ISVP)’,(IVq)/‘

For details of the proof, refer to [Han and Wang 2012].
Theorem A.4. Assume that

n(1—1Al), (1,1)6D1,
q P’ q
1

n(lvlvl—l), ( ,l)eDz.
P 49 (4 P 4

Then le,q is a multiplication algebra, i.e.,

s >

I fglay, < NS, lIgllasg,
holds for all f, g € M ,.
For details of the proof, refer to [Han and Wang 2012]. Note that

11 , 1.2 1 _1 )
D1={<—,—)€R :—B—,—S—}, Dy =R{\D;.
P q tq T pp T2 )\
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Theorem A.5 (embedding). Assume 51,52 € Rand0< p1, p2,q1,q2 <o0o. We have:
(@) If s2 <51, p1 < P2, q1 < qa, then Mp! 41 C Mp2 4.
(b) Ifg2 < q1, 51— 82 >n/qz—n/q1, then Mp'y, C Mp2%,.
For details of the proof, refer to [Wang et al. 2011; Han and Wang 2012].

Theorem A.6 (further multiplier assertions). Let 0 < p < oo and 0 < g < 0o. Let
Q ={Qp}72, be a sequence of compact subsets of R". Let di > 0 be the diameter
of Q. If x > n(n/min(1, p,q) — %), then there exists a constant C such that

IF~ My Ffiellreay < C sup | M (di )| < || fi | Lo ea)
1

holds for all systems { f}72, € Lg(@q) and all sequences { My (x)}72., C H*.

For details of the proof, refer to [Triebel 1983]. Note that Lé(ﬁq ) is defined as

{f 1 f ={/i)32o CS" supp Ffy CQ if k =0,1,2,... and || fi||Lr(ea) < 00}.

Theorem A.7. Let 0 < p,q < oo and (X, ), (Y, v) be two measure spaces. Let T
be a positive linear operator mapping LP (X) into L4(Y) (resp. L2°°(Y)) with
norm A. Let B be a Banach space. Then T has a B-valued extension T that maps
LP(X, B) into L4(Y, B) (resp. L2°°(Y, B)) with the same norm.

For details of the proof, refer to [Grafakos 2004].

Theorem A.8. Assumes € R,2< p<o00,0<qg<ooand1/p+1/p’ =1. Then
we have

I0kS @) fllLe < A+ eV 27V PO fll .
IS@) fllagg,, < A+1DT2VD fllags,

For details of the proof, refer to [Wang et al. 2011].

We start with some abstract theory about complex interpolation on quasi-Banach
spaces. Let S = {z : 0 < Rez < 1} be a strip in the complex plane. Its closure
{z:0<Rez <1} is denoted by S. We say that f(z) is an &’-analytic function in
S if the following properties are satisfied:

(a) For every fixed z € S, f(z) € S'(R").

(b) For any ¢ € S(R") with compact support, F~'oFf(x,z) is a uniformly
continuous and bounded function in R” x S.

(c) For any ¢ € S(R") with compact support, F~1oF f(x, z) is an analytic func-
tion in S for every fixed x € R”.
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We denote the set of all §’-analytic functions in S by A(S’(R")). The idea we
used here is due to [Triebel 1983; Han and Wang 2012].

Definition A.9. Let Ag and A; be quasi-Banach spaces, and 0 < 6 < 1. We define
F(Ag, A1) = {(p(z) € A(S'(R™)) : p(L+it) € Ag, £=0,1, forall t € R,
1)l (40,41 = max sup (¢ +it) ], |
£=0,1 teR

and
(Ao, A1)g = {f €S :3¢p(2) € F(Ao, A1),

such that f = ¢(8). 1f |(ag.Avs = 0F 10 Fidg.n -
where the infimum is taken over all ¢(z) € F (A, A1) such that p(0) = f.

The following three propositions are essentially known in [Triebel 1983; Han
and Wang 2012].

Proposition A.10. Adopt the notation in Definition A.9; then
((AO’ Al)g’ ” : ”(A(),Al)g)

is a quasi-Banach space.
Proposition A.11. Adopt the notation in Definition A.9; then we have
1/ llcaans = inf (sup e GOl 55? sup llp(1 +i0)15,).
¥ MeR teR
where the infimum is taken over all ¢(z) € F(Ag, A1) such that ¢(0) = f.
Proposition A.12. Let T be a continuous multilinear operator from
A(()l) X A(()Z) X +ee X A(()m)
to By and from Agl) X Agz) X +ee X Agm) to B, satisfying

m
17O 2 7 sy < Co [T 400-

Jj=1
m .
17O D s < T g0,
j=1
F e Agj) ﬂAgj).
Then T is continuous from (A(()l), Agl))g X (Agz), Agz)),g X e X (A(()m), Agm))g to
(Bo, B1)g with norm at most COI_OCOQ,provided 0<fh<l.
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Theorem A.13 (complex interpolation). Suppose 0 < 6 < 1, 0 < pg, p1 < 00,
0<qo,q1 S ooand

S=(1—9)S0+951, l:ﬂ+i’ l:ﬂ_i_i’
p Po P1 q q0 q1

then we have

50
(Npo,qo’ p1 41)9

Sketch of proof. Let g € N, ,(R") and gi(x) = F7lo, Fg. Let also ¥y (x) =
S Ok4e(x) fork =0,1,2,... (with o_; = 0). In particular, ¥ (x) = 1 if

X € supp o
Set
lgx (x — )| n
* n
gx)=sup ———, xeR', a> ——.
k xerr 1+ (k)y|® min(p, q)
For z € S, we write
a1(@) = sq(E + Z) = (1= 2)s0— 231,
q0 1

q
ar(z) = p (I;ZJFL)_Q(I;ZJFL),
Po1 P q0 q1
) =1-p(E2 12,
3(2) e T

1—z z
as(z) = +—).
4(z) = C]( o q1>

We put

an(z)

fo =3 F e |t ‘“@(D H) MO V0]

k=0
Obviously, f(z) € A(S’) and f(#) = g. Direct calculation shows
] N < Ky =
IF€+inlyse <lelng, £=0.1
This proves that N , C (NpS g0 Notoa)e-
Conversely, let f € F(Npo g0- Npt.g1)- If ¢ € A(S’) such that (6) = f, for

some 8 € (0, 1), we can find two positive functions o (0, ¢) and wq(6,¢)in (0, 1) xR
satisfying

1-60 0
If(Z)I’S(ﬁ fR If(it)lruo(e,t)dt) (g /R |f(1+ir)|’m(e,r)dr) |
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with 1/(1=0) [ io(0,8) dt =1/ [ ju1(6,1) dt = 1. Taking the N, , norm of
both sides and then applying Minkowski’s inequality imply that

I/ Iy < supl (e )0 F o Fo(it) | 16 m.q0)
xsup || (k) F~ox Fo(1 + i) 178 g1y

teR
< ”f”F(Nliggf/o’N;im)'
This proves that (Npg.go- Npi.g1)0 C Ny - O
Theorem A.14 (complex interpolation). Let —o00 < sg, 51 <00, 0< p(] ), p%j )
0< q(j ), qgj ) <oo,j=1,...,m If T is a continuous multilinear mapping from
e S
N9 X+ -x N0
sl ™ .ad™
to N;S,QO with norm My, and also continuous multilinear from
(1) m)
N’! X+ x N
p{".a}" "™ .q™
to N13v11,q1 with norm My, then T is continuous and multilinear from
M m)
NS(l) PR Ns(m) g
to N[f’q with norm at most MOI_GMIG, provided 0 < 0 < 1, and
sU) — (1 —Q)S(()j) + QS{,
1 1-6 n 0 1 1-0 n 0 1
— = - —, — = — , j=1,....m
p) p(()J) Pij) g q(()]) q%j)

This theorem is a natural consequence of Proposition A.12 and Theorem A.13.
Theorem A.15. Let s € R, 0 < p,q < co. We have:

(1) If e > 0, then

s+e K s+e K
FPQI CFP‘D’ BP‘I] CBPCIZ

2) If p < o0, then
By ong CFpyg C By pug-

For details of the proof, refer to [Triebel 1983].
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HYPERSURFACES WITH CONSTANT CURVATURE
QUOTIENTS IN WARPED PRODUCT MANIFOLDS

JIE WU AND CHAO XIA

We study rigidity problems for hypersurfaces with constant curvature quo-
tients #»;41/72; in the warped product manifolds. Here 7, is the k-th
Gauss—Bonnet curvature and ¥, arises from the first variation of the
total integration of 7(;. Hence the quotients considered here are in general
different from o7;1/021, where oy are the usual mean curvatures. We prove
several rigidity and Bernstein-type results for compact or noncompact hy-
persurfaces corresponding to such quotients.

1. Introduction

Let ="~ ! be a closed smooth hypersurface isometrically immersed in an n-dimen-
sional Riemannian manifold (M", g). Assume that ¥, is a variation of X with the
unit outward normal vector field v; as the variational vector field. It is well known
that the first variation of the area functional Area(X;) is given by

Area(%;) =/ Hdu,
1=0 by

where H is the mean curvature of ¥ with respect to the inner normal and du is the
area element of X. On the other hand, it is well known that the first variation of the
total scalar curvature functional [y, R du is given by

d n—1
— Rdu :/ -2 EVh;;idpu,
d[ IIO‘/EI ! X lJZ=1 Y

where E'/ = R/ — %Rg"j and h;; are respectively the Einstein tensor and the second

fundamental form of ¥ with respect to the inner normal in the local coordinates.
There is a natural generalization of scalar curvature, called Gauss—Bonnet cur-

vatures L; for an integer 1 < k < %(n — 1) for (n — 1)-dimensional Riemannian
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manifolds. L are intrinsic curvature functions. When n — 1 is even, the highest
order Gauss—Bonnet curvature L,_1),> is exactly the Pfaffian in the Gauss—Bonnet—
Chern formula. L, appeared first in [Lanczos 1938] and has been intensively studied
in the theory of Gauss—Bonnet gravity, which is a generalization of Einstein gravity.

The first variation of the total Gauss—Bonnet curvature functional [y, Ly dyu has
been considered long time ago by Lovelock [1971]. Li [1985] also computed the
first variation of these functionals as well as the second variation for submanifolds
in the general ambient Riemannian manifolds. Recently an alternative computation
was given by Labbi [2008b]:

n—1

/ Lkd,u,:f —2 > " E hijdu,
t=0J % )]

i,j=1

d

dt

where Eéé) is the generalized Einstein tensor defined by (2-1). Labbi [2008a]
referred to the critical point of [, Ly du as 2k-minimal submanifolds. In this sense,
the ordinary minimal submanifolds are referred as O-minimal submanifolds.

For the ambient space M" = R", by the Gauss equation, one can verify that
Ly = K)oy and =2 Y171 El hi; = (2k + Dloy1, where oy are the usual
mean curvatures defined by the elementary symmetric functions of the principal
curvatures of associated hypersurfaces. Hence the Gauss—Bonnet curvatures Ly as

well as the integrand —2 Z"il E Ei)h ij appear like higher order mean curvatures.

i,j=1
Throughout this paper, we use the notation
n—1 B
Hop := Ly, Hogy1:=-2 Z Eéi)hi,’,
i,j=1

and call them 2k-mean curvature and (2k 4+ 1)-mean curvature. By convention, we
use Lo = 1. We emphasize here that in general these mean curvatures are different
from the usual ones defined by o} except ¥y and #,. The 0-mean curvature # is
equal to 1 and the 1-mean curvature #; is equal to the usual mean curvature H.

We will consider some rigidity problems related to #5; and ¥, in a class of
Riemannian manifolds: warped product manifolds. A warped product manifold
(M, g) is the product manifold of an interval and an (n —1)-dimensional Riemannian
manifold with some smooth positive warping function. Precisely,

M=[0,7) x, N""!' (0<F<o0)

is equipped with
g =dr’+2(r)gn,

where A : [0, r) — Ry is a smooth positive function and (N1, gy)isan (n —1)-
dimensional Riemannian manifold.
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The rigidity problems for hypersurfaces in Riemannian manifolds with constant
curvature functions are one of the central problems in the classical differential
geometry. Historically, the rigidity problems for hypersurfaces in the Euclidean
space was studied by Liebmann [1899], Hsiung [1954], Siiss [1952], Alexandrov
[1956; 1957; 1958a; 1958b], Alexandrov and Volkov [1958], Reilly [1977], Ros
[1988], Korevaar [1988], etc. Recently, many works concerning the rigidity for hy-
persurfaces in warped product manifolds have appeared, see, for example, [Montiel
1999; Alias et al. 2013; Brendle 2013; Brendle and Eichmair 2013; Wu and Xia
2014] and the references therein.

In all above works, the curvature functions are related to the elementary symmet-
ric functions oy of the principal curvatures of hypersurfaces. Our concern in this
paper is the curvature functions #; and #ox1. In view of the Gauss equation, for
hypersurfaces in general ambient Riemannian manifolds, #»; and #;; depend not
only on oy but also on the Riemannian curvature tensor of the ambient manifolds.
Therefore, except for the case that the ambient spaces are the space forms, for which
3 and ;11 can be written as linear combinations of oy, one cannot express
them as pure functions on the principal curvatures of hypersurfaces.

The first attempt in which we succeed is the rigidity on the curvature quotients
For41/ 2k in a class of warped product manifolds. These quotients can be viewed
as a generalization of the usual mean curvature H since the case k = 0 corresponds
to H. We remark that the rigidity on the quotients of oy in a class of warped product
manifolds has been considered in [Wu and Xia 2014]. However, as mentioned before,
these two kinds of quotients have large differences in general. Many techniques
seem to be difficult to apply for the quotients 4/ ¥, considered here.

The first main result of this paper is stated as:

Theorem 1.1. Define (M", g) to be an n-dimensional warped product manifold
[0, ) x; N"~! whose warped product function satisfies

(1-1) A —()?=0 (e, logA is convex).

Let X"~ be a closed star-shaped hypersurface in M such that the generalized
FEinstein tensor E is semidefinite on X. For any integer k with 0 < k < %(n —-1)
and ¥y not vanishing on X, if the curvature quotient oy 1/ o is a constant, then
Y is a slice {ro} x N for some rg € [0, r) and the constant is (n — 1 — 2k) log A(rp).

The star-shapedness means that £ can be written as a graph over N, alternatively,
(a/0r, v) >0, where v is the outer normal of X. The method to prove Theorem 1.1 is
to apply the maximum principle to an elliptic equation. This method was previously
indicated by Montiel [1999] and was used widely in [Alfas and Colares 2007; Alias
et al. 2012].
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The condition (1-1) imposed on M only depends on the warped product func-
tion A, not the fiber manifold N. We notice that the condition excludes the
usual space forms R", S"} (hemisphere) and H" (hyperbolic space) in which cases
AN — (V)% = —1. For R", since the quotient Hor /%oy is equal to oogy1 /0o,
the result still holds; see [Korevaar 1988; Koh 2000]. We will consider the case
St and H" elsewhere since the proof has a different flavor. We also notice that
the condition (1-1) is satisfied by some local space forms such as [0, 00) Xr R
or [0, 00) Xcoshr R?~!. There are also nonconstant curvature manifolds which
satisfy (1-1). A typical example for which the condition (1-1) is satisfied is the
so-called Kottler—Schwarzschild spaces [0, co0) x; N («x), whose warped product
fact A satisfies ' (r) = vk +A(r)2 — 2mA(r)2~" and N («) is a closed space form
of the constant sectional curvature k = 0 or —1. See Appendix for a detailed
explanation.

Note that EH) = R — %Rgij is the Einstein tensor, so that in k = 1 case, the
semidefinite condition of E(j) is just the semidefiniteness of the Einstein tensor. In
particular, if M = R", one readily sees that —E ) = %(Zk)!Tzk, where Ty is the
2k-Newton tensor associated to the hypersurface X, and the seminegative definite
condition of E ) relates to 2k-convexity.

In order to extend the above result to noncompact hypersurfaces, we need a
generalization of the Omori—Yau maximum principle for the trace-type semi-elliptic
operators. The classical Omori—Yau maximum principle is initially stated for the
Laplacian A. A Riemannian manifold X is said to satisfy the Omori—Yau maximum
principle if for any function u € C?(X) with supy. u < +00, there exists a sequence
{pitien C X such that for each i, the following inequalities hold:

1 1 1
u(p;) >supu — o [Vul|(pi) < - Au(p;) < e
5

This principle was first proved by Omori [1967] and later generalized by Yau [1975]
under the condition that the Ricci curvature is bounded from below. It has proved to
be very useful in the framework of noncompact manifolds and attracted considerable
extending works. For example, it was improved by Chen and Xin [1992] and Ratto,
Rigoli and Setti [Ratto et al. 1995] by assuming that the radial curvature decays
slower than a certain decreasing function. Recently, the essence of the Omori—Yau
maximum principle was captured by Pigola, Rigoli and Setti (see [Pigola et al. 2005,
Theorem 1.9]) that the validity of the Omori—Yau maximum principle is assured
by the existence of some nonnegative C2 function satisfying some appropriate
requirements, and thus may not necessarily depend on the curvature bounds. Also,
they discussed the generalizations for the trace-type differential operators (see
Definition 3.1) which will be used in this paper. For a detailed discussion of the



HYPERSURFACES WITH CONSTANT CURVATURE QUOTIENTS 359

sufficient condition to guarantee the Omori—Yau maximum principle for the trace-
type differential operators to hold in the warped product manifolds, see [Alfas et al.
2013] or Section 3 below.

We have a rigidity result for noncompact hypersurfaces:

Theorem 1.2. Define (M", g) to be an n-dimensional warped product manifold
[0, 7) x5 N"~! whose warped product function satisfies A" — (\')> > 0 with
equality only at isolated points. Let (£"~', g) be a complete noncompact star-
shaped hypersurface in M, which is contained in a slab [r1, 1] X N,0<ry <r, <7,
such that the generalized Einstein tensor E ) being semidefinite on X. Assume the
Omori—Yau maximum principle holds for the trace-type operator try(—2E ) Vg2)
on X. For an integer k with 0 < k < %(n — 1) and ¥,y not vanishing on X, if the
curvature quotient o1/ ¥k is a constant, then X is a slice {ro} x N for some
ro € [r1, r2] and the constant is (n — 1 — 2k) log A(rp).

Motivated by the analogous Bernstein type result on the quotient of the usual
mean curvatures [Aquino and de Lima 2014], we can establish a corresponding
result in our case. More precisely, instead of assuming the curvature quotient
dor+1/ ¥, being constant, we can establish the rigidity result via assuming a
natural comparison inequality between 1/ #> and its value on the slices.

Theorem 1.3. Define (M", g) to be an n-dimensional warped product manifold
[0,7) x, N. Let ("1, g) be a complete, star-shaped hypersurface in M, which is
contained in a slab [r1, ;] x N, 0 <r; <ry <r, such that the generalized Einstein
tensor E is semidefinite on X. Assume that the Omori—Yau maximum principle
holds for the trace-type operator try(—2E (k)Vg) on X and that the Gauss—Bonnet
curvature ¥y is bounded by two positive constants, i.e., 0 < Cy < ¥y < Cp. If
okt A (r) M) %Zk-i—l)

<(mn-—1-2k)
%Zk k(r) )M(r) %Zk

then the hypersurface X is a slice {ro} x M for some ry € [ry, 12].

and |Vgr|g < igf((n —1-=2k)

We remark that we do not assume the log-convexity of the warped product
function for Theorem 1.3.

2. Preliminaries

In this section, we first recall the work of [Lovelock 1971] on the generalized
Einstein tensors and Gauss—Bonnet curvatures. Throughout this paper, we use the
notation R;jx/, R;; and R to indicate the Riemannian 4-tensor, the Ricci tensor in
local coordinates and the scalar curvature respectively. We use the metric g to lower
or raise an index and adopt the Einstein summation convention: repeated upper and
lower indices will automatically be summed unless otherwise noted.
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For an (n — 1)-dimensional Riemannian manifold (X"~!, g), the Einstein tensor
Eij=R;j— %R gij 1s very important in theoretical physics. It is a conversed quantity,
i.e.,

V,E! =0,
where V is the covariant derivative with respect to the metric g.
Lovelock [1971] studied the classification of tensors A satisfying
(1) AY = AVt je, A is symmetric.
(ii) AV =A"(g,dg, %)
(i11) Vinj =0, i.e., A is divergence-free.
(iv) A is linear in the second derivatives of g.
It is clear that the Einstein tensor E;; satisfies all above conditions. Lovelock

classified all 2-tensors satisfying (i)—(iii). For an integer 0 < k < %(n —1), let us
define a 2-tensor E ) locally by
Jok—1Jj2k

2-1) EY . 1 gljaiili2"‘i2k—li2k R. . 2. R

k) "= _2k+1 Ljy jore+ jok—1 jox " Vi1E2 iok—12k

Here the generalized Kronecker delta is defined by
J1ooJ Jr
8ill 51'12 81’1
L s s
J1J2Jr 1 1 1
8i1]i22'"ir =det :2 :2 2
it sl i
A
One can check that E, satisfies (i)—(iii). Lovelock proved that any 2-tensor
satisfying (i)—(iii) has the form

ZakE(k),
k

with certain constants o, k > 0. The E, are called the generalized Einstein
tensors.

For an integer 0 <k < %(n — 1), the Gauss—Bonnet curvatures L are defined by

1

(2-2) Ly = 81221 g Jik2 R

_ Jok—1J2k
T ok Tz jak-1jok R )

i2k—1i2k

When 2k = n — 1, Ly is the Euler density. When k < %(n — 1), Ly is called the

dimensional continued Euler density in physics. We set E ) = —% gand Lo=1. It
is clear from the definitions (2-1) and (2-2) that
(2-3) tI'g(E(k)) = E(k)gij = —TL](.
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It is easy to see that (E(y);; = R;j — %Rg[j is the Einstein tensor and L; = R is
the scalar curvature. One can also check that
EQ} =2RRY —4R"RJ — ARy R + 2R 11y RIF™ — Lol L,
and
Ly = 387708 RIV2 1 RP i, = Rija RV — 4R RV + R,

In [Lovelock 1971], the author proved that the first variational formula for the
total Gauss—Bonnet curvature functional is given in terms of the generalized Einstein
tensor. It was also presented in [Li 1985; Labbi 2008b], although with different
notation and formalism. For the convenience of readers, we include a proof here.

Proposition 2.1 [Lovelock 1971]. Let (X", g) be a smooth closed manifold.
Assume that g; is a variation of g with 5% | (—08&ij = Vij for a symmetric 2-tensor v,
then

d

(2-4) -

,_0./2 Lde,=/E—EEi)v,-jd,u.

In particular, if (X", g) is a closed, smooth hypersurface immersed in an n-
dimensional Riemannian manifold (M", g) and the variational vector field is given
by the outward unit normal v, then

d ij
f Lk d/Lt :/ —ZE(i)hij d,LL.
% x

2-5 —
(2-5) 7
where h;; denotes the second fundamental form of ¥ with respect to —v.

t=0

Proof. By the simple fact that :117 | —odie = %trg v du and the definition of Ly, we

compute
d 1
Lidu, = — Lidp + Ethrgvd,u
t=0J%; Edt t=0 )
ood
= [ kPl —| R;"d +/ TLitrgvdp,
/2 (k)‘ldf‘tzo i AR | aRkHe VAR

where the 4-tensor P is given by

d
dt

(2-6)

(2_7) PSZU . i5i|i2-~izk—3i2k—zst R Jija . R

= 1212k=302k=251 - po j2k—3j2k—2gj2k—llgj2kj
() "7 ok 12 jak=3 k-2 jok—1 ok TR ’

iok—302k—2
and - N

Pl = P 8sv8tg-
We remark that P, shares the same symmetry as the Riemann curvature tensor,
that is,

stjl . ptsjl _ pstlj __ pjlst
(2-8) Py =Py =—Ppy =Py -
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Furthermore, by applying the second Bianchi identity of the curvature tensor, one
can check that P, has the crucial property of being divergence-free (see [Ge et al.
2014, Lemma 2.2] for a proof)

(2-9) VP =0.

To calculate the first term in (2-6), we recall that if (30/0t)g = v, then the evolution
equation of the curvature tensor is given by (see [Chow et al. 2006, Equation (2.66)])

d
dt
Then we use (2-8) and (2-9) to compute that

(2-10) fkp(’,{)l( ‘ B ijsl)dM

/kP(’,{)l( (—=ViVju! + ViV + VOV 0] — VoV )

Rijsi = —3(ViVjvy — ViVivg; — Vi Vv 4+ ViVivij — Rijsmv™ 1 — Rijmiv™s).

+ l(RijmlUms = Rijm’ ") + (= Rijp v’ = Rijg"v')) dp
i,

where in the last equality we used (2-9), (2-8) and the simple observation that
(Rijmlv’"s — Rijmsvml) and (—Rijplvsf’ — Rl.jsqv’q) are both antisymmetric with
respect to the pair (s, [).

Going back to (2-6), we obtain that

d

— / Lkdufzf(—kP[,if,R M L Lig™ o d .
dt =0 J %, X

On the other hand, from definitions (2-1), (2-2) and (2-7), it is direct to check that

ms _ ls miyiy-+igk—1i2k 2 LR, . Jk—1ok
k) — 2k+1 81]1/2 “J2k—1J2k R’I’Z Riysin
_ 1 ms(smlllz “iok—102k R: LI - SR o/ SR
k+1 mj1 ja-+ jok—1Jjok ’1’2 D2k—112k
_ 2k iys gmitizbi—1bok p o jij2 R.. . Jw—1jx
k+1 1 j1J2e Jak—1Jok L2 b2k—112k

1 ms ijs [
—LLig™ + kP Ri™.

Hence we complete the proof of (2-4).
In the case that X is a hypersurface, one only needs to note that % gij = 2h;; for
the evolving hypersurfaces. O

The second aim of this section is to give several simple facts on the warped
product manifolds. Let M" =[0,r) x, N =1 (0<7 <oo0)bea warped product
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manifold equipped with a Riemannian metric
g =dr’+(r)’gn-

where A : [0, r) — R is a smooth positive function. Let X be a smooth hypersurface
in (M, g) with induced metric g. We denote by V and V the covariant derivatives
with respect to g and g respectively. We define a vector field X on M by

0
X(r)y=r(r)—.
ar
Let {eq, ..., e,_1} be a local frame on X, it is well known that X is a conformal
Killing vector field satisfying
(2-11) Ve X(r) =1 (r)e,.

We denote by r the height function which is obtained by the projection of X in
M onto the first factor [0, 7). Let ¢ (r) be a primitive of A(r).

Proposition 2.2. The restriction of ¢ on X, still denoted by ¢, satisfies
(2-12) ViVip(r) = A (r)gij — (X, v)hij.
The height function r on X satisfies

IRXCTRG
(2-13) V,‘er = mgu )\(r)

V,'}"er — (8,, l))hl’j.

Consequently, we have

(2-14) —2E(yViVih(r) = (1 — 1= 208 (1) 3ok — (X, v)Hoics1.
(2-15) —2E9 ViV r = (n—1-20 D00 - 22O gid G005, )¢
(o VivVjr= n ) 2k ) (k) Vil'Vj s 2k+1-

Proof. Using (2-11), we have
ViVig(r) =V;V,¢— (Vo(r), v)h; = V;X; — (X, v)h;
= A’(r)gij — <X, l))h[j.
Equation (2-13) follows from (2-12) and

) 1 A (r)
Vj¢(l’) :—ViVj¢(r)——Vil"er.

Vl'le” = Vl'(
A(r) A(r)

A(r)
For equations (2-14) and (2-15), we only need to notice that

—2E(,gij = (n—1=2k) Ly = (n — 1 — 2k) ¥,
and

—2E hij = Hojs1. O
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#
3. rigidity for the quotient T2k+1
ok

In this section, we prove our main theorems.

Proof of Theorem 1.1. Since X is compact, there exist points Pmin, Pmax € = Such
that the height function r attains its maximum and minimum values, i.e.,

minr = r(Pmin),  MAX7 = 7 (Pma)-
At these points,

(3'1) Vr(Pmin) = vr(Pmax) =0,
(3-2) V2 (Pmin) =0, V2r(Pmax) <O.

It follows from (3-1) and the star-shapedness of X that

(3-3) (0, V) (Pmin) = (9, V) (Pmax) = 1.

By using (3-1) and (3-3) in (2-15), we obtain

(3-4) —2E() Vi Vi1 (Pmin) = (n—1=2k) (Iog 1)’ (min 1)t (Prin) ~Hak1 (Pnin).

(3-5) —2E(, ViV, (Pmax)
=(n—1-2k)(log )\)/(mgx 1) 3ok (Pmax) — J2k+1(Pmax)-

We claim that the quotient #ox1 /%o satisfies

. Hokt P
min <(m—1—-2k)(logA) (minr),
(3-6) b ok z
, Hork+1
(n—1-2k)(logr) (maxr) < max{ —— |.
D) % Ho

Consider first the case that —2Eé£) is positive semidefinite. It follows from (3-2),
(3-4) and (3-5) that

(3-7 (n—1—=2k)(log A)’(rrgn 1)k (Pmin) — #2k41(Pmin) = 0,
(3‘8) (I’l —-1- Zk)(log )\)/(mgx r)%Zk (pmax) - %2k+l(pmax) =< 0.

From the fact that
—2Eé';’€)gij = (n—1-=2k)¥x,

together with the assumption that #; is nonvanishing on X, we know that #; > 0.
Hence the claim in this case follows from (3-7) and (3-8) immediately. For the
second case that —2F Ei) is negative semidefinite, similar argument applies by taking
3 < 0 into account. We finish the proof of the claim.
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Now using the assumption that log A is convex, we obtain from (3-6) that

%
min( 2"“) < (n—1—2k)(log A) (min r)
% Ik %

14
<(m—1-2k)(logx) (maxr) < max( 2k+1).
z z %Zk

Since the quotient 311/ is constant, we have from above that

Hor+1

(3-9) = (n—1-2k)(log k)’(nl)jin r)y=(n—1-2k)(log k)/(méix r),

2k
which yields that (log A)'(r) is a constant function on X. Substituting (3-9) into
(2-14), we have

(3-10) —2Eq,ViV$(r) = h(1 = (3. v))3ous1.

Notice that (9,, v) <1 and 1 = c¥o; does not change sign on X. Applying
the classical maximum principle to the elliptic equation (3-10), we conclude that
¢ (r) is a constant function on X. Since ¢ is an increasing function with respect
to r due to the fact ¢’ = A > 0, we conclude that the height function r is a constant
function on X, i.e., X is a slice {ro} x N. ([

To extend the previous result to noncompact hypersurfaces, we will apply a
generalization of the Omori—Yau maximum principle for trace-type differential
operators. Consider a Riemannian manifold (X, g) and a semi-elliptic operator
L =trg(To V&%), where T : TX — T X is a positive semidefinite symmetric tensor.
For simplicity we will omit the subscription g.

Definition 3.1. We say that the Omori—Yau maximum principle holds on X for L, if
for any functionu € C 2(2) with sups u < 400, there exists a sequence {p;}ien C X
such that for each i, the following holds:

1 1 1
u(pi)>supu—lf, IVul(pi)<l—., Lu(pi)<lf.
)

Since infy u = — sups. (—u), the above is equivalent to that for any function u €
C%(X) with infy, u > —o0, there exists a sequence {p;}ieny C X such that for each i,
the following holds:

. 1 1 1
u(pi) < lgfbt-f— o [Vul|(pi) < - Lu(p;) > -

Assume the generalized Omori—Yau maximum principle holds for the trace-type
operator L = tr(—2E ) V?), one can prove the analogous result for noncompact
hypersurfaces.
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Proof of Theorem 1.2. Due to the same argument as in the proof of Theorem 1.1,
we only need to prove the theorem in the case that —2EE£) is positive semidefinite.
By the generalized Omori—Yau maximum principle, we have two sequences {p;}
and {g;} in ¥ with properties

@) lim ¢(r(pi)) =sup¢(r), lim ¢(r(g;) =inf¢(r);
1—+00 ) 1——+00

(1) [Vo(I)I(pi) = Ar(p)|Vri(pi) < < |V¢(r)|(qz) =Ar(p)IVri(g) < -

(i) tH(—2E ) V29 (1) () < 1. tr(— 2E<k>v2¢(r>><q,>>—l1

Since ¢ (r) is strictly i 1ncreasmg due to ¢'(r) = f(r) > 0, we have
lim r(p,)_supr lim r(g;) =infr,
i——400 i—00 z
and thus
lim (3, v)(p)) = lim (3, v)(g) = 1.
I—+00

i—+400
Using the above facts in (2-14) and letting i — 400, we get

Hok+1

(3-11) (n—1-=2k)(logr) (sup r)y< ——<m-—1-2k)(log A)/(igfr).

2%k
By the assumption that (log A)” > 0 with equality only at isolated points, we obtain
the desired result that r is constant. That is, X is a slice {ro} x M. O

In the following, we discuss some sufficient condition to guarantee the generalized
Omori—Yau maximum principle to hold for . Inspired by [Pigola et al. 2005], Alias
et al. [2013, Theorem 1 and Corollary 3] proved that the Omori—Yau maximum
principle holds for a trace-type elliptic operator L = tr(T o V?) with positive
semidefinite 7" satisfying sups. tr 7 < oo on a Riemannian manifold X, provided
that the radial sectional curvature (the sectional curvature of the 2-planes containing
Vp, where p is the distance function on ¥ from a fixed point in ¥) of X satisfies
the condition

(3-12) K24(vp, vp) > ~G(p).

where G : [0, +00) — R is a smooth function satisfying

= 400, lim sup G
VG() t—>+o00  G(1)
A special case for which (3-12) holds is that the sectional curvature of ¥ is bounded
from below (one can choose G(p) = C(1 + p?), where C is a constant).
In the case of warped product manifolds, Alias et al. gave a detailed discussion
of (3-12). More precisely, they proved [ibid., Corollary 4] that for a hypersurface
Y in a slab of a warped product manifold [ry, 2] x N, (3-12) holds for L with

+00
(3-13)  G(0) >0, G'(r) >0, / < 400
0
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positive semidefinite 7" satisfying sups. tr 7 < oo, provided that the radial sectional
curvature of the fiber manifold N satisfies

(3-14) KBV 5, 9N p) > ~G(p),

where p is the distance function on the fiber N from a fixed point in N and
G : [0, +00) — R is a smooth function satisfying the conditions listed in (3-13),
together with supy, h]> < 400 on . Geometrically, the condition (3-14) means
that the radial sectional curvature of the fiber manifold N has a strong quadratic
decay at infinity, that is, one can choose G(p) = C (1 + p? log2 (24 p)) as shown in
[Chen and Xin 1992]. In particular, when N has sectional curvature bounded from
below or N is compact, (3-14) holds. As a direct result of Theorem 1.2, we have:

Corollary 3.2. Let (M", g) be as in Theorem 1.2. Assume that the radial sectional
curvature of N satisfies (3-14). Let "~ be a complete, noncompact star-shaped
hypersurface in M which is contained in a slab [r1, ry] x N with supy, ||1]|*> < +o00.
Assume —2E i) is semidefinite on ¥ and supy ¥y < 00 on X. If the quotient
or11/ 0y is constant, then the hypersurface is a slice {ro} x N.

Following the argument close to the proof of Theorem 1.2, one may prove the
Bernstein-type result in this case.

Proof of Theorem 1.3. By the generalized Omori—Yau maximum principle to the
height function r, there exists a sequence {p;} C X such that

lim r(p;) =supr, lim |Vr|(p;)=0, lim sup tr(—2E(k)V2r)(p,-) <0.
i—00 ) i—00 i—00

It follows from the semidefiniteness of —2E ) and the positivity of ¥ that
0 < (=2ExVr, Vr) <tr(=2E)|Vr> < (n — 1 = 2k)Cy|Vr|.
From the fact (3,, v)?> = 1 — |Vr|?, we have
lim (8-, v)(pi) =1,
11— 00
and thus

lim ( 2E(k)Vr, VF)(pl') =0

i—00

Combining all the above facts together into (2-15), we have

M) %
0= lim suptr(~2E V?r)(pi) = C1 lim <(n— 1—o ) 2"“)(;;,-) >0,
i—00 Ar) Hox

so that

A(r) FHox

lim ((n— 1 —2k)N(r) %2"“)( ) =0.
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From the hypothesis, we have infx ((n — 1 —2k)A'(r) /A (r) — g1/ 1) =0, and
thus |Vr| =0 on X, which yields that X is a slice {ro} x M for some rg € [0, 7). [J
Appendix: Kottler—Schwarzschild manifolds

The Kottler manifolds, or Kottler—Schwarzschild manifolds, are analogues of the
Schwarzschild space in the setting of asymptotically locally hyperbolic manifolds.
For k = 1,0 or —1, let (N(k), g) be a closed space form of constant sectional
curvature x. An n-dimensional Kottler—Schwarzschild manifold

Pk,m = [IOK,}’IH o0) X N (k)
is equipped with the metric

dp? 2~ 2m
= +0°8, Viem=p*+K— .
V2, (0) o pn2

Let pg := p«.m be the largest positive root of

(A-1) 8ie,m

2m
$(0) = p*+k = — = =0.
p

Remark that in (A-1), in order to have a positive root py, if « = 0 or 1, the parame-
ter m should be always positive; if k = —1, the parameter m can be negative. In

fact, in this case, m € [m., +00) and
(I’l _ 2)(n—2)/2
Me=— /2

Here the certain critical value m, comes from the following. If m < 0, one can
solve the equation

2
'Onrill =0
to get the root p; = (—(n — 2)m)'/". Note the fact that ¢ (p;) < 0, which yields
(I’l _ 2)(n—2)/2
= /2

¢'(p)=2p+(n—-2)

’

By a change of variable r = r(p) with

”,(,0) = r(p/(,m) =0,

Ve (p)’

we can rewrite P, ,, as a warped product manifold Py , = [0, 00) X, N (k) equipped
with the metric
Sem =g :=dr? + 0 (r)°8,

where A, : [0, 00) = [pr.m, 00) 1S the inverse of r(p), i.e., A, (r(p)) = p.
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It is easy to check

(1) = Viem(0) = Vi + M ()2 = 2m ()2,
Mi(r) = de(r) + (0 = 2)mAe ()"
Hence
Al — (AP = =k +nmAZ",

For the case k = 0, m > 0 and hence A, A/ — (A.)> = nmA2~" > 0. For the case
Kk =—1,if m >0, then A, A — (AL)? = 1 +nmr2™" > 0. If

(n _ 2)(n—2)/2
€ [——, 0),
nh/2

)“K)\‘I/(/ - ()\:()2 =1 +nmk%_” > 1 +nm,0§—n > 1 +nmp12_"
= 14 nm(—n —2m)E/" =1 — p(n —2)@/1(_p)n

(n _2)(11—2)/2 2/n
T) =0

then

>1—nn —2)<2—">/"(

As a conclusion, the condition on the log convexity of A holds for the Kottler—
Schwarzschild manifolds with x = 0 and —1. We remark that the log convexity
of A does not hold for the Kottler—Schwarzschild manifolds when x = 1.
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THE FIRST TERMS IN THE EXPANSION OF
THE BERGMAN KERNEL IN HIGHER DEGREES

MARTIN PUCHOL AND JIALIN ZHU

We establish the cancellation of the first 2 j terms in the diagonal asymptotic
expansion of the restriction to the (0, 2 j)-forms of the Bergman kernel as-
sociated to the spin° Dirac operator on high tensor powers of a positive line
bundle twisted by a (not necessarily holomorphic) complex vector bundle,
over a compact Kihler manifold. Moreover, we give a local formula for the
first and the second (nonzero) leading coefficients, as well as for the third
assuming that the first two vanish.

Introduction

The Bergman kernel of a Kéhler manifold endowed with a positive line bundle
L is the smooth kernel of the orthogonal projection on the kernel of the Kodaira
Laplacian OF =9%9%* +3L-*9L. The existence of a diagonal asymptotic expansion
of the Bergman kernel associated with the p-th tensor power of L when p — 400
and the form of the leading term were proved in [Tian 1990; Zelditch 1998; Catlin
1999]. Moreover, the coefficients in this expansion encode geometric information
about the underlying manifold, and therefore they have been studied closely: the
second and third terms were computed by Lu [2000], X. Wang [2005], L. Wang
[2003] and Ma and Marinescu [2012] in different degrees of generality (see also
the recent paper [Xu 2012]). This asymptotic analysis plays an important role in
various problems of Kihler geometry; see, for instance, [Donaldson 2001; Fine
2012]. We refer the reader to [Ma and Marinescu 2007] (henceforth abbreviated
[MM]) for a comprehensive study of the Bergman kernel and its applications. See
also the survey [Ma 2011].

In fact, Dai, Liu and Ma [Dai et al. 2006] established the asymptotic development
of the Bergman kernel in the symplectic case, using the heat kernel (see also [Ma
and Marinescu 2006]). In [Charbonneau and Stern 2011], these asymptotics in
the symplectic case have found an application in the study of the variation of
Hodge structures of vector bundles. In that setting, the Bergman kernel is the
kernel of a Kodaira-like Laplacian on a twisted bundle L ® E, where E is a (not

MSC2010: 32A25, 53D50.
Keywords: Bergman kernel, quantization, asymptotic expansion.
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necessarily holomorphic) complex vector bundle. Because of that, the Bergman
kernel is no longer supported in degree O (unlike it did in the Kihler case), and
the asymptotic development of its restriction to the (0, 2j)-forms is related to the
degree of ‘nonholomorphicity’ of E.

In this paper, we will show that the leading term in the asymptotics of the
restriction to the (0, 2j)-forms of the Bergman kernel is of order p%™X=2/ and we
will compute it. That will lead to a local version of [Charbonneau and Stern 2011,
Equation (1.3)], which is the main technical result of their paper; see Remark 0.6.
After that, we will also compute the second term in the asymptotics, as well as the
third term in the case where the first two vanish.

We now give more detail about our results. Let (X, w, J) be a compact Kéhler
manifold of complex dimension n. Let (L, h*) be a holomorphic Hermitian line
bundle on X, and (E, h¥) a Hermitian complex vector bundle. We endow (L, h’)
with its Chern (i.e., holomorphic and Hermitian) connection V%, and (E, hf) with
a Hermitian connection V£, whose curvatures are R = (VE)2 and RE = (VE)2.

Except in the beginning of Section 1A, we will always assume that (L, ht, VL)
satisfies the prequantization condition
(0-1) w= ERL.

2

Let g”™*(.,.)=w(-, J-) be the Riemannian metric on TX induced by  and J.
It induces a metric A2™" on A%*(T*X) := A*(T*ODX); see Section 1A.

Let L? = L®P be the p-th tensor power of L. Let

(0-2) QY (X,LP Q E) =¢*(X, A»(T*"X)® L’ ® E)

and 9L°®F . QO¢(X, LP ® E) — QU*T1(X, L? ® E) be the Dolbeault operator
induced by the (0, 1)-part of VZ (see (1-3)). Let 8%"®£-* be its dual with respect
to the L2-product. We set (see (1-6))

(0-3) D, =23 "®F + §L"OEx),
which exchanges odd and even forms.

Definition 0.1. Let

(0-4) P,: Q" (X, L? ® E) — ker(D,)

be the orthogonal projection onto the kernel of D,. The operator P, is called the
Bergman projection. It has a smooth kernel with respect to dvy(y), denoted by
Py(x,y), which is called the Bergman kernel.

Remark 0.2. If E is holomorphic, then by Hodge theory and the Kodaira vanishing
theorem (see respectively [MM, Theorems 1.4.1 and 1.5.6]), we know that, for p
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large enough, P, is the orthogonal projection €*°(X, L? ® E) — HY(X,LP ®E).
Here, by [Ma and Marinescu 2002, Theorem 1.1], we just know that

(0-5) ker(Dp‘QO,odd(X’Lp®E)) = 0

for p large, so that P),: Qleven(x 1P QE) — ker(D),). In particular, P,(x, x) €
€>°(X, End(A"®*"(T*X) ® E)).

By Theorem 1.3, D, is a Dirac operator, which enables us to apply this result:

Theorem 0.3 [Dai et al. 2006, Theorem 1.1]. There exist
(0-6) b, € (X, End(A"**"(T*X) ® E))
such that for any k € N and p — 400,

k
(0-7) pPy(x.x)=Y b(x)p+0(p ),
r=0

that is, for every k, | € N, there exists a constant Cy; > 0 such that for any p € N,

k
(0-8) ‘p‘”&(x, D= b@p|  <Cup ™
r=0 €(X)
Here | - |« (x) is the @!-norm for the variable x € X.
To simplify the formulas, we denote by
(0-9) R = (RF)*? € Q*(X, End(E))

the (0, 2)-part of RE (which is zero if E is holomorphic). For j € [1, n], let
(0-10) I;: A" (T*X)® E — A% (T*X)® E
be the natural orthogonal projection. The first main result in this paper is:

Theorem 0.4. Forany k € N, k > 2j, we have when p — 400,

k

(0-11) p"hjPp(x,x) ;= Z Lib (x)L; p~" + 0(p_k_1)’
r=2j

and moreover,

(0-12) Ljbyj(x)j = LR R)* I,

(4m)2) 227 (j!)?
where (QR){)* is the dual 0f97t,{ acting on (A®*(T*X) ® E),.

Theorem 0.4 leads immediately to:
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Corollary 0.5. Uniformly in x € X, when p — 400, we have

(0-13)  Tr((1a;Pplj)(x, x)) = I 12 p" 2 + O (p 1),

(47)27 221 (j1)?

Remark 0.6. By integrating (0-13) over X, we get

14 Tl Pyl = 19071292 4 0(p" 27,

(47)2) 227 (j1)?

which is the main technical result of [Charbonneau and Stern 2011, Equation (1.3)];
thus Corollary 0.5 can be viewed as a local version of it. The constant in (0-14)
differs from the one in [ibid.] because our conventions are not the same as theirs

(e.g., they chose w = /—1R").

Let RE := —/—=1", RE(w;, w;) for (wy, ..., W,) an orthonormal frame of
TODX. Let RTX be the curvature of the Levi-Civita connection VX of (X, g7%),
and for (ey, . .., e3,) an orthonormal frame of TX, let rX = —Z(RTX(ei, ejei,e;)
be the scalar curvature of X. hi

For j,k e Nand j > k, we also define C; (k) by

1 1 1
(4m)J 2kk! Hi=k+1(2s + 1)’

(0-15) Cj(k) =

with the convention that [[,_, = 1.

Let VA™ be the connection on A%*(T*X) induced by V7X. Let VA**®E be the
connection on A%*(T*X) ® E induced by V£ and VAO"', and let AA""®E be the
associated Laplacian. For precise definitions, see Section 1A.

For every operator A acting on a Hermitian space, we define the positive (not
necessarily definite) operator and the symmetric operator associated to A as

(0-16) Pos[A] = AA* and Sym[A]=A+ A™.
Finally, to simplify the notation, we define To(j), 71(j), T2(j) and T3(j) as:
e 70(0) =0, and for j > 1,
noj—1

1 . 0,e
O-17) To(j) = = D b)) = CiNRITF (VAT EER ) (x)RE I
i=0 k=0
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« 71(0) = 7;(1) =0, and for j > 2,

I j=2 ¢
0-18) Ti(j) = ﬁ > Z{(C,-(j) —Cj(g+1)
q=0 m=0
% g{){*((]+2) (V%O‘.@E%-)(x)%zim(.V$I_O'.®E%-)(x)%z1

e[ 1 ()]

s=q+2
X P~ (VAOEG ) ()R (VA CE G ) (x) } lo,
e 72(0) =0, and for j > 1,
j—1

1 . 0.
0-19) 7o) = —hy ) _{(C;(0) = C;(RTEVANTEER) )Ry Ho,
k=0

o for j >0,

0-20 T'—1~j97u'—klc- i+1 e [
0200 T3(j))= 212 X g( +1U+ )—m>rx

k=0
Gk .
T Am k4 1) —1R{ ]QR fo.

Our second goal is to compute the second term in the expansion (0-11).

Theorem 0.7. We can decompose I ;b;;1(x) 1 as the sum of four terms:

0-21) DLjbyji1(x) D
= Pos[75(j)1+ C;(j) Sym[(Ti(j) + T2(j) + T3 () (R * ;1.

For instance, for j = 1, using the fact that (Rf)* = RE, we find
(0-22) 1287° b3 (x) I
= éPos[lz Xn:(vu‘}?’.@E@{.)(x)Io} —~ é Sym[Lo(AM"BER ) ()R I ]
T N 2

c 3 1 RER Iz—%lz%x%jlz.

The last goal of this paper is to compute the third term in the expansion (0-11),
assuming that the first two vanish.

L(RERRE+R,RERY) L —

Theorem 0.8. Let j € [1, n]. If

(0-23) Ljbyj(x)1j = Ljbyj1(x) 1 =0,
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then T3 equals

o J C;(k)
(0-24) T3(j) = —v=1h; Z 4 (2k + 1)

k=0

RITKRE (R,

and
(0-25) Ljbaj2(x) Loj = Pos[Ti(j) + T2 () + T{ ()]
Theorems 0.4, 0.7 and 0.8 yield to:
Corollary 0.9. We have
R =0,
(026)  hjPp(x.x)hj = 0(p" ™) = 1 To(j)) =0,
Ti()+T2()+T3() =0.

This paper is organized as follows. In Section 1 we compute the square of D),
and use a local trivialization to rescale it, and then give the Taylor expansion of
the rescaled operator. In Section 2, we use this expansion to give a formula for the
coefficients b, appearing in (0-7), which will lead to a proof of Theorem 0.4. In
Section 3, we prove Theorem 0.7 using the formula for b,. Finally, in Section 4,
we prove Theorem 0.8 using the techniques and results of the preceding sections.

In this whole paper, when an index variable appears twice in a single term, it
means that we are summing over all its possible values.

1. Rescaling Df, and Taylor expansion

In this section, we follow the method of [MM, Chapter 4] that enables to prove the
existence of b, in (0-7) in the case of a holomorphic vector bundle E, and that still
applies here (as pointed out in [MM, Section 8.1.1]). Then, in Sections 2 and 3, we
will use this approach to understand />;b, I>; and prove Theorems 0.4 and 0.7.

In Section 1A, we will first prove Theorem 1.3, and then give a formula for the
square of D, which will be the starting point of our approach.

In Section 1B, we will rescale the operator D127 to get an operator &;, and then
give the Taylor expansion of the rescaled operator.

In Section 1C, we will study more precisely the limit operator £.

1A. The square of D). For further details on the material of this subsection, the
lector can read [MM]. First of all let us give some notation.

The Riemannian volume form of (X, g”%) is given by dvy = " /n!. We will
denote by (-, -) the C-bilinear form on 7X ® C induced by g’¥.

For the rest of Section 1A, we will fix (wy, ..., w,) alocal orthonormal frame of
710X with dual frame (w!, ..., w"). Then (w4, ..., W,) is a local orthonormal
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frame of 7D X whose dual frame is denoted by ', ..., w'"), and the vectors
(1-1) L w,+@;) and — (w; — ;)
- ei1=—(w;j+w;) and ep;=—(wW;,—w;
J «/i J J J \/5 J J

form a local orthonormal frame of TX.
We choose the Hermitian metric 22" on A% (T*X) := A*(T*OD X) such that
(W A--- AWl 1< j <--- < ji <n}is an orthonormal frame of A%*(T*X).
For any Hermitian bundle (F, h¥) over X, let €>°(X, F) be the space of smooth
sections of F. It is endowed with the L?-Hermitian metric

(1-2) (S1,Sz>=/X<S1(X),S2(x))hF dvx (x).

The corresponding norm will be denoted by || - || .2, and the completion of €°>°(X, F')
with respect to this norm by L?(X, F).
Let 3F be the Dolbeault operator of E. It is the (0, 1)-part of the connection V¥

(1-3) o = (VEYOM (X, E) » €®(X, T"*VX Q E).
We extend it to get an operator
(1-4) 3f: Q" (X, E) > Q" (X, E)

by the Leibniz formula: for s € €*°(X, E) and o € € (X, A%*(T*X)) homoge-
neous,

(1-5) (@ ®s)=00)®s+ (=% ®3Fs.
We can now define the operator
(1-6) =20F +35%): Q" (X, E) > Q" (X, E),

where the dual is taken with respect to the L2-norm associated with the Hermitian
metrics 72" and hE.

Let VAT™X) pe the connection on A (7*X) induced by the Levi-Civita connection
VTX of X. Since X is Kihler, VIX preserves TODx and 719 X Thus, it induces
a connection VI™*"X on T7*O.D X and then a Hermitian connection VA" on
A%*(T*X). We then have that for any « € € (X, A®*(T*X)),

(1-7) VA @ = VAT Xy

Note the important fact that VA" preserves the bi-grading on A**(T*X).
Let VA" ®E .— yA®* ®14+1® VE be the connection on A% *(7*X)® E induced
by VvA®™ and VE.
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Proposition 1.1. On Q¥*(X, E), we have

5E =l A VA TOE
(1—8) qE. ;\UOJ'®E
* .
0 = —lg}j ij

Proof. We still denote by V£ the extension of the connection VE to Q**(X, E)
by the usual formula VE (¢ ® s) =da @ s + (=122 A VEs for s € €°(X, E)
and o € €*°(X, A(T*X)) homogeneous. We know that d = ¢ o VAT*X) where
¢ is the exterior multiplication (see [MM, Equation (1.2.44)]), so we get that
VE = g0 VAITO®E Using (1-7), it follows that

- . 0,0

5E = (VEY! = 5/ A Vﬁ[}_,- ®F

which is the first part of (1-8).
The second part of our proposition follows classically from the first by exactly
the same computation as in [MM, Lemma 1.4.4]. O

Definition 1.2. Letv=v!94v%1eTX =T8O xaTO-D X and 5O-D-* c 7*O.D x
the dual of v"° for (-, -). We define the Clifford action of TX on A%*(T*X) by

(1-9) c() = V2@ A —ion).
We verify easily that for u, v € TX,
(1-10) c(w)c() +c)c(u) = —2{u, v),
and that for any skew-adjoint endomorphism A of TX,
(1-11)  J(Ae;, e;)c(ei)cle;) = —3({Aw;, @) + (Awg, W) W" A,
+ 3 Awe, w)ig, i, + 3(ADe, W) B A D™ A.
Let V9 be the Chern connection of det(70X) := A*(T1:9X), and V! the
Clifford connection on A%*(7*X) induced by VX and V%! (see [MM, Equa-

tion (1.3.5)]). We also denote by VY the connection on A%*(7*X) ® E induced
by V& and VE. By [loc. cit.], (1-11) and the fact that V9 is holomorphic, we get

(1-12) Ve = vA*,

Let D£ be the associated spin® Dirac operator

2n
(1-13) DYF =3 "clep)Ve!: Q¥ (X, E) > Q"*(X, E).
j=1

By (1-8) and (1-12), we have:

Theorem 1.3. DF is equal to the spin® Dirac operator DF acting on Q%*(X, E).
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Remark 1.4. Note that all the results proved in the beginning of this subsection
hold without assuming the prequantization condition (0-1), but from now on we
will use it.

Let (F, h¥) be a Hermitian vector bundle on X and let V¥ be a Hermitian con-
nection on F. Then the Bochner Laplacian AT acting on > (X, F) is defined by

2n
(1-14) AF ==Y (V) = Vim,).
j=1 !

On Q%°*(X), we define the number operator N by
(1-15) Nlgoic = s

and we also denote by A the operator N’ ® 1 acting on Q¥*(X, F).

The bundle L” is endowed with the connection V£’ induced by V (which is
also its Chern connection). Let VE"®E .= VL” @ 1 + 1 ® V£ be the connection on
L? ® E induced by VX and V£. We will denote

(1-16) D, = DL"®E,
Theorem 1.5. The square of D, is given by

(1-17) D2 = AN"OL"®E _ RE(w;, & ;) — 2pn + 4 pN
+2(RE + L R®) (we, W) B" A, + RE (we, wi)iz, iz,
+ RE (W, W)Wt A 0™,

Proof. By Theorem 1.3, we can use [MM, Theorem 1.3.5]
(1-18) D% = A4 1rX + J(RY®F 4 TR (e, €)c(en)c(e;),

where rX is the scalar curvature of X. From (1-12), we see that A° = AAOLI®E,

Moreover, rX =2R%'(w;, ;) and RL"®E = RE 4 pRL. Using the equivalent of

(1-11) for 2-forms (substituting A( -, -) for (A-, -)) and the fact that RY and Rdet
are (1, 1)-forms, (1-18) reads

DZ:AAO"@’”@E—F%Rd“(u}j, W)~ (RE(w;, w))+pR (wj, W) +1R* (w;, @)

+2(R" + pR* + 1 R*) (we, ©,)®™ N i, + R” (we, wn)im,im,

+ RE (g, W)Wt A @™,

Thanks to (0-1), we have RE(wy, ©,,) = 278¢,. Moreover, N' = ZJ}Z Nlg,,

thus we get Theorem 1.5. ¢ (]
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1B. Rescaling Df,. In this subsection, we rescale D?J, but to do this we must define
it on a vector space. Therefore, we will use normal coordinates to transfer the
problem on the tangent space to X at a fixed point. Then we give a Taylor expansion
of the rescaled operator, but the problem is that each operator acts on a different
space, namely,

E, =A"(T*"X)® L’ ®E,

so we must first handle this issue.

Fix xo € X. For the rest of this paper, we fix {w;} an orthonormal basis of
Tx(o1 0 x , with dual basis {w/}, and we construct an orthonormal basis {e;} of T, X
from {w;} as in (1-1).

For & > 0, we denote by BX (x¢, &) and BT0X(0, ¢) the open balls in X and 7, X
with center xg and 0 and radius ¢. If expffo is the Riemannian exponential of X, then
for ¢ small enough, Z € BTX(0, &) > expffo (Z) € BX(xy, ¢) is a diffeomorphism,
which gives local coordinates by identifying T\, X with R*" via the orthonormal
basis {e; }:

(1-19) (Z1,.. s Zon) €R™ 1> > Ziej € Ty X.

1

From now on, we will always identify BTX (0, £) and BX (xp, €). Note that in this
identification, the radial vector field R = > Z;e; becomes R = Z, so Z can be
viewed as a point or as a tangent vector. '

For Z € B™0X(0, ¢), we identify (Lz, h%), (Ez, hE) and (A% (T*X), n4"")
with (L, hE ), (Ey,, h%) and (A0 (TEX), hfc‘oo") by parallel transport with respect
to the connection VX, V£ and vA» along the geodesic ray t € [0, 1]+ tZ. We de-
note by 'L, T'E and I'A™* the corresponding connection forms of VZ, VE and VA",

Remark 1.6. As VA" preserves the degree, the identification between A%®(T*X)
and A**(T X) is compatible with the degree. Thus, Fé‘o" €®; End(A%/ (T*X)).

Let S;. be a unit vector of Ly,. It gives an isometry L, >~ C, which induces an
isometry

(1-20) Ep = (A"(T*X) ® E),, =: Ey.

Thus, in our trivialization, D127 acts on [E,,, but this action may a priori depend on
the choice of Sy. In fact, since the operator D% takes values in End(E, ,,) which is
canonically isomorphic to End(E)y, (by the natural identification End(L?) >~ C),
all our formulas do not depend on this choice.

Let dvrx be the Riemannian volume form of (7}, X, ngoX ), and let k (Z) be the
smooth positive function defined for |Z| < ¢ by

(1-21) dvx(Z) = k(Z)dvrx(Z),
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with «(0) = 1.
Definition 1.7. We denote by Vy the ordinary differentiation operator in the direc-
tion U on T, X. For s € B> (R, ) and t = 1/,/p, set
(Si5)(Z2) =s(Z/1),
Vv, = [SI—IKI/ZVCIOK—I/ZS“
Vo=V +3Ri(Z, ),

%, =125 2 D21,
Po=— Z(Vo,e[)2 +4a N —2mn.
i

(1-22)

Let || - || ;2 be the L?-norm induced by h®% and dvry. We can now state the key
result in our approach to Theorems 0.4 and 0.7:

Theorem 1.8. There exist second-order formally self-adjoint (with respect to || - || 12)
differential operators O, with polynomial coefficients such that for all m € N,

(1-23) =%+ 'O+ 00",

r=1
Furthermore, each O, can be decomposed as
(1-24) 0, =0"+07 4072,
where (’)lr‘ changes the degree of the form it acts on by k.

Proof. The first part of the theorem (i.e., (1-23)) is contained in [Ma and Marinescu
2008, Theorem 1.4]. We will briefly recall how they obtained this result.
Let ® g be the smooth self-adjoint section of End(E,,) on BTwX 0, &):

(1-25) g =—RE(w;, ©;) +2(RE + L R®) (w, ©,)W" Aig,
+ RE(we, wa)iz, iz, + RE (B¢, Bp) W A D",
We can see that we can decompose g as CD% + <I>J,§2 + CDEZ, where

(1-26)
CID% = RE(u)j, w;)+ 2(RE + %Rdet)(wg, W)W Aig, preserves the degree,

@} = RE (i, W,,) " A @™ rises the degree by 2,
®,% = RE (wy, wp)ig, iz, lowers the degree by 2.

Using Theorem 1.5, we find that

(1-27) D2 = ANTSLGE | p(dmn 4 N) + Op.
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Letg;i(Z)= g7 (e;, e;j)(Z) and (g¥ (Z))i; be the inverse of the matrix (g;;(Z));;.
Let (V[ Xe;j)(2) = Ffj(Z)ek. As in [MM, Equation (4.1.34)], by (1-22) and (1-27),
we get

vt,.:,cl/z(tZ)(v.thr +1 F . +1TE )_l/z(tZ),
(1-28)

L =—8"(2) (V1,0 Vie, — zr" “(Z2)Vye) —2mn+4nN + 1P Qp(t2).

Moreover, k = (det(g; j))l/ 2 thus we can prove equation (1-23) as in [MM, Theo-
rem 4.1.7] by taking the Taylor expansion of each term appearing in (1-28). Note
that in [MM], every data has to be extended to 7,,X to make the analysis work,
but as we admit the result, we do not have to worry about it and simply restrict
ourselves to a neighborhood of xg.

Now, it is clear that in the formula for &£, in (1-28), the term

(1-29) £ := =" (1 Z)(V1.¢;Vie; = 1Tt Z) Vo) — 2+ 47N + 1> DY (1 Z)

preserves the degree, because A% does (as explained in Remark 1.6). Thus, using
(1-26) and taking Taylor expansion of &; in (1-28), we can write

o.¢] [o¢]
(1-30) P =S+ Y 1O POF(Z) =) 1O
= r=2

From (1-30), we get (1-24).
Finally, due to the presence of the conjugation by «!/2 in (1-22), &; is a formally
self-adjoint operator on 6> (R?", E,,) with respect to || - || ;2. So are £y and O,. U

Recall that ® = (RF)*2 € Q%2(X, End(E)).
Proposition 1.9. We have
(1-31) 0, =0.

For Oy, we have the formulas
(1-32) OfF =Ry, 072 = Ry,
and
(1-33) O = (RIX(Z.,€)Z. ¢;)V0.6,Y0.0; — Rb (wj, W) — 1%

+(3RI(Z, enyex + ERI X (2, 2)Z, €) — RE (Z, ¢)))Vo.e; -

Proof. For F = L, E or AO"(T*X), it is known that (see, for instance, [MM,
Lemma 1.2.4])

ZO{
(1-34) DO TN r="—7 3 @R, e])

|ee|=r |oz| r—1
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and in particular,

(1-35) Then=1iRE(Z, e))+0(2Z%).

27 xo

Furthermore, we know from the Gauss lemma (see, e.g., [MM, Equation (1.2.19)])
that

(1-36) gii(Z)=8;+0(Z

This implies that

(1-37) K(Z) =|det(gi; (2N =1+ 0(Z).

Moreover, the second line of [MM, Equation (4.1.103)] entails
=1

(1-38) 71%;(2, e)=1(JZ,e;)+0(Z),

and thus by (1-34) and (1-38),
(1-39) s =1RE(Z,ep)+0(ZP).

277X

Using (1-28), (1-35), (1-37) and (1-39), we see that
(1-40) V, =Vo+ 0(?).

Finally, using again (1-28), (1-36) and (1-40), we get O; = 0.
Concerning O;Ez, from (1-30), we see that

05 = @L%(0) = RE (W, W) 0" A" = (RE)™? =Ry,

(1-41) - v o . .
057 = ®52(0) = RE (we, i, iz, = (RE)"?)* = (Ryy)*.

Finally, by (1-29) and [MM, Equation (4.1.34)], we see that our #? corresponds to
¥, in [MM]. Thus, by (1-30) and [MM, Equation (4.1.31)], our (’)g is equal to their
O, (this is because in their case, E is holomorphic, so RE is a (1, 1)-form and there
is no term changing the degree in (3°"®F + §L"®E.%)2; but the terms preserving the
degree are the same as ours). Hence (1-33) follows from [MM, Theorem 4.1.25]. [J

1C. Bergman kernel of the limit operator £,. In this subsection, we study more
precisely the operator &£.

We introduce the complex coordinates z = (z1, ..., z,) on C" =~ R2". Thus, we
get Z=z+7, w; =+/29/3z; and @ ; = +/28/37;. We will identify z to 3"z;8/dz;
and zZ to ) z;8/9z; when we consider z and z as vector fields. J

Set J

bj =—=2V0a/0:;, b =2V

(1-42) b=(bi,....b), F=—- (Vo) —2mn.
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By definition, Vo = V + 1 RE(Z, -) so we get

27 X0
o ., 0
8Zi 82,‘

and for any polynomial g(z, ) in z and Z,

[bi, b 1= —4n8;j, [bi,bjl=1b;",b1=0,

(1-44)

d d
[8(z,2),b;]1= 28—g(z, z), 8z, 2), b]*] =—-2—¢(z 2).
<j 3Zj

Finally, a simple calculation shows

(1-45) £=> "bibj and Fo=L+47N.

Recall that we denoted by || - ||;2 the L2-norm associated with 250 and dvry.
For this form we have b;r = (b;)*, therefore & and ¥ are self-adjoint.
The next theorem is proved in [MM, Theorem 4.1.20]:

Theorem 1.10. The spectrum of the restriction of £ to L*>(R*") is Sp(¥| L2(R2) =
47N and an orthogonal basis of the eigenspace for the eigenvalue 4wk is

(1-46) b” (zﬂ exp(—%lzlz)) with o, B € N" and Zai = k.
l

In particular, an orthonormal basis of ker(£| ;2(g2) is

N2 T
(1—47) (7) Z CXP(—§|Z| >,

and thus if P(Z, Z’) is the smooth kernel of P, the orthogonal projection from
(L*(R*"), | - llo) onto ker(£) (where || - [|o is the L*-norm associated to g!*) with
respect to dvrx (Z'), we have

(1-48) P(Z,Z') =exp(—%<|z|2+ |z/|2—2z-z/)).

Now let PV be the orthogonal projection from (L*(R*", Ex,), Il - ll.2) onto N :=
ker(%y), and PV (Z, Z') be its smooth kernel with respect to dvrx(Z’). From
(1-45), we have

(1-49) PNZz,z2=9Z,Z)H .
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2. The first coefficient in the asymptotic expansion

In this section we prove Theorem 0.4. We will proceed as follows. In Section 2A,
following [MM, Section 4.1.7], we will give a formula for b, involving the Oy and
%o. In Section 2B, we will see how this formula entails Theorem 0.4.

2A. A formula for b,. By Theorem 1.10 and (1-45), we know that for every A € §
the unit circle in C, (A — £y) ! exists.
Let f (X, t) be a formal power series on ¢ with values in End(L?(R?", E,,)):

+o00

@1 fO.n=) 1" f:()  with f,(}) € End(L* (R, Ey)).

r=0

Consider the equation of formal power series on ¢ for A € §,

+00
(2—2) ()\ - g() - Z tr0,>f()», t) == IdLZ(RZ",[EXO)'

r=1
We then find that
fo) =G —%0)7 ",
2-3 !
& L) =0=20)" Y0 finj0).
j=1

Thus by (1-31) and by induction,

24 fi)= ( Y =L)O, —seor]ork) (A—Fo)7 ",
ri+-tr=r
rjzz

Definition 2.1. Following [MM, Equation (4.1.91)], we define ¥, by

(2-5)

«

r r d
271\/—/”“*

and we denote by %, (Z, Z’) its smooth kernel with respect to dvrx(Z').
Theorem 2.2. The following equation holds:
(2-6) by (xp) = F2,(0, 0).

Proof. This formula follows from [MM, Theorem 8.1.4] as [MM, Equation (4.1.97)]
follows from [MM, Theorem 4.1.24], remembering that in our situation the Bergman
kernel P, is not supported in degree 0. (]
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2B. Proofof Theorem 0.4. Let T,(A) = (A—%0) 'O, - - (A—%0) 'O, (A—F0) !
be the term in the sum (2-4) corresponding to r = (r1,...,r¢). Let N L be the
orthogonal of N in L2(R?", E,,), and PV" the associated orthogonal projector. In
T, (1), each term (A — £y)~! can be decomposed as

1

@7 (= %0)™ = =) PV PV,
Set
(2-8) LM oy=0-%) ' PV, LYoy = % PN,

By (1-45), % preserves the degree, and thus so do (A — %)™, LN and LV,
For = (11, ..., mk+1) € (N, N1 et

(2-9) T,)(A) = L"(A) Oy, - - - L™ (1) O, L™ (1).
We can decompose

(2-10) L= Y T,

N=(M1,--,Mk+1)

and by (2-4) and (2-5),

1
(2-11) Fyy = Z / T (1) dA.
21 rierg=2r 8
M1sees Mkt1)

Note that LN" (A) is an holomorphic function of X, so
(2-12) f(sLNL(A)O,l LY )0, LY (W) dr =0.
Thus, in (2-11), every nonzero term that appears contains at least one LY (1),
(2-13) /5 T'(A\)dr #0 = there exists an ip such that n;, = N.

Now fix k and j inN. Lets € L2(R*", E,,) be a form of degree 2, r € (N\ {0, 1})¥
such that ) . r; =2r and n = (ny, ..., m41) € {N, N} guch that there is an ig
satisfying n;, = N. We want to find a necessary condition for /5; T, (M) 1o js to be
nonzero.

Suppose then that I; T, (A\) I;s # 0. Since L"o = %PN ,and N is concentrated
in degree 0, we must have

deg(Oy, L0 (W)Oy, ,, -+ L™ (WO L™ (M) o) = 0;

+1
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but each L7 (1) preserves the degree, and by Theorem 1.8 each O,, lowers the

degree at most by 2, so

0= deg((’)% LMo+ ()‘)Or,-o
and thus

o L) O, L (W) Lyjs) = 2j —2(k — ig + 1),

+1

(2-14) 2j <2k —ip+1).

Similarly, L™ (A)Oy, - - - L™ (A) Oy, L"+1(A) I ;s must have a nonzero component
in degree 2j and by Theorem 1.8 each O,, rises the degree at most by 2, so 2 j must
be less than or equal to the number of O,, appearing before Oy, , that is,

(2-15) 2j <2(@p—1).

With (2-14) and (2-15), we find

(2-16) 4j < 2k.

Finally, since for every i, r; > 2 and Zle r; = 2r, we have 2k < 2r, and thus
(2-17) 4j <2k <2r.

Consequently, if r < 2j we have I;T,'(\)I,; = 0, and by (2-11), we find
;%2 1; = 0. Using Theorem 2.2, we find

Ljbr1j =0,

which, combined with Theorem 0.3, entails the first part of Theorem 0.4.

For the second part of this theorem, let us focus on the case r = 2. We also
suppose that j > 1, because in the case j = 0, [MM, Equation (8.1.5)] implies that
bo(xg) = %o(0, 0) = [h?P(0, 0) = Iy, so Theorem 0.4 is true for j = 0.

In I5;%4; I, there is only one term satisfying equations (2-14), (2-15) and (2-17).
First we see that (2-17) implies that r = k = 2 and for all i, r; = 2, while (2-14)
and (2-15) imply that the ip such that ;, = N is unique and equal to j. Moreover,
only (’)2L 2 and 0y 2 appear in I5;%4;1>;, not Og, because the degree must decrease
by 2 and then increase by 2 with k =2j O,, available. To summarize,

2-18) LTy = Lj((— $0) PN 0F)]

1

2w /—1 /5<
x 3 PY (0720~ %) VY Iy )

— I2j(§£0_1PNLO;2)jPN(OEZOCBO_IPNL)jIQj

= DLj(% ' 03 PN (0% I

Because by (1-45), L>(R?", (A%>%(T*X) ® E),,) C N+, we removed the PV in
the last line.
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Let A = L; (%' 07 PV. Since (0F)* = O, (see Proposition 1.9) and %
is self-adjoint, the adjoint of A is A* = PN(ngiﬁo_l)jlzj, and thus
(2-19) LiFaihj =AA™.

Recall that PV = P (see (1-49)). Let s € L>(R*", E,,);since Lo =L +4n N
and £Ps =0, (Ps)Ry, is an eigenfunction of £y for the eigenvalue 2 x 47r. Thus,

2
(2-20) Fo ' OFPNs = Ly OF*Ps = Lo (Ps)Ryy) = .%xo%

Now, an easy induction shows that

1 1 . 1 1

(2-21) A= . LR P = L
(4m) 2x4x---x2j 0 (4r )JZJ !

Let A(Z,Z'") and A*(Z, Z') be the smooth kernels of A and A* with respect to

dUTx(Z,). By (2-19), 12]‘@4]‘12]' (0, 0) = fRZ” A(O, Z)A*(Z, 0) dZ. Thanks to

QRJ?]’

(2-22) / PO, Z2)P(Z,0)dZ = (P oP)(0,0)=20,0)=1
and (2-21), we find (0-12).

3. The second coefficient in the asymptotic expansion

In this section, we prove Theorem 0.7. Using (2-6), we know that
(3-D Ljbyj11;(0,0) = I F4j41215;(0, 0).

In Section 3A, we decompose this into three terms, and then in Sections 3B and 3C
we handle them separately.

Fix j € [0, n]. For every smoothing operator F acting on L?>(R**, E,,) in this
section, we denote by F(Z, Z') its smooth kernel with respect to dvrx (Z').

3A. Decomposition of the problem. Applying inequality (2-17) with r =2j + 1,
we see that in I>;%4;,,1>;, the nonzero terms f 5 T, (1) d in the decomposition
(2-11) satisfy k =2j ork=2j+1. Since ) ; r; =4j +2 and r; > 2, we see that in
I>j%4j421; there are three types of terms T." (») with nonzero integral, in which
o fork=2j,
— there are 2j —2 O,, equal to O and 2 equal to O3 and we denote by I the
sum of these terms,
— there are 2j — 1 O,, equal to O, and 1 equal to O4 and we denote by II
the sum of these terms,
o fork=2j+1,

— all the O,, are equal to O, and we denote by III the sum of these terms.
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We thus have a decomposition
(3-2) 12jg4j+212j =I1-+1I411I.

Remark 3.1. Note that for I and II to be nonzero, we must have j > 1. Moreover,
in the first two cases, as k = 2j, by the same reasoning as in Section 2B, (2-14)
and (2-15) imply that the ip such that n;, = N is unique and equal to j, and that
only 032, O;tz and sz appear in I and II, not some (’)9,_.

3B. The term involving only O,.

Lemma 3.2. In any term T, (A) appearing in the sum 111 (with nonvanishing inte-
gral), the io such that n;, = N is unique and equal to j or j + 1. If we denote by
11, and 111, the sums corresponding to these two cases, we have

J
I, =Y L (&~ 033 ™ (%™ O (Lo~ OF) PN (07 %0 ™" Iy,

(3-3) k=0
11, = (I11,)*,

I =11, 4 1.

Remark 3.3. For the same reason as for (2-18), we have removed the PV *in (3-3)
without getting any problem concerning the existence of £, !.

Proof. Fix a term T;"()) appearing in the sum III with nonvanishing integral. Using

again the same reasoning as in Section 2B, we see that there exists at most two

indices ip such that n;, = N, and that they are in {j, j +1}. Indeed, with only 2j 41

Oy, at our disposal, we need j of them before the first PV, and j after the last one.
Now, the only possible term with n; =n;y1 = N is

(3-4) (Zo'OFHI PN O PN (028071,

To prove that this term is vanishing, using (1-33), [Ma and Marinescu 2012, Equa-
tions (3.13), (3.16b) and 4.1a], we see that 9?(’)897’ =0, and so

(3-5) PYOIPN =01y = 0.

We have proved the first part of the lemma.
The second part follows from the reasoning made at the beginning of this proof,
and the facts that iy is unique, (’)(2) is self-adjoint and (o~ ! (’);r 2)* =0, 2330_1. O

Let us compute the term that appears in (3-3),

(3-6)  Mlax = I (%o O3 (Lo~ ON (L' O PN (032207 1) ;.
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With (2-21), we know that

(3-7) PO D) =

1 .
JR— J YR,
amyi 1 Pi) D

and
(3-8) Lj(Lo ' OF K (E T O (o OF PN
1

= Wzk_k!h J(EorOF TRy T OIRE Py I,

Let

0 B a 0 a 0
39 Rumeg = RTX(_af>—,T> and RE =RE (—,—_)
B9 Reneg < dzk 0Zm ) 0z¢ 9Zg [y, ke 0\ 9z, 9z
By [ibid., Lemma 3.1], we know that

(3-10) Riieg = Remkg = Rigem = Regin  and rjg = 8Rningg-

Once again, our Og correspond to the O, of [Ma and Marinescu 2012] (see
(1-33) and [ibid., Equations (3.13), (3.16b)]), so we can use [ibid., Equation (4.6)]
to get
(3-11)  OIRE P = (£bmby Runegznze + 5bq Rygrgze

— 370 by RinegzkzeZy, + by Rizz0) R, P,

Set

(3-12) a = gbnby Runegzcze, b= 3bqRyizze,
¢ = —37by RiiegikzeZy,. d=byRj;z.

Thanks to (1-45), (1-46) and (3-11), we find

b+c+d
3-13 Lo OVRE P Iy = - RE DI,
G-13) 0 T E\rag o T ama g an ) e

and by induction, (3-8) becomes
(3-14)  Lj(Ly 'OFHI (LT O (Fo T OFHEPY

1 1 ik a b+c+d
= it o 2% S+ ~
(47 )J+1 2k (2+42k) - (2427)  (1+2k) - (142])

)%Q@h.

Lemma 3.4. We have
@RE, P)0,2) = tridk #(0,2), @OREP)(0,2) = —irkRk #(0, 2),

(3-15) k k E gpk
(c%xO@)(o, Z) =0, (d?]txo@)(o, Z) = —ZRMQRXOQP(O, 7).
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Proof. This lemma is a consequence of the relations (1-44) and (3-10). For
demonstration, we will compute (b@tﬁo@) (0, Z); the other terms are similar.

(b, P)(0. Z) = (b Reléqué%iog’)((), Z)
= éRz/quW ((zebg —28¢9)P)(0, Z)
= — 3Ry iP5, 20, Z) = —3r B 20, 2). O

Using (2-22), (3-6), (3-7) and (3-13), we find

il . C; (k)
(3-16) I,k (0,0) = Ir;C; ()HR], "[g<cj+1(] +1)— m)ﬂ‘
C—(k) Rk () )
22k + 1) ‘M] o) b2

Notice that ZRfé = RXE0 (ﬁ%, ﬁ ) RxO(wq, Wy) =~/— RA o by definition.
Consequently,

(3-17) HL (O 0)—I-C~(')2j:9{f" 1(0 G- b\ x
- alU, V) =1Ly e X0 |:6 j+1lJ 2n(2k+1))er

C;k)

= J-1IR RE (R ).
T An(2k+ 1) AXO] b

3C. The two other terms. In this subsection, we suppose that j > 1 (see Remark 3.1).
Moreover, the existence of any %o~" in this section follows from the reasoning
done in Remark 3.3, and this operator will be used without further precision.

Due to (1-30), we have

d IR IR,
3-18 P otz =7, —(0) + z; —(0),
( ) 05 7 E ( )t:O Zaz,-()+z 82,'()

92%R. 92%R. ZiZj
3-19 o2 =44 0) +z; 0) + % 0
-19) 5= a0z, O 0, O 6 a‘()

The sum I can be decomposed into three subsums: 1,, I, and I, in which the
two O3 appear respectively both at the left, on either side or both at the right of
PV (see Remark 3.1). As usual, we have I, = (I,)*.

In the same way, we can decompose II as II, + II,: in II, the O4 appears at the
left of PV, and in II, at the right. Once again, I, = (II,)*.

Computation of I,(0, 0). To compute I, we first compute the kernel of
(3-20) Ak =& 073 N (& T 07 (& T 07 P

at (0, Z).



394 MARTIN PUCHOL AND JIALIN ZHU
By (2-21) and (3-18),

1 1

—1+2yj—k—1 —1,,n+2 k
(3-21) Ap=h;($'05?) (%' OF )(4 T 2kk'gzm97>10
1 | AR, AR,
Pt OFHI gyt i=—(0)+Zi——(0 RE P I,
= @t 2xl Lj(%o ) e 0)+z o7 0) 0

By Theorem 1.10, if s € N, then z;s € N, so by the same calculation as in (2-21),

(3-22)

; oR.
(12,- (Lo~ ' OF?)I gy [zia—m)]%io@lo) 0, Z)

<i

1 1 L 13
- (4r)i 2]‘_]-!(121 |:9R (0)% ]Zi@lo) 0, 2) =

(4 )k 2kk!

Now by (1-43) and the formula (1-48), we have
(3-23) (bi+97’)(Z, Z)=0 and b;P)Z,Z2") =21z —7)P(Z,Z).

Thus,

. oR.
(3-24) (12,- (Lo~ 'OF?) gy ™! [zia—z<0>}%§0@>lo)<z, Z')

(47)k 2kk!
11 , aR. bi
Lj($o o3 ey ORE | =420 |2 ) (2, Z))
32,‘ 0 21

= (dm)k 2kk!
11 . IR,
_ I (ot oF2yi—k—1| k
(4m)k 2’%!(2’(5&’ e oz, V%
1 bi L
Nl (R —— A [ N [ A4
4n(2k+2+1)2n A2k +2) "
_ b1 Lj| R ~k-19 (0)% 7P )(Z, Z)
= @y 2t \ Y 97; G0 )ies

1 1 IR. ;
+ . : I %x“ 097{"] ‘@I)Z,z’.
(4n)fzkk!n,{+l(2z+1)(2[ ’ O[3 7))

For the last two lines, we used that if s € N, then £(b;s) =4 b;s (see Theorem 1.10).
Thus, by (0-15) and (3-21)—(3-24),

(3'25)A"(0’Z):(47)k2k1k1< (Lol O _l[zla—_(O)]QRk @10)(0 Z)

=(C;() —C; (k))lz][ i1 PR (0)971’;0]2,@(0, 2.
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We know that (Z;%)* = z;® and [, zmZge —mlzl g7 = 8mq, )

1 :
(3:26) (A1, 4,7)(0,0) = —121[<c () =tk 182 (o)g@}
[(C () = Cj k)RS~ 182.' (0)%&3] L.
Finally,

j—1

o OR.
(3-27) 1,(0,0) = —12,[ (cj(j)—C,(k))%;;k—la—Z(O)%ﬁo]

il 1 *
x [Z (ci0) —C,-<k>)%;o“£<0)%§o] bj.

k=0

k=0

Computation of 1,(0, 0) and 1.(0, 0). First recall that 1.(0, 0) = (I,(0, 0))*, so we
just need to compute I, (0, 0). By the definition of I, (0, 0), for it to be nonzero, it
is necessary to have j > 2, which will be assumed in this paragraph. Let

(3-28) A=
Lj(Ly " OFH 2Ly T O (LT OFH (L0 T 0T (F T O D 9 I,

the sum I, (0, 0) is then given by

2 = b1 PRI op |
(3-29) 1.(0, 0)—f2” ;Ak,t’(o, Z) (47_[)j2j_j!12j 1,210) (Z,0) dvrx (2).

In the following, we will set
(3-30) b = —.

Using the same method as in (1-44) and (3-22)—(3-24), we find that there exist
constants C/l, o C,f, ¢ given by

1 1
1 _
Cre= (A YkHE+1 kL4 (k40 4 1)1
(3-31) ) 1 1
C?, = )
SO @k g T 0 4 1)

such that
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(3_32) ($0—10+2) (ég —IO;Z)k(go—l O+2)($0—1 O+2)€Q)I

oR. oR.
=% {—(om"

oz D%y - (0)9r, Cy oz (bi +Z)

(0)91‘Z Crizizi+ Pz, (0)97%3

OR. OR. ~
g, QR gz O (Cebi + Gz
397?, ~ g 1 =/

+ a—_(O)%k —(0)% (bi +Z)(CF by + Cp 47 )}97’10

¢ I

W (0)% Ch zii

oR.
_ o —1
=% { oz OR

+ 2 oyak

- Sii ~
9 xoa (0>9Jt ckl,z(b,-zi/+f+z,-/z;>

: x OR. 2 (7 Siir |
+ _(0)%)(0 — (O)gt Ck,f bi’Zi + - + Ck [Zizi/
dz; d9Z; b4 ’
oR.

- a—_(O)QR’;OF(O)W (Ci o (bibi +Zjbir) + Cyy (biZ), +z;z;,))}@10,

Using Theorem 1.10, (1-44) and (3-23), we see that there exist constants C ; k0o
i=3,...,10, such that

. 1 1

Chae = Cie (4o) = (k+t+D) n1{+e+2(2s)’
CJH C’Lf 4 j—l(k+£+1) j 1 ’
(3-33) (4m) [Tisen@s+ D)
C?k L= Cﬁe _1 i 1 >
S " (4m)/ (k+€+l)l_[i+g+z(2s+1)

C e = e =

T Em) T ED T 25)

and

(3-34)  Axc(0, Z)
oR. 8;ir ~
= 12J (%] J 2{ 9z; (0)%];08_(0) (C/ kot + C4k ﬁbizl')
k IN. k dR.

+ G_(O)QRXOBT(O)( k,el;i’Zi + C] k 4) + _(0)%XOHT(O)

x (C},k,ﬁbibi’ + Cj,k,ézibi’ + ng',k,igizi’ + C}S{,ZZ,-E,'/)}%XO@IO) 0, 2)
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IR, ok Clee—Clie
=7 %j —k—{-2 0 %k 0 ] Jo K,
y SO, S 0 IRE I
OR. oR. Cékz_cs‘kz
4 a . (O)g{io 8_ (O) J5K, 7,5,
IR. k 9 10 -z L

Now with f 7;zir PO, 2)P(Z,0)dZ = 0, we can rewrite (3-29),

Cj(j) —k—0-2 4 IR k
(3-35) 10,00 =—" IszQRJ (Clhe— cj,k,@)a_zi(omxoa_m)

+(Chie—Ciu, g>—<0)97t§0 B

(@}W (RI)* ;.
By (0-15), (3-31) and (3-33),
Chi=Ci(). Cli =Cjk+e+1),

(3-36) ! 1
Clree=Cij0. Cio=Cj0 [ (1+5)

s=k+£0+2

We can now write 1,(0, 0) in (3-35) more precisely as

ci(j) B R,
@37 L Izjq§0m§0{<c (N—Cjlg+ )R] <4+2>a_ OFRG " 5—OF,
/ 1 IR
+Cj(m)|:l_[<l+5) 1].%/ <‘f+2> (O)W " 9 (0)%m}(%1) L.

q+2

Computation of 11(0, 0). Recall that I1(0, 0) = I1, (0, 0) + (II,(0, 0))*. The compu-
tation of II, (0, 0) is very similar to that of I,(0, 0), only simpler. We will follow
the same method.

Let

Bi:= L%~ 0 (% OF ) (%o 07N 9 I,

the sum II, (0, 0) is then given by

11 PR
(3-38) 11,0, 0) = /R ) <zk: By (0, Z)><(4W 7 L%/ @10) (Z,0) dvrx(Z).
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Using (3-19), we can repeat what we have done for (3-32) and (3-34). We find
that there is a constant C (which we do not need to compute) such that

. C;(j)—Cjk
(3-39)  Bi(0, Z) = L | IV 2 o)t Ci()—Cjk)
8Z18Z1 4
1 82 k ZlZl
+97y (k+ )8z i (O C—}@P(o 2) 1.
Thus, we get
() 2R, .
(3-40) I1,(0,0)= Cj IZJZ(C (H)—C; (k))?/‘t (k+1)a ~az-(0)‘%§°(%j‘°) b;.
k=0 2i0Zj

Conclusion. In order to conclude the proof of Theorem 0.7, we just need to put
the pieces together. But before that, to write the formulas in a more intrinsic way,

note that we trivialized A%*(T*X) ® E with VA™®E and w; = ‘/Eaiz-’ so [Ma and
Marinescu 2012, Equations (5.44), (5.45)] imply
oR. 0.0 OR. 1 0.
—(0 Vo TCER) (o), ——(0) = —=(Va "®FR) (x0),
5% 0)= ﬁ( R.) (x0) 8Zi( ) ﬁ( w; ) (x0)
(3-41) 329 |
“(0) = —— (ANOER ) (xo).
az,-azi( ) 4( )(x0)

With these remarks and equations (3-3), (3-17), (3-27), (3-37), (3-40) used in
decomposition (3-2), we get Theorem 0.7.
4. The third coefficient in the asymptotic expansion when the first two vanish

In this section, we prove Theorem 0.8. Using (2-6), we know that
“4-1) Ljbyj121;(0,0) = I F4j1415;(0, 0).

Here again, we will first decompose this into several terms in Section 4A, and
then in Sections 4B, 4C and 4D we handle them separately.
Fix j € [1, n] and suppose that

4-2) 5jby;15j(0,0) = I2jbyj4112j(0,0) =0
By Theorems 0.4 and 0.7, this is equivalent to

Rl =0,

To(j) =0.

For every smoothing operator F acting on L?(R*", E,,) that appears in this
section, we will denote by F(Z, Z') its smooth kernel with respect to dvrx(Z').

(4-3) {
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Moreover, recall that for every operator A we have
(4-4) Pos[A]= AA* and Sym[A]=A+ A™.

4A. Decomposition of the computation. With the same reasoning as in Section 3A,
we see that the nonzero terms fs T, (L) dX satisty k =2j, 2j +1 or 2j + 2 in the
decomposition (2-11) of I5;%F4;41>;. Moreover, we can find the possible terms
by adding one term to or modifying the subscript of the terms we mentioned in
Section 3A. The list of possible terms is as follows:

(I) Terms satisfying k =2 + 2.
Here there are up to three indices i € {j, j + 1, j + 2} such that ; = N.
Moreover, the only O, appearing are some O,. The possibilities are now

(I-a) 2, +2 times 057,
(I-a) 2j times O;Ez and 2 times Og .

(II) Terms satisfying k =2j + 1.
Here, there are one or two indices i € {j, j 4+ 1} such that n; = N, and there
is exactly one (/)2 that appears in these terms. We regroup them in relation to
the O,, that they contain:

(II-b) 2 times ©;* and 1 time OY,

(Il-b) 2j — 1 times OF2, 1 time O and 1 time OF2,
(Il-b) 2j — 1 times ©52, 1 time OF* and 1 time O,
(Il-b) 2j —2 times O3 2, 1 time O and 2 times O3,

(III) Terms satisfying k =2j.
Here, the i( such that n;, = N is unique and equal to j, and no Og appears
in these terms. We regroup them in relation to the O,, that they contain:

(III-c) 2j — 4 times (’);E2 and 4 times (’);Ez,

(III-c) 2j — 3 times (’);EZ, 2 times (’);E2 and 1 time C’)fz,
(III-c) 2j — 2 times (’);E2 and 2 times sz,

(Ill-c) 2j —2 times O3, 1 time O3 and 1 time 037,
(Ill-c) 2j — 1 times O3 and 1 time O~

This list seems quite long, but fortunately most of the terms will ultimately
vanish due to the fact that they are computed by means of some terms involved in
LjbyjIrj and by 1 1>;.

In the sequel, the contribution to the third coefficient of the terms of type I-a),
I-b), etc., will be denoted by 7Ti.,), Ti.p), etc.

4B. Terms of type 1. We begin with an observation, whose proof is an easy exten-
sion of the computation (2-21), using the fact that 7 = 0.
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Lemma 4.1. For any j-tuple (ay, ..., a;) of positive integers, we have

i
(4-5) Xy, ay = hj (]_[ Po (9;2> PV =o0.

i=1

Terms of type I-a). In these terms, only some O;tz appear. So there is either a
unique io such that n;, = N which is then equal to j or j 4 2, or exactly two such
ip which are then j and j + 2.

Each term in the second case is a sum of terms of the form

(4-6) X (a1, 05 Lo P OF X

----- (ay,...a})

with a;, a;, b € {1, 2} (exactly one is equal to 2). By Lemma 4.1, these terms vanish.
Now, each term in the first case is equal or adjoint to a term of the form

j+2
(4-7) b, (1‘[ 58010;‘")@10(12 J (&0~ O P 1),

i=1
where ¢; € {—2, +2} (exactly one of the ¢; is equal to —2). By Lemma 4.1, these

terms vanish.
Finally, every term of type I-a) vanishes and 7i.,) = 0.

Terms of type I-b). Using Lemma 4.1 as above, we see that the only nonzero terms
of this type satisfy the condition that before the first index i such that n; = N and
after the last, there must be a (’)g appearing. As a consequence, the cases where
two or three 7; are equal to N lead to vanishing terms. We now deal with the terms
where nj 1 =N andfori # j+1,n = N+, Such terms are of the form

4-8) (1%~ 072 &y O) (%o~ O )
X (I (S0~ OF3 Mo~ O3y~ OFH Py,
for 0 <k, k' < j. By the computations in Section 3B, an in particular (3-16), we find

4-9) Lo 'OFH F ey oY &y T ORI,

k| 1 : C; (k) C; (k)
=L e G N-—7— X0 JTARE ke,
o [6( 1 U+D 2n(2k+1))r" A7 2k + 1) Ax |7 o

Observe that rX commutes with % and %/ = 0. So the contribution of the terms
of type I-b) is finally 7.,y = Pos[ 75 (j)].

4C. Terms of type 11.

Terms of type 11-a). In these terms, there are either only O, 2 appearing at the right
of the first PV or only (’);r 2 appearing at the left of the last PV. Either way, all
these terms vanish by Lemma 4.1. Hence Ti.o) = 0.
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Terms of type 11-b). For these terms, there are two possibilities.

Firstly, there are two indices i such that ; = N, and then they are equal to j and
j + 1. In this case, either before the first PV or after the last, there appear j (92r 2
(or Oy 2), so all these terms vanish.

Secondly, there is a unique i such that n;, = N and it is equal to j or j +1. We
denote by S; (resp. Sz) the sum of the terms for which iy = j (resp. ip = j + 1).
Then §; = S5 and

4-10) Sr=Y (L% 'O F (LT OF) (LT 0T P ko)
k.l .
x {1 (Lo OF) T Ly T O (0T 0T P I}

= {Z L% 03/~ (szo—10:2><szo—1o;2>k@>10}
k

X {Z b (go—lojz)f—%eo—l03(550—10;2)4@10} :
L

By (3-16) and (3-40) we find that the contribution of the terms of type II-b), i.e.,
81(0, 0) + 52(0, 0), is Ty = Sym[T2(j) T3 (j)*]-

Terms of type 1I-c). The computation is the same as for terms of type II-b), except
that in the case of a unique i¢ such that n;, = N, we must replace (DI2 by (’);r 2 and
(’)(2) by Og in (4-10). Recall that A, has been defined in (3-20). By (3-25) and (4-3),
we find that the contribution of the terms of type II-c) is the symmetric operator
associated to

k
(4-11) {Z Ag } {Z Li($y 07 e oYy (9;2)[@10} .
k 4

By (4-3) we get Ty = 0.

Terms of type 11-d). Here again, we have the same possibilities concerning the
indices i such that n; = N as for terms of types II-b) or II-c). If there are two such
indices, then they are equal to j and j + 1 and between the two corresponding PV
we will have the term Og . By (3-5), these terms vanish.

We now suppose that there is a unique i such that n;, = N. Thenip = j or j+ 1.
As 9{)’( =0, any term in which the two O3 and the Og appear on the same side of
PV will vanish. A term with one O3 at the left and one Os at the right of PN is
equal or adjoint to

j+1
(4-12) b; (]_[ 5501(92)9]’10 x A},
i=1
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where a; =2 or 3 and ¢; = 42 except for exactly one i; satisfying a;, = 2 (for
which ¢;, = 0). By (3-25) and (4-3), the sum of these terms vanishes.

Finally, the other possibility is that the two O3 appear on the same side of PV,
and (9(2) on the other side. Recall that Ay ¢ has been defined in (3-28). The sum of
the remaining terms is equal to

*
(4-13) Sym[{z Age } {Z bL; (530—10;2)1‘—'"550—1(93(580—10;2)'"@10} ]
kL m

As a result, the contribution of terms of type II-d) is Ti1.qy = Sym[7; (j )7'3’ H*1.

4D. Terms of type 111. The computations rely on similar arguments as in Sec-
tions 4B and 4C. We will therefore give the contribution of each sub-type directly.

Terms of type 11I-a). The contribution is Tiy.a) = Pos[T1(j)].

Terms of type 11I-b). The contribution is Tir.p) = Sym[ 77 (j)72(j)*]
Terms of type 1lI-c). The contribution is Ti.c) = Pos[T2(j)].

Terms of type 11I-d). The sum of all these terms vanishes, T.q) = 0.

Terms of type 1lI-e). These terms vanish, so that i) = 0.
By all the computations in Sections 4B, 4C and 4D, we get Theorem 0.8.
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DETERMINANT RANK OF C*-ALGEBRAS
GUIHUA GONG, HUAXIN LIN AND YIFENG XUE

Dedicated to George A. Elliott on his seventieth birthday

Let A be a unital C*-algebra and let Ug(A) be the group of unitaries of
A which are path-connected to the identity. Denote by CU(A) the clo-
sure of the commutator subgroup of Uy(A4). Let ilil’") :Up(A)/CUA) —
Uy(M,(A4))/CUM,(A)) be the homomorphism defined by sending u to
diag(u, 1,—1). We study the problem of when the map ijl’") is an isomor-
phism for all n. We show that it is always surjective and that it is injective
when A has stable rank one. It is also injective when A is a unital C*-algebra
of real rank zero, or A has no tracial state. We prove that the map is an
isomorphism when A is Villadsen’s simple AH-algebra of stable rank k > 1.
We also prove that the map is an isomorphism for all Blackadar’s unital
projectionless separable simple C *-algebras. Let A = M, (C(X)), where X
is any compact metric space. We note that the map i;l’”) is an isomorphism
for all n. As a consequence, the map i;l’") is always an isomorphism for any
unital C*-algebra A that is an inductive limit of the finite direct sum of C*-
algebras of the form M,,(C(X)) as above. Nevertheless we show that there
is a unital C*-algebra A such that i;l’z) is not an isomorphism.

1. Introduction

Let A be a unital C*algebra and let U(A) be the unitary group. Denote by Up(A)
the normal subgroup which is the connected component of U(A) containing the
identity of A. Denote by DU(A) the commutator subgroup of Uy(A4) and by CU(A)
the closure of DU(A). We will study the group Uy(A4)/CU(A). Recently this group
has become an important invariant for the structure of C*algebras. It plays an
important role in the classification of C*algebras (see [Elliott and Gong 1996;
Nielsen and Thomsen 1996; Elliott 1997; Thomsen 1997; Gong 2002; Elliott et al.
2007; Lin 2007; 2011; Gong et al. 2015], for example). It was shown in [Lin 2007]
that the map Uy(A)/CU(A) — Uy(M,,(A))/CU(M,,(A)) is an isomorphism for
all n > 1 if A is a unital simple C*algebra of tracial rank at most one (see also [Lin

Huaxin Lin is the corresponding author.
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2010b, Corollary 3.5]). In general, when A has stable rank k, it was shown by Rieffel
[1987] that the map U(My (4))/ Up (M (4)) = UMy 4 (4))/ Up (M1 (A)) is
an isomorphism for all integers m > 1. In this case UMy (A))/Uo(My(A)) =
K;i(A). This fact plays an important role in the study of the structure of C*
algebras, in particular those C*algebras of stable rank one, since it simplifies
computations when K-theory involved. Therefore it seems natural to ask when
the map l(l o :Up(A)/CU(A) —> Ug(M,,(A))/ CU(M, (A)) is an isomorphism. It
will also greatly simplify our understanding and usage of the group when 1(1 )
is an isomorphism for all n. The main tool to study Uy(M,(A4))/CUM, (A))
is the de la Harpe—Skandalis determinant, studied early by K. Thomsen [1995]
(henceforth abbreviated [Th]), which involves the tracial state space 7 (A) of A.
On the other hand, we observe that when T'(A4) = &, Up(A)/CU(A) = {0}. So we
focus our attention on the case T (A) # . One of the authors was asked repeatedly
if the map zzg ™) is an isomorphism when A has stable rank one.

It turns out that it is easy to see that the map llg " s always surjective for all 7.

Therefore the issue is when 11‘(11 ") is injective.

Definition 1.1. Let A4 be a unital C*-algebra. Consider the homomorphism
i§"": Up(Min(4))/ CUMyn(4)) = Up (M (4))/ CU My (4))

(induced by u + diag(u, 1,,—,,)) for integers n > m > 1. The determinant rank
of A is defined to be

(m,n)

Dur A =min{m € N | i is isomorphism for all n > m}.

If no such integer exists, we set Dur A = oo.

We show that if A = limy— 00 Ap, then Dur A < sup,,;{Dur 4,}. We prove
that Dur A = 1 for all C*-algebras of stable rank one, which answers the question
mentioned above. We also show that Dur A = 1 for any unital C *-algebra A with real
rank zero. A closely related and repeatedly used fact is that the map u — u+ (1—e)
is an isomorphism from U(eAe)/CU(eAe) onto U(A)/CU(A) when A is a unital
simple C*-algebra of tracial rank at most one and e € A is a projection (see [Lin
2007, Theorem 6.7; 2010b, Theorem 3.4]). We show in this note that this holds for
any simple C*algebra of stable rank one.

Given Rieffel’s early result mentioned above, one might be led to think that, when
A has higher stable rank, or at least when A = C(X) for higher-dimensional finite
CW complexes, Dur A is perhaps large. On the other hand it was suggested (see [Th,
Section 3]) that Dur A = 1 may hold for most unital simple separable C*-algebras.
We found out, somewhat surprisingly, that the determinant rank of M, (C (X)) is
always 1 for any compact metric space X and for any integer n > 1. This, together
with previous mentioned result, shows that if A = lim, .~ A, Where A, is a finite
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direct sum of C*algebras of the form M, (C (X)), then Dur A = 1. Furthermore,
we found out that Dur A = 1 for all of Villadsen’s examples of unital simple AH-
algebras A with higher stable rank. This research suggests that when A has an
abundant amount of projections then Dur A4 is likely to be 1 (see Proposition 3.6(3)).
In fact, we prove that if A4 is a unital simple AH-algebra with property (SP), then
Dur A = 1. On the other hand, however, we show that if A is a unital projectionless
simple C*-algebra and p4(Ko(A)) = Z, then Dur A = 1. Furthermore, if A is
one of Blackadar’s examples of unital projectionless simple separable C*-algebras
with infinite many extremal tracial states, then Dur A = 1. Indeed, it seems that it
is difficult to find any example of unital separable simple C *-algebras for which
Dur 4 is larger than 1. Nevertheless Proposition 3.12 below provides a necessary
condition for Dur A = 1. In fact, we find that a certain unital separable C*-algebra
violates this condition, which, in turn, provides an example of a unital separable
C*algebra A such that Dur 4 > 1.

2. Preliminaries
In this section, we list some notation and basic known facts for convenience, many
of which are taken from [Th] and other sources.

Definition 2.1. Let A be a C*-algebra. Denote by M, (A) the n x n matrix algebra
of over A. If A is not unital, we will use A, the unitization of A, so suppose that A
is unital. For u in Uy(A), let [u] be the class of u in Ug(A)/CU(A).

We view A" as the set of all n x 1 matrices over A. Set

n
Za;‘ai = 1},

Sp(A4) = {(al,...,an)T € A"
i=1

n
Zb,-a,- =1 for some by,...,b, € A; .

i=1

Lg,(A) = {(al,...,an)T e A"

According to [Rieffel 1983; 1987], the topological stable rank and the connected
stable rank of A are defined as

tsr A = min{n € N | Lg,,(A) is dense in A™ for all m > n}

cst A = min{n € N | Up(M,,(A)) acts transitively on Sy, (A) for all m > n}.
If no such integer exists, we set tsr A = oo and csr A = co. These notions are very

useful tools in computing K-groups of C*algebras (see, e.g., [Rieffel 1987; Xue
2000; 2001; 2010]).

Definition 2.2. Let A be a C*algebra. Denote by A, (resp. A4) the set of all
self-adjoint (resp. positive) elements in A. Denote by T'(A) the tracial state space
of A. Let t € T(A). We will also use the notation 7 for the unnormalized trace
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7 ® Try, on M, (A), where Try, is the standard trace for M, (C). Every tracial state
on M, (A) has the form (1/n)z.

Definition 2.3. For a,b € A, set [a, b] = ab — ba. Furthermore, set

n

[A,A]={Z[aj,bj]‘aj,bj ed j=1,....n, n>1\.

Jj=1

Now, let Ag denote the subset of Ay, consisting of elements of the form x — y for
X,V € Agy with x = Z;il cjciand y = Zj’il ¢ ¢j (convergent in norm) for some
sequence {c; } in A. By [Cuntz and Pedersen 1979], Ay is a closed subspace of Ag,.

Proposition 2.4 [Cuntz and Pedersen 1979; Thomsen 1995, Section 3]. Let A be a
C*algebra with unit 1. The following statements are equivalent:

(1) AO = Asa-
2) 1€ Ay.
(3) T(A) = 2.

4) A=A, A]
(5) Asa = span{[a*,a]|a € A}.

Proof. (1) = (2) is obvious.

(2) = (3).If T (A) # @, then there is a tracial state T on A. Since 1 € Ay, it follows
that there is a sequence {a; } in A such thatb =72 | ajajandc= doieia; aj are
convergent in A and 1 = b —c. Thus, t(b) = Zj’il r(a;‘aj) =1(c)and (1) =
(b —¢) = 0, a contradiction since 7(1) = 1.

(3) = (1). This follows from the proof of [Th, Lemma 3.1].

(4) < (5). Let a,b € A and write a = ay + iap and b = by + iby, where
al,az,bl,bz € Asa- Then

(2-1) [a,b] = [a1,b1] —[a2.bs] +ilaz, b1] +i[ay, b2].

Putci =ay1+ib1,co =a +iby, c3 =a +iby and ¢4 = a1 +ib,. Then, from
(2-1), we get that

(2-2) la,b] = 5[01 el — E[cz’cz] + 5[03 Le3]+ 5[04’04]-

So, by (2-2), (4) and (5) are equivalent.

(5)=>(1).Let x e span{[a*,a] |a € A}. Then there are elements ay, . .., a; € A and
positive numbers A,,...,A, such that x = I Mla¥a]— Zf:j-i—l A;lat,a;]
for some j € {1,....k}. Put¢; = V/Aja;, i =1,...,j and ¢ = +/A; a] when
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i=j+1,...,k. Thenx = Zf-czl cle; — Zf-‘zl c;c € Ay. Since A is closed,
we get that

Agy = span{[a*,a] |a € A} C Ag = Ap C Ag.

(1) = (5). According to the definition of Ao, every element x € Ag has the
form x = x; —x,, where x; = Y 72, z*z, and x, = > ;2 z,z}. Thus, x €
span{[a*,a] | a € A} and hence As, = span{[a*,a]|a € A}. O

Combining Proposition 2.4 with Definition 2.2, we have:

Corollary 2.5. Let A be a unital C*-algebra with A9 = Ag,. Then My (A))og =
(M (A4))sa-

Leta,b € Ag,. Then, for any n > 1,

exp(ia) exp(ib) (exp (—i %) exp (—i %))n e DU(A)

and exp(—i(a + b)) = lim, oo (exp(—ia/n) exp(—ib/n))" by the Trotter product
formula [Masani 1981, Theorem 2.2]. So exp(ia) exp(ib) exp(—i(a+b)) € CU(A).
Consequently,

(2-3) [exp(ia)]lexp(ib)] = [exp(i(a + b))] in Up(A4)/CU(A).
The following is taken from the proof of [Th, Lemma 3.1].
Lemma 2.6. Let a € Ag,.
(1) Ifa € Ao, then [exp(ia)] = 0in Uy(A)/CU(A);
Q) IfT(A)# D andt(a)=1t(Db) forallt € T(A), thena—b € Ay and [exp(ia)] =
[exp(ib)] in Uy(A)/CU(A).
Combining Lemma 2.6(1) with Corollary 2.5, we have
Corollary 2.7. If T(A) = &, then Uy(My, (A)) = CUMy(A)) forn > 1.

Definition 2.8. Let A be a unital C*-algebra with 7'(A4) # @. Let PU['(A) denote
the set of all piecewise smooth maps £ : [0, 1] = Up(My (A)) with £(0) = 1,,, where
1, is the unit of M (A4). For v € T(A), the de la Harpe—Skandalis function A? on
PUg (A) is given by

1
ANEW) = 5 [ € OE@O ) forall § < PUG (),

Note that we use an unnormalized trace T = 7 ® Tr, on My (A4). This gives a
homomorphism A" : PU (A) — Aff(T (A)), the space of all real affine continuous
functions on T(A4).

We list some properties of A”(-):
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Lemma 2.9 [de la Harpe and Skandalis 1984, Lemmas 1 and 3]. Let A be a unital
C*algebra with T(A) # @. Let £1,&2,&E € PUJ (A). Then:

(1) AZ(51(1)) = AT (52(1)) for all T € T(A), if §1(1) = §2(1) and

£165 € Up((Co(S', My (4))).
k

(2) There are y1,...,yk € Mu(A)sa such that AZ(E(t)) = )Y t(y;) for all
1€ T(A) and (1) = exp(i27y1) - - - exp(i 2w yy). J=1

Definition 2.10. Let A be a C*-algebra with T'(A4) # @. Let Aff(T(A)) be the set
of all real continuous affine functions on 7(A4). Define p4 : Ko(A) — Aff(T'(A)) by

pa([pD(r) = 7(p) forall z € T(A),

where p € M, (A) is a projection.

Define P;(A) to be the subgroup of K¢(A4) generated by projections in My (A).
Denote by p{(Ko(A4)) the subgroup p4(Pn(A)) of p4a(Ko(A)). In particular,
,0}1 (Ko(A)) is the subgroup of pg(Ko(A)) generated by the images of projections
in A under the map pg4.

Definition 2.11. Let A be a unital C*algebra. Denote by LUJ (A) the set of
piecewise smooth loops in

U(Co(S'. M, (4))).
Then, by Bott periodicity, A" (LU (A)) C pa(Ko(A)). Denote by
q" : Aff(T(A)) — Aff(T(A))/ A" (LU (A))

the quotient map. Put A” = "o A”. Since A” vanishes on LU (A), we also use A"
for the homomorphism from Up(My(A)) into Aff(T'(A))/ A" (LU (A)). Animpor-
tant fact that we will repeatedly use is that the kernel of A" is exactly CU(M, (A)),
by [Th, Lemma 3.1]. In other words, if u € Uy(M,(A)) and A”(u) = 0, then
u e CUM,(A)).

Corollary 2.12. Let A be a unital C*-algebra and let u € Uy(M,,(A)) for n > 1.
Then there are an a € Ag, and a v € CUMy,(A)) such that

u = diag(exp(i2wa), 1,-1)v

(in the case n = 1, we define diag(exp(i2ma), 1,—1) = exp(i2na)).
Moreover, if there is au € PUg (A) with u(1) = u, we can choose a self-adjoint
element a so that @ = A" (u(t)), where a(t) = t(a) for all T € T(A).
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Proof. Fix a piecewise smooth path u(z) € PU['(A) with u(0) = 1 and u(1) = u.
By Lemma 2.9(2), there are ay,as, . ..,am € My (A)s, such that

m m
U= 1_[ exp(i2ra;) and AT7(u(t)) =t Z aj forall t € T(A).
j=1 ji=1

n n
Putag= ) a;. Writeag = (b;,j)uxn. Definea = )_ b; ;. Thena € As,. Moreover,
j=1 i=1
A" (diag(exp(—i2ma), 1,_1)u) = 0.
Thus, by [Th, Lemma 3.1], diag(exp(—i2ma), 1,—1)u € CUM,(A)). Put v =
diag(exp(—i2ma), 1,—1)u. Then u = diag(exp(i27wa), 1,—1)v. d

3. Determinant rank
Let A be a unital C*-algebra. Consider the homomorphism
ig"" s Uo(Mm(4))/ CUMp(4)) — Up(Ma(4))/ CUMz (4))
for integers n > m > 1.
Proposition 3.1. Let A be a unital C*-algebra with T(A) # &. Then
i Uo(Mm(4))/ CUMp(4)) — Uo(Mn(4))/ CUMn(4))
is surjective forn > m > 1.

Proof. It suffices to show that i/(l1 ) s surjective. Let u € Up(M, (A)). It follows
from Corollary 2.12 that u = diag(exp(i2ma), 1,—1)v for some a € Ay, and v €
CUM,(A)). Then iAl’n)([exp(iZJTa)]) = [u]. O

Lemma 3.2. Let A be a unital C*-algebra with T (A) # &. Assume u € Uy(My, (A)).

(1) If A" (diag(u(t), 1p—m) € A" (LU (A)) for some n>m, where {u(t):t €[0, 1]}
is a piecewise smooth path with u(0) = 1,, and u(1) = u, then, for any € > 0,
there exist a € My, (A)sy with |la| < €, b € My (A)sa, v € CUM,, (A)) and
w € LU (A) such that

(3-1) u=-exp(i2na)exp(i2nb)v and t(b) = AZ(w(t)) forall v € T(A).

(2) If A™(u(t)) € pa(Ko(A)) for some u € PUJ"(A) with u(1) = u, then, for any
€ >0, there exist a € My, (A)sa with ||a|| <€,b €My, (A)sa and v e CU(My, (A))
such that

(3-2) u =exp(i2rwa)exp(i2nb)v and b e p4(Ko(A)),
where l;(‘L’) =1(b) forall t € T(A).
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Proof. Let € > 0. For (1), there is a w € LU[' (A) such that

(3-3) sup{|AZ(u(1)) — AT (w(®))]: T € T(A)} < €/3m.
There is an a1 € My, (A)s, by Corollary 2.12 such that

(3-4) t(ar) = A%(u(t)) — A%(w(r)) forall T € T(A).

Combining (3-3) with [Cuntz and Pedersen 1979] and the proof of [Th, Lemma 3.1],
we can find a € My, (A)s, such that 7(a) = t(a;) forall T € T(A) and ||a|| < €/27.
There is also a b € Ay, such that 7(b) = —A”(w(¢)) for all T € T (A). Put

(3-5) v(t) = exp(—i2nbt)exp(—i2mat)u(t) for t €[0,1]

and v =v(1). Then A" (v(¢)) = 0. It follows from [Th, Lemma 3.1] that v € CU(A).
Then u = exp(i2ma) exp(i2nb)v.

For (2), there are an integer n > m and projections p, g € M, (A) such that (for
a piecewise smooth path {u(z) : ¢ € [0, 1]} with u(0) = 1, and u(1) = u)

(3-6) AT (u(t))—t(p) +1(q)|| <€ forall T eT(A).

Let b € My, (A)g, such that T(b) = 7(p) — t(q) for all T € T(A) (see the proof
above); there is an a € M, (A)s, with |la| < € such that

(3-7) (a) = AT (u(t))—t(p) +t(q) forall v eT(A).

Let v = uexp(—i2mwa) exp(—i2nb) and v(t) = u(t) exp(—i2wat) exp(—i2mwbt).
Then A” (v(¢)) = 0. It follows from [Th, Lemma 3.1] that v € CUM;,(A4)). O

Let A be a unital C*-algebra. Let Dur A be defined as in Definition 1.1. It follows
from Corollary 2.7 that if T(A) = @ then Dur 4 = 1.

Proposition 3.3. Let A be a unital C*-algebra. Then, for any integer n > 1,

Dur(M, (4)) = | A= |

+17

where | x| is the integer part of x.
Proof. Note that n(|(Dur A—1)/n] + 1) > Dur A. O

Theorem 3.4. Let A be a unital C*-algebra, and I C A a closed ideal of A such
that the quotient map w : A — A/I induces the surjective map from Ko(A) onto
Ko(A/I). Then Dur(A/1) < Dur A.

Proof. Let m =Dur A and n > m. Let u € Uy(M,,(A/ 1)) be a unitary such that
diag(u, 1,—m) € CUM,(A/T)). We will show that u € CUM,,(A/1)).
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Let € > 0. By Lemma 3.2, without loss of generality we may assume that there
are a1, b1 € M,,,(A/1))sa such that

u =exp(i2mway)exp(i2nwby)v,

3-8
o ve CUMm(A/T)), a1l <e and z(b1) =1(q1) —7(q2).

where ¢1, g2 € Mg (A/ 1) are projections for some large K > m, forallt € T(A/I).
By the assumption, without loss of generality we may assume further that there
are projections pi, p2 € Mg (A) such that w«([p1 — [p2]) = [q1] — [¢2], where
s - Ko(A) = Ko(A/I) is induced by 7. Let by € (M, (A))sa such that t(by) =
t(p1)—1(p2) forall T € T (A). There exists an a € (My;, (A))s, such that 7, (@) = a;,
where 7,: My, (A) — My, (A /1) is the map induced by 7. Then, by (3-8),

(3-9) T (exp(i27a)) tm (exp(i27hy))u™ € CUMp(A/1)).

Put u1 = 7y (exp(i27wa)) 7w (exp(i27by)). Let w = exp(i27bz). Then A(w) = 0.
Since m = Dur A, this implies that w € CU(M,,(A)). It follows that 7., (w) €
CU(Mu(A/1)), which implies by (3-9) that dist(u, CUM,,(A4/1))) <. O

Theorem 3.5. Let A = limy—o0(Ay, ¢n) be a unital C*-algebra, where each Ay
is unital. Suppose that Dur A, <r for alln. Then Dur A <r.

Proof. We write ¢ n, : Any — An, for @pyopp, 100y, and ¢y 00 : An, — A
for the map induced by the inductive limit system. Let u € Up(M,(A)) such
that vy = diag(u, 1,—,) € CUM,(A)) for some n > r. Let € > 0. There is a
v € DUM,(A)) such that

€
(3-10) 1 — || <§.
Write v = H]K=1 v;, where v; = x;y;x7y; and x;,y; € Uy(M,(4)) for j =

1,2,...,K. Choose a large N > 1 such that there are v/ € Uy(M,(Ay)) and
xj/., yJ/. € Up(M, (An)) such that
€ €
(3-11) [ — pn, 00 < e and  [|pn,0o(x}) —x; || < K
for j =1,2,..., K. Then we have by (3-10) and (3-11)

€
<-—,

K
612 owostu) T i) <
j=1

for j =1,2,..., K, where u} = diag(u’, 1,—r) and v; = x}y}(x})*(y})*. Then
(3-12) implies that there is an N1 > N such that

K
(3-13) H¢N,N1 @) — [ ¢nvw 0] < %
=1

j=
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Put U = ¢n N, (u'), Uy = diag(U, 1,—,) and w; = ¢n,n, (v}), j=12,....K.
Note that ¢ n7, .00 (U) = PN 00 (). Thereisana € (M, (AN, ))sa (by (3-13)) such that

K
€
3-14 Ui =exp(i2 ;and < 2arcsin —.
(3-14) 1 = expl( na)jlzl1 w; lall < 2aresin

There is a b € (M;(An,))sa such that
(3-15) t(h)=1(a) forall teT(A) and |b| <2narcsin 8i
n

Put W =diag(U exp(—i2nb), 1,—,); then W e CUM,; (A, )). Since Dur Ay, <7,
we conclude that U exp(—i2nb) € CUM,(An,)). It follows that

ON,.00(U exp(—i2nh)) € CUM,(A)).
However, by (3-10), (3-11), (3-15),

[ — 1,00 (U exp(—i2nh))||
= ||u — N 00U + 9N, ,00(U) — ¢, ,oo(U exp(—i2n b))

< g 1= exp(-i2ngn, o)) < g +e/4 <e.

Therefore, Dur 4 <r. O

Proposition 3.6. Let A be a unital C*-algebra with T(A) # &. Let a € Ag, and
put d(t) = t(a) forall t € T(A).
(1) Ifexp(ria) € CU(A), then a € pg(Ko(A)).

(2) Ifu € Up(A) and for some piecewise smooth path {u(t) :t € [0, 1]} with u(0) =
Land u(1) = u, A (u(t)) € pX(Ko(A)) for some k > 1, then diag(u, 1x_;) €
CU(Mg (A)).

(3) If py(Ko(4)) = pa(Ko(A)), then Dur A = 1.
Proof. Part (1) follows from [Th].
(2) By applying Corollary 2.12, there exists a v € CU(A) such that

u = exp(i2mwa)v and t(a) = A%(u(t)) for all t € T(A).

So for any € € (0, 1), there are projections p1, ..., Pm,> 41 ---.qm, € Mg (A) such
that
mi ma .
arcsin(e/4)
(3-16) sup{ Zr(pj)—Zr(qj)—r(a) :reT(A)} <T/.

J=1 J=1
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(k1)
mi ms —_—
Setb= ) p;— Y gjand ap = diag(a,0,0,...,0). Then ag, b € My (A)s, and

=1 j=1 .
I (ao) — 7(b)| < arcsin(e/4)
km

by (3-16). Thus, by the proof of [Th, Lemma 3.1], we have

for all T € T(M(A))

inf{{lao —b— x| | x € (Mg (4))o}
arcsin(e/4)
km
Choose x¢ € (Mg (A))o such that |jag —b — xo|| < 2arcsin(e/4)/ k. Put yg =
ag—b—xg. Then || yo|| <2arcsin(e/4)/kmx. Put u; =diag(u, 1x_1) exp(—i2myg).
Define

= sup{|t(ao —b)| | T € T(Mg(A))} <

mi my>
w(r) = diag(u(t), 1x—1) exp(=i2nyot) [ [ exp(=i2np;t) [ exp(i2mq;1)
j=1 j=1

for t € [0, 1]. Then w(0) =1, w(l) = u(l) exp(—i2myp) = u; and, moreover,

A (w (1) = (a) — T(yo) — (Z (p))— r(q,-))
j=1 j=1
= 7(a) — 7(ao) + 7(b) — 7(x0) — ()
=1t(a)—1(ap) =0 for all t € T (A).

It follows that w(1) = uy € CUMy(A)). Then
[diag(u, 1x—1) —u1ll = [lexp(i27yo) — || <e.

(3) Let u € Up(A) such that diag(u, 1,—1) € CUMy(A)). Let u(¢) be a piecewise
smooth path with u(0) = 1 and u(1) = u. Then

Al (1)) € py(Ko(A)) = py(Ko(A)).
By Part (2), u € CU(A). This implies that Dur A = 1. O

Proposition 3.7. Let X be a compact metric space. Then Dur(Mn (6106 ))) =1 for
alln > 1.

Proof. By Proposition 3.3, it suffices to consider the case A = C(X). One has
pa(Ko(A) = C(X.2) = py(Ko(4)).
It follows from Proposition 3.6(3) that Dur A = 1. O

Combining Theorem 3.5 with Proposition 3.7, we have:
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Corollary 3.8. Let A =1limy_so0(An. $n). where Am =B My, jy(Xn ;) and
each Xy j is a compact metric space. Then Dur A = 1.

Theorem 3.9. Let A be a unital C*-algebra with real rank zero. Then p}l (Ky(A4)=
pA(Ky(A)) and Dur A = 1.

Proof. By Corollary 2.7, we may assume that 7'(A) # &. Since A is of real rank zero,
by [Zhang 1990, Theorem 3.3], for any n > 2 and any nonzero projection p € M, (A),
there are projections pq,..., pn € A such that p ~ diag(p1,..., pn) in My (A).
Thus, t(p) = Z;;l 7(p;) for all T € T(A) and, consequently, p}l(KO(A)) =
p4(Ky(A)). It follows from Proposition 3.6(3) that Dur A = 1. O

Theorem 3.10. Let A be a unital C*-algebra with T(A) # @. If csr(C(S!, A)) <
n + 1 for somen > 1, then Dur A < n.

Proof. Let u € Up(Mp (A)) such that diag(u, 1) € CUM,,+x (A)) for some integer
k > 1. Let {u(¢) : t € [0, 1]} be a piecewise smooth path with u(0) = 1, and
u(1) = u. By [Th], A"**(diag(u(z), 13)) € APk (LUZ TR (4)). Tt follows from
Lemma 3.2(1) that, for any € > 0, there are a,b € My (A)s, and v € CU(Mp(A))
with ||a|| < 2arcsin(e/4)/m such that

(3-17) u =exp(i2na)exp(i2nxb)v and t(b)= A’;Jrk (w(t)) forall t € T(A),

where w € LU(;’H‘ (A). Since csr(C (S, A)) <n+1, by Proposition 2.6 of [Rieffel
1987] there is a wy € LU (A) such that diag(wy, 1,4¢) is homotopy to w. In
particular, A7 (wq(t)) = A’;"'k (w(t)) for all t € T(A). Consider the piecewise
smooth path

U(t) = exp(—i2mat) exp(i2nbt)wi (t), t€]0,1].

Then U(0) = 1, and U(1) = exp(i2mwb). We compute that A7 (U(t)) = 0 for all
T € T(A). It follows by [Th, Lemma 3.1] that exp(i2rb) € CUM,(A)). By (3-17),

[u] = [exp(i27ra)] in Up(Mn(A))/CUMpn(A)),
Therefore dist(u, CU(M, (A))) < |lexp(i2a) — 1,|| <e. O
Corollary 3.11. Let A be a unital C*-algebra of stable rank one. Then Dur A = 1.

Proof. This follows from the inequality csr(C(S!, A)) < tsr A + 1 (see [Rieffel
1983, Corollary 8.6]) and Theorem 3.10. O

We end this section with the following:

Proposition 3.12. Let A be a unital C*-algebra. Suppose that there is a projection
p € Ma(A) such that, for any x € Ko(A) with pa(x) = pa([p]), no unitary in U(C)
represents x, where C = Co((0, 1), A). Then Dur A > 1.
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Proof. There exists an a € Ay such that t(a) = p4([p])(v) for all T € T(A). Put
u =exp(i2ra) and v = diag(u, 1). Then it follows from Proposition 3.6(2) that v €
CU(M3(A)). This implies that ifll’z)([u]) = 0. Now we show that u ¢ CU(A). Let

w(t) =expRi(l —t)ra) forall ¢ €[0,1].

Then w(0) =u and w(1) = 14. If u € CU(A), then, by [Th, Lemma 3.1], there is a
continuous and piecewise smooth path of unitaries £ € C, where C = Cy((0, 1), A),
such that

(3-18) Ar(E@))=1(p) forall Tt € T(A).

The Bott map shows that the unitary & is homotopic to a projection loop which
corresponds to some x € Ko(A) with pg(x) = pa([p]), which contradicts the
assumption. O

4. Simple C*-algebras
Let us begin with the following:

Theorem 4.1. Let A be a unital infinite-dimensional simple C*-algebra of real rank
zero with T(A) # &. Then

pi(Ky(A)) = Aff(T(A)) and Up(A) = CU(A).

Proof. Let p € A be a nonzero projection, let A = n/m with n,m € N and let € > 0.
Then by Zhang’s half theorem (see [Lin 2010a, Lemma 9.4]), there is a projection
e € A such that max;e7(4) [t(p) —nt(e)| <ne/m. Thus,

max, |At(p) —mz(e)| <e,
and consequently rp4(p) € p}l (Ko (A)) for all r € R.

Leta € Ag,. Since A has real rank zero, a is a limit of the form Zj;l Ajpj,where
D1, P2, - .., Px are mutually orthogonal projections in A and A1, Ao, ..., A € R.
Therefore a € p}l(Ko(A)) by the above argument, where a(t) = t(a) for all
7 € T(A). Since Aff(T(A)) ={a | a € Ag,} by [Lin 2007, Theorem 9.3], it follows
from Theorem 3.9 that

Af(T(4)) C py(Ko(A)) = py(Ko(A)) C AFE(T(A)),

that is, Aff(T'(4)) = py(Ko(A)).
Note that

pa(Ko(4)) C AN (LUq (4)) C pa(Ko(4)) = pjy(Ko(A)).
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So AY(LU, (A)) = p}(Ko(A)) = Aff(T (A)). Thus, Al = 0 (see Definition 2.11),
and the assertion follows. O

For unital simple C*-algebras, we have:

Theorem 4.2. Let A be a unital infinite-dimensional simple C*-algebra. Then
Dur A = 1 if one of the following holds:

(1) A is not stably finite.

(2) A has stable rank one.

(3) A has real rank zero.

(4) A is projectionless and pa(Ko(A)) = Z (with pa([14]) = 1).
(5) A has property (SP) and has a unique tracial state.

Proof. (1) In this case, there is a nonunitary isometry u € My (A) for some k > 2.
Since My (A) is also simple, every tracial state on My (A) is faithful if 7 (A) # @.
This implies that 7(A) = &. The assertion follows from Corollary 2.7.

(2) This follows from Corollary 3.11.
(3) This follows from Theorem 4.1 or Theorem 3.9.

(4) By the assumption, we have p}l (Ky(A)) = py(Ky(A)) = Z. By Proposition 3.6,
DurAd = 1.

(5) Let € > 0 and let € T'(A) be the unique tracial state. Let k > 1 be an integer
and p € My (A) a projection. Since A has (SP), there is a nonzero projection
q € A such that 0 < t(gq) < %e (see, for example, [Lin 2001, Lemma 3.5.7]).
Then, there is an integer m > 1 such that |mt(q) — 7(p)| < €. This implies that
p}l(KO(A)) = pa(Ko(A)). Therefore, by Proposition 3.6, Dur A = 1. O

For a unital simple C*algebra A, Theorem 4.2 indicates that the only case when
Dur A might not be 1 is when A is stably finite and has stable rank greater than 1.
The only example of this that we know so far is given by Villadsen [1999].

However, we have the following:

Theorem 4.3. For each integer n > 1, there is a unital simple AH-algebra A with
tst A = n such that Dur A = 1.

Proof. Fix an integer n > 1. Let A = limg_,o,(Ag, ¢r) be the unital sim-
ple AH-algebra with tstr A = n constructed by Villadsen [1999]. Then 4; =
C(D™). The connecting maps ¢ are “diagonal” maps. More precisely, ¢ (f) =
Z;’gcl) S (Yk,j) ® pi,j for all f € Ay, where pi ; is a trivial rank-1 projection,
Ak 41 = ¢r (idg, )M (1) (C(Xg))dr (idg, ) (for some large r(n)) for some spaces
Xk, and yg ; @ Xgq41 — X is a continuous map (these are ni1+1 and some
point evaluations as denoted in [Villadsen 1999, p. 1092]). Clearly 4A; contains

a rank-1 projection. Suppose that Ay, as a unital hereditary C*-subalgebra of
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M, (x)(C(Xk)), contains a rank-1 projection e (of M, x)(C(Xg))). Then, since
(ida; °Vk,1) ® pk,1 < ¢k (ida,), we have (idg; oyk,1) ® pr,1 € Ag+1. Then
€k © Vk,1 ® Pk,1 € Akx+1, which is a rank-1 projection.

The above shows every Ay contains a rank-1 projection.

Now let p € M,,,(A) be a projection. We may assume that there is a projection
q € My (Agy+1) such that ¢ 1 00(q) = p. Leteg, € Ag,41 be arank-1 projection.
Then there is an integer L > 1 such that Lt(e,) = t(q) for all T € T(Ag,41). It
follows that

Lt(pro+1,00(ek,) = t(p) forall v € T(A).
So p}i(Ko(A)) = p4(Ko(A)) and hence Dur A = 1 by Proposition 3.6. O

Theorem 4.4. Let A be a unital simple AH-algebra with (SP) property. Then
Durd =1.

Proof. By Proposition 3.1, it suffices to show that i/(ll’") is injective, and by

Proposition 3.6 it suffices to show that p}l (Ky(A)) = pa(Ko(A)).

Let p be a projection in M, (A). Since A is simple, inf{z(p) |t € T(A)} =d > 0.
Given a positive number € < min{%, %d }. Choose an integer K > 1 such that
1/K < %e. Since A is a simple unital C*-algebra with (SP), it follows from [Lin
2001, Lemma 3.5.7] that there are mutually orthogonal and mutually equivalent

nonzero projections pp, p2,..., px € A such that Z};l pj < p. We compute that
4-1) t(p1)<e/2 and 1(p1)<d/K forall T € T(A).
Since A is simple and unital, there are x1, x2, ..., x5y € A such that

N
“pixy =1
j=1

Let A = lim(Am, ¢m), where Apy = @;(:”{) Py, iMR(m, jy(C(Xm,;)) Pn,; for
each m, X, ; is a connected finite CW-complex and Pp,,; € MR(m, j)(C(Xom,;)) is
a projection. Without loss of generality, we may assume that, there are projections
P1 € Am, p' € Mu(An) and elements y1, y2, ..., YN € Ay such that ¢y, oo (p]) =

D1, ¢m,oo(yj) =Xj, (d)m,oo ®idMn)(p/) = p and

(4-2) < 1.

N
> yrpiyi—la
j=1

Write p] and p’ as

PI=Pia®P1a® ®p y d P'=q1 89S ®Grm)
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where, for each j =1,...,r(m), p} ;€ P, iMR(m, j)(C(Xim,;)) Pm,; and q; €
M, (P, jMR(m, j)(C(Xm,j)) Pm, ;) are projections. Note that (4-2) implies that
py; #0for j =1,2,....r(m). Define

r,j :rankp'l,j and r; =rankgq; for j =1,2,...,r(m).
Then r; = l;ry,; + s, where [;,s; > 0 are integers and s; < rq, ;. It follows that

r(m)

1p) = Lit(py)

Jj=1

(4-3) <t(p}) forall t € T(Ap).

Define ¢1,j = ¢m,00(P] j) for j =1,...,r(m). Then each g1 ; is a projection
in A. Note that for each t € T(A4), T 0 ¢m o0 is a tracial state on A,,. So, by (4-3),

r(m)
t(p)— Y Lit(qr))| <t(p1) <e forall TeT(A).
j=1
This implies that ,0}1 (Ky(A) = py(Ky(A)). O

Lemma 4.5. Let A be a unital simple C*-algebra with T(A) # @, and let a €
A4+ \{0}. Then, for any b € Ag,, there is a ¢ € Hera such that b — ¢ € Ay.

Proof. Since A is simple and unital, there are x1,x2,...,X»m € A such that
Z;”:l x]’.kaxj =1y4. Setc = Z;-';l al/zijx;‘al/z. Then ¢ € Hera and

m m

7(c) = Z f(al/Zijx}"al/z) = Z t(bxjax;) =t(b) forall € T(A).
ji=1 Jj=1
It follows from Lemma 2.6(2) that b — ¢ € Ay. O

A special case of the following can be found in [Lin 2010b, Theorem 3.4]:

Theorem 4.6. Let A be a unital simple C*-algebra and let e € A be a nonzero
projection. Consider the map Ug(eAe)/CU(eAe) — Uy(A)/CU(A) given by
ie([u]) =[u+(1—e)]. This map is always surjective, and is also injective if tst A = 1.

Proof. To see that i, is surjective, let u € Ug(A). Write u = [}, exp(iay) for
ay € Asa, k =1,2,...,n. By Lemma 4.5, there are by, ...,b, € eAe such that
by —ay € Ag. Put w =e [[—; exp(ibx). Then w € Up(ede). Setv=w + (1—e).
Then v = [];—; exp(ibg). Thus, by Lemma 2.6(1),

n

ie([w]) = [v] = > [exp(ibp)] = Y _[expliar)] = [u] in Uo(4)/CU(A),
k=1

k=1

that is, i is surjective.
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To see that i, is injective when A has stable rank one, let w € Up(eAe) such
that w + (1 —e) € CU(A). Since A is simple, there are z1,...,z, € A such that
l—e= Z]_l Fezj. Set

ez1 0 --- 0
X=|: - | eMy(A).
ezp 0 -+ 0
Then
n—1 n
—— —
(4-4) diag(l1 —e,0,...,0) = X*X, XX* <diag(e,e,...,e).

Equation (4-4) indicates that [1 —e] < n[e] in Ko(A). Since tsr A = 1, we can find
a projection p € Mg(A) for some s > n and a unitary U € M;41(A) such that

e
4-5) diag(e,...,e,0,...,0) = Udiag(1 —e, p)U*,
wherer =s—n—+1. Writtv=w+ (1 —e) as v = [w 1_e],and set

n r

e . = — ——
W=|: U:| and Q = diag(e,...,e,0,...,0).

Then Wdiag(e, 1 —e, p)Ms42(A) diag(e, 1 —e, p)W* C My, 41(eAe) ® 0 and

v « _|w T
(4-6) W[ p}W —[ Udiag(l—e,p)U*]_dlag(w’Q)’

by (4-5). Note that diag(v, p) € CU(diag(e, 1 —e, p)Ms42(A) diag(e, 1 —e, p)).
So, by (4-6),

n

diag(w,?,....2) € CUMj41(eAe)).
Since tsr(eAe) = 1, it follows from Theorem 4.2(2) that w € CU(eAe). d

Lemmad4.7. Let C be a nonunital C*-algebra and B = C. Assume u 1,U2, ..., Uy €
UMy (B)) for some k > 2 Then, there are unitaries u/1 Uy, Uy € M (C) with
nk(u ) =1, and w, Zj U € UM, (O)) for j =1,...,n such that

Hu —(1_[ )w, wzthu —Zjuuz forj=1,.

=1

W= T l'[u]»
j=1
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where w(x +A) = A for all x € C and A € C and wy, is the induced homomorphism
of m on My (B).

Moreover, ifu; € Uy(My (B)), then we may assume that each u; e Ug(My(C))
forj=1,...,n

Proof. Put u; = my(u;) € UMg(C)). If n = 2, then
Uguy = uqity (i) (U Uy uy) (U iyuiig)
= w iy Uy upy) (U tipu7) (i i),

Put v = u uf, uy = uuuiuusuy, w, =i i,, z; = 1,2z, =1u,. Then

m ) = 1, m(uh) = m (i (uptiz)iy) = 1y, wy = 1y (uguy).
Thus the lemma holds if # = 2. Suppose that the lemma holds for s. Then

/
Uty Uy = (UG U)W,

where u] eM (C) are unitaries with nk(u ) =1, and uj =ziu, u] z;, where
U € UM, (C)) J=1,...,sand wy =7, ]_[ =1 ;. It follows that

s+1

* — % * —
1_[” _(l_[ ) sus-i—lws(wsus-i-lws)(wsus-‘rl)'
j=1

/ _ * ~x *\ _ ~x * ok —
Putug | =wug wi(wgug, ywi)=w(ug ug, Jwg,zo =wgandwg, =

wsus_H Then

75 (U 11) = T (W) (g 1153 )T (W5) = 1,

s s+1
Ws41 = Wsls41 = Tk ((l_[ uj)us+1) = Tk H Uj-
J=1 j=1

The first part of the lemma follows.

To see the second part, we first assume that u; = exp(ia;) for some a; €
(Mg (B))sa. Note thatu; =exp(ia;), wherea; =i (a;) € Mg (C))sa, j=1.....1
Consider the path u} (t) =exp(ita;)exp(—ita;) for t € [0, 1]. Note that, for each
tef0,1]and j =1,...,n

mk(exp(itaj) exp(—ita;)) = exp(itmy(a;)) exp(—itmg(a;)) = lg.

It follows that u; (1) € Mk(C) forall t € [0,1] and j = 1,...,n. The case that
uj = exp(]_[ P 1(zak)) follows from this and what has been proved O
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Lemma 4.8. Let C be a nonunital C*-algebra and B = C. Suppose that z =
aba*b*, where a,b € Uy(My (B)). Then z = yw, where y € CUM(C)) with
7 (¥) = 1y and w € CUMg(C)). Moreover, if u = n;l:l zj, where each
zj € CUMg(B)), then u = yv, where y € CUMy(C)) with ny(y) = 1; and
v e CUMg(C)).

Proof. Let a = my(a) and b = . (b). Then a,b € UMy(C)). It follows from
Lemma 4.7 that for j =1, 2 there are a;, b; € Ug(My (C)) with my (a;) = mp (b)) =
1x and z; € UMy (C)) such that

(4-7) ab=a,b,w,, a,=aa*, b,=zbb*z,, w,=ab,
(4-8) ba = bya,w,, by =bb*, a,=ziad*z,, w,=ba.
Set x; = w w525 and x, = w w5 z,. Then x, x, € Uy(M, (C)) and
aba*b* = aby(wy w323 (@d*) zwawt) (w3 (bb*)wywi))wiws
= ay by (xyaixy)(x3b7x)wiwy
by (4-7) and (4-8).

Write a; = 1—[71:11 exp(iy1j) and by = [];"2, exp(iyr), where yi;,yak €
(Mg (C))sas Jj=1....my, k=1,...,my. Let

— oyt oy vt -
Yip =y =y and Yo =y — Vo
withy;"j,yl_j,yz"}c,yz_ke(Mk(C))+ forj=1,...,myandk =1,...,mp. Set

mi m>
e = O F XD + Y (i x25x3),
j=1 k=1

mi m>
¢ = O X5 + Y (g X233,

j=1 k=1
mi my

dy =Y Of + ¥+ D0 + 30
Jj=1 k=1

mi m2

dy =Y (1 + ¥+ D 0o+ 950).
Jj=1 k=1

Then ¢y, ¢, d1,dr € M32(C)) 4 and clearly ¢1—d1, co—da € (Mg (C))o. Therefore,

(c;—cy)—(d;—d,) € M (C))y. Puty =a, b, (x;aix])(x3b7x,) and w = w, w5.

Then y € Uo(l\//fk(\C/)) with 7% (y) = 1 and w = aba*b* € DU, (C). Moreover,

in Up (Mg (C))/ CUM(C)),

[¥] = [exp(i(c1 —c2))] = [exp(i (d1 — d2))] = [a1][b1][aT][b] = O.
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This proves the first part of the lemma. The second part follows. O

Theorem 4.9. Let A be an infinite-dimensional unital simple C*-algebra with
T (A) # & such that there is an m > 1, for every hereditary C*-subalgebra C, with
DurC <m. Then Dur A = 1.

Proof. Let n > 1. By Proposition 3.1, it suffices to show that i{gl’n) is injec-

tive. Let u € Up(A) with diag(u, 1,—1) € CUM,(A4)). Since A is simple and
infinite-dimensional, we can find nonzero mutually orthogonal positive elements

C1,...,cm € Aand x1, ..., x; € A such that
xix:=c¢; and x;x}=c; j=2,3 m
J7 1 J J’ P T

Put Herc; = C and B = C. Then Her(c1 +c2 + -+ 4+ cm) = My, (C). Note that
M;,,(B) is not isomorphic to a subalgebra of M,,, (A4).

By Lemma 4.5, we may assume, without loss of generality, that u = exp(27ib)
for some b € Cg,. Then, by Proposition 3.6(1), b e 04 (Ko(A)).

Since A is simple and C is o-unital, it follows from [Brown 1977, Theorem 2.8]
that there is a unitary element W in M(A ® K) (the multiplier algebra of 4 ® K)
such that W*(C @ K)W = A ® K, where K is the C*algebra consisting of all
compact operators on /2. Note that since A is a unital simple C*-algebra, every
tracial state 7 on C is the normalization of a tracial state restricted on C. Therefore

(4-9) b € pa(Ko(A)) = pp(Ko(C)) C pp(Ko(B)).

Viewing b in By g4, consider v = exp(i27wb) € Up(B) and v(t) = exp(i2nth),
t €0, 1]. Then (4-9) implies that Al (v(¢)) € pp(Ko(B)). By Lemma 3.2(2), for
any € > 0, there are a € Bs, with |la|| < €, d € By, with d e pB(Ko(B)) and
vg € CU(B) such that

(4-10) v =exp(i2ma) exp(i2nd)vg.

Choose projections p,q € My (B) for some n > m such that for all t € T(B),
(diag(d, O(n—1)x(n—1))) = 7(p)—7(q). Sodiag(exp(i27d). 1,-1) € CUMn(B))
by Lemma 2.6(2). By assumption, i g"’k) is injective for all k > m. Therefore, we
have diag(v, 1;,—1) € CUM,,(B)) by (4-10).

Let € > 0. Then thereis a vy € DU(M,,(B)) such that ||diag(v, 1,,,—1)—v1 ]| < %e.
We may write vy = ]_[Jr —1 Zj, where z; € M,,(B) is a commutator. It follows from
Lemma 4.8 that there are y € CU(M,, (C)) with 7, (y) = 1,5, and w € DUM,,(C))
such that v; = yw. Noting that w = 7, (W) = 7, (v1) and 7(v) = 1, we have
1 —w] < %e. Thus ||diag(v, 1,,—1)—Y| <e€. Setvg=v—1and yo = y—1,,. Then

diag(vo, Ogn—1)x(m—1))s Yo € M (C),

4-11) ]
[[diag(vo, Ogn—1)x(m—1)) — Yoll < €.
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By identifying 1,, +M,,(C) with a unital C *-subalgebra 14 +Her(ci+c2+---+cm)
of A, we get that ||exp(i27rb)—y|| <€ by (4-11). Since y e CUM,,(C)) CCU(A)
and hence u € CU(A), we have Dur 4 = 1. O

Corollary 4.10. Let A be a unital simple C*-algebra. Suppose that there is an
integer K > 1 such that cst(C(S!, C)) < K for every hereditary C*-subalgebra C.
ThenDur A = 1.

Proof. 1t follows from Theorem 3.10 that Dur C < max{K — 1, 1}. Theorem 4.9
then applies. O

Definition 4.11. Let A be a C*algebra with T'(A4) # . Define

D(py(Ko(A)), pg(Ko(A))) = sup{dist(x, py (Ko(A))) | x € p,(Ky(A))}
= sup{dist(x, p}i(KO(A))) | x € pA(KO(A))}.

Theorem 4.12. Let A be a unital simple C*-algebra with T (A) # & such that there
is an M > 0 with D(plc (Ko(C)), pc (KO(C))) < M for all nonzero hereditary
C*-subalgebras C of A. Then Dur A = 1.

Proof. Let u € Up(A) such that diag(u, 1,—1) € CUMy(A)). By Corollary 2.12,
we may assume that u = exp(i27a) for some a € Ag,. Then a € pg(Ko(A)) by
Proposition 3.6(1).

Given € > 0, choose an integer N > 1 such that M/N < ¢/2x. There are

mutually orthogonal nonzero positive elements ¢y, ¢2,...,cy in A and elements
X1,X2,...,XN € A such that

* _ X _ .
(4-12) x;x;=cy and Xx;x;=c;, j=23,...,N.

Let C =Hercq and B = C. It follows from Lemma 4.5 that there is a b € Csa such
that @ — b is in Ao, i.e., T(a) = ©(b) for all t € T (A). Therefore [exp(i27ma)] =
[exp(i2rh)] in Up(A)/CU(A) by Lemma 2.6(2).

Since A is a unital simple C*-algebra and C is o-unital, it follows from the
proof of Theorem 4.9 that pc (b) € pc(Ko(C)). Therefore, by assumption, there
are projections pi, p2,..., Pk,»41,492, .- .4k, € C such that

k1

%)
() (Zrm)— Zr(q»)
j=1

i=1

sup <M.

reT(C)

Putd = Zf'zl pi —Zfzzl gj and f =b—d. Then exp(i2nd) € CU(A) by (2-3)
and [exp(i27 f)] = [exp(i27h] € Ug(A)/ CU(A). Moreover, from

inf{[| f — x|/ | x € Coj = sup{|z(f)| |t € T(C)} < M
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(see the proof of [Th, Lemma 3.1]), there are fy € Co and f1 € Cg, with || f1|| <M
such that f = f1 + fo. By Lemma 2.6(1), exp(i27 fo) € CU(A). Since f € Cg,
by (4-12), fori =1,2,..., N there are g; € Her¢; with

(4-13) lgill =l /il/N and t(gi) =t(f1/N) forall r € T(A).

Set g =Y 7_; & € A. Then, by (4-13),

(4-14) |lexp(i2wg)—14|| <M/N <€ and Al (exp(i27 f)exp(—i2mg)) =0.
Soexp(i2n f) exp(—i2mg) € CU(A) and consequently dist(e!27%, CU(A)) <e. O

Bruce Blackadar [1981] constructed three examples of unital simple separable
nuclear C*-algebras A, Aa, Ay with no nontrivial projections. By [Blackadar 1981,
Theorem 4.9], K¢(A) = Z with a unique tracial state. It follows from Theorem 4.2(4)
that Dur A = 1. We turn to his examples A and Ag, which may have rich tracial
spaces. It should be also noted that, as Blackadar showed, when A is not trivial
(for example), M2 (A ) has a projection p with 7(p) = 1forall t € T(AA). In
particular, this implies that

Ph, (Ko(A0) # Pap (Ko(A ).

However, Dur Ao = 1 as shown below. It follows that there is a unitary u € C,
where C = Cy((0, 1), A), which represents a projection ¢ with t(g) = 1 for all
TE T(A A)-

Proposition 4.13. Let B be a unital AF-algebra and o an automorphism of B. Put
My ={feC(0,1],B)| f(1) =0(f(0)}. Then Dur My = 1.

Proof. Clearly, T(My) # &. From the exact sequence of C*-algebras
0— Co((0,1), By — Ms; — B —> 0,
we obtain the exact sequence of C*algebras
(4-15) 0—> Co((0,1)x S, By — C(S', My) — C(S!, B) — 0.
Since B is an AF-algebra, it follows from [Nistor 1986, Corollary 2.11] that
cst(C(SY, B)) = csr(C(Sh)) =2,
esr(Co((0, 1) x S, B)) = esr(Co((0,1) x S1)) =2,

and consequently, applying [Nagy 1987, Lemma 2] to (4-15), we get

est(C(S1, My)) < max{csr(C(S!, B)), csr(Co((0,1) x St, B))} < 2.
Therefore Dur A = 1 by Theorem 3.10. O
Corollary 4.14. Dur Ao = 1 and Dur Ag = 1.
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Proof. Both C*-algebras are of the form lim, .~ Ay, where each A, =~ M, where
M, is as in Proposition 4.13, and thus Dur A, = 1. By Theorem 3.5, Dur Ap =1
and Dur Ay = 1. O

5. C*-algebras with Dur A > 1

In this section, we will present a unital C*-algebra C such that DurC = 2. In
particular, we will show that there are C*-algebras which satisfy the condition
described in Proposition 3.12.

5.1. We first list some standard facts from elementary topology. We will give a
brief proof of each fact for the reader’s convenience.

Fact 1. Let

B;(0) = {(x1,x2,x3,x4) € R* | \/x%—l—x%—i—x%—i—xfgd},

Let f: B4(0) x S' — 83 = SU(2) be a continuous map which is not surjective.
Then there is a homotopy

F:Bs(0)xS'x[0,1] - §3=SU(Q)

such that F(x,e'?,0) = f(x,e'?), F(x,e'?,s) = f(x,e?) if |x| = d G.e., if
x € 9B (0)) and g(x, e'?) = F(x,e'?, 1) satisfies

10

80.¢"%) = F(0.e'. 1) = [O X

] eSU2) = S3.

Proof. Assume that f misses a point z € S3 = SU(2) and that z # [(l) (1)] e SU(2).
Then S3\ {z} is homeomorphic to D3 = {(x, y,z) | x% + y? 4+ z% < 1}, with the
identity matrix mapping to (0, 0, 0). Without loss of generality, we can assume that
f isamap from Bz (0)x S to D3. Let F: B;(0)x S x[0, 1] — D3 be defined by

F(x, eie,s) = f(x, eie) max{l —s, ||x|/d},
which satisfies the condition. O

Fact2. Let f,g:S*xS! — SU(n) C U(n) = Uy, (C) (where n > 2) be continuous
maps. If f is homotopic to g in U(n), then they are also homotopic in SU(n).

Proof. This follows from the fact that there is a continuous map 7 : U(n) — SU(n)
with 77 0i = id |gy(n), where i : SU(n) — U(n) is inclusion. O
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Fact 3. Let £ € S* be the north pole. Suppose that f, g : S*x S! — SU(n) are two
continuous maps such that

fE ) =1, =g ")
for all elf e St If f and g are homotopic in SU(n), then there is a homotopy
F:8*xS!'x][0,1] - SU(n)

such that F(x,e'?,0) = f(x,e'?), F(x,e'?, 1) =g(x,e'?) forall x € $*, ¢!? € S!
and F(£,¢9.1) = 1, forall ¢'? € S,

Proof Let G : S* x S x [0, 1] — SU(n) be a homotopy between f and g. That is,
G(-,-,0)= fand G(-, -,1)=g. Let F: S*x S x[0, 1] = SU(n) be defined by

F(x.e'%.1) = G(x, e 1)(G(& e 1))*.
Then F satisfies the condition. O

5.2. We will describe the projection P € M4(C(S#)) of rank two which represents
the class of (2,1) € Z@ Z = Ko(C(S*)) as follows: One can regard S* as the
quotient space D*/dD*, where

D* ={(z,w) e C?||z|> + |w|* < 1}.
It is standard to construct a unitary
o D* — Us(C) = U(M4(C))

such that «(0) = 14 and such that, for any (z, w) € daD* (i.e., |z|> + |w|*> = 1),

zw 0 0
_|l=wz 0 0fal|B(zw) 0
Ol(Z, w) - 0 0 Z —w _— [ 0 ,B(Z, w)* ’
00w =z

where B(z,w) = [_5-} 'g], for (z,w) € dD* = S3, represents the generator of
K1(C(S?)). Define P : S* — U4 (C) by

P(z,w) 2 a(z,w) |:(1)z 82] a*(z,w).

Note that « is not defined as a function from S* = D*/0D* to U(4), but P is, since

1> 0

P(iz,w)= |:02 0,

] for all (z,w) € dD*

and dD* is identified with the north pole £ € S*. Hence P(£) = [(1)2 g;].
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5.3. In the rest of the paper, for a compact metric space X with a given base
point and a C*algebra A4, by Co(X, A) we mean the C*-algebra of the continuous
functions from X to A which vanish at the base point (and Cy (X, C) will be denoted
by Co(X)). (Most spaces we used here have an obvious base point, which we will
not mention afterward.) Let A = Co(S!, PM4C(S 4)P). Let A be the unitization
of A. Let B = Co(S!, C(S*)). Since A is a corner of M4(B) and B is a corner
of M, (A) (note that a trivial projection of rank 1 is equivalent to a subprojection
of P @ P), A is stably isomorphic to B. Let B be a unitization of B. Then
B=C(5*xS') and

Ki(A) = Ki(A) =K (B)~K(B)~Z&7.

5.4. For aunitary u € M4(C(S*xS1)), in the identification of [u] € K1 (C(S*xS1))
with Z & Z, the first component corresponds to the winding number of

detu

Sl §g4x s — s,

that is, the winding number of the map
e — det u(§, eie),

where £ is the north pole of S*. Hence, if u : S* x S — SU(n), then the first
component of [u] € K1 (C(S*x S')) = Z & 7 is automatically zero.

Lemma 5.5. Letu : S* x S' — SU(2). Then u € Ma(C(S* x S1)) represents the
zero element in K1(C(S* x S')). In other words, ifu € SU,(S* x S1) represents
a nonzero element in K-theory, then n > 3.

Proof. Let f :S*xS! — §° be the standard quotient map sending {£}xS1US*x {1}
to a single point. Consider u : S% x S — SU(2). Without loss of generality, assume
u(g, 1) = 1 € SU(2). Then u|g4, gy} : S4 — SU(2) = S3 represents an element in
74(S3) = 7/27. Therefore u2|S4X{1} : §% — SU(2) = §3 is homotopically trivial,
with (£, 1) € % x S as a fixed point. Evidently, u?| )51 : ST — 83 = SU(2) is
homotopically trivial with (£,1) € S* x S as a fixed point. Consequently

M2|S4X{I}U{E}><S1 . S4 X {I}U{E}X Sl — 53

is homotopically trivial with (£,1) € S% x S! as a fixed base point. There is a
homotopy

F:(S*x{1}u{gyxShHx[0,1] —» 83
with F(-,0) = u2|S4x{1}U{§-}Xsl and

F(x,1) =1, forall xe S*x{1}U{¢}xS".
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The following is a well-known easy fact: For any relative CW complex (X, Y)
(Y C X), any continuous map Y x I U X x {0} — Z (where Z is any other CW
complex) can be extended to a continuous map X x I — Z.

Hence, there is a homotopy G : (S* x §1) x [0, 1] = S3 with G(-,0) = u?, and
Glsixiyuigixsixo1] = F- Letv:S*x St — SU(2) be defined by v(x) = G(x, 1);
then [v] = [u?] € K1 (C(S* x 1)) and v maps S* x {1} U {£} x ST to 1, € SU(2).
Consequently, v passes to a map

v1:STE S S/SAx {11 UEIx ST — S3 =SU(2)

and represents an element in 75 (S*) = Z/2Z. Hence v} : S° — S3 is homotopically
trivial, and therefore v? is as well. So we have

4[u] = 2[u?] = 2[v] = ] = 0 € K1 (C(S* x S1)),
which implies [u] =0 € K1(C(S* x S1)). O

Remark 5.6. In the proof of Lemma 5.5, we in fact proved the following fact:
Forany u: §*x S! — SU(2), the map u*: S*x S — SU(2) is homotopically trivial.

5.7. Note that P € M4(C(S#)) can be regarded as a projection in M4 (C (54 x S1)),
still denoted by P, i.e., for fixed x € §*, P(x,-) is a constant projection along the
S direction. Then

(5-1)  Ki(A) = Ki(A) = K1 (C(S* x S1)) = K1 (PM4(C(S* x 1)) P),
where A = Co(S!, PM4(C(S*))P) is defined in Section 5.2. Let

E={(u):teS*xS!, ueMy(C) with P(x)uP(x)=u,u*u=uu*=P(x)},
SE={(,u) e E:det(P(x)uP(x)+ (14— P(x)) =1}.

Then E — S*x St and SE — S*x S are fiber bundles with fibers U(2) and SU(2),
respectively. Also the unitaries in PM4(C(S* x S1))P correspond bijectively to
the cross-sections of a bundle £ — S* x 1. For this reason, we will call a unitary
(of PM4(C(S*x S1))P) with determinant 1 everywhere a cross-section of a bundle
SE — S*x S

Theorem 5.8. Ifu € PM4(C(S* x S1)) P has determinant 1 everywhere, i.e., if u
is a cross-section of SE — S* x S, then [u] = 0 in K1(PM4(C(S*x S1))P).

Proof. Note that SE — S* x S is a smooth fiber bundle over the smooth manifold
S4 x S1. By a standard result in differential topology, u is homotopic to a C *°-
section. Without loss of generality, we may assume that u itself is smooth. Identify
the north pole £ € S* with 0 € R* and a neighborhood of § with B(0) C R* for
€ > 0. Since B¢(0) is contractible, SE|p_g)x s is a trivial bundle. Note that the
projection P € M4(C(S*x S1)) is constant along S, hence SE =~ SE|gaxgyX St
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and SE|p_o)xst = SE|p.(0)x{1} X S1; in other words, the fiber is constant along
S!and SE |B.(0)x{1} is trivial and isomorphic to (B¢ (0) x {1}) x SU(2). There is
a smooth bundle isomorphism

(5-2) y 1 SE|p_oyxs1 — (Be(0) x S1) x SU(2).

Then
youlp st : Be(0) x ST — (Be(0) x $') x SU(2)

is a smooth map with

mro(you)lp oyxst =1dp_(0)xs!>

where 71 1 (Be(0) x S1) x SU(2) — B¢(0) x S! is the projection onto the first
coordinate. Define ¢ = w2 0 (y ou|p_(g)xs51), Where 2 : (B¢ (0) X S xSU(2) —»
SU(2) is the projection onto the second coordinate. Since ¢ is smooth, @[ g1y g1 18
not onto SU(2) (note dim(SU(2)) = 3 and dim(S!) = 1). Therefore, if € is small
enough, @|p_g)xs! 1s not onto. By Fact 1 of Section 5.1, ¢ is homotopic to a
constant map ¢ : B¢(0) x ST — SU(2) with
1 10
(5-3) Pr1({E}x S7) = [0 1] and  @lap.0)xst = P1laB. (xS

via a homotopy F : (Bc(0) x 1) x [0, 1] — SU(2) with F(x, ¢'?,r) constant with
respect to ¢ if x € dB¢(0).
Let uy : Be(0) x S' — SE be the cross-section defined by

ui(x.e?) =y (x.e'%). g1 (x. ') € SE.
Then u; (x, e'?) = u(x, e!?) if x € 3B (0). We can extend u; to S*x S by defining
ul(x,eig) = u(x,eie) if (x,eie) ¢ B(0)x St
Hence u is a section of SE with

I 02

— i 1
0, 02]_P($) forall eV € S°.

w1 (€. 01) = [

Moreover, u; is homotopic to u by a homotopy that is constant on (S*\ B¢(0)) x S!
(on which u; = u) and that agrees with F on B.(0) x S'. Hence [u] = [u;] €
K1 (PM4(C(S* x S1))P). Recall that S* is obtained from

D*={(z,w) e C*| |z]> + |w|* = 1}
by identifying
OD* ={(z.w) € C* | |z + |w|* = 1}
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with the north pole £ € S*. Recall that P € M4(C(S*)) (viewed as a projection in
M4(C(S* x S1)) constant along the S' direction) is defined as

P(z,w) =a(z,w) 12 0 a*(z,w),
02 02
where o(z, w) is defined as in Section 5.2.
Define

v(z,w, eie) =a*(z,w)ui(z, w, eie)a(z, w).

Then we have that

I 02

1) v(z, w,eie) = |: ] for all (z, w) € dD*,
0, 05

and therefore v can be regarded as a map from S* x S to M4(C). Moreover,

(ii) v(z,w, eie) = |:12 02] v(z, w, em) [12 02] for all (z,w, eie) eS*xst.
02 02 02 02
By considering the upper-left corner of v (still denoted by v), we obtain a unitary
v:8%xS! - SU(2). By Lemma 5.5 and Remark 5.6, v* is homotopically trivial.
Furthermore, by Fact 3 of Section 5.1, there is a homotopy F : S% x S1 x [0, 1] —
SU(2) such that

(iii) F(Z,w,eig,O)=v4(Z,w,ei0) for all (Z,w)eS4,ei0 esSt,
(iv) FE % n)=1, for all ¢'? € ST,
) F(Z,w,ei9,1)=12 for all (Z,w)€S4,ei6€S1.

Define G : D* x S x [0, 1] = M4(C) by

F(z,w,e'? 1) 0,

i0 _
G(z,w,e'”,t) =a(z,w) |: 0, 0

] a*(z,w).
Then, by (iv), for (z, w) € dD* we have

io ~_ |12 02
G(z,w,e ,t)—|:02 02].

Hence G defines a map (still denoted by G) from S* x S x [0, 1] — M4(C).
Furthermore G(z, w, e!? 1) € P(z, w)M4(C)P(z, w), and

v4 02

i0 _
Gz, w,e'"”,0)=a(z,w) |:02 0y

} a*(z,w) = uf.
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That is, G defines a homotopy between u‘ll and the unit P € P (M4(C(S4 X Sl))) P.
Consequently [u7] =0 and [u1] =0 € Kl(P(M4(C(S4 X Sl)))P). Moreover,
[u] =0 e K{(C(S*x S1)), as desired. O

5.9. We identify P (M4(C(S* x S1))) P as a corner of M4(C(S* x S1)); then
K1 (P(M4(C(S* x S1))) P) is isomorphic to K1(C(S* x S')) = Z & Z naturally.
Leta € P(M4(C(S*x S1))) P be defined by

a(x,eie) = eieP(x).

On the other hand, a could also be regarded as a unitary in M4(C(S* x S1)) as

a(x,e’?) =e' P(x)+ (14— P(x)). Then[a] = (2,1) e ZHZ = K; (C(S*x S1)),

since [a] is the image of [P] € Ko(C(S*)) under the exponential map
K1(C(8%) — K1 (Co(S'. C(5%)),

and [P]=(2,1) e Ko(C(S*) =Z o 7.

Theorem 5.10. No element (1,k) € K1(C(S* x S1)) can be realized by a unitary
b e PM4(C(S*x SH)P.

Proof. We argue by contradiction. Assume b € PM4(C(S* x S1))P satisfies
[b] = (1,k) € K1(PM4(C(S* x S1)P)). Without loss of generality, we assume
that b(€,1) = P. Then

[b2a*] = (0,2k — 1) € K1 (PM4(C(S* x S1)) P).
In particular, the map
) 2 % i
0y ot [P@)(b a*)(E e PE 0 }
0 l4 - P(é) 8x8
has winding number 0. That is, it is homotopically trivial. Hence
0y o [PEO@ ) (x.)PE) 0 ]
x,e'?) s det [
( ) 0 14 - P(%-) 8x8

definesamap h: S*x S — S suchthat i, : 71 (S*xS1) — 1 (S1!) is the zero map.
Hence there is a lifting /1 : $* x 1 — R with & (x, ¢?) = exp(i h(x, ¢'?)). Define
a unitary by € PM4(C(S* x S1)) P by by(x,e'?) = exp(i $7(x, ¢'%)) P(x). Then
[b1]=0€ K{(C(S*xS1)), and bza*b;k e U(PM4C(S*xS1) P) has determinant 1
everywhere. By Theorem 5.8, [b?a*b}] =0€ K1(C(S*x S1)). On the other hand,

[bza*bi“] = [bza*] =(0,2k—1)#0¢€ K1(C(S4 X Sl)),
which is a contradiction. O

Remark 5.11. Similarly, we can show that for any unitary u € PM4(C(S*xS1)) P,
[u] =I[a] = (21,1) € K1(C(S* x S1)) for some [ € Z.
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Corollary 5.12. Let A = Co(S', PC(S*)P), and let A be the unitization of A.
Then there is no unitary u € A such that [u] = (1,k) € K1(A). In particular, no
unitary u can correspond to a rank-1 projection in M4 (C(S*)).

Proof. Note that we may view P as a projection in M4(C(S* x §1)) which is
constant along the direction of S 1 (Section 5.7). So we may view A as a unital C*
subalgebra of PM4(C(S*x S1))P. Thus, by the identification (5-1), Theorem 5.10
applies. O

Theorem 5.13. Let A = PM4(C(S*))P. Then Dur A = 2.

Proof. There is a projection e € M (A) which is unitarily equivalent to a rank-1 pro-
jection in Mg (C(S*#)) corresponding to (1, 0) € Ko(C(S*)). Let C = Cy((0, 1), A).
By Corollary 5.12, there is no unitary in C which represents a rank-1 projection. It

follows from Proposition 3.12 that Dur A > 1.
However, since pc (Ko My (C ))) = %Z and M5 (C) contains a rank-1 projection
(with trace %), by Proposition 3.6(3), Dur(M,(C)) = 1. It follows that Dur C = 2.
d
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MOTION BY MIXED VOLUME PRESERVING
CURVATURE FUNCTIONS NEAR SPHERES

DAVID HARTLEY

In this paper we investigate the flow of hypersurfaces by a class of symmet-
ric functions of the principal curvatures with a mixed volume constraint.
We consider compact hypersurfaces without boundary that can be written
as a graph over a sphere. The linearisation of the resulting fully nonlinear
PDE is used to prove a short-time existence theorem for hypersurfaces that
are sufficiently close to a sphere and, using centre manifold analysis, the
stability of the sphere as a stationary solution to the flow is determined. We
will find that for initial hypersurfaces sufficiently close to a sphere, the flow
will exist for all time and the hypersurfaces will converge exponentially fast
to a sphere. This result was shown for the case where the symmetric func-
tion is the mean curvature and the constraint is on the (n 4+ 1)-dimensional
enclosed volume by Escher and Simonett (1998).

1. Introduction

Given a sufficiently smooth hypersurface Q¢ = Xo(M") C R"*! that is compact
without boundary, where M" is an n-dimensional manifold, we are interested in
finding a family of embeddings X : M" x [0, T) — R"*! such that

(1)

X (hx—F(x)) X(-,00=X h ! / F(k)Ers1d
_— _ K))V , cy = s = K s
a1 k Q 0 k an Ek+l th . k+1a My

where k = (k1, ..., kn), k; are the principal curvatures of the hypersurface 2, =
X(M", t)=X;(M"), vg, and dpu, are the outward pointing unit normal and induced
measure of €2, respectively, and k is a fixed integer between —1 and n — 1. Here

E; denotes the [-th elementary symmetric function of the principal curvatures:
1 ifl =0,
E = .
Zl§i|<---<i/§nKilKi2"'Kil ifl=1,...,n,

and F'(x) is a given smooth, symmetric function that satisfies (3 F/d«;) (ko) > 0,
where ko = (1/R, ..., 1/R) for some fixed R € RT. The flow can be seen to

MSC2010: 53C44, 35K93.
Keywords: curvature flows, mixed volume, stability, centre manifolds.
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preserve the (n — k)-th mixed volume of the hypersurface (see Corollary 2.2). Note
that while such a quantity is usually only defined for convex hypersurfaces, there is
an obvious extension to all hypersurfaces (see Section 2).

This flow has been studied previously in [McCoy 2005]. There it was proved that
under some additional conditions on F', for example homogeneity of degree one and
convexity or concavity, initially convex hypersurfaces admit a solution for all time
and the hypersurfaces converge to a sphere as t — c0. This result had previously
been proved for the specific case where F (k) = H, the mean curvature, in [McCoy
2004] and, if in addition, k = —1 (in which case the flow is the well-known volume
preserving mean curvature flow), in [Huisken 1987]. Other results for the volume
preserving mean curvature flow include average mean convex hypersurfaces with
initially small traceless second fundamental form converging to spheres (see [Li
2009]) and hypersurfaces that are graphs over spheres with a height function close
to zero, in a certain function space, converging to spheres (see [Escher and Simonett
1998b]). Techniques similar to those in this paper were used to study volume
preserving mean curvature flow for hypersurfaces close to a cylinder in [Hartley
2013] and spherical caps in [Abels et al. 2015].

The situation where F has homogeneity greater than one has been considered
in [Cabezas-Rivas and Sinestrari 2010]. There it was proved that if k = —1 and
F(k) = HE, withmB > 1 and H,, = (”;)_IEm the m-th mean curvature, the flow
takes initially convex hypersurfaces that satisfy a pinching condition to spheres; the
pinching condition is of the form E, > CH" > 0, where C is a constant depending
on the parameters of the flow.

The main result of this paper is:

Theorem 1.1. Let F be a smooth, symmetric function of the principal curvatures
satisfying (0F /0k,) (ko) > 0fora=1,...,n and some R € RT. If Qq is a graph
over the sphere ¥’y with height function sufficiently small in h2te (R 0<a <1
(see Section 2), then its flow by (1) exists for all time and converges exponentially
fast to a sphere as t — oo, with respect to the h*+ (F"%)-topology.

Part (c) of the main result in [Escher and Simonett 1998b] proves a similar result
for the specific case of the volume preserving mean curvature flow. Some differences
include that Escher and Simonett are able to use the quasilinear nature of the flow to
prove the hypersurfaces are smooth after the initial time. This also allows them to
obtain convergence with respect to the C’ (¥';)-topology, for any fixed /, and only
requires the initial height function to be small in 2!7%(¥%). In contrast, the current
paper deals with flows that are, in general, fully nonlinear, so the methods we use
require the initial height function to be small in 42 (%), which gives a condition
on its curvature, and only give convergence in the >+ (Sg)-topology. The key
theorems for nonlinear flow appear in [Lunardi 1995] and have been included in
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the Appendix for the reader’s ease.

In Section 2 of this paper we convert the flow (1) to a PDE for the graph function
and also introduce the spaces and notation that will be used throughout the paper.
The section ends with a corollary proving the flow preserves a certain mixed volume.
In Section 3 we consider the problem as an ODE on Banach spaces and determine
the linearisation of the speed. This leads to a new short-time existence theorem for
the flow that includes some initially 42+ (¥'%) hypersurfaces. In the final section
the eigenvalues of the linearised operator are determined and a centre manifold is
constructed. The proof of the main result is finished by showing that the centre
manifold consists entirely of spheres and is exponentially attractive.

We note here that the (n — k)-th mixed volumes, for k > 1, are only well defined
for convex hypersurfaces (see [Andrews 2001]). However, we will refer to the flow
(1) as mixed volume preserving for any €29, with the understanding that it preserves
a quantity that coincides with the (n — k)-th mixed volume when 2 is convex (see
Corollary 2.2).

2. Notation and preliminaries

In this paper we consider M" = ¥, a given sphere of radius R, and hypersurfaces
that are normal graphs over ¥%, X, (p) = p + p(p)vy:(p), p € . The volume
form on such a hypersurface will be denoted by d, and we let 1(p) be the function
such that du, = u(p) dio. We now proceed as in [Escher and Simonett 1998b] and
convert the flow to an evolution equation for the height function p : ¥} x [0, T) — R.
Up to a tangential diffeomorphism the flow (1) is equivalent to solving the PDE

@) _ iR eppm F 0) =
FYe m Pl ( k(p) — (Kp)), p(-,0) = po,
where A (p) = fg),;? Er+1(p)F(kp) d“’)/fffﬁ’e Er+1(p) dp, k, is the principal cur-
vature vector of the hypersurface defined by p( -, ¢), and V denotes the gradient on
I (see [McCoy 2005]).

The graph functions p are chosen in the little Holder spaces, h!* (%), for
o € (0, 1), 1 e N. These spaces are defined for an open set U C R" and a multi-index

B=(Bi..... B with || = 1_, B as follows:

h“(l_]):{peC“(U):lim sup M:O},
r=>0 e X=yI¢
O<|x—y|<r

WOy ={p e @) : DPp e h*(U) for all B, |B| =1},

where D is the derivative operator on R” and C%, C!* are the Holder spaces (see
[Lunardi 1995]). The norm on the little Holder space h'*® is inherited from C'*¢.
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The little Holder spaces can be extended to ¥, by means of an atlas. In addition,
it is known that the little Holder spaces are the continuous interpolation spaces
between themselves (see [Guenther et al. 2002, Equation 19]), that is, for real
numbers 0 < a < 8 we have

3) (h*( SR, WP (FR)), = hP~0T (S,

provided (8 — «)0 + « ¢ Z, where (-, -)g is an interpolation functor for each
6 € (0, 1), defined for Y C X as
X, Y)o={xeX: lim, tPK(t,x, X,Y) =0},
—

where K(t,x,X,Y) = in)i;(||x —allx +tlally).
ae

We will often abuse notation and use p to represent both a function on ¥’ x [0, T')
and the mapping from [0, T') to a space of functions such that p(t) = p(-, t) for
all t € [0, T'). In this regard we define the spaces C(/, X) and ck(1, X) consisting
of continuous and continuously k-differentiable functions from an interval / C R
to a Banach space X. They have the norms ||| cx (s x) =~Z];:0 sup,c; 1o ()l x-

For an operator between function spaces G : Y — Y we denote the Fréchet
derivative by dG. A linear operator, A : Y C X — X, is called sectorial if there
exist 0 € (%, 71), w € R and M > 0 such that

@ p(A) D Spw={reC:a #w, larg(A — w)| < 0},

1) IR, Allex,x) <

| o] for all A € Sp 4.

Here p(A) is the resolvent set, R(A, A) = (A — A)~! is the resolvent operator, and
Il - llcx, x) is the standard linear operator norm (see [Lunardi 1995]).
For all closed, compact hypersurfaces 2 C R"*!, we define the quantity

Vi(Q) = i((”“r D) Sy Enidp if1=0,...,n,
Vol(®) ifl=n+1,

where @ is the (n + 1)-dimensional region contained inside €2; for convex hyper-
surfaces this agrees with the mixed volumes.

Lemma 2.1. For a family of hypersurfaces 2, satisfying (1), the Weingarten map,
volume form and mixed volumes satisfy the evolution equations

on, D(dp)

_ lmv VF hy — F hl hm, ) o —FYH A ,
at =g (hie — F)h,, h; 5 (he — F)H d
avi {o ifl =
dr (n+1) fM nt1—1(hy — F)dp lfl_l n+1.
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Proof. The first two equations are well known; see [Andrews 1994], for example.
The last equation, except for the / = n 4 1 case, which can be found in [Cabezas-
Rivas and Sinestrari 2010], is given in Lemma 4.3 of [McCoy 2005] for the case
where the €2, are convex hypersurfaces. McCoy uses the definition of mixed
volumes of convex hypersurfaces (see [Andrews 2001]), which is not valid unless
the hypersurface is convex. To obtain the result for all solutions to the flow we use
the following identity, found in Equation (5.86) of [Gerhardt 2008]:

oE ; . 0E
(@) — L — B8 —n)
8hj dh;,
where a =0, ..., n (in the a = n case we use the convention E,; = 0). Now if

we take the divergence of this identity, we obtain

. D1 . 0E, . . (9E,
glw’"( on' = 8" VnEBa= g™V héaht — &gV Ohi,

ok, Ik, i i oE
_g]mv hP — g gjpv h glmhiyvm(ahla)
q

JdIE, Lo P JAE,
= g g’”V hzq ahp glmgjpvphmq% _glmhévm<8hl )

q
h] lmv aE
ahy

using the Codazzi equation to get to the second last line. Since gimVi(
vanishes, we see this equation implies

%)
on'

, oE
gWVi(ah’:) =0 forall a=0,...,n.
J

We can now derive the evolution equation:
n+ ()4
dt

0E,_
_ / Ly (he — FYHE,_1du
M Ot

—/ 0E, -1 1) +(hy — F)HE,_;d
- y ahl 97 k n—l A

dE
:/ nl §"VuV,;F — (hk—F) "lh’hm—i—(hk—F)HEnldu
LY Oh',
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0E, ;|
:/ vm< b ’g”"ij)
w on’

c(OE, 11—
+0u—F >hin( a’};‘ - En_zw) + (hx — F)HE, 1 dp
m

— (41 —l)/ (i = F)Enpr_1 dit,
M

where the second last line is due to (4) and the last line is due to the homogeneity
of En+1—l- O

Corollary 2.2. For a compact hypersurface without boundary, 2, the flow (1)
preserves the value of Vi, i.e., Vi (2;) = Vy—i (20) as long as the flow exists.
3. Graphs over spheres

The flow in (2) can be considered as an ordinary differential equation between
Banach spaces. Set 0 < o < 1 and define

G : W (P — h(S),
G(p) :=L(p)(hi(p) — F(kp)), L(p):= \/1

R2 )
+ —|Vpl|2.
(R+p)2| 4

The flow (2) is then rewritten as

) p' (1) =G(p®), p0)=py ™ (Fp).

Lemma 3.1. The linearisation of G about zero is given by

oF n n
8G(0)u=a—’q(/co) E—FA% u—ﬁ S%uduo ,

foru € h2F (7).

Note that only the derivative of F (x) with respect to k| appears in this formula
for convenience, since (3 F/dk) (ko) = (0 F/dk;) (ko) foralli =1, ..., n. We also

use the notation f,,., fdu:= [\ fdp/ [y dp.

Proof. Firstly note L(0) = 1 and 0L (0) = 0. By linearising the curvature function,
we find

n

oF
IF ()] g =D _ 35— (kp)Oki(p)
i=1

9F " oF
p:(): a_lq(KO) ; dk;(0) = a—lq(KO)aH(O)-



MOTION BY MIXED VOLUME PRESERVING CURVATURE NEAR SPHERES 443

It follows that for u € h>™($"%),

ohy (0)u
1
=9 E F d
(fg,% Ep1(p)(p) dpo /sf; st (ep)ile) MO) p:ou
1
- 2< | B duoa< | B F o dMo) u
(fg»}z? Ei41(0) d o) % S p=0

—/ Ej+1(0) F (ko) dno 3<[f Er1(0)n(p) duo) M)
® Sr p=0

_ 1
fgr;e Er11(0)dpo

X (/ym (Ek+l(0) OF (kp)| ,_gu + F (ko) a(Ek+1(,0)/L(,0))|p:0u)dM0

R

— F (ko) / d(Ers1(p)(p)) |p:0bt dMo)
oF i
= 8—(/(0)][ O0HO)u d .
K1 o

It was shown in [Escher and Simonett 1998a] that

n
0H(0) = —<F+A5f'1;),

so combining these results gives, for u € h>+ (FR)s

6) G O)u = —(/co)(( + Agn ) ][ (R2 —|—Agm>u d,uo).

The divergence theorem gives the result. (|

Lemma 3.2. For any o such that 0 < ag < «, there exists a neighbourhood, O,
of 0 € h>+ (S'R) such that the operator dG(p) is the part in h* (¥y) of a sectorial
operator A, h2+°‘° (FR) = h*(F%) for all p € 0.

Proof. We set G: h2+°‘0(9)”) — h*(S%) with G(p) := L(p)(he(p) — F(kp)) so
that with A, = 3G (p) it is clear that 3G (p) is the part in h*(¥%) of A,. It remains
to show that there exists Oy such that A, is sectorial for p € O;.

As dH(0) = —(n/R* + Agn) is a uniformly elliptic operator on a compact
manifold without boundary, its negative is sectorial as a map from A%+ (FR);
see [Guenther et al. 2002, Lemma 3.4], for example. Now the operator Ag :
R0 () — h*0(F"), defined by

n n
Aou = (F—FA%)M_F][WMCZMO’
R
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is sectorial by the perturbation result in Proposition 2.4.1(ii) of [Lunardi 1995],
since the map u — —(n/R?) fyn udpg is in LRFTE (L), K20 (7). This then
implies, by Proposition 2.4.2 of [Lunardl 1995], that A, = Ao+ (8G(,0) 3G (0)) is
sectorial for all p in a neighbourhood of zero, O, C K2+ (¥"%). The result follows
by setting Oy = 0> N> (F%). O

Theorem 3.3. There are constants 8, r > 0 such that if || po|| n+a(gny ST, then (5)
has a unique maximal solution:

p € C([0,8), K> (F%)) N C'([0, 8), h* (Fy)).

Proof. This existence theorem is a result of Theorem A.1, which is Theorem 8.4.1 in
[Lunardi 1995], by setting u = 0. In order to satisfy the assumption of the theorem
it must be shown that there exists a neighbourhood of zero, O C h2+°‘(8";e), such
that G and G are continuous on O and for every p € O the operator dG (p) is the
part in h* (%) of a sectorial operator A : h2teo (FR) = h*(F%).

As in [Andrews and McCoy 2012, Remark 1], since F is a smooth symmetric
function of the principal curvatures, it is also a smooth function of the elementary
symmetric functions, which depend smoothly on the components of the Weingarten
map. We now consider a neighbourhood of zero, O3, such that if p € O3, then
fff’fe Ei1(p)dp, > 0and p(p) > —R for all p € % (note if k = —1 the former
is always satisfied). It is easily seen that the Weingarten map depends smoothly
on p € O3 C h** (), so that G depends smoothly on p € O3. The sectorial
condition was established in Lemma 3.2 for a neighbourhood O, so the proof is
complete by setting O = O3 N O;. ([

4. Stability around spheres

As we are considering the flow locally about p = 0, it is convenient to rewrite (5)
highlighting the dominant linear part:

(7) P ) =3G0)p@)+G(p(), Gu):=Gu)—IGO0u.

Lemma 4.1. The spectrum, o (0G(0)), of dG(0) consists of a sequence of isolated
nonpositive eigenvalues where the multiplicity of the 0 eigenvalue is n + 2.

Proof. This follows from [Escher and Simonett 1998b], as dG(0) is a positive
constant multiple of the linear operator in that paper. To be exact, we calculate all
the elements of the spectrum. Since h2te (¥¢) is compactly embedded in h* ($7%),
the spectrum consists entirely of eigenvalues. To characterise the spectrum we first
look at the spectrum of the L2-self adjoint operator:

=T (2 4 a
uUu=—I(K n
K1 V\ R2 Tk
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The eigenvalues of the spherical Laplacian are well known to be —I(I +n — 1)/R?
for [ € NU {0} with eigenfunctions the spherical harmonics of order /, denoted
by Y p, 1 < p < M;, where

<l+n> _ <l+n—2) it1>2.
n n

(l+”) if 1 e {0, 1).

n

M, =

Therefore the eigenfunctions of A are also the spherical harmonics with eigenvalues

oF n Il+n-1) oF (-1 +n)
& = E)_Iq(KO)(F - T) = _B_M(KO)T'
Returning to the spectrum of dG(0), Yy 1 =1 is still an eigenfunction but with
eigenvalue Lo = 0. The operator G (0) is also self-adjoint with respect to the
L? inner product on h>+* (%). Therefore we need only consider eigenfunctions
orthogonal to Y ; in order to characterise the remainder of the spectrum. This
means that for an eigenfunction # we assume

/ udpo =0,
g

&
and hence by Lemma 3.1, 0G(0)u = Au. The remaining eigenfunctions of dG (0)

are then the remaining eigenfunctions of A, with the same eigenvalues. So the
spectrum of dG(0) consists of the eigenvalues

0 if1 =0,
M=1{ 9F I(l+n+1)

- ifl e N,
ot (ko) 72 i

with eigenfunctions

YO,l lfl:p:(),

upp = .
" W, if1eNULOL 1< p < M.

The multiplicity of the O eigenvalue is then M| +1=n+2. U

In what follows, we set P to be the projection from h%(¥%) onto the A =0

eigenspace given by
n+1

Pu:= Z(u, Uo, p) U0, p

p=0

where we use (-, - ) to denote the L? inner product on 7% (¥). Because dG(0) is
self-adjoint with respect to this inner product, clearly POG(0)u =dG(0)Pu =0
for every u € h**¢ (¥%). Due to this, h2te (¥;) can be split into the subspaces
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X¢=Ph*(Fy)) and X* = (I — P)(h*te (%)), called the centre subspace and
stable subspace, respectively. We are now in a position to apply Theorem A.3,
which is Theorem 9.2.2 in [Lunardi 1995].

Theorem 4.2. For any | € N, there is a function y € C'='(X¢, X*) such that y !~V
is Lipschitz continuous, y (0) = 0y (0) =0, and M° = graph(y) is a locally invariant
manifold for (7) of dimension n + 2.

Note that by locally invariant it is meant that there exists a ball around zero,
B,(0) C X¢ with r > 0, such that if py € graph(y|p, (o)) then the solution to (7) is
in graph(y|p,(0)) for all time or until Pp(¢) ¢ B,(0). We now set

S = {,0 € h*te (%) : graph(p) is a sphere}.
Lemma 4.3. ¢ coincides with the set F in a neighbourhood of zero, A C h*+¢ (FR)-

Proof. By Theorem 2.4 in [Simonett 1995], the equation y’ (1) =9 G (0)| xs y(¢)+ f (¢)
has a unique continuous, bounded solution for any continuous, bounded f : R —
(I — P)(h*(Y"%%)). Furthermore the solution is given by y(t) = (K f)(t), with
K € £(BCy(R, (I — P)(h*(¥%))), BC,(R, X*)) for any n € [0, —A,), where

BCy(R, X):={g € C(R, X) : |igll, :== SungeXp(—nltl)llg(t)llx < oo},
te

This is the key condition that allows us to apply Theorem 2.3 in [Vanderbauwhede
and looss 1992] and conclude that JL¢ contains all equilibria of (7) with Ppg € B, (0).
It was shown in [Escher and Simonett 1998b] that (along with M) & is locally
a graph over X¢, so since ¥ N (B,(0) x X*) C JM°, we conclude that ¥ and M
coincide locally. Note that while [Vanderbauwhede and looss 1992] proves the
existence of a centre manifold differently than [Lunardi 1995], the two manifolds
can be seen to be equal over B, (0), possibly making r smaller. ([

We now prove the main result.

Proof of Theorem 1.1. By Proposition A.4, which is Proposition 9.2.4 in [Lunardi
1995], when ||,0()||h2+oz(y>%) is small enough we obtain the decay in (11), with x(¢) =
Pp(t) and y(t) = (I — P)p(t), for any w € (0, —A1) and as long as Pp(¢) € B,(0).
However, by using (11) evaluated at t = 0, we obtain

X1 nermny < NIPpollne oy + 1 Ppo — X llne ()
=< IPpollnegn) + C@)III = P)po — ¥ (Ppo) |2+ gy

and since y is Lipschitz and P is bounded, this leads to a bound of the form
1% || per () < C (@)l po ||h2+oz(9”11e). Therefore we can ensure that x € P(A) N B, (0) by
taking || poll 2+« (g small enough, and Lemma 4.3 then implies that the function
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X + y (x) defines a sphere. Hence x 4 y (x) is a stationary solution to (2), which in
turn means that z(¢) = x is the solution to (12). So we can restate (11) as

@) NPp(t) = Xllne(sy) + I = P)p(t) =y (X) | p2ta (o)
< C(@)e ™ |I(I = P)po — ¥ (Ppo) l+eyn)s

for as long as Pp(t) € B,(0). However, using this bound and our bound for x, it
follows that ||P,O(t)||ha(§f’}e) < C(Cl))”p()”hZ-%—m(gfrlle) as long as ”Pp([)”ha(y’k) <r. By
choosing || ool h2ta ) small enough, we can therefore ensure || Ppo(t)|| he () < r/2
for all ¢+ > 0. Thus (8) is true for all # > 0, and this proves that p(¢) converges to
X + y(x) as t — oo, which is the height function of a sphere. ([

Corollary 4.4. Let 2y be a graph over a sphere with height pg such that the solution,
p(t), to the flow (2) with initial condition pg exists for all time and converges to
zero. Suppose further that (3F /3k;)|«,, > 0 forallt € [0,00) andi =1, ..., n.
Then there exists a neighbourhood, O, of pg in h>T¢ (%), 0 <« < 1, such that
for every ug € O the solution to (2) with initial condition ug exists for all time and
converges to a function near zero whose graph is a sphere.

Proof. This follows by the same arguments given in [Guenther et al. 2002] for
the Ricci flow. First we set U C h*t® () to be the neighbourhood of zero
given in Theorem 1.1. Since p(r) converges to zero in the h>t%-topology, there
exists a time T such that p(T) € U and, as U is open, there exists an open ball
Be(p(T)) C U of radius € centred at p(T'). The condition that (3 F/9k;)|,,, > 0
forall t € [0,00) andi =1, ..., n ensures that the operator L(p)F (k) is elliptic
around the point p(¢) for every ¢ € [0, 0co) (see [Andrews 1994]). As the global
term is in L(h*HP (FR), h*(S)) for any B < a, we can use Proposition 2.4.1(i)
in [Lunardi 1995] to conclude that the linear operator dG (o (t)) is sectorial for all
t € [0, T], and hence in a neighbourhood of each point. By Theorem A.2, which
is Theorem 8.4.4 in [Lunardi 1995], the flow depends continuously on the initial
condition in a neighbourhood of pg. Therefore there exists a ball Bs(pg) such that
if ug € Bs(po), then the solution, u(¢), to (2) with initial condition u( exists for
t €0, T] and u(T) € Be(p(T)). Since u(T) is in U, by Theorem 1.1, the solution
to (2) with initial condition u(7T") converges to a function near zero that defines a
sphere. By uniqueness of the flow we get the result. (]

Appendix: Key theorems

In this appendix we restate the key theorems from [Lunardi 1995] using the notation
of this paper. In the following, E|, Eq and E will represent Banach spaces with
EiCEyCE.
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Theorem A.1 [Lunardi 1995, Theorem 8.4.1]. Let Oy C E| be a neighbourhood of
Oandlet G: 01 — Eyand 0G : Oy — L(E1, Ey) be continuous. Assume that for
every v € Oy, the operator 0G (v) : E| — Ey is the part in Eq of a sectorial operator
A:D CE— E suchthat Ey~ (E, D)g and E\ ~{x € D: Ax € (E, D)y}, for some
0 € (0, 1). Then for every u € O there are § > 0, r > 0 such that if |luo —ul|g, <r,
then the problem

)] W(t)=Gu@), 0<t=<8, u0)=ug
has a unique solution u € C([0, 8], E1) N C'([0, 81, Eo).

Theorem A.2 [Lunardi 1995, Theorem 8.4.4]. Let G be as in Theorem A.1. For
every u € Oy and for every T € (0, T(u)), where t(v) is the maximal time of a
solution to (9) with ug = v, there is r > 0 such that if ||ug—ullp <r, then t(ug) > 7
and the mapping

®: B, (i) > C([0, T], ENNC'([0, 7], Eo), P () =u(-;v),

where u(-; v) solves (9) with uy = v, is continuously differentiable with respect
to v. If in addition G is k times continuously differentiable or analytic, then so is P.

We now set Eg = (E, D)g, Ey ={x € D: Ax € (E, D)y} for some 6 € (0, 1),
and let O; be a neighbourhood of 0 € E;. For a finite-dimensional space X we
also define 1 : X — R to be a cutoff function such that 0 < n(x) <1 forall x € X,
n(x) =1if [x[lx <1, and n(x) = 0if |lx|lx > 2.

Theorem A.3 [Lunardi 1995, Theorem 9.2.2]. Let A: D C E — E be a sectorial
operator such that o (A)\R_ consists of a finite number of isolated eigenvalues,
each with finite algebraic multiplicity. Let G € C'(01, Eg) be a nonlinear function
such that G(O) =0 and BG(O) = 0. Then there exists ry > 0 such that forr <r
there is a Lipschitz continuous function y : P(Eg) — (I — P)(E}) such that the
graph of y is invariant for the system

x(1)

(10) x/(t):Alp(Eo)x(t)-l—PG(n<T)x(t)+y(t)), x(0) = xo € P(Eo),

/ ~ x(t)
Y () =Alg-pyE)yt)+U — P)G(n<7)x(t) —i—y(t)),
y(0) =yoe (I — P)(Ey),

where P is the spectral projection associated with the set of nonnegative eigenvalues.
If in addition G is k times continuously differentiable, with k > 2, then there exists
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rx > 0 such that if r < ry, then y € C*~V1 and for x € P(Ey),

ay (x) <A|P(E0)X + Pé(n ()r—c)x + y(x)))

~ x
= Alg-pryEpyx)+U — P)G<77<;)x + )/(X))-
Proposition A.4 [Lunardi 1995, Proposition 9.2.4]. Take A and G as in Theorem A.3.
For every w € (0, w_), where w_ = — sup{9i(A) : L € 0 (A) NR_}, there is C(w) >0
such that if ||xo|| g, and ||yollg, are small enough, then there exists x € P(Ey) such
that for all t > 0,

(A1) x@) —z®llEe, + (@) —y@E) e, < Clw)exp(—wi)|lyo—y (xo) £,
where (x(t), y(t)) is the solution to (10) and z(t) is the solution to
7(1)

(12) Z() = AlpEyz(t) + PG(n(T>z(t) + y(z(t))>, z(0) =x.

Note that throughout the paper we considered, for O < oy < o < 1, the spaces
E; = h*t¢ (FR)» Eg = h*(¥%) and E = h*(S%), with D, the domain of a linear
operator A, given by h>+e0 (¥%). The characterisation of 2% (¥’;) as an interpolation
space between h*° (%) and h2teo (¥ is given in (3).
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HOMOMORPHISMS ON INFINITE DIRECT PRODUCTS
OF GROUPS, RINGS AND MONOIDS

GEORGE M. BERGMAN

We study properties of a group, abelian group, ring, or monoid B which
(a) guarantee that every homomorphism from an infinite direct product
[1; A: of objects of the same sort onto B factors through the direct product
of finitely many ultraproducts of the A; (possibly after composition with
the natural map B — B/Z(B) or some variant), and/or (b) guarantee that
when a map does so factor (and the index set has reasonable cardinality),
the ultrafilters involved must be principal.

A number of open questions and topics for further investigation are noted.

1. Introduction

A direct product [ [;.; A; of infinitely many nontrivial algebraic structures is in
general a “big” object: it has at least continuum cardinality, and if the operations of
the A; include a vector-space structure, it has at least continuum dimension. But
there are many situations where the set of homomorphisms from such a product to
a fixed object B is unexpectedly restricted.

The poster child for this phenomenon is the case where the objects are abelian
groups, and B is the infinite cyclic group. In that situation, if the index set [ is
countable (or, indeed, of less than an enormous cardinality — some details are
recalled in Section 4), then every homomorphism [],_., A; — B factors through
the projection of [ [;, A; onto the product of finitely many of the A;. An abelian
group B which, like the infinite cyclic group, has this property, is called “slender”.
Slender groups have been completely characterized [Nunke 1961], and slender
modules over general rings have been studied.

Recent work [Bergman and Nahlus 2011 and 2012; Bergman 2014] on factoriza-
tion properties of homomorphisms on infinite direct products of not-necessarily-
associative algebras (motivated by the case of Lie algebras) has turned up interesting
variants on the above sort of behavior.
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First, it turns out that in that context, a useful way to prove every surjective
homomorphism [ [,.; A; — B factors through finitely many of the A; is by proving
(a) that every such homomorphism factors through the product of finitely many
ultraproducts of the A;, and also (b) that whenever one has a map that factors in
that way, the ultrafilters involved must be principal. In this note, we shall consider
each of conditions (a) and (b) on an object B as of separate interest.

Secondly, we found that in many cases, though one cannot say that every sur-
jective homomorphism from a direct product to B will itself factor in one of
these ways, one can say that for every such homomorphism [[,.; A; — B, the
induced homomorphism [ [,.; A; = B/Z(B) so factors, where Z(B) denotes the
zero-multiplication ideal, {b € B | bB = Bb = {0}} (which for B a Lie algebra
is the center of B). In the next section, we shall get similar results for groups,
with Z(B) the center of the group B. (Note that these statements do not say that
ie; Ai — B/Z(B) factors as stated; such a
factorization is asserted only when the homomorphism [[;.; A; = B/Z(B) can be
lifted to a homomorphism [[;., A; = B.) Maalouf [2014] abstracts this property,
and strengthens some of the results of the papers cited.

every surjective homomorphism []

In the classical case of abelian groups (and its generalization to modules), the
condition on an object B that every homomorphism from an infinite product onto B
yield a factorization through finitely many of the A;, and the corresponding condition
for homomorphisms into B, are equivalent. Indeed, from any homomorphism
[l;c; Ai = B, one can get, in an obvious way, a surjective homomorphism
B x [];c; Ai = B, and the original homomorphism factors through finitely many
of the A; if and only if that surjective map factors through B and finitely many A;.
This observation uses implicitly the fact that one can add homomorphisms of abelian
groups — in this case, the map B x [[;.; Ai — B induced by the given map on
the one hand, and the projection to B on the other. But one cannot do this for
homomorphisms of noncommutative groups, of algebras, etc.; so for these, the
condition involving arbitrary maps and the condition involving surjective maps are
not equivalent. In these cases, the condition on B defined in terms of surjective
homomorphisms is the more informative. Once one has characterized those B for
which all surjective homomorphisms [[;., A; — B yield such a factorization, one
can, if one wishes, characterize the B with the corresponding property for general
homomorphisms as the objects all of whose subobjects have the the property for
surjections.

In stating results of the sort we shall obtain, one has a choice between (i) saying
that if a structure B does not have one or another of a list of “messy” properties,
then every homomorphism from an infinite direct product onto B leads to a certain
kind of factorization, or (ii) the contrapositive statement, that if there exists a
homomorphism onto B that does not so factor, then B has one of those messy
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properties. Each approach has its plusses and minuses; here I have followed (ii),
because it seems more straightforward to understand how a non-factorable map
forces B to have a messy property than to show that the absence of certain messy
properties implies that all maps factor; and also because some of the conditions on B
come in several versions, and I find it easier to parse a statement having a single
hypothesis and several conclusions than one with several alternative hypotheses
giving a single conclusion. (But the above choice also has its awkward aspects; |
can’t say which is really best.)

In Sections 2—4, we shall study the case where our structures are not-necessarily-
abelian groups, in Sections 5—7, abelian groups, then, briefly, in Section 8 and
Section 9, rings and monoids. In Section 10 we note why lattices are likely to be
another case worth examining.

For a short review, for the nonspecialist, of the concepts of filter, ultrafilter and
ultraproduct, see [Bergman and Nahlus 2011, Appendix A]; and for measurable
cardinals «, and x-complete ultrafilters, which come up in Sections 4-5 below,
[ibid., Appendix B]. For detailed developments of these concepts see, e.g., [Chang
and Keisler 1990] or [Comfort and Negrepontis 1974].

We remark that there is in the literature a concept of “noncommutative slender
group” that is quite different from the subject of Sections 2—4 below. The concept so
named can be arrived at by regarding the infinite direct product in the definition of a
slender abelian group as a completed direct sum, and using in the noncommutative
case, instead of the direct product, an analogously completed noncommutative
coproduct. For work on that topic see [Shelah and Striingmann 2001] and references
given there.

2. Factoring group homomorphisms through finitely many ultraproducts.

Let (G;);c; be a family of groups. By the support of an element g = (g;)ics €
[1;c; Gi. we will understand the set

ey supp(g) =f{i € 1| gi #e} S 1.

Given any subset S C I, we shall identify [ [, ¢ G; in the obvious way with the
subgroup of [ [;.; G; consisting of elements whose support is contained in S. In
particular, for g € [[;.; Gi, the statement g € [ [,y G; will mean supp(g) € S, and
the statement g € G; will mean supp(g) < {i}.

Whereas the theory of slender abelian groups is based on delicate structural
properties of those groups, most of our results on nonabelian groups will be based on
a much simpler observation: Elements of [[,_.; G; with disjoint supports centralize
one another. As a quick example, it is not hard to see that if B is a simple nonabelian

group, and we have any surjective homomorphism f : [[,.; Gi — B, then for
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each § C I, the map f must annihilate one of the mutually centralizing subgroups
[lics Giand [ [;c5_; Gi. From this one can deduce that the subsets S C I such that f
factors through the projection [ [;,.; Gi — [ [, Gi form an ultrafilter (principal or
nonprincipal) on /.

In the opposite direction, however, if we take for B a cyclic group of prime
order p (thus losing the leverage provided by noncommutativity), and let all the G;
be copies of that group, then by linear algebra over the field of p elements, there
exist homomorphisms ]_[l- <; Gi — B that send every G; onto B, and hence don’t
factor through any proper subproduct [ [; ¢ Gi.

As indicated in the introduction, we shall get around the problem created (as
above) by commutativity by composing homomorphisms [[;., G; — B with the
quotient map B — B/Z(B), where Z(B) is the center of B. Given a homomorphism
f:Tl;e; Gi — B, the key to our considerations will be the family of subsets

(2) & ={S < I|the composite map ]_[l-el Gi > B— B/Z(B)
factors through the projection [[,.; Gi = [[;c5 Gi}

=SS 11 f(lies-s G S Z(B)}.

It is easy to see that &, so defined, is a filter on I, and that if we write
3) w:B — B/Z(B)

for the quotient map, then % is the largest filter such that 7 f : [[,., Gi = B/Z(B)
factors through the reduced product [[,.; G;/%. (The above observation, and the
next few, do not yet use the fact that we are working with a map of the form n f,
but only that we are considering a homomorphism on a product group. The fact that
our map has the form 7 f will become significant starting with Lemma 1 below.)

If the filter & of (2) is a finite intersection of distinct ultrafilters, Uy N ---NWU,,_1,
then [[;c; Gi/F=[];c; Gi/Wo x -+ x[];e; Gi/WUn—1, so mf factors through the
projection to that product; and conversely, if 7 f factors through the projection to
such a product, then F is the intersection of some subset of the U (the minimal
set of AU allowing such a factorization). In this connection, we recall

(4) [Bergman 2014, Lemma 1.3, (3)<=(5)] A filter & on a set I can be written as
the intersection of finitely many ultrafilters on I if and only if for every partition
of I into countably many sets J,,, (m € w), there is at least one m € w such that
I1—J, e

Here and below, we make the conventions that a partition may include one or
more instances of the empty set, and that the intersection of the empty family of
filters on a set is the set of all subsets of that set, i.e., the improper filter. (These
conventions are needed to make various statements correct in degenerate cases.)

Let us note what (4) tells us about homomorphisms on direct product groups.
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Lemma 1. Let f : [,
groups G; to a group B, which is surjective; or more generally, such that the com-
posite nf : [,c; Gi = B — B/Z(B) is surjective. Then the following conditions
are equivalent.

G; — B be a homomorphism from a direct product of

(5) nf :[l;e; Gi = B/Z(B) does not factor through the natural map [ [,.; Gi —
[lic; Gi/NUo x -+ x [lic; Gi/Un—1 for any finite family Wy, ..., U,—1 of
ultrafilters on 1.

(6) There exists a partition of I into countably many subsets Jo, J1, . .., such that
each subgroup [ ;. 5, Gi € [1ic; Gi contains a pair of elements x,, y, whose
images in B under f do not commute.

Proof. The easy direction is (6) = (5). The fact that f(x,) and f(y,) do not
commute tells us, in particular, that f(x,) ¢ Z(B). Hence for & defined by (2)
(noting in particular the last line thereof), I — J,, ¢ %. Since this is true for each n,
(4) tells us that the filter & is not a finite intersection of ultrafilters, giving (5).

To get the converse, note that if (5) holds, equivalently, if & is not a finite
intersection of ultrafilters, then by (4) we can partition / into subsets Jy, Ji, ...,
none of whose complements lies in &; i.e., by the last line of (2), such that each
[Tic ;, Gi contains an element x,, which is mapped by f to a noncentral element
of B. Fixing n, this says that there exists an element b € B which does not commute
with f (x,). I claim we can take such a b to be the image of an element y € [[;; Gi
under f. Indeed, if f is surjective, this is immediate. If instead we have the
weaker hypothesis that 7 f : [[,.; Gi = B — B/Z(B) is surjective, then we can
choose y € [[;c; Gi whose image under f is congruent to » modulo Z(B). Since
multiplication by an element of Z(B) does not affect what members of B an element
commutes with, f(y) does not commute with f(x,).

Let us now write y = y,y’, where y, € [[;c, Gi while y" € [[;.;_, G;. Then
y’ commutes with x,, since they have disjoint supports in our product group.
Hence f(y") commutes with f(x,); hence if f(y,) also commuted with f(x,),
then f(y) = f(y,)f(y) would commute with f(x,), contradicting our choice
of y. Hence, rather, x,, y, € ]_[l- e, G; have images in B which do not commute,
giving (6). ]

We can now get the first of our results showing that any group B admitting a
map f satisfying (5) must be “big”.

Theorem 2. Let B be a group such that there exist a family of groups (G;);er, and
a group homomorphism f :[|;c; Gi — B, for which the induced homomorphism
nf :[l,e; Gi = B/Z(B) does not factor through the projection of [[;.; G; to
the product of finitely many ultraproducts of the G;. Then B contains families of
elements (as)scy, (bs)scw, indexed by the subsets S of w, such that:
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(7) All the elements as (S C w) commute with one another, and all the elements bg
(S C w) likewise commute with one another.

(8) For S and T disjoint subsets of w, one has asar = asyr, bsbr = bsur, and
aSbT = bTas.

(9) For subsets S and T of w withcard(SNT) =1, asby # bras.

Proof. Given G; and f as in the hypothesis, i.e., satisfying (5), Lemma 1 gives us
sets J, C I and elements x,, y, (n € w) as in (6). Let H,, = Hie],, Gi €]l Gi
(n € w), so that we can regard ]_[l.el G; as ]_[new H,, the x,, and y, as elements of
that group with singleton supports, and f as a homomorphism [], ., H, — B.

For each subset S C w, let xg be the element of ]—[new H,, whose component
atn is x, if n € S, and e otherwise, and let elements yg be obtained similarly from
the y,. It is easy to see that any two elements xs and x; commute with one another
in ]_[new H,, and similarly for the y’s; and that for S and T disjoint, xsx7 = xsur,
ysyr = ysur, and xsyr = yrxs. Hence, letting ag = f (xs), bs = f (ys), we get (7)
and (8).

For general S and 7', the commutator [xg, yr] will have n-th component [x,,, y,]
if n e SNT, and e otherwise. So if SN T is exactly {n} for some n € w, then
f(xs, yr]) = f([xn, Y1), which by choice of x, and y, is not e, giving (9). U

By restricting the elements by that we consider, we can get a clearer view of the
behavior of the elements ag:

Corollary 3. In the situation of Theorem 2, an element as (S C w) commutes with
an element by,) (n € w) if and only if n ¢ S. Thus, the elements as exhibit all
possible combinations of which members of the countable set {by,, | n € w} they
commute with. Hence they are distinct modulo Z(B); so their images in B/Z(B)
generate a commutative subgroup of continuum cardinality.

Proof. The first sentence is immediate from (8) and (9), and clearly implies the
second. Since multiplication by a member of Z(B) does not affect what elements a
member of B commutes with, elements which can be distinguished by the latter
properties are necessarily distinct modulo Z(B). The group generated by the ag is
commutative in view of (7), hence so is the image of that group in B/Z(B). U

Above we have obtained “element-theoretic” consequences of the existence of a
map [[,.; A; — B that does not factor through finitely many ultrafilters. There are
also “subgroup-theoretic” consequences. We shall find it convenient to state some
of these, not in terms of image subgroups = f (Hies G,-) € B/Z(B), but in terms
of the inverse images f(l_[ieS G,-)Z(B) of those subgroups in B. Let us start by
noting some general properties of this construction, independent of whether 7 f
factors through finitely many ultraproducts.
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Lemma 4. Let B be a group, (G;)ics afamily of groups,and f :]]..; Gi — B a ho-

iel

momorphism which is surjective (or more generally, satisfies B = f(]_[l.él G,-)Z(B)).
For every subset S C I, let
(10) Bs = f(HieS Gi)Z(B), a normal subgroup of B.
Then:
(11) Ba=Z(B), Bj =B, andfor S, T C I, one has Bs By = Bsyr and BsN\ By =
Bsnr.

(12) For S, T < I, the centralizer of Bt in Bs is Bs_r.
Hence (again writing w : B — B/Z(B) for the quotient map),

(13) For disjoint subsets S, T C I, w(Bsur) is the direct product of its subgroups
7 (Bg) and 7w (B7).

Moreover,

(14) If (So)kek is a family of pairwise disjoint subsets of I, and we let S = Jycx Sk,
then the map 7w (Bs) — [ [cx 7 (Bs,) determined by the projections w(Bs) —
7 (Bg,) (Which by (13) is an isomorphism if K is finite) is always surjective.

Proof. That each Bg is normal in B, as asserted in (10), follows from the normality
of [[,c4 Gi in [ [;; G, and the centrality of Z(B) in B.

The first three equalities of (11) are immediate, as is the direction BsN\ By 2 Bsnr
of the final equality. Before proving the reverse inclusion, let us note a case of (12)
which is also immediate:

(15) If S and T are disjoint subsets of I, then Bs and Br centralize one another.

To get the remaining part of (11), Bs N By € Bsnr, consider an element of the
left-hand side, which we may write

(16) f(uw)zi = f(v)zo, whereu € [[;,.gGi,ve]];cr Gi,and zy, zo € Z(B).

Let us write u = u'u”, where u’ € [[;cgny Gi and u” € [[;cg_ Gi. Thus our
element (16) becomes f(u') f (u”)z;. Since u’ € [[;cgnr Gi, if we can show that
f'") € Z(B), then (16) will lie in f(HiesmT Gi)Z(B) = Bsnr, as required.

Thus, we need to show that f(u”) centralizes B = B; = Bs_7 B;_(s—r). Since
f ") € Bs_r, it certainly centralizes B;_(s—7). On the other hand if we write the
equation in (16) as

fW)f@"zi = f(v)zo, equivalently, f(")= f@)~" f)zz;",

we see that all the factors on the right lie in Br, hence centralize Bs_7. Hence so
does f(u"), completing the proof of the last assertion of (11).

We can now easily prove (12). By (11), Bg_7 is contained in By, and by (15),
it centralizes By, so we need only show that conversely, any element of By that
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centralizes By lies in Bs_r. As in the preceding argument, we can write our
element of Bs as f(u') f(u")z, where u’ € [[;c¢ny Gi and u” € [[;c_7 Gi. This
time, we need to prove that f(u") € Z(B). Now since f(u') f (u”)z centralizes Br,
and f(u”) and z automatically do, we see that f(u’) centralizes Br. Also, since
f ') € Bsnr, and SN T is disjoint from I — T, f(u’) centralizes B;_r. Hence it
centralizes By Bj_r = B, so it lies in Z(B), as claimed.

The conclusion (13) follows easily from (12) and (11).

To establish (14), we take an element of er x T (Bs,), lift its component in each
7 (Bg,) to an element of [ [ s, Gi, and regard these together as giving an element of
[lics Gi; note that the image of this element in 77 (By) has the desired property. [J

Note that in the situation of the above lemma, the subgroups Bs need not be
distinct for distinct S C /. For instance, if we take a family (G;);<; of noncommuta-
tive groups and an ultrafilter W on 7, let B=1[[;,.; G;/WU, and let f :[[,.; Gi — B
be the quotient map, then the above construction gives only two distinct subgroups
of B: Bg = B if § €U, and Bs = Z(B) otherwise.

We shall now get a factorization-through-ultraproducts result from the above
lemma. Let us (following [Bergman 2014, §4.3]) call subgroups B’, B” of a group B
almost direct factors if B = B’B”, and each of B’, B” is the centralizer in B of the
other. A subgroup B’ C B belonging to such a pair (equivalently, such that B’ is
its own double centralizer in B, and B is the product of B’ and its centralizer) will
thus be called an almost direct factor of B. We shall say B has chain condition on
almost direct factors if the partially ordered set of almost direct factors of B has
ascending chain condition, equivalently (since that partially ordered set is self-dual
under the operation of taking centralizers), if it has descending chain condition.
(As noted in [ibid.], these are the analogs for groups of definitions first made for
algebras in [Bergman and Nahlus 2011, §6].)

Observe that in the situation treated in Lemma 4, statements (12) and (11) show
that for every S C I, the subgroups By, B;_g are a pair of almost direct factors
of B. We deduce:

Theorem 5 (cf. [Bergman 2014, Proposition 4.1]). Let B be a group, and suppose
that there exist a family of groups (G;)ic1 and a homomorphism f :[],.; Gi — B
such that the induced homomorphism wf : [[,.; Gi — B/Z(B) is surjective and
does not factor through the natural projection of [ [;.; G: to any finite product of
ultraproducts of the G;.

Then B does not have chain condition on almost direct factors. In fact, it has a

iel

family of almost direct factors order-isomorphic to the lattice 2“, and forming a
sublattice of the lattice of subgroups of B.

Proof. Given (G;);e; with the indicated non-factorization property, let Jy, Ji, . ..
be as in Lemma 1. To every subset S of w, let us associate the subgroup B\ __,-
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From Lemma 4 we see that each of these subgroups is an almost direct factor
of B, and that the lattice relations among the subsets of w are also satisfied by
the corresponding subgroups; so it will suffice to show that non-inclusions of
subsets of w yield non-inclusions of subgroups. If S £ T, take m € S — T. By our
assumption on the J,, the subgroup B, is not self-centralizing, hence though it
centralizes B _, ,,, it does not centralize B _,; so the latter is not contained in
the former. ]

Neither of the conclusions of Theorem 2 and Theorem 5 implies the other. To
get examples of these non-implications, let G be a simple group.

If we embed G* in any simple overgroup B, then B inherits from G® families
of elements ag, by as in Theorem 2; but being simple, B has no nontrivial almost
direct decompositions, hence it satisfies chain condition on almost direct factors,
i.e., fails to satisfy the conclusion of Theorem 5.

On the other hand, if we take for B the group P, G of elements of G” having
finite support, and let Bs = @ G for each S C w, we find that these subgroups sat-
isfy (11)—(13), hence constitute a system of almost direct factors lattice-isomorphic
to 2, as in Theorem 5. But if G is countable, B will also be so, so it cannot satisfy
the conclusion of Theorem 2.

So neither of these groups B admits a surjective homomorphism f from a direct
product group such that 7 f (which in both cases would be f, since Z(B) is trivial)
fails to factor through finitely many ultraproducts. However, in the first case, only
Theorem 5 rules this out, while in the second, only Theorem 2 does.

Though the above example with B = @w G satisfies (11)—(13), it does not
satisfy (14), as can be seen by taking for the Sj the singleton subsets of w. One
may ask whether for any group B, every system of subgroups Bg (S C I) of B that
satisfies all of (11)—(14) arises as in Lemma 4.

The answer is still negative. For instance, suppose B is a group which has trivial
center, and which cannot be written as a homomorphic image of a nonprincipal
ultraproduct of a family of groups indexed by w. (We shall see in Section 4 that the
free group on two generators, among many others, cannot be so written.) Suppose
we take a nonprincipal ultrafilter U on w, and define Bg C B to be all of B whenever
S €U, and {e} otherwise. It is not hard to verify that this family satisfies (11)-(14),
but that if it arose as in Lemma 4 (with o for I), then B would be a homomorphic
image of [[,.,, G»/U, contradicting our choice of B.

We record a special case of Theorem 5 for easy application to some later examples.

Corollary 6 (to Theorem 5 and its proof). Suppose B is a group with trivial center,
and having no nontrivial direct product decomposition. Then every homomorphism
from a direct product group [],.; G onto B factors through a single ultraproduct
[lic; Gi/ of the G;. (]
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3. Further examples

Theorem 5 shows that a group B which admits a surjective homomorphism from an
infinite direct product group that does not factor through finitely many ultraproducts
looks, itself, in some ways, like an infinite direct product— at least after we divide
out Z(B). The next example shows that this behavior of B/Z(B) can coexist with
very un-product-like behavior in Z(B).

Example 7. Groups B and G and a homomorphism f : G® — B such that the
induced subgroups Bs (S C w) are all distinct, but such that the center of each of
the given copies of G in G is mapped isomorphically to Z (B) # {e}; and which
also show that in (9), the hypothesis card(S N T) = 1 cannot be weakened to merely
say that S N T is nonempty and finite.

Construction and proof. Let k be a field, and G the Heisenberg group over k;
that is, the multiplicative group of upper triangular 3 x 3 matrices with 1’s on
the main diagonal; equivalently, the group of 3-tuples of elements of k& under the
multiplication (a, a’,a”)(b,b’,b") = (a+b,a’ +b',a” +b" + a’'b). Clearly, the
countable power group G® can be described as the group of 3-tuples of elements
of the power ring k“ under the operation given by the same formula.

Let us now take the k-vector-space homomorphism s : @, k — k which for
each n acts on the n-th direct summand by 1 +— s,, for some specified elements
s, € k—{0}, and by linear algebra, let us extend s to a vector-space homomorphism
o :k“ — k. Let B be the homomorphic image of G* gotten by dividing Z(G®) =k®
by ker(o). This can be described as

(17) k® x k® x k, under the operation
(a,a’,a”b,b',b"y=(a+b,a +b',a" +b"+0c(d'h)).

I claim that Z(B) = {0} x {0} x k. To see this, let us first show that every
(a, b, c) € B with a # 0 is noncentral. Choose n such that a has n-th component
a, # 0, and take b’ € k to have 1 in the n-th position and 0 in all others. Then we
find that the commutator of (a, b, ¢) and (0, &, 0) is (0, 0, s,a,) # e. The analogous
argument shows (a, b, c¢) noncentral if b # 0. Elements (0, O, ¢) are clearly central,
so we get the asserted description of Z(B), and we see that this is the image in B of
the center of each of our copies of G in G, and indeed, of the center of GScG®
whenever @ # S C w.

So though the images in B/Z(B) of these subgroups G* are the corresponding
factors (k x k)5 C (k x k), when we look at the images in Z(B) of their centers,
the distinctions among them disappear.

To get the final assertion of this example, let us partition w into the singletons
J, = {n}, so that in the notation of the proof of Theorem 2, each H, is G. For
each n, let x, = (1,0,0), y, = (0, 1, 0) in H,,, and let us use these to construct
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elements ag, by € B as in that proof. Then if S and T are subsets of w which
intersect in a finite set {ng, ..., ngy_1}, we see that in B the commutator [ag, b7] is
(0,0, $py+ -+ 84, ,). If d =1 this is necessarily a nonidentity element, as stated
in (9); but if S and T intersect in more than one element, this may or may not be
true, depending on the choice of the s,,. (In particular, if the field k is finite, then
whatever the s,, there must be some nonempty family of < card(k) s,,’s that sum to
zero.) So the restriction card(SN7T) =1 in (9) cannot be dropped. O

In the above example, the focus was on the part of the map going into Z(B); the
map G” — B/Z(B) was a straightforward homomorphism of direct products. But
this is not always the case; that is, the maps which (14) shows to be surjective need
not, in general, be isomorphisms. For instance, in the example mentioned imme-
diately after the proof of Lemma 4, where the G; were arbitrary noncommutative
groups, and f was the map [];; Gi = ([1;c; Gi)/U, for U an ultrafilter on 7, if
AU is nonprincipal and we take for the Sy all the singletons {i} (i € I), so that S =1,
then each 7 (Bsg,) is trivial, but 7 (Bg) is not.

One can, of course, modify this example to get one which also has the property
that every G; has nontrivial image in B/Z(B):

Example 8. A group homomorphism [, Gn — B where all the B,y/Z(B) are
nonzero (so that all the Bs are distinct), but not all the surjections of (14) are

isomorphisms.

Construction. Let G, (n € w) be groups with trivial centers, each having a
proper nontrivial normal subgroup N, <1 G, such that G,/N, also has trivial
center. Let U be any nonprincipal ultrafilter on w, let H = (]_[new Gn) /U, and
let f:[],c, Gn = H X [],c0, Gn/Nn be the map obtained from the obvious
homomorphisms [[, ., G, — H and [[,., Gn = [l,c,, Gn/Nn. Let B be the
image of f.

For S C w, what does Bg look like? This depends on whether or not S € AU. If not,
we see that Bs =[] ,,.¢ Gn/Ny; in particular, for every n € w we have B,y =G,/N,.
Thus for S ¢ AU, the group By can be identified with [ [, Bj,). However, when
S €U, the H-component of Bg will be the full group H, which carries structure
from the normal subgroups N, which is ignored by each group By,); so in these
cases, the natural map Bs — [], cs Bin} 18 not one-to-one. U

new

One can generalize the above construction by replacing U with an arbitrary filter
%, though the description of the groups By is more complicated to state when S is
neither a member of & nor the complement of one. And, of course, one can set up ex-
amples based on more than one system of normal subgroups and more than one filter.

In the above example, though the system of subgroups Bs described does not
have the property that the maps of (14) are isomorphisms, the group B has other
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systems of subgroups that can be shown to have that property. Here is an example
having no such family.

Example 9. A group B having elements as and bg (S C w) satisfying (7)—(9), and
distinct subgroups Bg (S C w) satisfying (10)—(13), but having no such system of dis-
tinct subgroups also satisfying (14) for any infinite family of disjoint nonempty sets
(Sk)kek; So that B cannot admit a surjective homomorphism from a direct product
group which does not factor through the product of finitely many ultraproducts.

Construction and sketch of proof. Let G be an infinite simple group, and B the
subgroup of G consisting of those w-tuples assuming only finitely many distinct
values in G. If we choose a pair of noncommuting elements x, y € G, and for each
n € w let x,, be the element x of the n-th copy of G, and y, the element y thereof, then
we see that the elements xg and ys (S € w), constructed as in Theorem 2, will lie in B,
and, renamed ag and by, will satisfy (7)—(9). Similarly, if we let Bg be the subgroup
of B consisting of elements with support in S, then (11)—(13) are immediate.

I will now sketch why B admits no system of nontrivial almost direct factors
Bg, and By satisfying (14) for any infinite K. Note that B has trivial center, so that
almost direct factors are simply direct factors. Now it is easy to verify using the
simplicity of G that if B has a direct product decomposition B = B’ x B”, then
for each n € w, one of B’, B” has as n-th coordinates all members of G, while
the other has only e in that coordinate. From this one can deduce that every such
decomposition has the form B’ = Bg, B” = B,,_g for some S C w. We can now
combine the “finitely many distinct values” condition in the definition of B with
the fact that G is infinite to see the impossibility of an infinite family of nontrivial
almost direct factors By, satisfying the surjectivity condition (14).

Lemma 4 and the method of proof of Theorem 5 now show that every homomor-
phism from a direct product onto B must factor through finitely many ultraproducts.

O

(For some other results on the subgroup of a power group G’ consisting of the
elements with only finitely many distinct coordinates — though for abelian groups —
see [Bergman 1972].)

4. Conditions forcing the ultrafilters to be principal

We have obtained conditions that force group homomorphisms [[;.; Gi = B to
factor through the direct product of finitely many ultraproducts of the G;. When
can we say that any map that so factors must in fact factor through the product of
finitely many Gj; i.e., that the ultrafilters involved must be principal?

Here set-theoretic considerations come in. If « is a measurable cardinal, then
sets I of cardinality > « admit nonprincipal «-complete ultrafilters; that is, ultra-
filters closed under all <k-fold intersections. (Two quick terminological notes:
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(1) The condition of being closed under countable intersections, which by the above
definition is 8-completeness, is also called countable completeness. (ii) We shall
follow the definition of measurable cardinal used in [Chang and Keisler 1990],
which counts 8¢ as measurable; so we will write “uncountable measurable cardinal”
for what many authors simply call a measurable cardinal.)

If « is an uncountable measurable cardinal and / a set of cardinality > «, and
we take a family (G;);¢; of groups (or more generally, of any sort of algebraic
structures defined by finitely many finitary operations) whose cardinalities have a
common bound <, then their ultraproducts with respect to xk-complete ultrafilters
behave very much as do ordinary ultraproducts of finite groups with a common finite
bound on their orders; to wit, every such ultraproduct is isomorphic to one of the G;.
Hence, if there exists such a cardinal «, then every group B of cardinality <k can
be represented as an ultrapower of itself with respect to a nonprincipal k-complete
ultrafilter U. So for every such B we get a surjective homomorphism B/ — B
which factors through the ultrapower B/9l but not through finitely many projection
maps — which seems to be bad news for the type of result we are hoping for.

However, it is known that if uncountable measurable cardinals exist, they must be
quite enormous [Chang and Keisler 1990, Theorem 4.2.14], and that if the standard
set theory, ZFC, is consistent, it is consistent with the nonexistence of such cardinals.
Hence it would be reasonable to work under the assumption that no uncountable
measurable cardinals exist, or, if they exist, to restrict our index sets to cardinalities
less than all such cardinals.

The next observation shows that when doing the spade-work of our investigation,
we can in fact restrict attention to the case where our index set is countable.

Lemma 10. If B is a group, then the following conditions are equivalent.

(18) B is a homomorphic image of an ultraproduct of a family of groups indexed by
an arbitrary set I, with respect to some ultrafilter U on I that is not countably
complete, equivalently, that is not k -complete for any uncountable measurable
cardinal k.

(19) B is a homomorphic image of an ultraproduct of a family of groups indexed
by w, with respect to a nonprincipal ultrafilter on w.

The same is true with “groups” replaced by objects of any other variety of finitary
algebras, in the sense of universal algebra.

Proof. The equivalence referred to in (18) follows from the fact that any countably
complete ultrafilter must be «-complete for some uncountable measurable cardinal «
[Chang and Keisler 1990, Proposition 4.2.7].

Since a nonprincipal ultrafilter on w is not countably complete, we have (19) =
(18). On the other hand, it is easy to show that if AU is a non-countably-complete
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ultrafilter on a set 7, then / can be partitioned as | ,,.,, J» where no J, belongs to .
In this situation we find that {S C @ | |, cg J» € U} is a nonprincipal ultrafilter U’
on w, and that given groups G; (i € I), the natural map [[;.; Gi — [[;c; Gi/U
factors through [, (IT;c;, Gi)/W'. Hence, writing [];, Gi = H,, we see that if,
as in (18), B is a homomorphic image of [ [;.; G; /U, then it is also a homomorphic
image of [[,.,, H./W', giving (19).

The final assertion is clear. (The assumption that our algebras are finitary is

iel

needed to insure that algebra structures are induced on ultraproducts of such alge-
bras.) O

So below, it will suffice to examine which groups are homomorphic images of
nonprincipal ultraproducts of countable families of groups. For brevity, we shall
call an ultraproduct of a countable family a “countable ultraproduct”.

My first guess was that if B was such a homomorphic image, then the cardinality
of B/Z(B) would have to be either finite or at least the cardinality of the continuum.
But Tom Scanlon suggested the following counterexample.

Lemma 11 (T. Scanlon, personal communication). Let B be the semidirect product
of the additive group Q of rational numbers, and the 2-element group {+1}, deter-
mined by the multiplicative action of the latter on the former. (I.e., B has underlying
set {£1} x Q, and multiplication («, a)(B, b) = («B, Ba + b).)

Then every ultrapower of B admits a homomorphism onto B. Hence though
B = B/Z(B) is countable, it is a homomorphic image of a nonprincipal countable
ultraproduct of groups.

Proof. Clearly, the only elements of B that commute with (—1, 0) are those with
second component 0, while the only elements that commute with (1, 1) are those
with first component 1; so Z(B) = {e}, justifying the formula B = B/Z(B).

It is easy to see that for any ultrafilter U on any index set /, the ultrapower B'/9l
will be the semidirect product of {£1} and @’ /U determined by the natural action
of the former group on the latter. Now Q' /9L, like @, is a nontrivial torsion-free
divisible group, i.e., a nontrivial Q-vector-space, and, as such, admits a surjective
homomorphism ¢ : @' /A — Q. The map B!/ — B given by («, B) — (a, 9(B))
is easily seen to be a surjective homomorphism, as claimed. O

By Corollary 6, every homomorphism from a direct product group [[,.; G; onto
the above group B factors through a single ultraproduct of the G;; but the above
result shows that (even when the index set is countable) the ultrafilter involved need
not be principal.

In fact, the only condition I know that guarantees factorization through finitely
many of the G; is based on requiring appropriate abelian subgroups of B to satisfy
similar factorization properties as abelian groups. The key observation is:
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Lemma 12. Suppose B is a homomorphic image of a nonprincipal countable ultra-
product of groups, (]_[n co G,,) /U. Then every element b € B lies in a homomorphic
image within B of 7 /WU, a nonprincipal countable ultrapower of Z.

Proof. Given b € B, let b be the image of (g,)new €[], co Gn- Then the homomor-
phism y : 7% — ]_[new G, taking (m,)new 10 (gn" )new induces a homomorphism
vy Z?/U — (]_[,1 co Gn) /U, with which it forms a commuting square. Hence the
composite map 7 — [ [, Gn = [ [,,c, Gn/U — B, which carries (1, 1,...) e Z®
to b, factors through Z“ /U; so b lies in a homomorphic image of that group. [

To see that this puts strong restrictions on groups B admitting such homomor-
phisms, note that every slender abelian group, in particular, the infinite cyclic group,
has the property of not being a homomorphic image of a nonprincipal countable
ultrapower of Z. We will see wider classes of abelian groups with this property in
the next section.

Though this note emphasizes the separate conditions that maps from infinite
products yield factorizations through finitely many ultraproducts, and that the
ultraproducts in all such factorizations are principal, let us record how the above
lemma allows one to combine results of the former sort obtained in Section 2
above, and results of the latter sort for abelian groups, which will be obtained in
Sections 5-6, to give sufficient conditions for all maps from a direct product of
groups to factor through finitely many projection maps.

Theorem 13. Let B be a group with the property that for every homomorphism
from a direct product group,
(20) f:[] Gi — B such that the composite homomorphismnf : || G; — B/Z(B)
iel iel
is surjective,
the map w f factors through the projection to finitely many ultraproducts of the G;
(cf. Section 2 above).

Suppose, moreover, that for every almost direct factor B' # Z(B) of B, the
group B'/Z(B) contains at least one element b which does not lie in any homo-
morphic image therein of a nonprincipal countable ultraproduct of copies of 7
(cf. Sections 5-7 below).

Then for every homomorphism (20) such that card(l) is less than every un-
countable measurable cardinal (if any such cardinals exist), the composite 7 f :
[l;c; Gi = B/Z(B) factors through the product of finitely many of the G;.

Proof. Given a homomorphism (20) satisfying the indicated bound on card(/),
let us factor 7 f through a direct product [[,., Gi/Uo x -+ X [[;,c; Gi/Wm—1,
where U, ..., U,,—; are distinct ultrafilters on /. Without loss of generality, we
may assume that each ]_[l. <7 Gi/%U has nontrivial image in B/Z(B). Choosing a
partition I = JoU---U J,,_; with J; € Uy, we get, by Lemma 4, an almost direct
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decomposition of B into subgroups Bj,. Now suppose one of our ultrafilters Uy
were not principal. By our assumption on the cardinality of 7, Uy is not x-complete
for any uncountable measurable cardinal «, hence by Lemma 10, (18) = (19),
B,/ Z(B) satisfies the hypothesis of Lemma 12. But since By, is an almost direct
factor of B, by assumption B, /Z(B) has an element b whose properties contradict
the conclusion of that lemma. So, rather, every U; must be principal, say generated
by a singleton {n;} € J;. Hence our factorization through

(1‘[ G,-)/ouox...x (1‘[ c;,~)/oum_1

iel iel

is in fact a factorization through G,, x --- x G, _,. ]

Quick examples of groups B to which the above result applies are free groups on
more than one generator, and the infinite dihedral group. Indeed, since both groups
have trivial center, the “/Z(B)” in the statement can be ignored, and since neither
has a nontrivial direct product decomposition, it suffices to verify that each has an
element b not contained in any homomorphic image of a nonprincipal countable
ultraproduct of copies of Z. In a free group, every nontrivial abelian subgroup is
infinite cyclic, hence slender, so any nonidentity element can serve as such a b.
In the dihedral group D = <{x, y | x> = e = y?>, the element b = xy generates
an infinite cyclic subgroup which is its own centralizer, again establishing the
hypothesis of the theorem. Another class of examples is noted in:

Corollary 14 (to Lemma 12). Let X be an infinite set, and B a group of permuta-
tions of X having a cyclic subgroup {b>» whose action on X has exactly one infinite
orbit (no restriction being assumed on the number of finite orbits of <b)). Then the
centralizer of b in B admits a homomorphism to Z taking b to 1. Hence B is not a
homomorphic image of a nonprincipal ultraproduct of a countable family of groups.

In particular, this is true if B is the full symmetric group on X, or more generally,
if for some filter & on X not consisting entirely of cofinite subsets, B is the group of
permutations of X whose fixed sets belong to F.

Proof. If two permutations a and b of a set X commute, it is easy to see that a will
carry orbits of (b to orbits of <b>, and, of course, the image orbits will have the
same cardinalities as the original orbits. Hence, if <b) has a unique infinite orbit ¥,
then a must carry Y to itself; and it is easy to verify that it must act on Y by some
power b"« of b. The function a — n, now gives the desired homomorphism of the
centralizer of b onto Z. Hence, every commutative subgroup of B containing b
admits a homomorphism onto Z, so as in the other examples discussed above, B
is not a homomorphic image of a nonprincipal ultraproduct of a countable family
of groups.

Now if % is a filter on X containing a set W which is not cofinite, we can take a
countably infinite subset Y € X — W, and let b be a permutation which has Y as an
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orbit, and fixes all other points of X. This gives the final assertion of the corollary.
The full symmetric group on X is the particular case where ¥ is the improper filter
on X. (]

(With a little more work, one can get a result similar to the first paragraph of
the above corollary under the weaker assumption that <b> has at least one but

only finitely many distinct infinite orbits, say <b>xg, ..., <b>x4—1 € X. In this
case, for each a centralizing b, we find that ax; = b"* x5, ;) (0 <i < d) for some
permutation i, of {0, ...,d — 1} and integers n, g, ..., ng.4—1. It is then easy to

verify that the map a — ), n,; is a homomorphism from the centralizer of b to Z,
which carries b to d.)

The next result, in contrast, gives a large class of groups that do admit surjective
homomorphisms from nonprincipal countable ultraproducts. The construction
appears to be well known, but I have not been able to find a reference.

Proposition 15. If a group B admits a compact Hausdorff group topology, then
for any set I and any ultrafilter O on I, there exists a homomorphism B!/ — B
left-inverse to the natural embedding B — B! — B!/ (where the first arrow is
the diagonal map).

Hence, every group B admitting a compact Hausdorff group topology is a ho-
momorphic image of a nonprincipal countable ultraproduct of groups; hence so is
every homomorphic image of such a group.

These statements hold, more generally, with groups replaced by the objects of
any variety of finitary algebras, in the sense of universal algebra.

Sketch of proof. Fix a compact Hausdorff group topology on B. Given x € B/, let
us associate to each S € AU the set Xg = {x; | i € S} C B. These sets clearly have
the finite intersection property, hence so do their closures. On the other hand, with
the help of the definition of ultrafilter and the Hausdorffness of our topology, it is
easy to verify that those closures can have no more than one common point. Hence
by compactness, the system of sets X g must converge to a single point of B. It is
immediate that the map associating to x the limit point of this system depends only
on the image of x in B//, and so induces a map B//U — B, and it is easy to
verify that this is a homomorphism with the asserted properties.

The statements in the second paragraph of the lemma clearly follow. The final
generalization holds by the same reasoning. (]

By the above result, such a B is a homomorphic image of B!/ for every
ultrafilter U on every set /. This suggests the following question, where for
simplicity we limit ourselves to [ = w.

Question 16. If AU, U’ are nonprincipal ultrafilters on w, can every group B which
can be written as a homomorphic image of an ultraproduct of groups with respect
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to U also be written as a homomorphic image of an ultraproduct of groups with
respect to U'?

Question 17. If the answer to Question 16 is negative, is it at least true that for any
two ultrafilters WU and U’ on w, there exists an ultrafilter U" on w such that every
group which can be written as a homomorphic image of an ultraproduct of groups
with respect to WU or with respect to W' can be written as a homomorphic image of
an ultraproduct with respect to W' ?

If Question 17 has a positive answer, one can deduce that the class of groups which
can be written as homomorphic images of nonprincipal countable ultraproducts of
groups is closed under finite direct products.

Proposition 15 also leads one to wonder whether every group B which can
be written as a homomorphic image of a nonprincipal countable ultraproduct of
groups can in fact be written as a homomorphic image of a nonprincipal countable
ultrapower B® /AU of itself, via a left inverse to the natural embedding B — B® /.
The answer is negative; we shall see in the second paragraph after Lemma 28 that
there exist abelian groups for which this is not true.

Let us note a couple of groups B for which the results of this section do not, as
far as I can see, give us any information.

Question 18. Can either of the following groups be written as a homomorphic
image of a nonprincipal ultraproduct of a countable family of groups?

(1) An infinite finitely generated Burnside group?

(ii) The group of those permutations of an infinite set that move only finitely many
elements? (Contrast Corollary 14.)

Let us also record, since we know no counterexample,

Question 19. Is the converse to Lemma 12 true? That is, if O is an ultrafilter on w,
and B is a group such that every b € B lies in a homomorphic image within B of
Z7? /U, must B be a homomorphic image of an ultraproduct group [ |;.,, Gi/U?

A positive answer seems extremely unlikely. It would imply, in particular, that
every torsion group was such a homomorphic image for every U. (So it would
imply positive answers to both parts of Question 18.)

We remark that the results we have obtained so far show that the two sorts of
properties of an object B that we are considering in this note — (a) that surjective
homomorphisms from direct products onto B yield factorizations through finitely
many ultraproducts, and (b) that when one has such a factorization, and the index
set of the product is countable, the ultraproducts involved must be principal — are
independent, for groups. Theorem 13 gave us examples satisfying both (a) and (b),
such as the free group on more than one generator, and the infinite dihedral group.
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Any infinite direct product of free groups on more than one generator will still
satisfy (b) (since a homomorphism from a nonprincipal countable ultraproduct
group into such a product will have trivial composite with the projection onto each
factor, hence must be trivial), but will fail to satisfy (a), by virtue of being an infinite
direct product. Examples satisfying (a) but not (b) are given by groups satisfying
the hypotheses of both Corollary 6 and Proposition 15; for instance, finite simple
groups. Finally, infinite direct products of such examples satisfy neither (a) nor (b).
(Incidentally, if a map [[,.; G; — B factors as

[1G; — (I1Gi) /0 x -+ x (I1Gi)/Un-1 = B,

iel iel iel

one or more of the factors (]_[ie ;G ,~) /U, may be irrelevant to the factorization, i.e.,
may map trivially to B. In condition (b) in the above discussion, we understand the
phrase “the ultraproducts involved” to exclude such “irrelevant” factors; if we did
not, (b) could never hold.)

5. Abelian groups

We have seen that in the study of homomorphisms on products of nonabelian groups,
the analogous questions for abelian groups are important. We now turn to that case.
Although, as just noted, the two sorts of condition we are interested in are inde-
pendent for nonabelian groups, we shall find that this is not true of the corresponding
conditions on abelian groups.
First, some notation, language, and basic observations.

Definition 20. In Sections 5-7, we shall use additive notation in abelian groups.
In groups 7°, (Z/ pZ)®, etc., we shall write §, (n € w) for the element having 1
in the n-th position and 0 in all other positions.
An abelian group B is called slender if it is torsion-free, and every homomorphism
f 1 Z° — B annihilates all but finitely many of the &,,.

The above definition of a slender abelian group is standard, but the condition
that B be torsion-free is redundant: no B with torsion satisfies the condition on
homomorphisms. For in such a B, we can choose an element b of prime order p,
define the homomorphism €, ., Z/pZ — <b) taking each §, to b, extend this,
by linear algebra over the field Z/pZ, to a homomorphism (Z/pZ)® — <b>, and
precompose with the natural map 7% — (Z/pZ)®, to get a map Z° — B that does
not annihilate any §,,.

The condition of slenderness is stronger than it looks. Indeed, our statement of
that condition in Section 1 implicitly incorporated the following striking comple-
mentary fact.
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(21) [Fuchs 1973, fact (f) on p. 159] If B is a slender abelian group, then the only
homomorphism f : 7% — B which annihilates all the elements §, (n € ) is 0.

We can now prove:
Proposition 21. The following conditions on an abelian group B are equivalent.

(22) There exists a surjective homomorphism f : [[;c; Ai — B from the direct
product of a family of abelian groups to B, which does not factor through

the natural map from [ [;.; A; to the direct product of finitely many countably

iel
complete ultraproducts of the A;.

(23) There exists a surjective homomorphism f : ], ., An — B from the direct
product of a countable family of abelian groups to B, which does not fac-
tor through the projection of [ |, An to the direct product of finitely many

ultraproducts (principal or nonprincipal) of the A,,.
(24) B is not slender.

These are also equivalent to the variants of conditions (22) and (23) without the
assumption that f be surjective.

Proof. We start with the final sentence. Conditions (23) and (22) certainly imply
the corresponding statements without the condition of surjectivity. Conversely (as
noted in Section 1), if we have an example of either of those conditions minus the
surjectivity restriction, we can get one satisfying that condition by passing from the
given map [ [;.; A; — B to the obvious surjective map B x [[;.; A; — B.

Let us now show that (24) = (23)= (22) = (24).

Given (24), take a map f : Z° — B witnessing the failure of slenderness, i.e.,
carrying infinitely many of the &, to nonzero values. If f factored through a product
of finitely many ultrapowers, Z*/WU¢ X - - - X Z® /W,;,—1, then the only elements &,
which could have nonzero image under f would be those such that one of the AUy
was the principal ultrafilter generated by {n}, of which there can be at most finitely
many. So there is no such factorization, so f witnesses (23) (in its version without
the hypothesis of surjectivity).

Clearly, (23) = (22).

Given f as in (22), we shall prove (24) by considering two cases. First sup-
pose that f can be factored through a product of finitely many ultraproducts
[lic; Ai/Wo x -+ - x ;e Ai/WUm—1, but that not all the AUy can be taken countably
complete. Note that f is the sum of homomorphisms f; (k =0, ..., m — 1) that
factor through the respective ultraproducts [ [,.; A; /U, and we can drop from this
sum, and hence from our factorization, any factors [ [, , A; /U such that fj is
zero. Hence for some k with AU not countably complete, we must have a nonzero
homomorphism f; : ]_[i < Ai/U; — B. The statement that U is not countably
complete is equivalent to saying that there exists a partition / = JoU- - -UJ,U- - - such

iel
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that none of the J, lie in Uy; in other words, such that for each n, fi|[]; cJ, A; =0.
If we regard fi asamap [],., (]_[iejn Al-) — B, the fact that it is nonzero means
that we can choose an element (x,),c, € ]_[new (]_[l cJ, Ai) which f; sends to a
nonzero element of B, though we know that it takes each x,, to 0. Using this element
(X1n)new, let us construct a map Z® — B by taking each (d;,)new € Z° 10 (dnXn)new
and applying f to this w-tuple. This gives a homomorphism Z“ — B which is zero
oneach §,, butnoton (1, ..., 1,...). Thus, by (21), B is not slender. (Alternatively,
we can get a direct contradiction to the definition of slenderness by choosing fi
and (x,)nee as above, and mapping (dn)new € Z to fi (3, <, Am)Xn)ncw € B.)
There remains the case where f cannot be factored through any product of
finitely many ultraproducts of the A;. Then the filter & of subsets S C I such that f
can be factored through ]_[l‘e ¢ A 1s not a finite intersection of ultrafilters, so by (4)
there exists a partition I = JoU---UJ, U--- such that I — J,, ¢ & for all n; in other
words, such that each [, g, Ai € [1;c; Ai has nonzero image under f. Choosing
an x, in each [, j, Ai with nonzero image, we construct as in the preceding case
a homomorphism Z® — B. This time, that homomorphism will be nonzero on
every §,, showing that B does not satisfy the definition of slenderness. O

Slender abelian groups have been precisely characterized [Nunke 1961; Fuchs
1973, Proposition 95.2]: they are the abelian groups which have no torsion elements,
and contain no embedded copies of either (O, or the group of p-adic integers for
any prime p, or Z%.

In the statement of the above proposition, note that condition (22) is formally
weaker than (23) in two ways: it allows an arbitrary index set /, and it excludes
factorization only through countably complete ultraproducts (which in the context
I = w of (23) would mean principal ultraproducts, i.e., the given groups A,).
Since (22) and (23) are equivalent, they are also equivalent to two intermediate
conditions: the one obtained from (23) by replacing “ultraproducts (principal or
nonprincipal)” by “principal ultraproducts”, and the one obtained from (22) by
deleting the words “countably complete”.

We can deduce from these observations that the two sorts of conditions on an
abelian group B that we are interested in — namely, (a) that maps to B from infinite
direct products factor through finitely many ultraproducts, and (b) that in the case
of a countable product, if we have a such a factorization, the ultrafilters involved
are all principal — are not independent; precisely, that (a) implies (b). Indeed, (a) is
equivalent to the negation of the version of (22) without the “countably complete”
condition, which by the above observations is equivalent to the negation of the
version of (23) in which the ultrafilters are assumed principal, i.e., the statement
that every homomorphism from a countable product into B factors through finitely
many A,, which clearly entails (b). Bringing in (24), we see that both (a) and
(a)A(b) are equivalent to slenderness.
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On the other hand, the three cases not excluded by the implication (a) = (b)
all do occur. Slender groups, such as Z, satisfy both (a) and (b). An infinite direct
product of nontrivial slender groups, e.g., Z“, satisfies (b) but not (a). Finally, any
nonprincipal countable ultraproduct of nontrivial abelian groups will not satisfy (b),
hence, since (a) = (b), it will satisfy neither.

Having characterized the abelian groups B that satisfy (a), it remains to charac-
terize the larger class satisfying (b). As preparation, we shall first study the abelian
groups that are homomorphic images of a single nonprincipal countable ultraproduct.
We will need a few more definitions from the theory of infinite abelian groups.

Definition 22 [Fuchs 1970; Rotman 2009]. A subgroup B of an abelian group A is
called pure if for every positive integer n, BNnA =nB.

An abelian group B is said to be algebraically compact if for every overgroup
A D B in which B is pure, B is a direct summand in A; equivalently [Fuchs 1970,
Theorem 38.1], if for every set X of group equations in constants from B and
B-valued variables, such that every finite subset of X has a solution in B, the whole
set X has a solution in B.

An abelian group B is said to be cotorsion if for every overgroup A 2O B such
that A/ B is torsion-free (a stronger condition than B being pure in A), B is a direct
summand in A.

Of the two definitions of algebraic compactness quoted above, the first is the
one commonly used. I include the second because it motivates the name of the
condition. The theorem cited for their equivalence establishes several other diverse
conditions as also equivalent to algebraic compactness; below, I shall pull these out
of a hat as needed.

The cotorsion abelian groups clearly include the algebraically compact abelian
groups. In fact, they are precisely the homomorphic images of such groups [Fuchs
1970, Proposition 54.1], a fact called on in condition (30) in the next result.

Proposition 23. For B an abelian group, the following conditions are equivalent.

(25) There exists a family of abelian groups (A;)ic; and a non-countably-complete
ultrafilter W on I such that B is a homomorphic image of the ultraproduct

Hie[ Ai /U
(26) There exists a countable family of abelian groups (A;)new and a nonprincipal
ultrafilter W on w such that B is a homomorphic image of the ultraproduct

Hnew A"/Ou‘

(27) There exists a countable family of abelian groups (A;)new and a filter &
on o which is not contained in any principal ultrafilter (i.e., which satisfies

Nseg S = D), such that B is a homomorphic image of [ |,c,, An/%.

new



HOMOMORPHISMS ON INFINITE DIRECT PRODUCTS 473

(28) There exists a countable family of abelian groups (Ap)new Such that B is a
homomorphic image of the reduced product ([1,c,, An)/ Prew An-

(29) B is a homomorphic image of an abelian group C admitting a compact
Hausdorff group topology.

(30) B is a cotorsion abelian group;, i.e., a homomorphic image of an algebraically
compact abelian group.

Proof. We shall show (25) = (26) = (27) = (28) = (30) = (29) = (25).
In the situation of (25), the fact that AU is not countably complete implies that
we can find a partition / = |, ., J» such that no J, belongs to 9. Let us again
write [];c; Ai = [1,ew([Ticy, Ai)- As in the proof of Lemma 10, if we let U’ =
{SCwl|U,cs Jn € U}, we find that U’ is a nonprincipal ultrafilter on w, yielding
a factorization of the map from our product group to our original ultraproduct as

[T 4~ TT( IT As)/u = IT Ai/u.

iel new “ieJ, iel

Since B is a homomorphic image of ||
factoring object, proving (26).

We get (26) = (27) by taking & = AU.

Given (27), note that since the filter % on w is not contained in a principal
ultrafilter, it contains the complement of every singleton, hence it contains the
Fréchet filter € of complements of finite sets. So the quotient map

ieq Ai /U, it is a homomorphic image of the

[T A — J] A./F factors through [] A, /% = ( I1 A,,)/@An,

new new new new new

giving (28).

Given (28), we call on [Fuchs 1970, Corollary 42.2] which says that every group
of the form ([],c,, An)/ @Dpee, An is algebraically compact, yielding (30).

For the step (30) => (29), we call on [Fuchs 1970, Theorem 38.1] (or on [Rotman
2009, Theorem 7.42]) which, among the equivalent conditions for an abelian
group to be algebraically compact, includes that of being a direct summand in an
abelian group that admits a compact Hausdorff group topology. So an algebraically
compact abelian group is, in particular, a homomorphic image of an abelian group
admitting such a topology, hence so is any homomorphic image of an algebraically
compact group.

Finally, by Proposition 15 above, any abelian group A admitting a compact
Hausdorff group topology can be written as a homomorphic image of its ultrapower
A’/ for any ultrafilter U on any set /. So choosing a 9 which is not countably
complete (e.g., any nonprincipal ultrafilter on / = w), we get (29) = (25). (]
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We note that for a nonzero abelian group B, the equivalent conditions of
Proposition 23 imply those of Proposition 21. Indeed, thinking in terms of the
conditions (a) and (b) that we have been discussing, if we write (by) for the case
of (b) where there is only a single ultraproduct involved (i.e., the condition that
if there exists a nonzero homomorphism from an ultraproduct group [[,,.,, An/U
onto B, then the ultrafilter AU is principal), then we have (a) = (b) = (b;), so
—(b;) = —(a); moreover, we see that for B 7~ {0}, (26) is equivalent to —(b;), while
we have previously noted that the conditions of Proposition 21 are equivalent to —(a).
(Alternatively, it not hard to see directly that for B #~ {0}, an example witnessing (26)
also witnesses (22).) Choosing the equivalent conditions of the two propositions
that have standard names, these observations say that for B # {0}, (30) = (24);
in other words, no nonzero cotorsion abelian group is slender. Since the class of
cotorsion abelian groups is closed under homomorphic images, this in fact gives:

Corollary 24. No cotorsion abelian group has a nonzero slender homomorphic
image. O

Corollary 24 allows us to apply Theorem 13 to many variants of the examples
immediately following it. For instance, one of those was the infinite dihedral group,
i.e., the semidirect product arising from the natural action of {1} on the slender
group Z. I claim that we can replace Z in that example by any abelian group A
without 2-torsion that has Z as a homomorphic image; for instance, 7, or Z x Z/nZ
for any odd n. Indeed, taking a homomorphism from such an abelian group A
onto Z, and any b € A that maps to a generator of Z under that homomorphism, we
see from the above corollary that no subgroup B of A containing b is cotorsion,
equivalently, by Proposition 23, that no such subgroup B satisfies (26); hence b
satisfies the condition of the second paragraph of Theorem 13. (The assumption
that A has no 2-torsion keeps the center of the semidirect product trivial, to avoid
complicating our considerations.) In Section 6 we will obtain more information on
which abelian groups are cotorsion.

We can now answer the question of which abelian groups B have the property
we called (b) in our earlier discussion, namely, that any map f from a countable
direct product of abelian groups A, onto B which factors through finitely many
ultrafilters in fact factors through the projection to the product of finitely many of
the A,,. We shall see that this is true if and only if B contains no nontrivial cotorsion
subgroup. Although the class of cotorsion abelian groups is difficult to describe
exactly, a simple criterion is known for an abelian group to be cotorsion-free, i.e.,
to contain no nontrivial cotorsion subgroup: It is that the group be torsion-free,
and contain no copy of the additive group of Q, nor of the p-adic integers for
any prime p [Dugas and Gobel 1982, Theorem 2.4 (1) = (4)]. (So it is like
the condition characterizing slenderness, but without the exclusion of subgroups
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isomorphic to Z*.) This condition is also equivalent to that of containing no nonzero
algebraically compact subgroup: it implies the latter because every algebraically
compact group is cotorsion, while the reverse implication holds because Q, and the
groups of p-adic integers, and all finite abelian groups, are algebraically compact.
As is usual in this note, the statement below will be the contrapositive of the version
suggested by this discussion.

Theorem 25. The following conditions on an abelian group B are equivalent.

(31) There exist a set 1, a family of abelian groups (A;)ic;, and a surjective
homomorphism f : [];c; Ai = B such that f factors through the product
of finitely many ultraproducts [, Ai /U, but does not factor through the
product of finitely many countably complete ultraproducts.

(32) There exist a countable family (A,),co of abelian groups and a surjective
homomorphism f : [],., An = B such that f factors through the product

of finitely many ultraproducts ||, An/WUk, but does not factor through the
product of finitely many of the A,,.

(33) B has a nontrivial cotorsion subgroup; equivalently (by the result from [Dugas
and Gobel 1982] quoted above), B either has nonzero elements of finite order,
or contains a copy of the additive group of Q, or contains a copy of the additive
group of the p-adic integers for some prime p; equivalently, B has a nontrivial
algebraically compact subgroup.

These conditions are also equivalent to the variants of (32) and (31) without the
assumption that f be surjective.

Proof. The equivalence of (31) and (32) to the corresponding conditions without
the assumption of surjectivity is seen as in the first paragraph of the proof of
Proposition 21. We shall use those variants to prove (33) = (32) = (31) = (33).

Assuming (33), let C € B be a nonzero cotorsion subgroup. Then our earlier
result (30) = (26) gives a surjective homomorphism [ [, ., An/WU — C for a family
of abelian groups A, and a nonprincipal ultrafilter U, which we regard as a nonzero
homomorphism into B. Since U is not principal, f annihilates each of the A, so
it cannot be factored through the product of finitely many of these, giving (32).

Clearly, (32) = (31), since the countably complete ultrafilters on w are the
principal ultrafilters.

Assuming (31), let f : [[;c; Ai = B be a homomorphism that factors through a
product of ultraproducts [[,.; Ai/Uo X - - - X [[;c; Ai/Um—1, but not through such
a product in which all the U; are countably complete. As noted in the proof of
Proposition 21, the given factorization is equivalent to an expression of f as the sum
of maps that factor [ [;.; Ai = [;c; Ai/Ux — B, and if any of these maps are zero,
we can drop them, leaving a factorization with all these maps nonzero, and which,
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by choice of f, must still have at least one with AUy not countably complete. So
there exists a nonzero map g : [ [;.; Ai/U — B for some non-countably-complete
ultrafilter U on /. Our earlier result (25) = (30) now tells us that the nonzero
image of g is a cotorsion submodule of B, proving (33). (]

We have not yet said much about algebraically compact groups, except that the
cotorsion groups are their homomorphic images. We record:

Lemma 26. The following conditions on an abelian group B are equivalent.

(34) For every proper filter ¥ on a nonempty set I, the natural embedding B —
B!/ has a left inverse.

(35) There exists a nonprincipal ultrafilter U on w such that the natural embedding
B — B® /U has a left inverse.

(36) B is algebraically compact.

Proof. For any filter & on a set I, the natural embedding B — B/ % is easily seen
to be pure, so the definition of algebraic compactness gives (36) = (34). Clearly,
(34) = (35).

To show that (35) = (36), we use the result [Eklof 1973, third sentence of §2],
that a nonprincipal countable ultrapower of any abelian group B is algebraically
compact. Hence (35) implies that B is a direct summand in an algebraically compact
abelian group, from which one easily sees that it itself is algebraically compact. []

Since the cotorsion abelian groups are the homomorphic images of the alge-
braically compact ones, the above result shows that the analog of Question 16
has a positive answer for abelian groups. (This can also be seen from the proof
of Proposition 23, where the closing step (29) = (25) allows us to choose U
essentially arbitrarily.)

Another interesting necessary and sufficient condition for B to be algebraically
compact, obtained (in the more general context of modules) as [Jensen and Lenzing
1989, Theorem 7.1(vi)], is that for every set /, the summation map €5,_; B — B
extend to a map B! — B.

iel

6. More on algebraically compact and cotorsion abelian groups

The distinction between the class of cotorsion abelian groups and its subclass, the
algebraically compact abelian groups, is a subtle one. It follows from the definitions
that every cotorsion abelian group B that is torsion-free is algebraically compact
[Fuchs 1970, Corollary 54.5]. The only example I have found in the literature of a
cotorsion abelian group that is not algebraically compact, that of [Rotman 2009,
Proposition 7.48(ii)], is described as an Ext of other groups, rather than explicitly.
(It is known that for any abelian groups A and A’, Ext(A, A’) is cotorsion [Fuchs
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1970, Theorem 54.6], [Rotman 2009, Corollary 7.47].) Let us begin this section by
constructing a more explicit example.

We will use the characterization of an algebraically compact abelian group as an
abelian group B such that whenever a system of equations has the property that all
its finite subsystems have solutions in B, then the whole system has such a solution.
An easy example of an infinite system of equations is the following, where p is a
prime, xg is a given element of B, and x, ..., x,, ... are to be found.

(37 X0 = pXi, X1 =pX2, ..., Xp_1=PpXn,
The necessary condition for algebraic compactness that this system yields is:

Lemma 27. If B is an algebraically compact group and p a prime, then the
subgroup B’ = "B C B is p-divisible, i.e., satisfies pB’ = B’.

4
new
Proof. Suppose xo € B’. Let us fix n > 0, and choose x, € B such that xo = p"x,,.

n—m

If we now let x,,, = p" " x, for 0 < m < n, we see that xo, ..., x, satisfy the first n

equations of (37). Since we can do this for any n, every finite subfamily of (37) has

a solution, so algebraic compactness implies that we can choose x1, ..., x,, ...
satisfying the full set of equations. For such xi, ..., x,, ... we see that x; als
belongs to B’; so xo € pB’, as required. O

(It is also not hard to prove the above lemma from the definition of algebraic
compactness in terms of pure extensions: given algebraically compact B, and xo € B’,
let BT be the extension of B gotten by adjoining new generators xi, ..., X, . ..
and the relations (37). It is straightforward to show that B embeds in BT, and from
the fact that xo € B’, one can deduce that B is pure in B*. Hence the definition
of algebraic compactness says that there exists a retraction of B* onto B, i.e., a
solution to (37) in B; hence, as above, xog = px; € pB’.)

So let us try to construct a cotorsion abelian group B with an element that we
force to lie in B’, without creating any apparent reason why it should lie in pB’. To
do this, let Z,, denote the additive group of p-adic integers, which is algebraically
compact by Proposition 15 and Lemma 26; within its countable power Z7), let 5,
be, as usual, the element with 1 in the n-th coordinate and O in all others; and for a
first try, let B be the factor group of Z, by the subgroup generated by the elements

(38) So—p"dy (new).

Letting x be the image of § in B, we clearly have x € B'.

But this group is messy, making it hard to see whether some y € B’ might satisfy
x = py. It becomes nicer if we impose (38) as Z,-module relations rather than just
as additive group relations. If we then change coordinates in Z7, so that the elements
8n — pdy+1 become the new §, (namely, we map (a,)neqe to (Zm<n P A new)s
the resulting construction takes the form shown in the next lemma.
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Lemma 28. Let p be a prime number, and B the group 7,/ D, c, P"'Zy. Then B
is cotorsion, but fails to satisfy the conclusion of Lemma 27; hence B is not alge-
braically compact.

Proof. As a homomorphic image of an algebraically compact group, B is cotorsion.

To see the failure of the conclusion of Lemma 27, let x € B be the image of
(P"new € Z‘I‘j . (Note that the above coordinates p” are “ghosts”, in the sense that
any finite set of them may, by the definition of B, be changed to 0 without changing
the element x.) For each n > 0, if we let x,, € B be the image of the element of Z‘;j
whose coordinate in position m is 0 for m < n, and p™~" for m > n, then we see
that x = p"x,. Hence x € B'.

Now let y be any element satisfying x = py. Writing y as the image of
(an)new € Z‘I‘;, we see from the definition of B that for all but finitely many »
we must have a, = p"~!. (And note that coordinates with this property are not
“ghosts”!) But for any n such that this equation holds, we can see by looking at the
n-th coordinate that y ¢ p"B. So y ¢ B’; and since we have shown this for all y
with x = py, we have x ¢ pB’. Since x € B’, this shows that B’ # pB’'. O

(L. Fuchs (personal communication) points out another way to see that the
above group B is not algebraically compact: by noting that its torsion subgroup
D,.c.. Zp/P"Z, is not torsion-complete, and calling on [Fuchs 1973, Theorem 68.4,
(i) = ®])

Note that any group B which, like the one constructed above, is cotorsion but not
algebraically compact is, by the former fact, a homomorphic image of a nonprincipal
countable ultraproduct of groups, but by Lemma 26 (35) = (36), does not admit a
left inverse to a diagonal embedding B — B /9, confirming the assertion made in
the second paragraph after Question 17.

Let us obtain, next, some restrictions on the class of cotorsion abelian groups.
These will allow us to deduce that many sorts of groups are not cotorsion, and so give
more examples to which we can apply Theorem 13. In the next lemma we combine
the fact that the cotorsion groups are the homomorphic images of the algebraically
compact groups with another of the criteria for algebraic compactness given in
[Fuchs 1970, Theorem 38.1], namely, that an abelian group C is algebraically
compact if and only if it is pure-injective, meaning that for any pure subgroup Ag of
an abelian group A, every homomorphism Ag — C extends to a homomorphism
A1 — C. In an earlier version of this note, I asked whether the direction “(39) =
cotorsion” in the lemma held; I am indebted to K. M. Rangaswamy and Manfred
Dugas for (independently) showing me why it does.

Lemma 29. An abelian group B is cotorsion if and only if it satisfies

(39) For every abelian group A having a pure subgroup F which is free abelian,
every homomorphism F — B extends to a homomorphism A — B.
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Proof. Assuming B cotorsion, let us write it as a homomorphic image of an
algebraically compact abelian group C. Since F is free, we can lift the given map
F — B toamap F — C, and then, since C is algebraically compact, equivalently,
pure-injective, we can extend that lifted map to a map A — C. Composing with
our map C — B, we get the desired extension to A of the given map F — B.
Conversely, assuming (39), write B as a homomorphic image of a free abelian
group F. Now by [Fuchs 1970, §38, Exercise 8, p. 162], every abelian group embeds
as a pure subgroup in a group admitting a compact Hausdorff group topology; let A
be such an overgroup of F. (For an explicit embedding in this case, let Z denote the
completion of Z with respect to its subgroup topology. Then Z is a pure subgroup
of the compact group Z, so writing F = @, Z, we see that F is pure in the compact
group 7! ) By (39), our homomorphism of F onto B extends to a homomorphism
of A onto B, so by Proposition 23, (29) = (30), B is cotorsion. Ul

Our first application of this result will show that in a cotorsion abelian group B,
highly divisible elements abound; for instance, that if p; and p, are distinct primes,
then every element of B is the sum of an element divisible by all powers of p; and
an element divisible by all powers of p,. To state the result in greater generality,
let us, for any set P of primes, write Z[ P~'] for the subring of Q consisting of
elements whose denominators lie in the multiplicative monoid generated by P, and
call an element x of an abelian group A P-divisible if it lies in the image of a
homomorphism from the additive group of Z[P~'] to A. We shall call an abelian
group P-divisible if all its elements are.

Proposition 30. If B is a cotorsion abelian group, and Py, ..., P,_ are sets of
prime numbers such that PN ---N Py,_| = @, then every element b € B can be
written by + - - - + by, _1, where for each j, bj is Pj-divisible. Equivalently, B is a
sum of subgroups By + - - - + By, _1 such that each group B; is P;-divisible.

Proof. Let A be the additive group of Z[ P, 1] X -+ X Z[P”i 1], and F the infinite
cyclic subgroup thereof generated by (1, ..., 1). That the inclusion F' C A is pure
follows from the fact that PyN---NP,,_1 = . Indeed, if an elementd(1,...,1) e F
is not divisible in F' by some positive integer n, then d is not divisible by n, so n
has a prime power factor p’ not dividing d. Choosing k such that p ¢ P, we see
that the k-th coordinate of d(1, ..., 1) is not divisible by pi in Z[Pk_l], soin A,
d(1, ..., 1) is not divisible by p’, hence not divisible by n.

Hence by Lemma 29, for any b € B, the map F — B taking (1,...,1) to b
extends to A, giving a representation of b as the sum of the images of the elements
O,...,1,...,0), each of which is P;-divisible for some j. The equivalence of
this result to the final statement of the lemma follows from the fact that for any
set P of primes, the P-divisible elements of an abelian group form a subgroup. [
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As a quick illustration, consider the group Z,, of p-adic integers, which we have
seen is algebraically compact, and hence cotorsion. That group is P-divisible for P
the set of all primes other than p. Given Py, ..., P,_1 as in Proposition 30, at
least one P; will fail to contain p, so Z, is P;-divisible for that j, confirming the
conclusion of the proposition.

Of course, the much smaller group of rational numbers with denominators
relatively prime to p (of which the group Z, is a completion) is P-divisible for
the same set P, and so also satisfies the conclusion of Proposition 30. However,
that group is not cotorsion. Indeed, from the characterization of slender abelian
groups recalled immediately after the proof of Proposition 21, every abelian group
which is torsion-free and which contains no copy of Q and has less than continuum
cardinality is slender, hence, if nonzero, is non-cotorsion.

The next result generalizes the above restriction on cotorsion groups.

Proposition 31. If B is a cotorsion abelian group such that dB # {0} for every pos-
itive integer d, but ﬂdez, 4-0dB = {0}, then B has at least continuum cardinality.

Proof. We shall construct a homomorphism €, Z — B, extend it to a map Z* — B
by Lemma 29, and show that under the extended map, continuum many elements
of Z“ have distinct images. We begin by carefully selecting the elements to which
to send the free generators of P, Z.

I claim that we can choose positive integers dp, di, . . . , each a multiple of the one
before, and elements by, by, . .. € B, such that for each n € w, we have d,,b, ¢ d,,+1 B.
We start with dy = 1, and by any nonzero element of B. Assuming that for some
n >0, d, and b, have been chosen with d,,b,, # 0, the hypothesis (7. 4.0 @B = {0}
allows us to choose d,,+1 > 0 such that d,b, ¢ d,+1B. Replacing d,, by a proper
multiple if necessary, we may assume d,|d,,+1. Using the fact that d,+ B # {0},
we can then choose b,,1 such that d,,11b,+1 # 0. Continuing recursively, we get
do, dy, ... and by, by, ... with the asserted properties.

We now map @, Z to B by sending each §, to b,. Since P, Z is a pure
subgroup of Z“, Lemma 29 allows us to extend this map to a homomorphism
f :7® — B, which still carries each §, to b,.

For each € = (¢,) e € {0, 1}, let ed denote (gody, . .., exdy, ...) € Z®. I claim
that distinct strings ¢ yield distinct elements f(ed) € B. Indeed, for ¢ # ¢/, let
n € w be the least index such that ¢, # ¢, and let us write

fed)= f(eody, ..., ndy,0,0,...)4+ fQ0,...,0, enr1dn+1, Envodpsa, . ..).

If we compare this with the corresponding expression for f(¢'d), we see that the
left-hand summands in these expressions differ by exactly f(d,é,), i.e., d,b,, which
by assumption does not lie in d,4 B; while the right-hand summands do lie in
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d, 1B, since for all m > n we have d,,;1|d,,. Hence f(sd) — f(&'d) # 0; so we
indeed have continuum many distinct elements of B. U

As an application, it is easy to deduce that no subgroup B of ]_[primes 2/ pZ
which is infinite, but of less than continuum cardinality, can be cotorsion. Hence, if
we take such a subgroup with no 2-torsion, containing an element b of infinite order,
its semidirect product with =1 will again be a group to which Theorem 13 applies.

On the other hand, we saw in Lemma 11 that for the semidirect product of {£1}
with the group Q, the conclusion of Theorem 13 fails; and Proposition 15 shows the
same for the semidirect product of {41} with any finite abelian group. In fact, Q and
all finite abelian groups are cotorsion; the next result includes these statements as
special cases. It is curious that its formulation is analogous to that of Proposition 15,
but the reasoning is quite different.

Proposition 32 (cf. [Fuchs 1970, p. 178, last paragraph of Notes]). Let B be an
abelian group which is divisible, or is of finite exponent, or more generally, is the
sum of a divisible group and one of finite exponent; or, still more generally, is
the underlying additive group of an injective module over some ring R. Then for
any set I and any ultrafilter W on I, there is a group homomorphism B!/ — B
left-inverse to the natural embedding B — B! — B/A.

Hence by Lemma 26, (35) = (36), every such B is algebraically compact, and
so in particular is cotorsion.

Proof. First suppose B has the property introduced above by the words “still more
generally”. Then the maps B — B! — B!/ are R-module homomorphisms
whose composite is an embedding. The injectivity of B as an R-module thus yields
the desired left inverse map. Taking / = w and U nonprincipal, we conclude that B
is algebraically compact (by Lemma 26, (35) = (36)).

It remains to show that the various sorts of abelian groups named are indeed
injective modules over appropriate rings. Any divisible abelian group is an injective
Z-module by [Lam 1999, Proposition 3.19]. An abelian group B of finite exponent n
can be written as a direct product of free Z/dZ-modules as d ranges over the divisors
of n; and each of the rings Z/dZ is self-injective, so that its free modules are injective
by [ibid., Corollary 3.13(1) and Theorem 3.46(4) = (2)]. Finally, if B is the sum
of a divisible subgroup D and a subgroup FE of finite exponent, then the injectivity
of D over Z allows us to split it off as a direct summand, and the complementary
summand will be a homomorphic image E’ of E, hence again of finite exponent.
We can now make B = D @ E’ a module over the direct product R of Z and finitely
many rings Z/dZ, in such a way that the component over each of these factor rings
is injective over that ring. The group B will then be injective over R. U

I do not know the answer to:!

ISee note added in proof, page 493.
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Question 33. For an abelian group B to be cotorsion, is it sufficient that every
homomorphism @, Z — B extend to a homomorphism Z® — B? (In other words,
in Lemma 29, is condition (39) equivalent to the special case where the inclusion
FCAis@®,Zc7”)

The following example shows that the converse of Corollary 24 is not true: a
group B with no nonzero slender homomorphic image need not be cotorsion.

Lemma 34. Within the group A = ]_[primes » 2/ pZ, let u be the element having 1 in
every coordinate, and let B consist of all elements b € A such that db = nu for some
integer n and nonzero integer d (mnemonic for “numerator” and “denominator”).
Then B is a countable subgroup of A, such that every cotorsion subgroup of B is
torsion (so that B is not itself cotorsion), but the factor-group of B by its torsion
subgroup is isomorphic to Q, and so is cotorsion.
Hence B has no nonzero slender homomorphic images.

Proof. That B is a subgroup of A is immediate. It is countable because each b € B
is determined by any choice of n and d satisfying db = nu, together with the
coordinates of b at the finitely many primes dividing d.

By the observation following the proof of Proposition 31, cotorsion subgroups
of B are finite, hence are torsion.

On the other hand, the factor group of B by its torsion subgroup is isomorphic
to @ via the map sending the image of each b € B to the common value of n/d € Q
for all relations db = nu satisfied by b; and Q, being divisible, is cotorsion by
Proposition 32.

Since slender groups are torsion-free, a homomorphism f from B to a slender
group must annihilate the torsion subgroup of B, hence f(B) must be a homomor-
phic image of @Q, hence by Corollary 24 must be zero. U

Here is a question of a different flavor.

Question 35. If an abelian group B can be written as a homomorphic image of a
nonprincipal countable ultraproduct of not necessarily abelian groups G, must
it be a homomorphic image of a nonprincipal countable ultraproduct of abelian
groups, i.e., must it be cotorsion?

The reason this question is nontrivial is that abelianization does not commute with
ultraproducts. For instance, let G be a group which is perfect (satisfies G =[G, G])
but which for each n has an element x,, that cannot be written as the product of fewer
than n commutators. (The latter property is called “infinite commutator width”;
for examples of such G see [Muranov 2007].) Then no nonprincipal ultrapower
G /U will be perfect, because for such a family of elements x,, the image of
(Xn)new € G® in G /U will not be a product of finitely many commutators. Hence

the abelianization B of [],., G,/ is a nontrivial abelian group satisfying the
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hypothesis of Question 35, but there is no obvious candidate for a representation
of B as in the conclusion of that question.
We can, however, prove a weak result in the direction of a positive answer.

Lemma 36. If an abelian group B can be written as a homomorphic image of a

nonprincipal countable ultraproduct [ |, ., Gn/W of not necessarily abelian groups,

new
then B is a directed union of cotorsion abelian subgroups.

Proof. By Lemma 12, every cyclic subgroup of B is contained in a cotorsion
subgroup. Now the class of cotorsion abelian groups, as characterized by any of (27),
(28) or (29), is easily seen to be closed under finite direct sums, hence since it is
closed under homomorphic images, it is closed under finite sums in abelian over-
groups, so the cotorsion subgroups of such an overgroup form a directed system. [

But not every directed union of cotorsion groups is cotorsion. For instance,
every torsion abelian group is the directed union of its finite subgroups, which are
cotorsion by Proposition 32; but by Proposition 31, the group P 7] pZ is
not cotorsion.

We remark that Questions 19 and 35 cannot both have positive answers, since as
noted earlier, a positive answer to Question 19 would make every torsion group,
including the abovementioned group @primes »Z/pZ, a homomorphic image of
a countable ultraproduct of (not necessarily abelian) groups. But as we also said
earlier, a positive answer to Question 19 seems highly unlikely.

A noticeable difference between our results on general groups in Sections 2—4
and our results on abelian groups in the above three sections is that in the former we
composed maps [[;.; G; — B with the natural map B — B/Z(B) before looking
at factorization properties, but we have done nothing of the sort for abelian groups.
It might be of interest to see whether one can improve the results of these sections
by composing homomorphisms [ [;.; A; = B with the map B — B/ X (B) for some
natural choice of X (B), such as the torsion subgroup of B, the subgroup of divisible
elements, their sum, or the sum of all cotorsion subgroups of B. (Lemma 34 shows
that for the last of these choices, B/ X (B) may not itself be cotorsion-free; but
this need not be a problem; cf. the fact that for a nonabelian group B, the group
B/Z(B) need not have trivial center.) In the opposite direction, it might be possible
to strengthen the results of Sections 2—4 by dividing B, not by Z(B), but by a
smaller subgroup X (Z(B)) for one of the above constructions X. I leave these
ideas for others to explore.

primes p

7. Some related questions that have been studied

The direct sum P, _; A; of a family of abelian groups — or more generally, of a
family of modules over any ring R —is their coproduct in the category of abelian
groups or R-modules; hence for such objects, their coproduct can be regarded as
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the subgroup or submodule of elements of finite support in their direct product
[lic; Ai. Now in any category, a homomorphism from a coproduct of objects A;
to an arbitrary object B is determined simply by choosing a homomorphism from
each A; to B. So the phenomena we have been investigating in the last two sections
can be looked at as consequences of the fact that not every such map on a coproduct
of abelian groups can be extended consistently to the elements of [ [,_; A; with
infinite supports. The slender modules are those modules B for which this restriction
on maps to B is so strong that it can only be satisfied by maps that factor through
the product of finitely many of the A;.

Dually, one gets homomorphisms from an abelian group or R-module B to a
direct product | jes Cj simply by choosing a homomorphism into each C; but if
we wish to map B into the coproduct § jer Ci C I1 jes Cj» we face the problem of
choosing those homomorphisms so that the resulting map takes each element of B
to an element of finite support. The question of which modules B have the property
that the only way to achieve this is by mapping into a finite subsum of @j s Cjis
answered by El Bashir, Kepka and Némec in Proposition 4.1 of [El Bashir et al.
2003]; that paper also studies the corresponding questions for colimit constructions
other than coproducts.

Several workers, beginning with Chase [1962a; 1962b], have looked at the
two-headed situation of module homomorphisms f : [[;.; Ai > @, C;. Here
one may ask when every such map is a sum of one homomorphism which factors
through the projection of [ [;, A; onto a finite subproduct, and another which factors
through the inclusion of a finite subsum in § jes Cj- Just as, in studying nonabelian
groups in Sections 2—4, we found it desirable to divide out by Z(B) to avoid certain
easy ways that maps could involve infinitely many factors, so in the results of this
sort, two adjustments turn out to be useful: dividing out by submodules of “highly
divisible” elements of the C;, and multiplying the given homomorphism by some
nonzero ring element d; which essentially means restricting it to [ [,, dA;. Thus,
[Chase 1962b, Theorem 1.2], more or less the starting point for the development
of the subject, says, if restricted to the case where the base ring is Z and where
a certain filter of principal right ideals in the statement of that theorem consists
of all the nonzero ideals of Z, that given any homomorphism of abelian groups
fi1licw An = D;c; Ci, there exists an integer d > 0 such that when f is applied
to [[,,c,, dAn, and followed by the factor map €, ., Ci — D,;(Ci/(),~0€Ci),
it carries the product of some cofinite subfamily of the d A, into the sum of a finite
subfamily of the C;/(),-( ¢Ci.

That result (in its general module-theoretic form) is strengthened in [Dugas and
Zimmermann-Huisgen 1981, Theorem 2] to allow products [ [, ., A; over any index
set I of cardinality less than all uncountable measurable cardinals, and to remove
the requirement that the right ideals considered be principal, while in [Bergman
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2006, Theorem 9], the direct product is replaced by a general inverse limit. For
further related work, see references in the first paragraph of p. 46 of that paper.

(It is curious that the proof of the abovementioned theorem from [Chase 1962b],
and that of Proposition 31 of this note, use virtually the same construction, but for
very different purposes: in Chase’s paper, to obtain a contradiction by constructing
an element whose image in the direct sum would have infinitely many nonzero
components; in Proposition 31, to get continuum many distinct elements in the
image of our map.)

Turning back to the results of the three preceding sections, it would, of course,
be desirable to investigate the corresponding questions with abelian groups replaced
by modules over a general ring R. In [Jensen and Lenzing 1989, Chapters 7-8],
algebraically compact modules over general R are studied, but cotorsion modules
are not mentioned. (There are numerous MathSciNet results for “cotorsion module”,
but I have not had time to examine them.) One might also take a hint from [Chase
1962a; 1962b], and see whether one gets nonobvious variants of our results if
one considers those B such that all homomorphisms [[,.; A; — B acquire the
factorization properties we are looking for affer multiplying [];., A; by some
integer (or ideal), and/or dividing B by an appropriate subgroup (or submodule) of
highly divisible elements. (This is related to the suggestion in the last paragraph of
the preceding section.)

8. Rings

As mentioned in Section 1, the results of this note were inspired by investiga-
tions of factorization properties of homomorphisms on direct products of not-
necessarily-associative algebras over an infinite field [Bergman and Nahlus 2011;
2012; Bergman 2014; Maalouf 2014]. In those papers, the assumption of infinite
base field was used to show that, under appropriate bounds on the vector-space
dimension of B, the ultrafilters occurring had to be principal.

If we look at not-necessarily-associative rings, without assuming a structure of
algebra over a field, then as we shall see below, we can still get results analogous
to the main results of Section 2 (on when maps must factor through finitely many
ultraproducts) and those of Section 4 (saying that such ultraproducts must be
principal under appropriate assumptions on the additive structure of B). Between
these we shall insert Proposition 39, which will say that if our rings have unit,
then the absence of factorization through finitely many ultraproducts implies the
existence of an associative commutative subring of B with the cardinality of the
continuum, of an explicitly describable form, over which B becomes an algebra. |
will not repeat here the results on algebras over an infinite field from the papers cited
above; and having spent many words on those papers, [ will be brief in this section.
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In a direct product ring ]_[iE ; Ri, we define the support of an element x = (x;);¢s
to be {i € I | x; #0}. Whereas in Sections 2—4, our basic tool was the commutativity
of elements with disjoint supports in a product group, and the phenomenon that
this tool could not handle was avoided by dividing out by the center, Z(B), the
corresponding tool in the four works cited above was the fact that ring elements
with disjoint supports have product zero; and the ideal one had to divide out by
(which was also denoted Z(B)) was the zero-multiplication ideal. In this section,
for B aring, we will, as in those papers, write

(40) Z(B) = {beB|bB=Bb=0}

As in Sections 24, we let 7 : B — B/Z(B) be the quotient homomorphism.

There was one commutativity result in Theorem 2 above that arose for a reason
other than that elements in different factors of a direct product commute, namely, (7),
which followed from the fact that every element commutes with itself. Thus, the
analog of that one statement, (41) below, again concerns commutativity, rather than
zero products.

The obvious analog of Lemma 1 holds for rings, and yields the following analog
of Theorem 2.

Theorem 37. Let B be a ring (understood here to mean an abelian group given
with an arbitrary bilinear multiplication B x B — B), and suppose there exist a
family (R;)ier of rings, and a surjective ring homomorphism f : [[,.; Ri — B,
such that the induced homomorphism nwf : [],c; Ri — B/Z(B) does not factor
through the natural map from [];.,; R; to any finite product of ultraproducts of
the R;. Then B contains families of elements (as), (bs), indexed by the subsets
S C w, such that:

(41) All the elements ag (S C w) commute with one another, and all the elements bg
likewise commute with one another.

(42) For disjoint subsets S and T of w, we have as + ar = asur, bs +br = bsur,
and 0 = asar = ast = bSClT = bst.

(43) For subsets S and T of w with card(SNT) = 1, we have asbr # 0. U

One gets from this the obvious analog of Corollary 3, which I will not write down,
only noting one minor way in which the statement is weaker than that corollary: in
a nonassociative ring, a family of pairwise commuting elements need not generate
a commutative subring, so the assertion of commutativity in the last sentence of
Corollary 3 disappears here.

One likewise has the analog of Theorem 5. Namely, following [Bergman and
Nahlus 2011, Definitions 13 and 15], we define an almost direct decomposition
of aring B as an expression B = B’ + B”, where B’ and B” are ideals of B, each
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of which is the 2-sided annihilator of the other; and we shall say that B has chain
condition on almost direct factors if every chain of such ideals is finite. Then we get:

Theorem 38 (cf. [Bergman and Nahlus 2011, Proposition 16]). Let B again be
a ring such that there exist a family of rings (R;);cr, and a surjective ring homo-
morphism f :[];c; Ri — B such that the induced homomorphism wf : [];c; Ri —
B/Z(B) does not factor through the natural map of []..; R; to any finite direct
product of ultraproducts of the R;.

iel

Then B does not have chain condition on almost direct factors. In fact, it has a
Sfamily of almost direct factors order-isomorphic to the lattice 2“, and forming a
sublattice of the lattice of ideals of B.

So far we have not assumed our rings unital, since that hypothesis is unnatural
for many important classes of nonassociative rings. The next result shows how in
the unital case, the above theorems can be simplified and strengthened. For unital
rings B we have Z(B) =0, so B/Z(B) everywhere becomes B. Moreover, we can
take each of the systems of elements x,,, y, € [ ;. J, Ri from which we obtain the
elements ag and bg in Theorem 37 to consist of the multiplicative identity elements
of the rings [ [;. s, Ri. With a little further work, we shall get:

Proposition 39. Under the common hypotheses of Theorem 37 and 38, if the rings B
and R; are unital, with homomorphisms preserving multiplicative identity elements,
then B is a faithful unital algebra over a commutative associative unital subring
of the form [, Z/d,Z, where each d,, is a nonnegative integer # 1. Moreover,
one can take all but one of the d, to be equal, and that one to be a multiple (not
necessarily proper) of the common value of the others.

Sketch of proof. As in the proof of Theorem 2, the non-factorization of f tells us that
we can partition / into subsets J,, (n € w) such that for each n, f (]_[, cJ, R,-) = {0}.
(Here we regard the direct product of each subfamily of the R; as anideal of [ [, R;.
Each of these ideals has a multiplicative identity element, generally different from
that of [ [,, R;.) For each S C w, let xg denote the multiplicative identity element
of HiEUngs g, Ri € [lic; Ri, and let as = f(xg). We see that the operations of
multiplication by xs and x,,_g are idempotent endomorphisms of the additive group
of [[;c; Ri, which give the projection homomorphisms to the two factors of its

decomposition as
(&)< w)

i€Upes Jn i€Unep—s In
Hence their images ag and a,,—g likewise determine a direct product decomposition
of the ring B.
Now for every S C w, let cg denote the nonnegative integer such that the additive
subgroup of B generated by ag is isomorphic to Z/csZ (the characteristic of the
ring f(HiGUngs 7, Ri)). Note that for @ AT C S, we have 1 # cr|cs.
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The behavior of cg as a function of S can be complicated; but with the help
of the Noetherian property of the integers, we can find a family of subsets of w
on which that function has an easy description. Namely, let us choose, among all
infinite S C w, one which gives a maximal value for the ideal csZ. Then for every
infinite subset 7 C §, we necessarily have cr = cg. Hence, let us partition S into
countably many infinite subsets, g, ..., Ty, ..., and use these to partition w into
subsets S,,, where for m > 0, we let S,, = T,,,, while we let So = (w — S)UTy. Thus,
for m > 0 we have cg, = cg by choice of S, while cg, = lem(c,—s, c7;), a multiple
of ¢, =cs.

Let us now map the ring Z* into ]_[iE ; Ri by sending each element (e,,) ¢ to the
element whose value on each factor [[,,5 (]_[l-E I, Ri) is ey, times the multiplicative
identity element, and then apply the map f : [[,.; Ri — B. I claim that the image
of Z¢ in B will be isomorphic to [],,., Z/dnZ, where d,, = cs,,. Indeed, it is easy
to verify that an element of Z“ that goes to zero under the componentwise map
into [[,,c,, Z/dnZ goes to zero in B, as a result of our choice of S and the S,,.
mew Z/dmz’
we can choose an mg such that e,,, is not divisible by d,,,; and taking the image,

Conversely, if an element (e,,) e € Z* does not have zero image in [ |

in B, of the ring relation (e,;)mecwdm; = €mydm, N Z%, we see that the image of
(ém)mew 1In B is also nonzero.

Finally, the fact that every ring R is a Z-algebra, and that if R has a multiplicative
identity element 1, its Z-algebra structure is induced by the operations of multipli-
cation in R by members of Z - 1, easily leads to the result that [, ([Tic; Ri)
is a Z”-algebra, and that this structure leads to a structure of [ [,,.,, Z/d,Z-algebra
on its homomorphic image B. (]

Going back to not-necessarily-unital rings, and turning to the question of when
finitely many ultraproducts through which a map factors must all be principal, we
can combine Theorem 25 with the idea of Lemma 12 to get the following result.

Theorem 40. Suppose B is a ring which admits a surjective homomorphism from

a direct product ring, f :[[;c; Ri — B, such that the composite

iel
nf:][ Ri = B— B/Z(B)
iel
factors through the product of finitely many ultraproducts of the R;, but not through
the product of finitely many countably complete ultraproducts. (So if card(I) is less
than all uncountable measure cardinals, if any exist, the latter condition simply says
that w f does not factor through any finite product of the A;.)

Then the additive group of B/ Z(B) has a nonzero cotorsion subgroup; equiva-
lently, it either contains nonzero elements of finite order, or a copy of the additive
group of Q, or a copy of the additive group of the p-adic integers for some prime p.
(]
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9. Monoids

In studying homomorphisms from direct product monoids onto a monoid B, it is
useful to assume some cancellation condition on B. One that will suffice for our
present purposes is

(44) xy=x = y=e for x,y € B.

Note that (44) implies that one-sided inverses are two-sided, since if xy = e, we
get xyx = x, which by (44) gives yx =e.

We shall consider two sorts of obstruction to mapping infinite products onto B
in ways that indiscriminately merge the factors. On the one hand, there is the same
effect of noncommutativity that we took advantage of in the case of groups. On the
other hand, noninvertible elements create restrictions. For instance, though linear
algebra shows that the additive group Q@ admits homomorphisms from the additive
group Q° that behave arbitrarily on €9, Q, it is not hard to show that, writing Q=0
for the additive monoid of nonnegative rational numbers, it is impossible to have a
homomorphism (@=°)® — Q=9 that acts in a nonzero way on infinitely many of
the summands of @, @=°.

In our factorization results for groups, we divided out by the center of B; in the
case of monoids, we will divide out by the group of central invertible elements.
There are two versions of this concept: Z(U(B)), the center of the group of
units (invertible elements) of B, and U (Z(B)), the group of units of the center;
the former may be larger than the latter. It is U (Z(B)), the smaller of the two,
that we will divide out by (though the other will make a brief appearance in a
proof). Note that since U(Z(B)) consists of B-centralizing invertible elements,
one can speak (without distinguishing right from left) of the orbits of B under
multiplication by that group, and the set of such orbits forms a factor monoid
B/U(Z(B)). Clearly, the noninvertible elements of this factor monoid are precisely
the cosets of the noninvertible elements of B. We shall write & for the projection
map B — B/U(Z(B)).

Given a monoid homomorphism f : [
filter # of (2), namely

ic; Mi — B, we define the analog of the

(45)  F={S CI|the composite map []
factors through the projection []

={S<C1|f([Tics_s Mi) SUZ(B))}.

M; - B— B/U(Z(B))
M; — HieSMi}

iel

iel

The version of Lemma 1 that we will use for monoids is not, as for rings, a
carbon copy of that lemma, so we shall give the statement and proof. (But we will
cut corners where the method of proof is the same; so the reader might want to
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review the proof of Lemma 1 before beginning this one.) We do not yet assume the
cancellativity condition (44).

Lemma 41. Let f : [[;;
of monoids M; to a monoid B, which is surjective (or more generally, such that
ic1 Mi — B — B/U(Z(B)) is surjective). Then the
following two conditions are equivalent.

(46) The homomorphism wf : [[,c; Mi = B — B/U(Z(B)) does not factor
through the natural map ([T;c; Mi)/Wo x - -+ x ([T;e; Mi)/WUn—1 for any
finite family of ultrafilters W, ..., WU,—1 on I.

M; — B be a homomorphism from a direct product

the homomorphism rf : []

(47) There exists a partition of I into countably many subsets Jy, Ji, . . ., such that
either

(47a) each submonoid [;c; Mi C [;c; Mi contains a pair of invertible
elements x,, y, whose images under f do not commute in B,

or

(47b) each submonoid [];., M; €[]
image in B is noninvertible.

ic; M; contains an element z,, whose
Proof. To get (47) = (46), note that in the situation of (47a), since for each n, f(x,)
and f(y,) are invertible and do not commute in B, they do not lie in Z(U (B)).
Hence in particular f(x,) ¢ U(Z(B)), so by the final line of (45), I — J,, ¢ %. That
this implies (46) is seen as in Lemma 1.

If, rather, we are in the situation of (47b), then the fact that the f(z,) are nonunits
implies that they do not lie in U (Z(B)), giving the same result for the same reason.

The proof of the converse begins, as for Lemma 1, with the observation that (46)
implies that there exists a partition of [ into countably many subsets Jy, Ji, ...,
such that each [[;., M; contains elements mapped by f to elements of B not
in U(Z(B)). Let L, = ]_[l.ejn M;, so that [[,.;, M; = [],c,, Ln. Clearly, it will
either be true that for infinitely many », the submonoid f(L,) € B contains a
noninvertible element, or that for infinitely many », that submonoid consists entirely
of invertible elements.

In the former case, those J,, such that f(L,) contains a noninvertible element
of B will constitute a partition of some subset J C [ into countably many subsets.
If we enlarge one of these sets by throwing in the complementary set I — J, we get
a partition of I of the sort described in (47b).

If, on the other hand, there are infinitely many » such that f(L,) consists entirely
of invertible elements of B, then for each such #n, let us choose an x,, € L,, such
that f(x,) ¢ U(Z(B)),and thena y € ]_[mew L, such that f(y) does not commute
with f(x,). As in the proof of Lemma 1, we can obtain from y an element y, € L,
such that f(y,) still does not commute with f(x,). By assumption, f(L,) consists
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of invertible elements, so f(x,) and f(y,) belong to U(B). Thus, we have a
partition of some J C [ into countably many subsets as in (47a). Again tacking
I — J onto one of these, we can take this to be a partition of the whole set /. [

This leads to an analog of Theorem 2 which, similarly, has two alternative
conclusions. We shall describe one of these by referring to that earlier theorem, and
spell out the other.

Theorem 42. Let B be a monoid satisfying the cancellation condition (44), and
suppose there exists a family (M;);c; of monoids, and a monoid homomorphism f :
[1ic; Mi — B such that the induced homomorphism wf : [[,.; Mi — B/U(Z(B))
does not factor through any finite product of ultraproducts of the M;.

Then either

(a) the group U(B) satisfies the hypothesis, and hence the conclusions, of Theorem 2,
or

(b) B contains a family of elements (as) indexed by the subsets S C w and satisfying
the following conditions:

(48) ay = e, and all the elements as (S C w) commute with one another.

(49) For disjoint sets S, T C w, one has asar = asyr.

(50) Forsets S C T C w, ar is a right multiple of as, but as is not a right multiple
of ar.

Proof. The two cases of (47) will yield the two alternative conclusions shown. It is

easy to verify that (47a) yields conclusion (a).

In case (47b), let L,, =[], cJ, M;, and take elements z,, € L, with noninvertible
images in B. For each S C w, let ag be the image under f of the element of
[Tes Ln S [1,e, Ln Whose n-th coordinate is z, for each n € S. Then (48)
and (49) are immediate, and the first assertion of (50) follows from (49) applied
toSand T — S.

To get the final assertion of (50), choose any n € T — S, and note that by (49),
we have

(51) ar = as ar—(sun}) An)-

If we also had as = arb for some b € B, then substituting this into the right-
hand-side of (51) and canceling ar by (44), we could conclude that ay,; was left
invertible, hence by the observation following (44), invertible, contradicting our
choice of z,,. O

In case (b) of Theorem 42, we cannot say, as we can in case (a), that distinct
sets S yield distinct elements ag € B. For instance, let B be the factor monoid of
the additive monoid (Z=°)® by the relation that equates elements x and y if there
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is some n > 0 such that x and y agree at all but the first n coordinates, and such
that the sum of the entries at those first n coordinates is the same for x and y. Then
B is a cancellative abelian monoid with trivial group of units, and the quotient
map f : (ZZ%)* — B does not annihilate any of the 8, (defined in (Z=%) as in
Z®). Hence (47b) holds for this f, with the J,, taken to be the singletons {n}, and
Zn = 0,. But defining the ag in terms of these as in the proof of Theorem 42, we
find that for finite subsets S, T C w of the same cardinality, we have as = ar in B;
so the ag are not all distinct.

Nevertheless, in the situation of Theorem 42(b) we always get continuum many
distinct as. For by (50), distinct comparable sets give distinct elements; and the
partially ordered set of subsets of any countably infinite set has chains of the order
type of the real numbers. (Indeed, the countable set of rational numbers has the
chain of Dedekind cuts, and any countably infinite set can be put in bijective
correspondence with the rationals.) Thus, we get:

Corollary 43. In the situation of conclusion (b) of Theorem 42, B has a set of
mutually commuting noninvertible elements which form, under the relation of
divisibility, a chain with the order type of the real numbers. In particular, B (and in
fact, B/U(Z(B)) has at least the cardinality of the continuum. U

The results proved above are far from optimal. For instance, the conclusions
of Theorem 42 and Corollary 43 are consistent with B being the additive monoid
R=° of nonnegative real numbers; but that case is easy to exclude. Indeed, suppose
B = R=" admitted a map as in the hypothesis of Theorem 42. By the proof of
Lemma 41, since B has trivial group of units, we must have a homomorphism
1L cw Ln — B such that each L, has an element x, making f(x,) a positive
real number. By the Archimedean property of the reals, we can modify our choices
of x, so that for each n we have f(x,) > 1. Thus, when we construct elements
as € B as in the proof of the theorem, we get ay,, > 1 for each n, from which it
follows that for any S C w of > m elements (m € w), as > m. For § infinite, this
gives a contradiction; so B admits no such map. It is not clear to me what the best
assertion that can be gotten by this technique is.

Let us also note that in place of the two-way subdivision of the sets J,, used in
the proof of Lemma 41, we could (at least if we assumed full cancellativity rather
than just (44)) have used a three-way subdivision, noting that for each n, f (L)
either contains noncommuting invertible elements of B, or contains noncommuting
noninvertible elements, or contains a central noninvertible element. (Cancellativity
is needed to show that if a nonunit x and a unit « fail to commute, then so do
the two nonunits x and xu.) So there must be infinitely many n for which one of
these statements holds, and we can deduce a three-alternative conclusion: either,
as before, we have invertible elements ags, bs € B indexed by the subsets S C w
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which can be distinguished by their commutativity relations, or we have elements
as, bs € B which, except for ag, by, are noninvertible, and satisfy the same relations
and can be distinguished in the same way, or we have central elements ag which
satisfy (48)—(50).

Though one could define “almost direct factors” for monoids, as for groups,
using submonoids that are each other’s centralizers, there doesn’t seem to be an
analogous way to “split” a monoid based on noninvertible central elements; so I
have not attempted to formulate an analog of Theorem 5. I leave further exploration
of these questions to those better versed than I in the study of monoids.

One can also consider for semigroups the same factorization properties studied
here for monoids. Since the above constructions involved elements of direct products
defined to have the value e on complements of given subsets S of our index set, the
absence of identity elements should lead to changes in what can be proved.

10. Lattices: a case worth looking at

One other class of mathematical structures suggests itself, to which similar methods
might be applicable — lattices. Just as a direct product decomposition of a group or
monoid leads to certain pairs of elements that must commute, and a direct product
decomposition of a ring leads to certain pairs of elements that must have zero
product, so a direct product decomposition of a lattice leads to certain 3-tuples of
elements that must satisfy distributivity relations. Perhaps this observation can be
used to get lattice-theoretic analogs of some of the results of this note.

(In [Bergman 2014, §5] I speculate on very general properties of a variety of
algebras that would allow one to get such results; but I am not confident that that
approach will go anywhere.)

Note added in proof

Jan Saroch (personal communication) has obtained a positive answer to Question 33,
which applies more generally to a module B over any countable ring R such that
R? is a flat Mittag-Leffler module.
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THE VIRTUAL FIRST BETTI NUMBER
OF SOLUBLE GROUPS

MARTIN R. BRIDSON AND DESSISLAVA H. KOCHLOUKOVA

We show that if a group G is finitely presented and nilpotent-by-abelian-
by-finite, then there is an upper bound on dimg H; (M, @), where M runs
through all subgroups of finite index in G.

1. Introduction

The virtual first betti number of a finitely generated group G is defined as
vb1(G) = sup{dim H,(S, Q) | § < G of finite index}.

A group is said to be large if it has a subgroup of finite index that maps onto a
nonabelian free group. If G is large then vb;(G) = oo. It is easy to find finitely
generated groups G that are not large but have vb;(G) = oco. For example, in the
metabelian group Z:Z = {(a, t | [a, t "at"] = 1 for all n), the subgroup S, < Z:Z
generated by ¢ and the conjugates of a has index m and H,(S,,, Z) = Z"*'. In
contrast, no example is known of a finitely presented group that is not large but
has vb;(G) = oo (see [Button 2010; Lackenby 2010]). Since amenable groups
do not contain nonabelian free subgroups, one might hope to resolve this issue by
finding a finitely presented amenable group with vb;(G) = oo, but this seems to be
a nontrivial matter.

We shall prove in this paper that for large classes of finitely presented soluble
groups vb; (G) is always finite. One would like to prove that the same is true for
all finitely presented soluble groups, but here one faces the profound difficulty of
deciding which soluble groups admit finite presentations; this is unknown even for
abelian-by-polycyclic and nilpotent-by-abelian groups.

In the case of metabelian groups, finite presentability is completely understood
in terms of the Bieri—Strebel invariant [Bieri and Strebel 1980]. Some sufficient
conditions for finite presentability of nilpotent-by-abelian groups were considered
by Mclsaac [1984] and later Groves [1991]. In the case of S-arithmetic nilpotent-
by-abelian groups G one knows more thanks to the work of Abels [1987]: if G
is an extension of a nilpotent group N by an abelian group Q then G is finitely

MSC2010: 20F16, 20J05.
Keywords: soluble groups, virtual first betti number, nilpotent-by-abelian-by-finite.
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presented if and only if it is of type FP,, which it is if and only if Hy(N, Z) is
finitely generated as a ZQ-module (where the Q action is induced by conjugation)
and' G/N’ is finitely presented as a group. The first of these conditions is an easy
consequence of the fact that ZQ is a Noetherian ring, and the second is a corollary
of a result in [Bieri and Strebel 1980] that every metabelian quotient of a group
of type FP, that does not contain noncyclic free subgroups is finitely presented.
The case where G is an extension of an abelian normal subgroup A by a polycyclic
group Q was approached by Brookes and Groves who studied modules over crossed
products of a division ring by a free abelian group; see [Brookes and Groves 1995;
2000; 2002].

Given this background, the natural place to begin our investigation into the virtual
first betti number of finitely presented soluble groups is in the setting of metabelian
groups. Using methods from commutative algebra, we prove (Theorem 4.3) that if
G is finitely presented and metabelian, then vb; (G) is finite. (The hypothesis that
one actually needs to impose on G is somewhat weaker than finite presentability;
see Remark 6.5.) The metabelian case is used in the proof of our main theorem,
which is the following.

Theorem A. Let G be a finitely presented group. If G is nilpotent-by-abelian-by-
finite, then vb1(G) is finite.

Our proof of this theorem relies on the fact that all metabelian quotients of soluble
groups of type FP, are finitely presented [Bieri and Strebel 1980, Theorem 5.5],
as well as a technical result concerning the homology of subgroups of finite in-
dex (Proposition 6.2). Groves, Kochloukova and Rodrigues [Groves et al. 2008,
Theorem A] proved that if an abelian-by-polycyclic group G is of type FP3; then
it is nilpotent-by-abelian-by-finite, in which case vb;(G) is finite by Theorem A.
The same is true of all soluble groups of type FP,, because they are constructible
[Kropholler 1986], hence nilpotent-by-abelian-by-finite, but in this case stronger
finiteness results were already known: constructible soluble groups are obtained
from the trivial group by finite sequences of ascending HNN extensions and finite
extensions, from which it follows that they have finite Priifer rank (i.e., there is an
upper bound on the number of generators for the finitely generated subgroups).

It is natural to wonder if Theorem A might remain true when the field of rationals
Q in the definition of virtual betti number is replaced with other coefficient fields,
such as the field with p elements F,,. We shall see in Section 5 that it does not.

Conjecture. If G is finitely presented and soluble, then vb; (G) is finite.

It is difficult to construct finitely presented soluble groups that are not nilpotent-
by-abelian-by-finite. The examples provided by the constructions of Robinson and
Strebel [1982] all satisfy the conjecture.

lThroughout this article, H' denotes the commutator subgroup of a group H.
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While editing the final version of this work, we learnt that Andrei Jaikin-Zapirain
has, in unpublished work, also proved Theorem A in the metabelian case. Higher
dimensional analogues of Theorem A are considered in the forthcoming PhD thesis
of Fatemeh Mokari.

2. Preliminary results

2A. Preliminaries on finitely presented metabelian groups. We fix a short exact
sequence of groups A — G — O, where A and Q are abelian and G is finitely
generated. The action of G on A by conjugation induces an action of @, which
enables us to regard A as a right ZQ-module. Because G is finitely generated and
Q is finitely presented, A is finitely generated as a ZQ-module.

Associated to a nonzero real character x : O — R one has the monoid

0,={ge0lx(g =0}

The character sphere S(Q) is the set of equivalence classes in Hom(Q, R) ~ {0}
under the relation that identifies y; ~ y2 if x; = A2 for some A > 0. We write [ x|
for the class of x. Following [Bieri and Strebel 1980], let

24(Q) ={lx]| A is finitely generated as a ZQ,-module}.

By definition, the ZQ-module A is 2-tame if £4(Q)¢ = S(Q) \ Z4(Q) contains
no pair of antipodal points. According to [op. cit., Theorem 5.4], G is finitely
presented if and only if A is a 2-tame Z Q-module, and this happens precisely when
G is of homological type FP,. We refer the reader to [Bieri 1981] for general
results concerning groups of type FP,,. If A; — A, — A3 is an exact sequence of
finitely generated ZQ-modules, then X 4,(Q)¢ = X 4,(Q)° U X4,(Q)° (see [Bieri
and Strebel 1980, Proposition 2.2]), hence every quotient of a 2-tame Z Q-module
is 2-tame.

2B. Tensor products and finite presentability. Let R be a noetherian commutative
ring with unit 1 and let W be a finitely generated R Q-module. As above, we have a
Sigma invariant Xy (Q) = {[x] | W is finitely generated as an RQ ,-module}, and
W is defined to be 2-tame as an R Q-module if X}, (Q) = S(Q) \ Zw(Q) has no
pair of antipodal points.

The question of when the tensor square W ® W is finitely generated as an
R Q-module (with Q acting diagonally) is addressed in [Bieri and Groves 1985],
where it is shown that [ x ] lies in X7, (Q) if and only if the ring S = RQ/ anng o (W)
admits a real valuation v : S — R U {oo} (in the sense of Bourbaki) that extends
x and is such that the restriction v of v to the image R of R in S is nonnegative
and discrete. By [loc. cit.], W @ g W is finitely generated as an R Q-module if
and only if there is no pair of antipodal elements [x ], [—x] € X}, (Q) that can be
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lifted to valuations of S that have the same restriction vy to R, with vg discrete and
nonnegative. (These last conditions on vy are automatic if RisZ.)

Returning to the context of Section 2A, we apply these general considerations
with W = A®Q and R =Q), in which case WQr W = (A®7 A) 7 Q. We deduce
that if there exists a group extension A — G — Q, with G finitely presented, then
W=A®Qis 2-tame as a QQ-module, and W Q@ W = (A ®z A) ®z Q is finitely
generated as a QD O-module via the diagonal Q-action.

We shall also need a refinement of this observation that involves the annihilator
annzp(A) of A in ZQ, which we denote I. Bieri and Strebel [1981, (1.3)] prove
that

Y4(0) =X70/1(0).
Thus if A is 2-tame as a ZQ-module, then so is ZQ/1.

Lemma 2.1. If there exists a group extension A — G — Q with A and Q abelian
and G finitely presented, and I = annzg(A), then (ZQ/1) @z (ZQ/I) ®z Q is
finitely generated as a Q Q-module via the diagonal Q-action.

2C. Preliminaries on commutative algebra. We will need the following basic
facts from commutative algebra; for details see, for example, [Bourbaki 1961-1965;
Atiyah and Macdonald 1969; Eisenbud 1995]. Let Q be a finitely generated abelian
group and recall that the Krull dimension of a commutative ring is the supremum
of the lengths of all chains of prime ideals in the ring.

(1) The radical /J of each ideal J <1 QQ is the intersection of the finitely many
prime ideals that contain J and are minimal subject to this condition.

(2) Finite dimensional Q-algebras are Artinian and thus have Krull dimension 0.

Throughout, if R is a commutative ring and m a positive integer, then R will
denote the subring generated by m-th powers, except that 7" and Q" will denote
Cartesian powers. Where no ring is specified, tensor products are assumed to be
taken over Z.

3. A finiteness result in commutative algebra

Lemma 2.1 assures us that the following theorem applies to the modules that arise
from short exact sequences N — G — Z" associated to finitely presented metabelian
groups.

Theorem 3.1. Let Q = 7" be a group and let S = ZQ /I be a commutative ring
such that (S @7 S) ®z Q is finitely generated as a Q Q-module via the diagonal
Q-action. Then,

sup dimg (S ®zon Q) < c0.
m
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Proof. Let B=S® Q= QQ/J and for each positive integer m define J,, < Q to
be (J, Q™ —1) and

By = BQqor Q=QQ0/Jn =S Qzon Q.

As QQ/(Q™ — 1) is finite dimensional over Q, so is B,, = @Q/J,,. Hence By,
has Krull dimension 0; i.e., every prime ideal in B, is a maximal one. Therefore,
the finite collection of primes ideals P, , whose intersection is /By, are the only
prime ideals in QQ above J,, and each of the quotients QQ/ P,, ; is a field.

We shall establish the theorem by proving the following:

Claim 1. There exist only finitely many fields F such that for some m > 1 (depending
on F) the field F is a quotient of B,.

Claim 1 provides an integer mg such that if a field F is a quotient of B, then
the natural map @QQ — F factors through QQ/(Q™ — 1).

Claim 2. If mg divides m then J,, = J,, for every r € N,

To see that the theorem follows from these claims, note that for an arbitrary
positive integer m we have J,, 2 Jium, = Jm,» Whence

dimg(QQ/J,) < dimg(QQ/Jy,) < dimg(QQ/(Q™ — 1))
=dimg Q[Q/Q™] = my,.

Proof of Claim 1. Our hypothesis on S implies that B ®q B is finitely generated as
Q2 Q-module via the diagonal Q-action, by d elements say. Let F' be a field quotient
of B, and let 8 : QQ — F be the canonical projection; so Q™ — 1 C ker(#). Then,
0(Q) is a finitely generated multiplicative subgroup of F* that has finite exponent
and F, being finite dimensional over @, embeds in C. Hence 8(Q) is a finite cyclic
group, generated by a root of unity, € of order s, say. Thus we obtain a subgroup
H < Q such that Q/H is cyclic of order s and H —1 Cker(6). Now, F =Q[x]/(f),
where f is the minimal polynomial of € over Q. And f is an irreducible factor
of x* — 1 in Q[x], whose zeroes are distinct roots of unity with order precisely s.
Thus dimg F = deg(f) = ¢(s), where ¢ is Euler’s totient function. On the other
hand, F ®q F is an epimorphic image of the QQ-module B ®g B and the action
of Q on F ®q F factors through the action of Q/H, so F ®q F is generated as a
Q[Q/H]-module by d elements. Hence

¢(s)? = (dimg F)? = dimg(F ®q F) < d dimg Q[Q/H] = ds.

An elementary calculation shows that ¢(n)//n — 00 as n — o0, so for fixed d
there are only finitely many possible values of s and €. Let b be a natural number
such that the order of € is at most b. Then, the order of € is a divisor of my = b! and

F is a quotient of QQ/(Q™ —1).
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Since QQ/(Q™ — 1) is finite dimensional over Q it has Krull dimension 0, so
has only finitely many prime ideals and finitely many field quotients. This completes
the proof of Claim 1. (]

Proof of Claim 2. Since mg divides m we have J,, € Jy,,, so the prime ideals
containing J,,, also contain J,,. On the other hand, we saw earlier that for each
of the prime ideals P, ; containing J,,, the quotient F; := QQ/P,, ; is a field. By
definition, m is such that QQ — F; factors through Q@Q/(Q™° — 1), and therefore
Py,,i (which already contains J C J,,;) contains Jj,,, = (J, @™° —1). The radical of
Jm 1s the intersection of the prime ideals containing it, so

VI = Ty

Arguing by induction on r, Claim 2 will follow if we can prove that for every
prime number p we have J,, = J,;;,, which is equivalent to the assertion that
q" —1€Jy,forallq € Q.

We now fix g € Q. From the preceding argument, +/J,, = \/Jyup. In particular,
Q™ —1C Juyy € /I = /Ty, s0 there is a natural number s (over which we have
no control) such that

(3-1) @" —1)° € Jp.
As Q"P —1 C J, we also have
(3-2) q"’ —1e Jpp.

Let g(x) be the greatest common divisor of x?” — 1 and (x™ — 1)* in Q[x]. In
characteristic zero, the polynomial x”” — 1 has no repeated roots, so neither does
g(x). Since g(x) divides (x — 1)%, it must actually divide x” — 1, so in fact
g(x) =x" —1. From (3-1), (3-2) and Bézout’s lemma, we have g(g) € Jp,. Since
g € Q is arbitrary, this implies that J,,,, = J,,. ([

4. The main theorem for metabelian groups

In this section we prove that all finitely presented metabelian groups have finite
virtual first betti number. The proof relies on the finiteness theorem proved in the
previous section and two technical lemmas, the first of which is a simple observation
about commensurable groups.

Lemma 4.1. Let G be a group. If Gy < G is a subgroup of finite index, then
vb1(G) = vb(Gy).

Proof. By definition, vb; (G) = sup,, dim H{ (M, Q), where the supremum is taken
over finite-index subgroups of G. If M has finite index in Gy, then it also has finite
index in G, so vbi(G) > vbi(Gg). Conversely, if S has finite index in G, then
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So = Go N S has finite index in G, and since it also has finite index in S, we have
dim H;(Sy, Q) > dim H(S, Q), so vb1(Gy) > vbi(G). O

Lemma 4.2. Let A — G — Q be a short exact sequence of groups with A and Q
abelian and let n be the torsion-free rank of Q. Then:

(a) Writing [G, A] = <{[g, al=g 'a 'ga | geG,ac A}), we have
dimg H,(G, Q) <dimg(A/[G, A]® Q) +n.
In the split case, G = A x Q, we have H; (G, Q) = (G/[G, A]) ®7 Q, and
dimg H (G, Q) =dimg(A/[G, A]® Q) +n.
() If Gy, is a subgroup of finite index in G and Q,, is the image of G, in Q, then
dimg H (G, Q) < dimg(A ®z¢,, Q) +n.
In the split case, G, = (AN Gy,) X O, equality is attained:
dimg H1 (G, Q) = dimg(A ®z9,, Q) +n.
(c) If G = A x Q and B denotes the set of subgroups of finite index in Q, then

vb1(G) = sup dimg(A ®zs Q) + n.
SeRB

Proof. (a) As|[G, A] C[G, G], we see that H|(G, Z) = G/[G, G] is a quotient
of G/[G, A]. So from the central extension A/[G, A] — G/[G, A] - Q, we get

dimg H; (G, Q) <dimg(A/[G, A]l®Q)+dimg(Q®Q) =dimg(A/[G, A]QQ)+n.

If G = A x Q then, using that A, Q are abelian and A is normal in G, we get
[G,G]=[AQ,AQ] = [0, A] € [G, A] € [G, G], hence [G, G] = [G, A] and
A/[G, A] — G/[G, G] — Q is an exact sequence of abelian groups.

(b) We consider the short exact sequence A, — G, — Q,,, where A, = ANG,.
From part (a) we have

(4-1 dimg H1(Gp, Q) = dimg(A, ®z9, Q) +n,
with equality if the sequence splits. Furthermore, since A/A,, is finite we have
0=Tor " (A/Ap, @ and (A/A,)®z0, @=0.

Thus there is an exact sequence (part of the long exact sequence in Tor associated
to ANG, — A—A/(ANGy))

0="Tor| ®"(A/An. Q) > A ®20, @ > A®20, @ > (A/An) ®20, @ =0,

whence A,, ®70,, Q = A ®z¢,, Q. Thus, we may replace A,, ®z9,, Q in (4-1) by
A®z0, Q, and (b) is proved.
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(c) From the first part of (b) we have

vb1(G) < sup dimg(A ®zs Q) +n,
SeRB

and to obtain the reverse inequality, we use the second part of (b)

sup dimg (A ®75 Q) +n = supdimg H;(A x S, Q),
SeB SeRB

noting that A x S has finite index in G. (]

Theorem 4.3. Let A — G — Q be a short exact sequence of groups with A and Q
abelian. If G is finitely presented then its virtual first betti number vb(G) is finite.

Proof. By passing to a subgroup of finite index in Q and replacing G by the inverse
image of this subgroup, we may assume that Q is free abelian. Lemma 4.1 assures
us that it is enough to consider this case, and Lemma 4.2(b) tells us that we will be
done if we can establish an upper bound on dimg (A ®z¢,, Q) as Q,, ranges over
the subgroups of finite index in Q.

Recall that A is finitely generated as a Z(Q-module, say by d elements. Thus, de-
noting the annihilator annz o (A) ={A € ZQ | AL =0} by I, we have an epimorphism
of Z Q-modules

@Q/D""=20/1® --®2Q/1 - A
that induces an epimorphism of Q-vector spaces

(/D ®z0, @)[d] =20/ ®z0, Q@ — A®zg, Q.
Thus,
dimg (A ®z¢, Q) < d dimg((ZQ/I) ®z0, Q)

and it suffices to show that

supdimg((ZQ/1) ®zg, Q) < 0.

For every m there is a natural number «,, such that Q" C Q,,, and ZQ/1 ®z¢,, Q
is a quotient of ZQ /I ®z e Q. Thus,

dimg((ZQ/1) ®20, Q) < dimg((ZQ/1) ®zgm ),
and we have reduced to showing that

supdimg((ZQ/I) ®z¢s Q) < o0.

The theorem now follows from Lemma 2.1 and Theorem 3.1. O
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5. Characteristic p case

In this section we shall construct examples which show that the restriction to fields
of characteristic 0 in Theorem A is essential, even in the metabelian case.> To
this end, we consider the mod p virtual first betti number of a finitely generated
group G,

vb,P (G) = sup{dim H, (S, F,) | § < G of finite index}.

Proposition 5.1. For every prime p there exist finitely presented metabelian groups
I such that vb,"P)(T") is infinite.

Proof. Let Q be a free abelian group with generators x and y and let A = F,Q/I,
where [ is the ideal of F), Q generated by y — x>+ x — 1. Then,

~ -1 1
A= hxa )
Consider

An=A®zom F, = F,Q/(I, 0" —1).

Since (x2 —x + 1)P" —1=x2"" —xP" +1—1=xP"(x"" — 1), we have

xz_—lm} /(7 =1 @2 —x+ D 1)

_ 1 m
=Fp[x,x 1,m]/(xp —1)

is the localisation

An=Fylx,x7,

By S~!

where B,, = F,[x, x']/(x?" — 1) and S is the image of {(x?> —x + 1)/} ;51 in By,.
Note that x”" — 1 and x> — x + 1 do not have a common root in any finite field
extension of F),, for if z were a common root we would have 1 = 2P = (=" =
zP" —1=0, which is a contradiction. Thus the polynomials x”" —1 and (x> —x41)/
are coprime in F,[x, x71; i.e., they generate the whole ring as an ideal, and so the
elements of S are invertible in B,,. Therefore B,,S~! = B,, and

dimg, A,y = dimg, B, S™' =dimp, B, = p”.
Now define
I'=AxQ and T[,=AxQ".
Then, as in the split case of Lemma 4.2(b) (with coefficients in F), in place of Q),
dime H (T, Fp) = dlme Ay +2= pm +2,

2John Wilson [1998] proved that the dimension of Hj (S, Fp) can grow at most like the square
root of the index [G : S]. Jack Button [2010] exhibited a finitely presented soluble group that exhibits
this growth for all p.
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which tends to infinity with m.

By the calculation [Bieri and Strebel 1981, Theorem 5.2] of X4(Q) for A =
F,Q/I, where the ideal I is 1-generated, or by the link between X{(Q) and
valuation theory (as described in Section 2B), we have

24(0) ={lx1l, [x2], [x31},
with
x1(x) =0, x(x)=1, x3(x) =—1,
x1(y) =1, x2(»)=0, x3(y) =—2.

Thus, A is 2-tame as a ZQ-module, and by the classification of finitely presented
metabelian groups in [Bieri and Strebel 1980], I is finitely presented. (]

Corollary 5.2. There exists a finitely presented metabelian group G such that for
the class S of all subgroups of finite index in G,

sup d(M) = oo,
Mesi

where d(M) is the minimal number of generators of M.
Proof. Immediate, since d(M) > dimpg, H(M, F}). O

It is natural to wonder if the lack of finiteness exhibited in the preceding propo-
sition might be avoided by restricting to subgroups whose index is coprime to p.
The following refinement shows that this is not the case.

Proposition 5.3. Let p be a prime. There exist finitely presented metabelian groups
G such that

sup{diran H((S, F,) | Sedd,} =00,
where
Ap={S <G |[G:S§]is finite and coprime to p}.

Proof. Let A = F[x, x~1, (x+ 1)~ and let Q be a free abelian group of rank 2
whose generators x, x, act on A as multiplication by x and x + 1, respectively. We
consider the group G = A x Q. As an F,[Q]-module, A = F,[Q]/I where [ is the
ideal generated by x, —x; — 1, and the argument given in the preceding proposition
shows that X 4(Q)“ consists of precisely 3 points, no pair of which is antipodal.
Therefore, G is finitely presented.

Let F be a finite field with p” elements, r > 2. Let w be a generator of the
multiplicative group F* = F ~ {0}. Let Q, be the kernel of the homomorphism
Q — F* defined by x; — w and xp — w+ 1. Let G, = A x Q, and note that
|G/G,|=|0Q/0,| = p" —1is coprime to p.

The ring epimorphism A — F sending x to w provides an epimorphism of the
underlying additive groups which extends to a group epimorphism A x Q, — F x Z?.
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Since dime F = r, it follows that dime Hi(G,, F,) >r+2. And, r > 2 was
arbitrary. U

6. Beyond the metabelian case

In this section we shall prove Theorem A, but first we present a consequence
of Theorem 4.3 that describes what one can deduce about towers of finite-index
subgroups above the commutator subgroup in amenable and related groups.

Proposition 6.1. Let G be a group of type FP, that does not contain a nonabelian
free group and let € be the set of finite-index subgroups in G that contain the
commutator subgroup G'. Then, sup . dimg H; (M, Q) < ooc.

Proof. By [Bieri and Strebel 1980, Theorem 5.5], G/G" is finitely presented. Since
M D G’, we have M’ O G” and can replace G by G/G” and M by MG"/G”
without changing H; (M, Q). Then we can apply Theorem 4.3. (]

Our proof of Theorem A relies on the following proposition, which is of interest
in its own right.

Proposition 6.2. Let N — G — Q be a short exact sequence of groups, where N
is nilpotent, Q is abelian and G is finitely generated. Let G,, be a subgroup of finite
index in G and let G, be the image of G, in the metabelian group G/N'. Then,

dimg H;(G,, Q) = dimg H;(G,, Q).

Proof. We argue using the Malcev completion jy : N — N* [Malcev 1949].
According to [Quillen 1969, Appendix A, Corollary 3.8], for any nilpotent group
N, the homomorphism jy : N — N* is characterized up to isomorphism by the
following properties:

(a) N*is nilpotent and uniquely divisible.
(b) ker jy is the torsion subgroup of N.
(c) For every x € N*, there is a positive integer n such that x" € N.

In any nilpotent group, the set /S of elements that have powers in a fixed
subgroup S is a subgroup. It follows that, for every subgroup M < N, the map
M — /jn(M) satisfies properties (a) to (c). Thus we may identify M* with
JVjn(M) < N*. If M < N has finite index, then M* = /jy(M) = N*. And
(N*)' = (N)*.

With these facts in hand, for all subgroups of finite index G,, < G we have
(G* 2 (G, NN))* = (G, NN)*)' = (N*)' = (N)*. Thus (G,N)* = (G,)*",
and from (c) we deduce that G, (N' N G,)/G), is torsion. As G,,(N'NG,)/ G, is
the kernel of the canonical epimorphism G,/G, — G,N'/G, N’, we have

H(G,, Q) =(G,/G,) ®Q = (G,N'/G,N)®Q= H|(G,, Q). 0
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Theorem 6.3. Let N — G — Q be a short exact sequence of groups. If N is
nilpotent, Q is abelian and G is of type FP,, then the virtual first betti number
vb1 (G) is finite.

Proof. In the light of Proposition 6.2, this follows directly from Theorem 4.3 and
the fact [Bieri and Strebel 1980, Theorem 5.5] that G/N’ is a finitely presented
metabelian group. (]

Corollary 6.4 (Theorem A). If a group G is nilpotent-by-abelian-by-finite and of
type FP,, then vb1(G) is finite.

Proof. Let G be a subgroup of finite index in G such that Gy is nilpotent-by-abelian.
Then, Gy has type FP;, so vb;(Gyp) is finite, by Theorem 6.3, and hence, so is G,
by Lemma 4.1. U

Remark 6.5. We did not use the full force of finite presentability in establishing
Theorem A: in fact, it is enough to assume that G has a subgroup of finite index G
in which there is a nilpotent subgroup N <1 G such that Q = G¢/N is free abelian
and, writing A = N/N’, the QQ-module A ® A ® @, with diagonal action, should
be finitely generated. These requirements follow from the finite presentability of
Go/N’ but are strictly weaker.

Corollary 6.6. Every soluble group of type FPo has finite virtual first betti number.

Proof. Soluble groups S of type FP, are constructible and hence nilpotent-by-
abelian-by-finite [Kropholler 1986]. ([l

Corollary 6.7. Every abelian-by-polycyclic group of type FP3 has finite virtual first
betti number.

Proof. By the main result of [Groves et al. 2008], abelian-by-polycyclic groups of
type FP3 are nilpotent-by-abelian-by-finite. ([
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