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realized as the omega limit set of a discrete time dynamical system. This
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1. Introduction

Since long-term behavior is a central concern in dynamical systems theory, it is
natural to consider the set of limit points for the orbit of a point in the state space,
obtained as time tends to infinity. This omega limit set was explicitly defined for a
real flow by Birkhoff [1927] and appears as well in the classic book [Andronov and
Khaikin 1937]. The discrete time version, i.e., for systems obtained by iterating a
homeomorphism, was studied in detail by Dowker [1953] and with extensions to
maps by Sharkovsky [1965].

We will use the term space to mean a nonempty, compact, metrizable space
unless otherwise mentioned. When a metric is required, we assume that one is
chosen and fixed. The results are independent of the choice of metric. Broadly,
our metric space ideas and constructions are really uniform space concepts, and a
compact space has a unique uniformity.

We will use [a, b], (a, b), [a, b), etc. to denote intervals in R, and so we will use
(a, b) to represent points of R>.

MSC2010: 37B20, 37B25.
Keywords: omega set, chain transitive homeomorphism, rigid space, Slovak space.
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2 ETHAN AKIN AND JUHO RAUTIO

The dynamical systems we will consider are pairs (X, f), where f: X — X is
a continuous map on a space X. If x € X, then the sequence x, f(x), f2(x),...1is
the trajectory of x and wf (x) is the set of limit points of the trajectory sequence,
i.e., y € of (x) if and only if f"*(x) — y for some sequence of integers n; — oo.

The question when a system (X, f) can be embedded as a subsystem of some
(Y, g) so that X = wg(y) for some y € Y was answered by Dowker and Friedlander
[1954] for homeomorphisms and by Sharkovsky [1965] in general. A system (X, f)
is f-connected if, for any proper, nonempty, closed subset U C X, the intersection
f(U)NX\ U is nonempty. They show that (X, f) can be embedded as the omega
limit set in some larger system if and only if it is f-connected.

At the space level, the question now arises when a space X admits a map f so
that (X, f) is an omega limit set subsystem. From the above results, this asks when
X admits a map f with respect to which (X, f) is f-connected. Such a space X is
called an orbit enclosing omega limit set when there exists a map f on X such that
X = wf (x) for some x € X.

Considerable work, initiated by Sharkovsky, has been done on the related question
of characterizing which subsets X of the unit interval / are omega limit sets for
some map on the interval; see [Agronsky et al. 1989/90]. Notice that if X is a finite
union of intervals or a Cantor set, then X is an orbit-enclosing omega limit set for
some map f on X, so any extension via the Tietze extension theorem to a map on /
will suffice. The result is more delicate for a general closed nowhere dense subset
of the interval; see the elegant exposition in [Bruckner and Smital 1992]. Later,
Kolyada and Snoha [1992/93] extended these results by showing that a subset X of
the unit interval is an omega limit set (or, equivalently, admits a chain transitive
map) if and only if X is not a disjoint union of a finite number of nondegenerate
intervals and a nonempty, countable set with the distance from this set to at least one
of the intervals positive. Thus, this work is the first to consider the main question
we will be addressing. For an early summary, see [Sharkovsky et al. 1989].

Recall that a Peano space is a compact, connected, locally connected space or,
equivalently, a continuous image of the unit interval. In a pair of papers, Agronsky
and Ceder [1991/92a; 1991/92b] proved that if X has finitely many components and
each is a nontrivial, finite-dimensional Peano space, then X is an orbit enclosing
omega limit set.

Our purpose here is to consider the related problem of when a space X admits a
homeomorphism f so that (X, f) is the omega limit set in a larger system. As we
will see, the results are somewhat different from the map case. First, we reinterpret
the problem.

Given € > 0, a finite or infinite sequence {x, € X} with at least two terms is an
€-chain for (X, f) if d(f (xx), xx+1) < € for all terms x; of the sequence (except
the last one). The system (X, f) is called chain transitive when every pair of points
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of X can be connected by some finite e-chain for every positive €. A subset A C X
is called a chain transitive subset when it is closed and f-invariant (i.e., f(A) = A)
and the subsystem (A, f) is chain transitive.

It is well known that any omega limit set is a chain transitive subset; see, e.g.,
[Akin 1993, Proposition 4.14]. On the other hand, as observed by Takens, it is easy
to show that if (X, f) is chain transitive, then it can be embedded in a larger system
in which it is an omega limit set [Akin 1993, Exercise 4.29]. We will review the
proofs in Section 3. The construction uses a subset Y of X x [0, 1]. In particular, if
X [0, 17" then Y C [0, 1]"*!. Applying the Tietze extension theorem in each coor-
dinate, we can extend g to a continuous map on all of [0, 17"+ and so obtain X as
the omega limit set for a system on [0, 171"+, Note, however, that even if g is ahome-
omorphism, we might not be able to extend it to a homeomorphism on [0, 1]**.

These results are really just a restatement of the theorem of Dowker and Fried-
lander [1954].

To clarify the relationship between chain transitivity and f-connectedness, we
recall the concept of an attractor, as described by Conley [1978] and with detailed
exposition in [Akin 1993]. Call a closed set U C X an inward set for f if f(U)
is contained in the interior U° or, equivalently, f(U)N X\ U = @. Thus, (X, f)
admits a proper, nonempty, inward subset if and only if it is not f-connected. If
U is an inward set, then A = ﬂff’:o f™*(U) is called the associated attractor. For a
number of equivalent descriptions of an attractor, see [Akin 1993, Theorem 3.3].
Theorem 4.12 of that paper says that (X, f) is chain transitive if and only if X is
the only nonempty attractor and if and only if X is the only nonempty inward set.
It follows that chain transitivity and f-connectedness are equivalent concepts.

The label “attractor” has been used for other ideas. Some authors refer to all
omega limit sets as attractors. An attractor as defined above need not be chain
transitive, and so there are attractors which are not omega limit sets. A more
reasonable definition is that a set A is an attractor for f when it is f-invariant and,
for every x in some neighborhood of A, we have wf (x) C A. This condition is
necessary in order that A be an attractor a la Conley, but it is not sufficient. If X is
the one-point compactification of Z and f is the extension to X of translation by 1
on Z, then (X, f) is chain transitive. On the other hand, the point at infinity is the
omega limit set of every point. By Theorem 3.6(a) of [Akin 1993], an f-invariant
subset A is an attractor if and only if {x : wf (x) C A} is a neighborhood of A and,
in addition, A is stable, i.e., for every € > 0 there exists § > 0 such that if x is
S-close to A, then the forward orbit of x remains e-close to A.

So the question we will address is when a space admits a chain transitive homeo-
morphism.

For a dynamical system (X, f), there exists x € X such that wf (x) = X exactly
when the system is topologically transitive with a recurrent transitive point. Thus,
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asking when X is an orbit-enclosing omega limit set is asking exactly when X
admits f so that (X, f) is topologically transitive in this sense.

The identity map 1x on X is chain transitive if and only if X is connected. Thus,
a connected space admits a chain transitive homeomorphism and so is an omega
limit set.

To illustrate the difference between the original problem and the homeomorphism
version, consider the tent map on [0, 1] defined by

2t for0 <t <1,
(1-1) T@)=
1—2¢ for—<t§1

which is well known to be topologically transitive. Now let Xo = [0, 1] x {0, 1},
and define fp on X¢ by

(1-2) Jo,0)=(t,1) and fo(r, 1) =(T(1),0),

so that f02 =T x 1y,

Let (X, f) be the quotient system obtained by identifying the points (0, 1) =(1, 1)
in X. Thus, X is the disjoint union of a circle and an interval. It easily follows that
X does not admit a chain transitive homeomorphism. On the other hand, f is a
topologically transitive map.

Let (X1, f1) be the quotient system obtained from (X, f) by identifying the
points (0, 0) = (1, 1) in X;. Thus, X; consists of a circle and an interval joined at a
point. As X is connected, the identity is a chain transitive homeomorphism. Since
the points of the interval other than (1, 0) separate the space and the points of the
circle other than the intersection point with the interval do not, it easily follows that
X does not admit a topologically transitive homeomorphism. On the other hand,
f1 1s a topologically transitive map.

If X contains a proper, clopen, nonempty, f-invariant set A, then we say that X is
f-decomposable. In this case (X, f) is not chain transitive, for if € is smaller than
the distance from A to its complement, then any e-chain which begins in A remains
in A. With H(X) the group of homeomorphisms on X, we say that X is H(X)-
decomposable if there is a proper, clopen, nonempty subset A of X such that A is
invariant for every homeomorphism on X. If X is not f-decomposable (or not H (X)-
decomposable), we will call it f-indecomposable (resp. H (X)-indecomposable).

Clearly, if X is H(X)-decomposable, then it admits no chain transitive home-
omorphism. For example, let [so(X) denote the (possibly empty) set of isolated
points of X. If the closure Iso(X) is a proper, clopen, nonempty subset of X, then
X is H(X)-decomposable and so admits no chain transitive homeomorphism. In
the zero-dimensional case, this is the only obstruction. We prove a slightly more
general result in Section 3.
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Theorem 1.1. If X is a space such that Iso(X) is not a proper, clopen subset of X
and such that the open set X \ I1so(X) is empty or zero-dimensional, then X admits
a chain transitive homeomorphism.

Corollary 1.2. Ifthe isolated points are dense in X, then X admits a chain transitive
homeomorphism.

Thus, the problems which remain come from the nontrivial components. A
clopen component is called an isolated component. Clearly, if the closure of the
union of isolated components is a proper, clopen, nonempty subset of X, then X is
H (X)-decomposable.

If Y is a set of connected spaces, let Cy denote the closure of the union of those
components of X which are homeomorphic to some element of Y. If Cy is a proper,
clopen, nonempty subset, then X is H (X)-decomposable. For example, if X has
finitely many components, then either they are all homeomorphic, in which case X
admits a periodic chain transitive map, or X is H (X)-decomposable. Contrast this
with the map result described above.

We say that X satisfies the diameter condition on isolated components if for
every € > ( there are only finitely many isolated components with diameter greater
than €.

Theorem 1.3. If X satisfies the diameter condition and the union of the isolated
components is dense in X, then either X is H(X)-decomposable or else X admits a
chain transitive homeomorphism.

The rest of Section 3 consists of counterexamples to reasonable conjectures. We
construct:

e A space X that is H(X)-decomposable, with all components homeomorphic,
and no isolated components.

» Aspace X thatis H (X)-indecomposable but f-decomposable forevery f e H(X).
The space can be chosen with the isolated components all homeomorphic and
with a dense union.

o A space X thatis f-indecomposable for some f € H (X) but admits no chain tran-
sitive homeomorphism. The space can be chosen with the isolated components
all homeomorphic and with a dense union.

These examples rule out the obvious extension of the above corollary. The isolated
components can be dense and all homeomorphic to one another, but nonetheless
the space admits no chain transitive homeomorphism.

Having considered when there are no chain transitive homeomorphisms, we
consider in Section 4 this question: When is every homeomorphism on a space X
chain transitive? For such a space X, the identity map 1y is chain transitive, and so
X must be connected.
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In [de Groot and Wille 1958], rigid spaces were defined and Peano space examples
were constructed. A space X is rigid if 1x is the only homeomorphism on X, i.e.,
the homeomorphism group H (X) is trivial. For a connected rigid space, it is trivially
true that all homeomorphisms are chain transitive.

Using rigid spaces one can construct more interesting examples. Following
[de Groot 1959], we can begin with a finitely generated group G and use rigid
spaces instead of intervals as edges in the Cayley graph. If X is the one-point
compactification of this fattened Cayley graph, then H (X) is isomorphic to G and
every homeomorphism is chain transitive. We obtain examples with nondiscrete
homeomorphism group and even with the path components nontrivial.

In these cases, the homeomorphism group does not act in a topologically transitive
manner on the space. Distinct points in each rigid piece are homeomorphically
distinct. It is possible to obtain examples with all homeomorphisms chain transitive
and with the homeomorphism group acting in a topologically transitive manner.
These are built using the recent, beautiful construction in [Downarowicz et al. 2017]
of Slovak spaces. A Slovak space X has H(X) isomorphic to Z and every element
in it other than the identity 1y acts minimally on X. We call a space Slovakian
if every homeomorphism other than 1x is topologically transitive. Using such
Slovakian spaces we construct a space X such that H (X) is topologically transitive
on X, every element of H(X) is chain transitive, and the homeomorphism group of
the Cantor set occurs as a closed, topological subgroup of H (X).

2. Relation dynamics

It will be convenient to use the dynamics of closed relations, and so we briefly review
the ideas from [Akin 1993]. Recall that our spaces X, Y, etc. are assumed to be
nonempty, compact, metrizable spaces with a fixed metric chosen when necessary.

For spaces X, Y, arelation R : X — Y is a subset of X x Y. The set R is a
relation on X when Y = X. A map is a relation such that R(x) ={y : (x, y) € R}
is a singleton set for every x € X. Notice that we are following the set theory
convention for which a map is the set sometimes referred to as the graph of the
map. Thus, for example, the identity map 1x is the diagonal set {(x, x) : x € X}.

For A C X, the image R(A) is defined to be UxeA R(x). Equivalently, R(A) is
the projection to Y of RN(AxY) C X x Y. The inverse R~!: ¥ — X is defined to be
{(y,x):(x,y)eR}. For BCY,welet R*(B)={xeX:R(x)C B}=X\R™'(Y\B).
So R*(B) C R™'(B) U R*(@). If R is a map, then R*(B) = R~'(B).

For example,

Ve={(x,y) € X xX:d(x,y) <€}

is a relation on X with V, (x) the closed ball of radius € and center x. When € = 0,
V. = 1y, the identity map on X.
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IfR: X — Yand S:Y — C are relations, then the composition SoR : X — C is
the image under the projection to X x C of the set (R x C)N(X x S) C X x Y x C.
Thus, (x,c) € S o R if and only if there exists y € Y such that (x, y) € R and
(y, ¢) € S. Composition is associative, and (So R) ! = R~ o §~L

A relation R on X is reflexive when 1x C R, symmetric when R~' =R, and
transitive when Ro R C R.

For a relation R on X, we let R"*' = R"oRand R™"=(R Y forn=1,2,...,
and let R be the identity 1x. We define the cyclic set |R| = {x : (x, x) € R}.

For a relation R on X a subset A of X is called forward R-invariant (or
R-invariant) if R(A) C A (resp. R(A) = A).

For a relation R on X, the orbit relation is OR = J;-, R", and the orbit closure
relation RR is defined by RR(x) = OR(x) for all x € X, so that RR = {(x, y) :
x € X, y € OR(x)}. The wandering relation is NR = OR. Even when R is a
continuous map, RR is usually not closed and so is a proper subset of NR.

The chain relation is

(2-1) @R:m@(‘_/eoRo‘_/é).

€>0

Both OR and CR are transitive relations. Since (R")~! = (R™")", it follows that
ORH=OR~, N(R"H)=OVR)~" and €(R™!) = (CR)~. These operators on
relations are monotone, i.e., they preserve inclusions, and O and € are idempotent.
That is,

(2-2) O(OR)=0OR and C(CR)=CR.
It then follows that
ROR)(x) =0O(OR)(x) = OR(x) = RR(x),

(2-3) N(OR) =O(OR) = OR = NR,
CR C C(OR) C C(CR) = CR.

If R is a transitive relation on X, then RN R is a symmetric, transitive relation
which restricts to an equivalence relation on |R|. We call the equivalence classes
the basic sets of R.

A closed relation R is a closed subset of X x Y. If R is a map, then it is continuous
if and only if it is a closed relation, i.e., its graph is a closed set.

The composition of closed relations is closed, and the image of a closed set by a
closed relation is closed. So if B is open in Y, then R*(B) is open in X. For any
relation R, the extensions NR and CR are closed relations.

It is easy to see that CR = CR, where R is the closure of R. If R is a closed
relation, then CR = ﬂ€>0 O(Ve o R); see [Akin 1993, Proposition 1.18]. If R is
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a closed relation on X, then the cyclic set |R| is a closed subset of X. If Ris a
closed, transitive relation, the basic sets {R(x) N R™'(x) : x € |R|} are closed.

For a sequence {A,} of closed sets, limsup{A,} =, U;>, Ax. We have the
identity | J, A, = (Un A,,) Ulimsup{A,}. If R is a closed relation on X and A is
a closed subset of X, then we define wR[A] = lim sup{R"(A)}.

If A is forward R-invariant and R is closed, then the sequence of closed sets
{R"(A)} is decreasing and wR[A] is the intersection. Furthermore, if y € wR[A],
then R~!(y) meets every {R"(A)}, and so by compactness it meets wR[A] itself.
It follows that wR[A] is the maximum R-invariant subset of the closed, forward
R-invariant set A.

If R is closed, then for x € X we let

®wR(x) = wR[x] = lim sup{R" (x)},

defining the omega limit set relation ®R on X. We also define Q2R = lim sup{R"}
for a general relation R, so QR is a closed relation. When R is closed, we have the
identities

(2-4) RR=0ORUwR and NR=ORUQR.

Since CR is closed and transitive, the sequence {(CR)"} is decreasing with
intersection QCR = wCR.
If R is closed, then the following useful identities hold for the chain relation:

CR=0RURQCR,

(2-5)
RU((CR)oR)=CR=RU(Ro(CR));

see [Akin 1993, Proposition 2.4(c), Proposition 1.11(d)].

It is not usually true that (wR) ™! = w(R™"). We write « R for w(R~"), defining
the alpha limit set relation.

The points of |OR| are called periodic points for R, |RR| are the recurrent points,
INR| are the nonwandering points, and |CR| are the chain recurrent points. When
R is a closed relation, we can apply the inclusion |OR| C |wR| to (2-4) and (2-5)
to obtain |RR| = |wR|, INR| = |QR]| and |CR| = |QCR|. We call x a transitive
point for R when RR(x) = X. We denote by Trans(R) the (possibly empty) set of
transitive points.

On |CR|, GRNCR~ ! is a closed equivalence relation. We call the equivalence
classes, i.e., the basic sets for CR, the chain components of R.

For a relation R on X, we will say that R is minimal when RR = X x X,
topologically transitive when NR = X x X, and chain transitive when CR = X x X.
We call R central when |[NR| = X and chain recurrent when |CR| = X. From (2-3)
it follows that any one of these properties holds for R if and only if it holds for OR.
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Notice that if R is minimal, then X contains no proper closed, forward R-invariant
subset. If R is a continuous map, then the converse is true as well since wR(x) is
then R-invariant and nonempty for every x. Thus, if R is a continuous map, it is
minimal if and only if X = Trans(R).

A set U is inward for a closed relation R on X if U is closed and R(U) C U®,
the interior of U. Since R(U) has a positive distance from the complement of U, it
easily follows that U is inward for CR when it is inward for R. An inward set is
therefore forward CR-invariant. In general, a closed set A is forward CR-invariant
if and only if it has a neighborhood base consisting of inward sets; see [Akin 1993,
Theorem 3.3(c)]. If U is an inward set, then A} = wR[U] = (), R"(U) is the
associated attractor. The set X \ U° is inward for R~!, and A_ = w(R™H[X \ U°]
is the dual repeller for R. The pair Ay, A_ is called an attractor-repeller pair. 1If
xe X\ (AL UA_), then QCR(x) C AL and QCR(x) C A_; see [Akin 1993,
Proposition 3.9].

Notice that a clopen set is inward if and only if it is forward invariant. If an
inward set is invariant, then it is clopen.

Proposition 2.1. Let R be a closed relation on X.

(a) If Ay, A_ is an attractor-repeller pair, then |CR| C AL U A_ and the inter-
sections Ay N|CR| and A_ N |CR| are each clopen in |CR|.

(b) If x € X\ |CR|, then there exists an attractor-repeller pair A, A_ such that
xXEgALUA_.

(c) If x, y €|CR|, then y € CR(x) if and only if, for all attractors A, x € A implies
y € A.

(d) The space of chain components, i.e., the quotient space of |CR| by the equiva-
lence relation CR N CR™\, is a compact zero-dimensional metric space.

Proof. (a) If x €e X\ (AL UA_), then QCR(x) C A;,and so x ¢ QCR(x). If U is
an inward set with wR[U] = AL, then U°N|CR| = AL N|CR].

(b), (¢) These are part of Proposition 3.11 of [Akin 1993].

(d) From (b) and (c) applied to R and R~ it follows that every chain component C is
the intersection of {AN|CR]|: A is an attractor or repeller and C C A}. Hence, the at-
tractors and repellers induce a clopen subbase on the space of chain components. []

For a relation R on a space X we say that X is R-decomposable if there is a
proper, forward R-invariant decomposition {A;, A} of X, i.e., each is a nonempty,
closed, forward R-invariant subset and A| N A; = @, A1 U Ay, = X. Such a pair
of proper, clopen sets is called an R-decomposition. Since the sets are clopen and
forward R-invariant, they are inward for R. Hence, an R-decomposition is a CR-
decomposition. So the notion of decomposability is the same for R, OR, RR, NR
and CR. If no such decomposition exists, X is said to be R-indecomposable.
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For any relation R on X let Ry = RUIxU R~!. This is a reflexive and symmetric
relation on X so that O(R1) and €(R4) are equivalence relations on X.

Proposition 2.2. For a relation R on X, the following conditions are equivalent:
(1) The space X is R-indecomposable.

(i1) The space X is Ri-indecomposable.

(ii1) The relation R+ is chain transitive.

Proof. (i) < (ii): If a set is forward R-invariant, then its complement is forward
R~ '-invariant. Hence, an R-decomposition is an R.-decomposition. Clearly, the
reverse is true since R C R.

(i) = (i1): If {A1, Ay} is a decomposition, then each is inward for R4 and therefore
forward CR4-invariant. Hence, R4 is not chain transitive.

(i1) = (iii): If Ry is not chain transitive, the equivalence relation CR1 on X has more
than one equivalence class. By Proposition 2.1(d) the space of equivalence classes is
zero-dimensional. Hence, there is a pair of disjoint, nonempty, clopen sets {A1, A>}
which cover X such that each is a union of equivalence classes. Since each equiv-
alence class is CR_-invariant, it follows that {A, A,} is a Ry-decomposition. [

Definition 2.3. Let 7 : X1 — X, be a continuous map between spaces, and let R;
be a relation on X; for j =1, 2. We say that = maps Ry to Ryif mo Ry C Ryom
and that 7 is a semiconjugacy from Ry to Ry if to Ry = Ryom.

Proposition 2.4. Let m : X1 — X, be a continuous map between spaces, and let
R; be a relation on X for j =1, 2.

(a) The function m maps R to Ry if and only if (m X m)(R1) C Ry. If mis a
semiconjugacy from Ry to Ry, and w(X|) = X», i.e., w is surjective, then
(7'[ X JT)(Rl) = Rz.

(b) If R; is a mapping for j = 1,2, then 7 is a semiconjugacy from Ry to R, if it
maps R to R,.

(c) If m maps Ry to Ry, then m maps RY to R} for all n € Z and maps AR, to
AR, for A= 0, R, Nand C.

(d) Assume w is surjective and maps Ry to Ry. If Ry is minimal, topologically
transitive, central, chain transitive or chain recurrent, then R, satisfies the
corresponding property.

(e) If m is a semiconjugacy from Ry to Ry and m is an open map, then 1 is a
semiconjugacy from AR\ to AR for A =0, R, N and C.

Proof. (a) Firstly, # maps the relation R to R if and only if (x, y) € Ry implies

(mr(x), m(y)) € Ry, and so the first equivalence is clear. The second result is easy
to check.
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(b) An inclusion between functions is an equation.

(c) Given € > 0, there exists § > 0 such that (7 x 77)(Vs) C V. since 7 is uniformly
continuous. If {(x,, y,) € R} is a finite or infinite sequence with (y,, X,+1) € Vs,
then {((x,), T (y,)) € Ro} with (7w (y,,), T (xp+1)) € V.. That is, §-chains for R;
are mapped to e-chains for R;. It follows that 7 maps CR; to CR;. The others are
easy to check.

(d) If r is surjective and maps AR to AR;, then X| x X =AR; implies X, x X» =
ARy, and 1x, C AR implies 1x, C AR».

(e) The function 1y, x 7 maps ly, to w C X; x X». If 7 is open and € > 0, then
lx, x m maps V.toa neighborhood of 7 and so contains Vs o for some § > 0.
That is, Vs o C 7w o V.. If {(u,, v,) € Ry} is a finite or infinite sequence with
(U, Up41) € Vs and 7 (x,) = u,, then because 7 is a semiconjugacy on Ry, there
exists y, € X such that (x,, y,) € Ry and 7 (y,) = v,, and there exists x,; such
that (y,, x,+1) € V. and 7T (Xy41) = up+1. Thus, every é-chain for R, can be lifted
to an e-chain for R; with a given initial lift. That is, 77 is a semiconjugacy from
CR;y to CR,. The cases of A = O, R and N are similar. In fact, for O and R it is
not necessary that the map be open. O

Remark. Suppose R; = IX/ with X, = [0, 1] and X; = {—1} U0, 1], and let
7 : X1 — X» be an extension of the identity on [0, 1], mapping —1 to some point
of [0, 1]. The map = is a semiconjugacy from R; to R, and maps CR; onto CR;,
but it is not a semiconjugacy from CR; to CR;.

As indicated in the Introduction, our concern is with homeomorphisms. However,
we will apply this machinery to three different relations.

Let H(X) be the homeomorphism group of X. For f € H(X), we define f1 as
the closed relation f U1y U f~!. Clearly, we have

Of ={f":neN},
Ofe={f":neZ)=0fUlxUOf !
Rfx)={f"(x):neN},
Rfs(x)={f"(x):neZ} forxeX,
Nfe=NfUIxUNf,
Rfr=RfUIxUR(S).

(2-6)

On the other hand, C £y is in general larger than C f U1y UC ! The latter relation
need not be transitive. See Example 2.8 below.

Since 1x C O f4, every point is recurrent for fi.

An action of a group G on X is a homomorphism p: G — H(X). If Gisa
subgroup of H(X), then G acts on X by evaluation. That is, p is the inclusion.
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With the action understood we let g = | J{f € p(G)}. This is just the orbit relation
of the action of G on X. It is an equivalence relation but usually not closed. Since it
is an equivalence relation, Ohg = hg and Nhg = he. Since hg is reflexive, every
point is recurrent for Ag.

If G is the cyclic group generated by a homeomorphism f, then hg = O fi.

When G = H(X), we write hx for hg. Clearly, H(X)-decomposability as
described in the Introduction is just 4 x-decomposability.

For a space X, let Iso(X) denote the set of isolated points of X.

Proposition 2.5. Let f € H(X) and p : G — H(X) be an action of a group G
on X. Let B be a countable base of nonempty open sets for X, and let B* be the
collection of finite covers of X by elements of B.

(a) The homeomorphism f is central if and only if the G5 set of recurrent points,
lwf], is dense:

2-7) wfl= () U wnsriwy
AeB*,neN UeA,i>n
If f is central, then any isolated point x of X is a periodic point for f.

(b) The homeomorphism f is topologically transitive if and only if the set of
transitive points, Trans( f), is nonempty, in which case

(2-8) Trans(f) = {x : of (x) = X}
2-9) = N Uurwy
UeB,neN i>n

is a dense Gy subset of X. If f is topologically transitive, then f~" is topolog-
ically transitive. If f is topologically transitive, then X is perfect or consists
of a single periodic orbit for f.

(c) The relation fy is topologically transitive if and only if the set of transitive
points, Trans( f), is nonempty, in which case

(2-10) Trans(fx) = () (Jif/ @)}
UeB neZ
is a dense G subset of X. If f+ is topologically transitive and x is an isolated
point of X, then
2-11) Trans(f+) = O f+(x) = Iso(X).

Thus, if fy is topologically transitive, then either Iso(X) = &, so X is perfect,
or else Iso(X) is dense. If 1so(X) is finite and nonempty, then X consists of a
single periodic orbit.
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(d) The following are equivalent:

(1) f is topologically transitive;
(1) fy is topologically transitive and f is central,
(ii1) fu is topologically transitive and X is either perfect or consists of a single
periodic orbit for f.

In that case, Trans( f+) = Trans(f) U Trans(f~").

(e) The relation hg is topologically transitive if and only if the set of transitive
points, Trans(hg), is nonempty, in which case

(2-12) Trans(ha) = () |J (/7' @))

UeB feG
is a dense G subset of X.

Proof. For a relation R on X and subsets U, V C X, let

(2-13) Nr(U,V)={neN:R"(U)NV # &}
={neN:UNR"(V)#a}.

Clearly, R is central if and only if Ng(U, U) # & for all nonempty open subsets U,
and R is topologically transitive if and only if Ng(U, V') # & for all nonempty open
subsets U, V. If R = f € H(X) and Ny (U, V) is finite for some open U, V, then
with n =max Np(U, V) welet W =U N f~"(V). Then W is a nonempty open
setand Ny(W, V) = @. Hence, if f is central, then N (U, U) is infinite, and if
f is topologically transitive, then N (U, V) is infinite for all nonempty open U, V.

The equations (2-7)—(2-13) are easy to check, and density follows from the Baire
category theorem.

Now assume that f1 is topologically transitive and that x is an isolated point of X.
If V is a nonempty open set, then Nz, _({x}, V)= unless V meets the orbit O f (x).
Hence, x € Trans(f). If y is another isolated point, then N ¢, ({x}, {y}) # & implies
that y is in the f orbit of x. Thus, (2-11) holds. In particular, Iso(X) is dense if
it is nonempty. If it is finite and nonempty, then X = Iso(X) because the latter is
closed and dense. Since the elements of Iso(X) lie on a single orbit, X consists of
a single periodic orbit.

If f is central and x € Iso(X), then N({x}, {x}) # @ if and only if x is a
periodic point. Thus, if f4 is transitive and f is central, then either X is perfect
or it consists of a single periodic orbit, proving the implication (ii) = (iii) in (d).
Since (i) obviously implies (ii) in (d), it follows that if f is topologically transitive,
then either X is perfect or it consists of a single periodic orbit. So if R f(x) = X,
then { f*(x) : k > n} = X for every n € N. Intersecting, we see that of (x) = X.
Thus, Trans(f) = {x : of (x) = X}.
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Finally, if X is a single periodic orbit, then f is topologically transitive and every
point is a transitive point for f and f~!. Now assume that X is perfect and that fy is
transitive. If x € Trans(f), then { f¥(x) : k € Z, |k| > n} = X for all n € N. Inter-
secting, we obtain that wf (x) Uaf (x) = X. In particular, x is in one of these. If x is
contained in a closed, invariant set A like wf (x) or af (x), then X = R(fL)(x) C A.
Thus, x € Trans(f) U Trans(f "), so either f or f~! is topologically transitive.
But N(f~1) = (Nf)~! implies that f~! is topologically transitive if f is. O

Remark. There are various, slightly conflicting, definitions of topological transitiv-
ity. These are sorted out in [Akin and Carlson 2012]. We are following [Akin 1993].

Lemma 2.6. (a) Let f € H(X) and x € X. The sets wf(x) and af (x) are
f-invariant. If x € |Cf|, then Cf(x) and Cf~'(x) are f-invariant.

(b) The chain components of 1x are the components of X.

Proof. (a) For a bijection f on X, a subset A is f-invariant if and only if it is
f~L-invariant if and only if it is forward invariant for both f and f~.

When f is a continuous map on X, then y € wf (x) when there is a subsequence
{f™ (x)} of the orbit sequence which converges to y. Then {f nit+l(x)) converges
to f(y), and if a subsequence of {1 (x)) converges to z, then f(z) =y. That is,
wf (x) is a nonempty, closed, f-invariant subset of X when f is a continuous map
on X. So when f is a homeomorphism, the same is true for o f (x).

For f € H(X) we obtain from the identity (2-5) that Iy UCf = f~1oCf. Ifx €
Cf(x), then Cf(x) = {x}UCF(x) = f~(Cf(x)). Thatis, Cf(x) is ffl-invariant
and so is f-invariant. Since C(f~1) = (Cf)~! the same is true for C £~ (x).

(b) The space of chain components being zero-dimensional by Proposition 2.1(d),
every connected set contained in |CR] is entirely contained in a single chain compo-
nent. In particular, when R is 1y, every component is a subset of a chain component.
On the other hand, when R = 1y, every clopen subset is inward for R and so contains
any chain component that it meets. It follows that the components are the chain
components. ([

Proposition 2.7. Let f € H(X) and p : G — H(X) be an action of a group G on X.

(a) The following are equivalent:

(i) X is f-indecomposable;
(11) X is fi-indecomposable;
(i) fy is chain transitive.

(b) The relation hg is chain transitive if and only if hg is indecomposable.

(¢) If f is chain recurrent, then C f = C(f1).
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(d) The following are equivalent:
(1) f is chain transitive;
(1) f is chain recurrent and fy is chain transitive;
(iii) f is chain recurrent and indecomposable.

(e) If X is connected, then f is chain transitive if and only if it is chain recurrent.
In particular, 1x is chain transitive.

Proof. (a), (b) Since hg = (hg)+, these results are a special case of Proposition 2.2
applied with R = f and R = hg.

(c) If f is chain recurrent, then |Cf| = X and 1x C Cf. For any x € X, we have
x € Cf(x), and this set is f-invariant by Lemma 2.6. Hence, f ' (x) € Cf(x). Thus,
f~Yc@f. Since f C fi C CF, it follows from (2-2) that € f C C(f1) CCCf =Cf.

(d) If f is chain transitive, then it is clearly chain recurrent, and f C f1 implies that
f+ is chain transitive. The converse follows from (c). This proves the equivalence
of (i) and (ii). The equivalence of (ii) and (iii) follows from (a).

(e) If X is connected, then by Lemma 2.6(b) X consists of a single chain component
for 1y, and so 1y is chain transitive. So if f is chain recurrent, then X x X =
Clx C CCf =Cf by (2-2) again. ]

Example 2.8. On Z let ¢ be the translation bijection given by n +— n + 1. Let
Z* be the one-point compactification adjoining the point +oco to Z, and let Z**
be the two-point compactification adjoining the points —oo, +00 to Z. Let t*
and ** be the homeomorphisms extending 7 to Z* and Z**, respectively. Both
t} and ¢;* are topologically transitive with Z the orbit of isolated points, and so
Z = Trans(t}) = Trans(#}*). Of course, both ¢} and ¢}* are chain transitive, but ¢*
is also chain transitive while #** is not.

Let X be the quotient space of Z** x {0, 1} with the fixed points (+o0, 0) and
(400, 1) identified. Let f be the homeomorphism on X induced by #** x 19 1}.
Clearly, fy is chain transitive. But Cf U 1y U Cf~! is contained in the image
of (Z** x {0})? U (Z** x {1})? in X? and so is a proper subset of C(f1) = X2
Furthermore, it is easy to check that in this case C(f U 1x) = (Cf) U 1x. Hence,
R = f U1y is a closed relation such that R is chain recurrent and R is chain
transitive, but R is not chain transitive. Thus, (c) and (d) in Proposition 2.7 do not
extend to general relations. U

Finally, recall the uniqueness of Cantor: any compact, perfect, zero-dimensional,
metrizable space is homeomorphic to the Cantor set in [0, 1]. We will call any such
space a Cantor set. We will need the following well-known result, and we provide
a brief sketch of the proof.

Proposition 2.9. For any space X there exists a surjective continuous map w: C— X
with C a Cantor set.
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Proof. With B a countable basis for X, let Z be the closure in X x {0, 1}® of the set
of pairs {(x, z) :zy =1 & x € U}. The projection to X is clearly onto, and because
B is a basis, the projection to {0, 1}® is easily seen to be injective. It follows that Z
is compact and zero-dimensional. If Cy is a Cantor set, then C = Z x Cj is perfect
as well as zero-dimensional and so is a Cantor set. Let & be the composition of
projections C — Z — X. (]

3. Spaces which admit chain transitive maps

We begin with the relationship between omega limit sets and chain transitive subsets
which was described in the Introduction.

Proposition 3.1. If f is a homeomorphism on a space X and x € X, then of (x)
and of (x) are chain transitive subsets, i.e., the restriction of f to each of these
nonempty, closed, invariant sets is chain transitive.

Proof. Let y, y' € wf (x) and let € > 0. Choose § > 0 an €/2-modulus of uniform
continuity for f with § < €/2. There exists N € N such that n > N implies
ft(x) € Vg(a)f(x)). There exists n > N such that d(f"(x),y) < and k € N
such that d(f”+k(x), y) < 8. For j =0,...,k choose y; € of(x) such that
d(f"* (x), y;)) <8 with yo = y, ye = y". Hence, d(f"+/*1(x), f(y))) < €/2
and so d(yj41, f(yj)) < €. Thatis, {y;} is an e-chain from y to y" It follows
that wf (x) is a chain transitive subset. Applying the result to f~!, we see that
af (x) = w(f~")(x) is a chain transitive subset as well, since f is chain transitive
if and only if £~ is. O

We prove, conversely, in Theorem 3.13(a) below that a chain transitive homeo-
morphism is the restriction to an omega limit set of a homeomorphism in a larger
system.

In the constructions which follow, we will repeatedly use the process of attach-
ment. Assume that A is a nonempty, closed, nowhere dense subset of a space X
and that 4 : A — B is a continuous surjection. We may assume that X and B are
disjoint. Otherwise, replace X by X x {0} and B by B x {1}. Define X/ h, the
space with X attached to B via h as follows: Let & denote the continuous retraction
hUlg:AUB — B. Let E, = 1xU(h 'oh) = 1x U (h x h)"'(1p), a closed
equivalence relation on X U B. Let X/h be the quotient space with projection
qn: XUB — X/h. Since gy, is injective on B, we may regard it as an identification
and so regard B as a subset of X/h. Furthermore, g, restricts to a surjection
X — X/h which maps A onto B via h and which is a homeomorphism between
the dense open sets X \ A C X and (X/h)\ B C X/h.

When B is a singleton, we write g4 : X — X/ A for the quotient map and describe
the result as smashing A to a point.
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We will use some results of E. R. Lorch [1981; 1982] (see also [Tsankov 2006]),
which we will briefly review.

For a locally compact space W, a compactification of W is a compact space Y
together with a dense embedding of W into Y, i.e., a homeomorphism of W onto
a dense subset of Y. Because W is locally compact, its image is an open, dense
subset of Y, so X =Y \ W is a nowhere dense, closed subset of Y. Reversing the
point of view, we call Y an extension of X if Y is a compact space and X is a closed,
nowhere dense subset of Y.

By a pair of spaces (Y, X) we will mean a space and a closed subset, respectively.
Recall our default assumption that a space is a nonempty, compact, metrizable
space. We will call (Y, X) an extension pair when Y is an extension of X, i.e.,
when X is nowhere dense in Y.

A continuous map f : Y, — Y, is a map of pairs f : (Y], X1) — (Y2, X») when
f(X)) C Xo. If X1 =X, =X, we will say that f : (Y}, X) = (Y2, X) is a map
rel X if it restricts to the identity on X and if, in addition, f(¥Y; \ X) C 1» \ X.
These conditions imply that 1x = (f x f)~'(1x). So by intersecting over § > 0
and using compactness, we see that for every € > 0 there exists § > 0 such that

if (u,v) €Yy xYy and da(f(u), f(v), da(f(u), X), d2(f(v), X) <6,
(3-1) then (u,v) € V1,
and so f~H(V®(x)) € V4 (x) forall x € X,

where d, d, are metrics on Y} and Y,. Note that in considering different extensions
Y1, Y, of the same space X we do not assume that the metrics d; and d; agree on X,
although they are, of course, uniformly equivalent on X.

Definition 3.2. We call X”) an isolated point extension of X, or just a point
extension of X, if X(P) is an extension of X with each point of X?)\ X isolated.
We then call (XP, X) a point extension pair.

A pair (Y, A) is a point extension pair if and only if Y is infinite, Iso(Y) is
dense and A = Y \ Iso(Y). Since Y is separable, Iso(Y) is denumerable, and so
Lorch uses the term denumerable extension instead of point extension. Thus, Y is a
compactification of the denumerable discrete set Iso(Y).

Lemma 3.3. Let 7 : (Y, X) — (X7, X) be a surjective map of pairs rel X with
XP) a point extension of X. For every € > 0, the set {x € XP) : diam 7~ (x) > €}
is finite.

Proof. By (3-1) there exists § > 0 such that for x € X with x € ‘_/5(X),
diam7~'(x) < €. So the set {x € X? : diamm~'(x) > €} is contained in the
complement of the open §-neighborhood of X in X (7). This is a compact set of
isolated points and so is finite. U
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For a point extension (X7, X), we define a canonical retraction r : X'P) — X
so that for all x € X

(3-2) dx,r(x))=d(x, X).

The choice depends on the metric. Even for a fixed metric there may be more than
one closest to X point r(x). For each x we fix a choice to define r. Clearly,

(3-3) d(r(x1),r(x2)) =d(xi, X) +d(x1, x2) +d(x2, X).

For every € > 0 there are only finitely many points x € X?) with d(x, X) > €, so
continuity of r at the points of X follows. Continuity at the isolated points is trivial.
Notice that if Ny is a cofinite subset of X ")\ X, then the closure of Ny contains X,
so r(Np) is dense in X.
We recall the elegant proof of Lorch’s uniqueness theorem [1981, Proposition 10].

Theorem 3.4. Every space X has an essentially unique isolated point extension.
That is, if (Y, X) and (Y’, X) are point extension pairs, then there is a homeomor-
phism f: (Y, X)— (Y, X) rel X.

Proof. Let {x, : n € N} be a sequence of not necessarily distinct points in X such
that {x, :n > N} is dense in X for all N € N. Let

XP =X x{0}U{(xp,n ) :neN}c X xI0,1],

and identify X with X x {0}. Clearly, (X, X) is a point extension pair, so X has
at least one point extension.

Let (Y, X) and (Y’, X) be point extension pairs. Fix metrics d and d’ on Y
and Y’, respectively. Define a metric d” on X as the pointwise maximum of
d and d’. The three metrics d, d’ and d” are uniformly equivalent on X. Let
r:Y — Xandr' :Y — X be canonical retractions. Let N =Iso(Y) =Y \ X and
N’ =Tso(Y') =Y’"\ X. Use a counting of N and N’ to impose orderings which are
order isomorphic to N and so are well-orderings.

Let a; be the first element of N, and choose b; to be the first element of N’
which satisfies

(-4 d"(r(ar), r' (b)) < d(a1, X).

Let b, be the first element of N'\ {b1}, and choose a5 to be the first element of
N \ {a;} such that

(3-5) d"(r(a2), r'(b2)) <d'(b2, X).

Proceed inductively. If n is even, let a, 4 be the first element of N\ {ay, ..., a,},
and if n is odd, let b, be the first element of N'\ {by, ..., b,}. We can then
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choose b, 41 or a,41 so that
(3-6) d"(r(ans1), r'(bpg1)) < max{d(ans1, X), d' (bpg1, X)}.

By construction, {a,} and {b,} are renumberings of the sets N and N'. Define
the mapping f : Y — Y’ as an extension of the identity on X by putting f(a,) = b,
for all n. Let m,, = max{d(a,, X), d’ (b,, X)}. Observe that m,, — 0 as n — o0.

Continuity of f is clear at the isolated points. Suppose x € X and a,, — x so
that n; — oo. Then

(3_7) d(r(an,')vx) fd(an;:x)+d(r(ani)vani)

S d(ani, x) +mni - Oa
and so d'(r(ay,), x) — 0. Hence,

(3-8) d'(by,, x) <d'(r(by,), by,) +d'(r(by,), r(an,)) +d'(r(ay,), x)
<2my,, +d'(r(ay,), x) — 0.

Continuity of f follows. The result for f~! is similar and also follows from
compactness. O

Corollary 3.5. Let (X'P), X) and (Y'P), Y) be point extension pairs and h: X — Y a
surjective continuous map. There exists a continuous map H : (X ) xX)— (Y ?),Y)
which restricts to h on X and to a homeomorphism of Iso(X?) = X"\ X onto
Iso(YP)) = YD\ Y. In particular, if h is a homeomorphism, so is H.

Proof. We attach Y to X P using &, letting gj, : X» — X /1 be the quotient
map. We regard Y as a subset of XP)/h so that (XP)/h, Y) is a point extension
pair and g;, : X’ — XP)/h is an extension of 4 which is a homeomorphism
from X \ X onto X»/h \ Y. By Theorem 3.4 there is a homeomorphism
f:(XP/hY)— YP Y)rel Y. Let H= fogqy. O
Lemma 3.6. Suppose that (X gp ) X 1) and (X ép ) X 1) are point extension pairs and
that H : (X(p), X)) — (Xép), X») is a continuous map of pairs. Let (Y1, X1) and
(Ya, X») be extension pairs with my: (Y1, X1) —> (Xfp), X1) and m 1 (Ys, Xo) —
(Xép), X») pair maps rel X and rel X, respectively. Assume that H: Y > Yisa
function such that 75 o H=Ho 1, i.e., the following diagram commutes:

Y]L)Yz

”‘l lﬂz

(p) (p)
X 1 —>H X2

If for each x € Iso(X%p)) the restriction H : Jrl_l(x) — JTZ_I(H(X)) is continuous,
then H is continuous on Y.
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Proof. If x € Iso(X (p )) then 7 (x) is a clopen set, and thus H is continuous at
the points of 7~ (Iso(X (P ))) by hypothesis.

Suppose x € X1, so y = H(x) € X;. Given € > 0, there exists by (3-1) § > 0
so that n;l(VSdz(y)) - Vdé(y) where d> and d/ are the metrics on X(p) and Y,
respectlvely By the contmulty of H there exists y > 0 so that H (le (x)) C de(y).
If xj € 7t (Vi (x)), then H (x1) € ' (Vi (y)) € V& (y). Hence, ! (Vi (x)) s
a nelghborhood of x in Y, which is mapped by H into the neighborhood de (y) in
Y>, and continuity at x follows. (]

Definition 3.7. For a space K and a pair of spaces (Y, X), we call Y a K-extension of
X if there exist a point extension pair (X ”), X) and a pairmap 7 : (¥, X) — (X", X)
rel X such that 7~!(x) is homeomorphic to K for every x € Iso(X?)). We then
call (Y, X) a K-extension pair, and the space Y is denoted by X %),

We extend Lorch’s theorem.

Theorem 3.8. For any given space K, every space X has an essentially unique
K-extension pair (XX X). Furthermore, if (XK Xy and (YK Y) are K-extension
pairs and h : X — Y is a surjective continuous map, then there exists a continuous
map H : (X Xy — (Y B Y) which restricts to h on X and to a homeomorphism
of X\ X onto YK\ Y. In particular, if h is a homeomorphism, then so is H.

Proof. Let (XP), X) be a point extension of X. Let 7 : (X x K, X x K) —
(XP), X) be the map of pairs given by the first coordinate projection. Attach
XP) x K to X by using & = 7| xxx. The map 7 factors through the quotient map
gn to define amap (XP x K)/h, X) — (X, X) rel X. Thus, (XP xK)/h, X)
is a K-extension pair.

Now let rx : (XE), X) - (XP, X) and 7wy : (YE), Y) — (Y, Y) be maps rel
X and Y, respectively, with each fiber over X (”)\ X and Y (”’\ Y homeomorphic to K.
Use Corollary 3.5 to get an extension H®P (X X)— (YP),Y) which maps
X\ X to YP)\ Y homeomorphically. Define H by choosing for each x € X\ X
an arbitrary homeomorphism from 7, 1(x) to 1(H (x)). These exist because
each fiber is homeomorphic to K. By Lemma 3.6, the resulting H is continuous.

In particular, if ¥ = X and & = 1y, then it follows that the K-extension is
essentially unique. O

Two cases are of special interest to us. Recall that a component of a space X is
an isolated component if it is a clopen subset of X.

Theorem 3.9. Let (Y, X) be an extension pair.

(a) If K is a Cantor set, then (Y, X) is a K-extension pair if and only if Y is
perfect and the dense, open set Y \ X is zero-dimensional.
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(b) If K is a connected space, then (Y, X) is a K-extension pair if and only if

e the union of the isolated components is dense in Y;

e each isolated component is homeomorphic to K ;

« (diameter condition) for every € > O there are only finitely many isolated
components with diameter greater than €.

Proof. Let {A, : n € N} be a pairwise disjoint sequence of nonempty clopen subsets
of Y with union Y \ X. If for every € > 0 only finitely many of the sets A, have
diameter greater than €, then

(3-9) E=1xU [ JiA, x A)

is a closed equivalence relation. If ¢ : Y — Y/E is the quotient space projection,
then (Y/E, X) is a point extension pair, g is a map of pairs rel X, and the fibers of
g over the isolated points are the sets A,. Conversely, if 7 : (¥, X) = (X P X)is
a map of pairs rel X, then by (3-1) there are only finitely many fibers 7 ~! (x) with
diameter at least €.

(@ If 7 : (Y,X) — (X, X) is a map rel X with each fiber over a point of
X\ X a Cantor set, then as a countable disjoint union of Cantor sets, ¥ \ X is
zero-dimensional and Iso(Y) = @.

Conversely, if the locally compact space Y \ X is zero-dimensional with no
isolated points, then we can express it as the union of a pairwise disjoint sequence
{C, :n e N} of nonempty, clopen subsets of ¥ each of which is thus a Cantor set. Let
{Ch.i:i=1,..., Ny} be apartition of C, by nonempty clopen subsets of diameter
less than n= L. If {4,} is a counting of the collection {C,,; :neN,i=1,..., N,},
then with E as in (3-9) the projection g : (¥, X) — (Y/E, X) is a map rel X with
each fiber over a point of (Y/E) \ X a Cantor set. Thus, (¥, X) is a Cantor set
extension pair.

() If w : (Y, X) — (XP, X) is a map rel X with each fiber connected, then
(77 '(x):x e X \ X} is the set of isolated components, so the conditions of (b)
are necessary; see Lemma 3.3.

Conversely, if they hold, then we let {A, } be the sequence of isolated components.
There are infinitely many isolated components because X is nonempty and Y \ X
is dense. With E as in (3-9) again, ¢q : (Y, X) — (Y/E, X) is the required map
rel X. (I

Corollary 3.10. If Y and X are Cantor sets with closed, nowhere dense subsets
Y1 C Y and X| C X, then for any surjective continuous map h : Y1 — X there is a
continuous map H : Y — X which extends h and which restricts to a homeomorphism
of Y\ Y| to X\ X1. In particular, if h is a homeomorphism, then so is H.
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Proof. By Theorem 3.9(a), (Y, Y1) and (X, X;) are Cantor set extension pairs. The
existence of H then follows from Theorem 3.8. U

Remark. This is a classical theorem of Knaster and Reichbach [1953], extended
by Gutek [1979].

Proposition 3.11. Let (X?), X) be a point extension pair, (X'©), X) a Cantor
set extension pair and (X%, X) a K-extension pair for spaces X and K. If
7 (X©O, X) = (XP), X) is a surjective map of pairs rel X, then there exist
7 (X9, X) > (XE) X)) and 0 (XK, X) > (XP), X) surjective maps of
pairs rel X such that m = w5 o 1. That is, T factors through the pair (X%, X).

Proof. For each x € Iso(XP), 77 '(x)isa clopen subset of xX© \ C and so is com-
pact, perfect and zero-dimensional, i.e., it is a Cantor set. By Proposition 2.9 there
exists a continuous surjection %, from 7 (x) onto K, so Ex = (hy x hy) " '(1g) is
a closed equivalence relation on 7 ~!(x) such that the surjection &, factors to give
a homeomorphism from the quotient space 7 ~!(x)/E onto K. Let

E=1yo0U U E,.
xelso(X(P)

From Lemma 3.3 it follows that E is a closed equivalence relation on X,
Let g : X©© — X©/E be the quotient map. From the construction there
exists g : X(©/E — XP) such that 7 = g o gg. The E equivalence class of
each x € X is a singleton and so, identifying X with gg(X), we can regard
g : (X©, X) > (X©O/E,X)and g : (X©/E, X) - (XP), X) as maps rel X.
Since each 7! (x)/E, is homeomorphic to K, (X'©)/E, X) is a K extension pair.
By uniqueness, there exists 4 : (X(C)/E, X)— (X% X)a homeomorphism rel X.
Letmy=hoggandm =qgoh™\. O

Now we apply these results.

Lemma 3.12. Let (XP, X) be a point extension pair, (Y, X) an extension pair and
7 (Y, X) = (XP), X) a surjective map of pairs rel X.

(@) The map w : Y — XP) is open.
(b) Assume that H : (Y, X) — (Y, X) and HP? : (XP, X) — (XP), X) are

homeomorphisms with = mapping H to HP),i.e., mo H=H' om. If HP is
chain transitive, then H is chain transitive.

Proof. (a) f U C Y isopenand x € Tz (U)NXP \ X), then 7 (U) is a neighborhood
of x because x is an isolated point.

If x € r(U) N X, then there exist € > 0 and § > 0 so that ‘_/edy (x) CU and
n L (VI (x)) € V& (x). Because 7 is surjective, 7(V¥ (x)) D V{*? (x), so
(U) is a neighborhood of x.
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(b) Since 7 is open, Proposition 2.4(e) implies that 7 is a semiconjugacy from
CH to CH™ and from CH~! to @(H”)~!. Fix x € X. For any y € Y we have
x € CHP) (7 (y)) and x € C(HP)~1(r(y)) because HP) is chain transitive. Since
{x} =71 (x), it follows from the semiconjugacy that x € CH(y) and x € CH~'(y).
That is, every point of Y is chain equivalent to x, and so transitivity of CH implies
that H is chain transitive. O

Theorem 3.13. Let (X7, X) be a point extension pair, (X©, X) a Cantor set
extension pair and (X%, X) a K-extension pair for spaces X and K.

(a) If f is a chain transitive homeomorphism on X, then there exists a homeomor-
phism F on XP) which extends f on X such that

o F is chain transitive,
o F. is topologically transitive, and
e ifx e XP\ X, then wF (x) = X = aF (x).

(b) There exists G'© a topologically transitive homeomorphism on X'© which
extends 1x.

(c) There exists G a chain transitive homeomorphism on X %) which extends 1.

Proof. (a) By concatenating e-chains which are e-dense in X, we can obtain an
infinite sequence {xy : k € Z} with d(f (x¢), xx+1) — 0 as |k| — oo and so that for
any N € N the tails {x; : k > N} and {x_; : kK > N} are dense in X. Define the
sequence {yy € X x [0, 1] : k € Z} by

=
(3-10) W= {(xk’(2k+1) ) fork >0,

(xx, lkD™H for k < 0.

Let Y = X x {0} U{y : k € Z}, and define F(x,0) = (f(x),0) and F (yr) = yit1
for k € Z. It is easy to see that Y is an isolated point extension of X = X x {0}, F is
a homeomorphism on Y, and X x {0} = wF(yk) = a F (y) for any k € Z. Since the
orbit O(F)(yo) = {yx : k € Z} is dense, it follows that F. is topologically transitive.
The homeomorphism F is chain transitive on ¥ because f is chain transitive on X
and because X = wF(yk) - (?F(yk) and also X = aF(yk) C GF‘I(yk).

By Lorch’s uniqueness theorem (Theorem 3.4) there exists a homeomorphism
H:(X? X)— (Y, X)rel X.Let F=H 'oFoH.

(b) We begin with G a topologically transitive homeomorphism on a Cantor set
with a Cantor set C of fixed points. By topological transitivity, C is necessarily
nowhere dense. To be specific, let G be the shift homeomorphism on the product
space CZ. Let ¢ : C — CZ be the embedding with c(x); = x for all i € Z. Thus, c is
a homeomorphism onto the set of fixed points. Since C is nowhere dense, (CZ, C)
is a Cantor set extension pair by Theorem 3.9(a).
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For an arbitrary space X, there exists by Proposition 2.9 a continuous surjection
h:C— X. Weattach CZ to X using h. Let Y = (CZ)/h. Now, (Y, X) is a Cantor set
extension pair, and G factors to define a topologically transitive homeomorphism G
which restricts to the identity on X.

By Theorem 3.8 there exists a homeomorphism H : (X ©) X)) — (Y, X) rel X.
Let GO =H'oGoH.

(c) First we consider the case where X is the usual Cantor set C in [0, 1] with
0,1 € C. Then the complement consists of a pairwise disjoint, countable collection
{(a;, bj) :i € N} of open intervals in (0, 1). Let £; = b; —a;, so ¢; > Oforalli e N,
but for any € > 0 there are only finitely many with £; > €. Let

(3-11) CP =Cx{0yU [ Uar. ti/m), (i, ti/m)} € C x [0, 1].

i,meN
Since the set of endpoints is dense in C, it follows that CP) is a point extension of
C = C x {0}. Now we relabel the isolated points. Fori € N, k € Z, define

= [ta ti- @+ D7) for k=0,
ST b - KDY fork <0,
N _{(b,,e- Qk+ D™ fork >0,
@, b - kDY fork <.

Define G as an extension of 1o so that ui’kli)ui’k_f_l and Ui’kli)vl”k_f_l. Thus,
above each endpoint a; the u; ;’s run up the (a;, £;/m)’s with m even, jump from
(ai, £i/2) to (b;, £;), and then move down the (b;, £;/m)’s with m odd. The v; ;’s
provide a similar path from b; to ;. Since for any € > 0 at most finitely many
points move a distance more than ¢, it follows that G and its inverse are continuous.

It is clear that for any i the points of {(a;, £;/m), (b;, £;/m) : m € N} all lie in a
single chain component. Given € > 0, it is clear that we can get from a point x € C
to a point y € C by an e-chain jumping across the gaps of length less than € which
occur between x and y. For the finite number of remaining gaps we use the isolated
point orbits to get across. Hence, G is chain transitive on C?),

For an arbitrary space X, we again use a continuous surjection # : C — X from
Proposition 2.9. Let X7 be the quotient space C?’/h obtained by attaching X
via h. Then, G U 1x on CP U X factors through the quotient map g, to define a
homeomorphism G . Because g, maps G on C» onto G» on XP) it follows
that G'P) is chain transitive by Proposition 2.4(d). Because g;, : C'/P’\C — XP\ X
is a homeomorphism, it follows that X7 is an isolated point extension of X.

Because (XX, X) is a K-extension pair and the point extension is essentially
unique, there exists 7 : (X(K), X)— (X(P), X), a map of pairs rel X, such that the
fiber 7 ~! (x) is homeomorphic to K for every x € X"\ X. For each such x let GX)
restrict to a homeomorphism from 77 x) to r =GP (x)). By Lemma 3.6 GK)

(3-12)
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and its inverse are continuous. By Lemma 3.12 G is chain transitive because
G is. O

Remark. By Proposition 2.5(b) there is no topologically transitive homeomorphism
on a space with infinitely many isolated points. Hence, the result in (a) above is the
best we can hope for. In particular, we see that any chain transitive homeomorphism
on X can be extended to a system in which X is an omega limit set.

Recall from Proposition 2.7(e) that if X is connected, then 1y is chain transitive.
Now we can prove a slight extension of Theorem 1.1.

Corollary 3.14. For a space X let X | be the closure of the union of all components
which meet 1so(X). If X1 is a proper, clopen, nonempty subset of X, then X is
H (X)-decomposable and so X admits no chain transitive homeomorphism. If X,
is not a proper, clopen subset of X and the open set X \ X| is empty or zero-
dimensional, then X admits a chain transitive homeomorphism.

Proof. The sets Iso(X) and X; are hx-invariant, so if X is proper, clopen and
nonempty, then X is hx-decomposable.

Assume that X is not a proper, clopen subset of X. If Iso(X) is finite and
nonempty, then X = X; =Iso(X) and we can define f so that X consists of a single
periodic orbit. If Iso(X) = &, then X| = @ and X = X \ X is zero-dimensional
and perfect, and so X is a Cantor set. Hence, X admits a topologically transitive
homeomorphism.

Now assume that Iso(X) is infinite, so A =Iso(X) \ Iso(X) is nonempty. Clearly,
(Iso(X), A) is a point extension pair, and by Theorem 3.13(c) there exists a chain
transitive homeomorphism f; on Iso(X) which is the identity on A. Extend f; to be
the identity on X \ Iso(X). Thus, fi is the identity on every nontrivial component
of X which meets Iso(X). It follows from Proposition 2.7(e) that all of these are
contained in the chain component of f; which contains all of Iso(X). As this chain
component is closed, it must contain all of X;. That is, f; on X is chain transitive.
If X = X1, then we are done.

Otherwise, the nonempty, open, zero-dimensional set X \ X is not closed and
contains no isolated points. So X» = X \ X is perfect and B = X, N X is nonempty
subset of X disjoint from Iso(X). We see that (X;, B) is a Cantor set extension
pair, so by Theorem 3.13(b) there exists a topologically transitive homeomorphism
f> on X, which restricts to the identity on B.

The concatenation f = f; U f, is a homeomorphism on X. Since f; and f, are
each chain transitive and X N X, # & it follows that all of X is contained in a
single chain component, i.e., f is chain transitive. ]

To extend these results we need some simple lifting facts.
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Lemma 3.15. Let f; € H(X;) fori = 1,2 and let m : X1 — X, be a continuous
surjection mapping fi to f. Assume that (r x w)~'(1x,) C Cf. That is, each
fiber of 1 is entirely contained in a single chain component of f.

(a) Both f\ and f, are chain recurrent, i.e.,
1X1 C Gfl and 1X2 - efz

(b) The space X is fi-decomposable if and only if X, is f>-decomposable.

(c) The chain relations satisfy
Ch=@xm)E€f) and €fi=(mxm) ' (€f).
(d) The homeomorphism f is chain transitive if and only if f, is chain transitive.

Proof. (a) Let E, = (m x w)~!(1y,). It is a closed equivalence relation and so
contains lyx,. Hence, 1x, C E; C Cfj.

Because 7 is surjective, 1y, = (w x 7)(1x,). Since w maps fj to f», it maps
Cfi1 to Cf> by Proposition 2.4(d). Hence,

lx, =(m xm)(1x,) C (m xm)(Cf1) C Cfr.

(b) If B and its complement are proper, clopen, forward f,-invariant subsets of
X, then because 7 is surjective, 7 ~!(B) and its complement are proper, clopen,
forward f)-invariant subsets of X.

Now assume that A and its complement are proper, clopen, forward fi-invariant
subsets of X . Since each is forward C fj-invariant, it follows that each is saturated
by the equivalence relation £, C Cf;. Hence, 7(A) and 7 (X; \ A) are disjoint
closed sets with union 7 (X;) = X». That is, they are complementary clopen sets.
Furthermore, they are forward f,-invariant.

(c) As mentioned above, (r X 7)(Cf1) C Cf>. Now assume (x1, xp) € C f. Since
X1 =€ fi1| by (a), Proposition 2.1(c) implies there is an attractor A for f; which
contains x| but not x;, and by Proposition 2.1(d) A is a clopen € f}-invariant set.
Hence, it is saturated by E. So w(A) is clopen and f;-invariant, and therefore also
C f-invariant. Now, 7 (x1) € m(A), and x» &€ A =7~ (7w (A)) implies 7 (x2) & 7 (A).
It follows that (7 (x1), 7w (x2)) € C f>. Thus, the complement of C f] in X| x X maps
into the complement of Cf;. Since m X 7 is surjective, the equations of (c) follow.

(d) Immediate from (c) and the surjectivity of 7. O

For any space X, the chain relation Cly is a closed equivalence relation and
by Lemma 2.6(b) the equivalence classes are the components of X. Let [X] be
the zero-dimensional space of components, the quotient space for this equivalence
relation with quotient map mx : X — [X]; see Lemma 2.6(b) and Proposition 2.1(d).
There is a natural homomorphism [ -] : H(X) — H([X]) with mx mapping f to
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[f]1for f € H(X). Thus, H(X) acts on [X] and we let [hx] = J{[h] :h € H(X)}
be the associated relation on [X].

Proposition 3.16.
(a) A space X is hx-decomposable if and only if [ X] is [hx]-decomposable.

(b) If f is a chain recurrent homeomorphism on a space X, then (;wx X )~ ! rxp)
C Cf. In that case, the following are equivalent:

(1) The map f is chain transitive.

(ii) The space X is f-indecomposable.
(iii) The map [ f] is chain transitive.
@iv) The space [X] is [ f]-indecomposable.

Proof. (a) This is clear because any clopen set is saturated by the equivalence
relation Cly.

(b) Since the space of chain components is zero-dimensional, every connected set
of chain recurrent points is contained in a single chain component. If f is chain
recurrent, then every point is chain recurrent, so each component is contained in
a single chain component. It follows that (ry x x)~!(1;x]) C €f. Since f and
[ f] are chain recurrent, the equivalences (i) < (ii) and (iii) < (iv) follow from
Proposition 2.7(d). The implication (i) = (iii) holds because = maps f to [ f]. The
converse, (iii) = (i), follows from Lemma 3.15. O

Thus, a chain transitive homeomorphism on [X] lifts to a chain transitive home-
omorphism if and only if it lifts to a chain recurrent homeomorphism.

Recall that a component K of X is an isolated component if it is a clopen
subset of X. For a space X let Jx denote the set of isolated components. Two
isolated components K| and K, are H (X)-equivalent if they are homeomorphic
or, equivalently, if there exists g € H(X) such that g(K;) = K. Let Ix be the set
of H(X)-equivalence classes in Jx. For i € Ix let Q; be the union of the isolated
components in i, and let Q be the union of all of the isolated components, so that
Q is the disjoint union of the Q;. Thus, Q and all of the Q; are open subsets of X.

Lemma 3.17. If A is a clopen H(X)-invariant set which meets some Q;, then it
contains Q;. In particular, if all the isolated components are homeomorphic

to one another and the union of the isolated components is dense, then X is
H (X)-indecomposable.

Proof. Since A is open, it meets some isolated component K € i. Since it is clopen,
it contains K. If K| € Q;, then there exists g € H(X) such that g(K) = K1, and so
H (X)-invariance implies K; C A. Since Q; C A and A is closed, we get Q;CA. O

We say that X satisfies the diameter condition on isolated components if for every
€ > 0 there are only finitely many isolated components with diameter greater than €.
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The following is the furthest we can extend Corollary 3.14.

Theorem 3.18. For a space X, let X| be the closure of the union of all components
which meet the closure of the union of all isolated components. If X satisfies the
diameter condition on isolated components and the open set X \ X is empty or
zero-dimensional, then

(a) either X is H(X)-decomposable or X admits a chain transitive homeomor-
phism;

(b) if X is a proper, clopen subset of X, then X is H(X)-decomposable, and so
X admits no chain transitive homeomorphism;

(c) if X is not a proper, clopen subset of X and all the isolated components are
homeomorphic to one another, then X admits a chain transitive homeomor-
phism.

Proof. (b) Obvious since X; is H (X)-invariant.

In (a) and (c) the extension from the closure of the isolated components to the
rest of X proceeds just as in Corollary 3.14. So from now on we will assume that
the union Q of the isolated components is dense.

(c) If there are only n isolated components, then their union Q is clopen and so is
all of X. By assumption they are all homeomorphic to some common space K. We
can choose a homeomorphism with f” = 1y, and so that each periodic orbit meets
each component. Clearly, f is chain transitive.

Now we may assume that Jy is infinite, and let A = X'\ Q. Thus, A is a nonempty,
closed, nowhere dense set. By Theorem 3.9(b) (X, A) is a K-extension pair. By
Theorem 3.13(c) X admits a chain transitive homeomorphism rel A.

(a) We may assume that there is more than one equivalence class in Iy, for otherwise
we are in case (¢). If any i € Iy is finite, then Q; is a clopen H (X)-invariant set, so
X is H(X)-decomposable since X # Q; by the assumption that /x contains more
than one class.

Now assume that every equivalence class in [x is infinite. Then the closure of
each open H (X)-invariant set Q; meets A, and we let A; = Q;NA.Ifi # j, then
Q;N Q; C A, and so this intersection equals A; N A;.

Applying the argument for (c) to Q;, there exists a homeomorphism f; on Q;
which is chain transitive and which restricts to the identity on A;.

Let f on X equal f; on Q; and the identity on A. Because the diameter condition
holds, we can apply Lemma 3.12 to see that f is a homeomorphism on X. Since
each f; is chain transitive, | J;{Q; x Q;} C Cf.

Let x € X and g € H(X). Since Q = J; Q; is dense in X, there is a sequence
{xx € Q;,} which converges to x. Then g(x;) € Q;,, and so (x, g(x)) € | J; Qi x Q;.
Hence, hy C Cf. In particular, 1x C hy implies that f is chain recurrent. So
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by Proposition 2.7(d) f is chain transitive if and only if X is f-indecomposable.
Since hy C Cf, an f-decomposition, which is a C f-decomposition, is also an
hx-decomposition. Hence, if X is f-indecomposable, then it is 4 x -indecomposable,
i.e., X is H(X)-indecomposable. On the other hand, if X is H (X)-decomposable,
then there does not exist any chain transitive homeomorphism on X. (Il

As we will see below, the diameter condition on isolated components is essential
for this result.

Example 3.19. We construct X so that
« the connected components of X are all homeomorphic to [0, 1];
« the space X is H(X)-decomposable;
« there are no isolated components.

Let C C [0, 1] be a Cantor set and S = {a, : n € N} a sequence of distinct points
in C with closure A in C. Define

In={(an,t):Oftfn_l}CCx[O,l] forn e N,
(3-13) Co=Cx{0}, Cy=Coul,I,, C+=C,LUCx[-1,0],
Ag = A x {0}, A+:Un I,, AL=A;UAXx[-1,0].

Each I} = I, \ C x {0} is open in C4, and so the points of each I have connected
neighborhoods. Hence, A, Ay and AL are H(Cyi)-invariant. Thus, if A is a
proper, clopen subset of C, then Cy is H(C4)-decomposable. Observe that every
component is homeomorphic to the unit interval and the first coordinate projection
maps C+ onto the Cantor set C.

Also, if A is a proper, clopen set, then C x [—1, 0] admits chain transitive
homeomorphisms, but the factor X = C U A x [—1, 0] is H (X)-decomposable.

A homeomorphism f on C can be extended to a homeomorphism F; of C
if and only if A is f-invariant. In that case, we can then define F by using any
orientation-preserving homeomorphism from 7, to /¢ (y), i.e., one which maps (x, 0)
to (f(x),0). Here I, = I,, for x = a, and = {(x, 0)} if x £ S. Continuity at points
of AS is clear, and if x € C, then for every € there is a neighborhood U of x in C
so that y € U \ {x} implies that the length of the interval /¢y is less than €. This
implies continuity at (x, 0). Notice that if O f(x) is infinite, then

(3-14) lim |1pn)| =0,
|n]—o00
where | J| denotes the length of an interval J. This says that any pair (x, #1), (x, &) €
I, is asymptotic for Fy and (F,)~! with
oFi(x, 1)) =wFi(x, ) =wf(x) x {0} C Co,

(3-15)
aF (x,t)) =aFi(x, ) =af (x) x {0} C Co.
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Now assume that A is not clopen. If f is chain transitive and every point of A
has an infinite orbit, then any extension F to C is chain transitive. Observe that
F is chain transitive if, whenever a,, is a periodic point for f, we define F by
using the unique linear, orientation-preserving homeomorphism from 1, to 17 ().
On the other hand, if f(a;) = a; and on I,, we define F by (aj, t) — (ai, %)
then (ay, 1) is a repelling fixed point for F; on I,, and hence for F.y on C,. If F
is chain transitive, then we can obtain a chain transitive extension Fy on Cy by
using f x 1j—1,0; on C x [—1, O]. U

Example 3.20. We construct a space X so that
« the connected components of X are all homeomorphic to [0, 1];

« the space of connected components, [ X], consists of a convergent sequence
and its limit, and the union of isolated components in X is dense;

e itis f-decomposable for any f € H(X) but not H (X)-decomposable.

The space X we construct is H (X)-indecomposable by the first two properties
and by Lemma 3.17.

For every n € N we define [, = [0, n~!] and a continuous function #,,: I, — I =
[0, 1] so that, for integers i =0, ..., 2n)!,

i _ 0 when i is even,
tn(n(Zn)!) B {1 when i is odd,
and the rest of the values are defined by linear interpolations.
Each interval I, contains (2n)! intervals {I,i :i=1,...,(2n)!} of equal length,
each of which is mapped by 7, onto /. We can further subdivide each I/ into intervals
{I,l;’j :j=1,...,n} of equal length so that each is mapped to a subinterval of I of

length n~! by t,. The corresponding restrictions of t, are denoted by #,; = t,| I
and Inij= t”|1rl;'j'

Recall that we identify a function with its graph, so the functions #,, f,; and
tn,i,j are all closed subsets of I, x 1. We define

X,={n""Yxt,, neN,
XOO = {(07 0)} X [O’ l]a
X=UX,,UXOO.

n

(3-16)

The space X is clearly a closed, bounded subset of R, and the space [X] can be
identified with 7 (X), where 7 : X — {n~! : n € N} U {0} is the projection to the
first coordinate. The union of the isolated components is clearly dense in X. In
addition, for all appropriate n, i and j, we define

(3-17) X =" xt,; and X ={n"")xt,;;.
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Note that each X,, is a union of the line segments X;,. Similarly, each X/, is a union
of the line segrnents X5/, The diameter of each X! is greater than 1, and the
diameter of each X,,” is less than 2n~!. The arc length of X, is greater than (2n)!.

Suppose that & : X,, — X,, is a homeomorphism for some n < m < co. Then
forsomei=1,...,(2n)!, j=1, ,nandk=1,..., (2m)!, it must happen that
h(X, L ) DX, k If not, then each h(X J ) meets at most two of the segments X , so the
arc length of each mapped segment 4 (X, o ) is less than 4. The arc length of 7(X},),
which is the sum of the arc lengths of the (2n)!n mapped segments /4 (X ,,j ), is less
than 4(2n)!n. Since 4(2n)!n < (2m)!, the map & cannot be surjective. It follows that
there exists a pair of points u, v € X,, withd(u, v) < 2n~ ' but with d (h(u), h(v)) > 1.

Now if f € H(X), then it follows that the induced homeomorphism [ f] on the
space [ X] is the identity on all but finitely many points. For if not, then by replacing
fbyf —Lif necessary, we can assume that there are sequences (m;) and (n;) in
N tending to infinity such that f(X,,) = X,,, and m; > n; for all i. Hence, there
exist u;, v; € Xp,, with d(u;, v;) < 2”1'_1 but with d( f (u;), f(v;)) = 1. Thus, there
are convergent subsequences of {;} and {v;} with a common limit in X,. Hence,
f cannot extend to a continuous function on all of X.

Thus, there exists N € N such that f(X,) = X, for all N <n < oco. Since the
isolated components X, are invariant for n large enough, X is f-decomposable. []

Example 3.21. We construct spaces X and X so that

o the isolated components of X and X are all homeomorphic to one another
and their union is dense;

o XTis H(X*)-indecomposable but it is f-decomposable for all f € H(X™);

o there exists f € H(X) such that X is f-indecomposable, but no f € H(X) is
chain transitive.

Let Z={x,:neZ}CI=]10,1] with
_{1—(n+2)_1 forn=0,1,...,
" ln+2)7! forn=—1,-2,....
Define forn € Z
ty = (%, 0), by = (xu, (In|+ D7),

(3-18) 1
L ={{xp,t): 0<t<(n|+1)"}.
Define
J=1x{0}, H=[-1,0]x {0},
C=HUJU I, : 7},
(3-19) U{ nel)

Zo=la,:ne?}, Z,={b,:nelr},
e0=1(0,0), e =(1,0), e_;=(—1,0).
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We will call C a comb with handle H.

The group H(C) fixes e_1, ep and e;. Each of the sets Zy and Z; is a single
H (C)-orbit. The closed sets J and H are H (C)-invariant.

If h € H(C), then for some k

h(b,) = bn+k & h(a,) = antk <= h(l,) = L.

In that case h(a,+1) = ap+1+4, and so h induces a translation by k on the sequences
Zpand Z,. If k > 0, then e is an attractor with complementary repeller H, and the
reverse is true if k£ < 0. If k = 0, then h fixes each point of Zy and of Z;.

On C define T by

T (eg) = ep, T(e+1) =e+1,
T (an) = dap+1, T(bn) :bn—',-la

and with T : [a—1, an] — lan, any1], T : I, — I,+1 and T : H — H linear for all
n€Z. Thus, T € H(C) induces a translation by 1 on Zj and Z; and is the identity
on H.

(3-20)

Forn € Z let
(3-21) =L U{(x, (nl+ D7) 501+ %) < x < 51 +x0)},

a comb with a queer tooth /' at n replacing ,. Observe that C and all the C, are
connected.

If f:C, — C, is a homeomorphism, then f (/)= 1. If h € H(C), then h
extends to a homeomorphism from C, to C,, if and only if 4(1,)) = I,,. Thus, C,
and C,, are homeomorphic for all n, m € Z.

In R? x I we define

X=Cx{0,1}U U{c,, x {xn):n €7},
(3-22)
Xt =Cx {1}UU{Cn X {x,}:n e N},

Thus, X and Xt both have a dense union of isolated components, and each
isolated component is homeomorphic to Cy. It follows from Lemma 3.17 that X is
H (X)-indecomposable and X is H (X *)-indecomposable.

Any homeomorphism in H (X ™) restricts to a homeomorphism of C x {1} and
so restricts to translation by k on Zy x {1}. This means that 2z must map C, x {x,}
to Cyyr X {x,+x} when n > N for N sufficiently large, and we may suppose
N + k > 0. This implies that 4 maps the set of N complementary components
{C, x{x,}:0<n < N} to the set of N 4k components {C,, x {x,}:0<n < N +k}.
This requires that k = 0. Hence, each isolated component C,, x {x,} withn > N is
invariant, and so X% is h-decomposable.
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Thus, X is an example of a space which is H (X )-indecomposable but such
that X is h-decomposable for every h € H(X™).

In the case of X, we start by assuming that % fixes each of the two nonisolated
components, i.e., # maps C x {€} to itself for e =0, 1. As before, since & translates
Zo x {€} by some k. for € =0, 1, there exists N € N large enough that 2 maps
Cn x{xp} to Cppp; X {Xpk, } forn> N and C,, X {x,,} to Cpqy X {Xpk,} for —n > N.
Again we can choose N large enough that N + k. > O for ¢ =0, 1. This implies
that & maps the set of complementary components C,, x {x,} for =N <n < N to
the set of components C,, x {x,} for —N + ko < n < N + k;. This requires that
ko =ky, and we let k = kg = k.

If k£ > 0, then C x {1} is an attractor and C x {0} is a repeller with the reverse
if k < 0. Hence, # is not chain transitive. If kK = 0, then each isolated component
C, x {x,} is invariant for [n| > N, and so X is h-decomposable.

The remaining possibility is that & interchanges the two limit components C x {e}
for € =0, 1 and then each is invariant for 4% Applying the previous argument to /2,
we see that for a large N the components are translated by 4> with a common k.
If k > 0, then C x {1} is an attractor for 4> while C x {0} is a repeller. But since
h commutes with A% this would imply that C x {0} = h(C x {1}) would be an
attractor for 42 as well, which it is not. Similarly, k < 0 leads to a contradiction.
It follows that in this interchange case k = 0, and so C,, x {x,} is h*-invariant for
|n| sufficiently large. Hence, for each such n the set C, x {x,} Uh(C, x {x,}) is
clopen and A-invariant, so X is z-decomposable when £ interchanges the ends.

Finally, extend T : C — C by

T, : Cp X {xp} = Cpy1 X {xp41}

foralln € Zand by T x 19,1y on C x {0, 1} to obtain a homeomorphism (with
k = 1) with respect to which X is not decomposable.

Thus, X is an example of a space with an element & € H (X) such that X is not
h-decomposable, but nonetheless there is no chain transitive homeomorphism in
H(X). O

4. Spaces with all homeomorphisms chain transitive

Having considered spaces which admit no chain transitive homeomorphisms, we
turn to the opposite extreme to consider spaces such that every homeomorphism is
chain transitive. By Proposition 2.7(e) the identity 1x is chain transitive if and only
if X is connected, and if f € H(X) with X connected, then f is chain transitive if
and only if it is chain recurrent.

A space X is called rigid if 1y is the only homeomorphism on X, i.e., the group
H (X) is trivial. Such spaces were introduced and constructed by de Groot and Wille
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[1958]. For a connected rigid space the only element of H (X) is chain transitive. We
construct some more interesting examples by using rigid spaces as tools. We need
a pairwise disjoint sequence {Z,} of connected, locally connected spaces such that

(RIG) for any nonempty open subset U of Z, and any disk I, there does not exist
a homeomorphism of U x I* onto any subset of (Z, \ U) x I* or onto any
subset of Z,, x I* with m # n;

(CON) for every n € N and for any finite F' C Z,,, the set Z, \ F has only finitely
many components, and for any positive integer N there is a subset F C Z,
of cardinality N such that Z, \ F is connected.

Condition RIG is a slight strengthening of the condition on a space called strongly
chaotic in [Charatonik and Charatonik 1996]. We construct such a sequence in
the Appendix. For each Z, we choose a pair of distinct points e, , ¢ € Z,,. Our
examples are obtained by using such rigid spaces instead of the unit interval in
some common constructions.

Example 4.1. Suppose that G is a finitely generated (and hence countable) group.
Following de Groot [1959], we construct a space X so that

 the homeomorphism group H (X) is isomorphic to G;
e every f € H(X) is chain transitive.

First, consider the case G = Z. We can think of the real line as a graph with Z as
the set of vertices and intervals [n, n + 1] as edges. Now let Z = Z be one of the
chaotic spaces described above with points e, e™ € Z. We replace each edge by a
copy of Z. That is, let X be the quotient space of Z x Z with (n, e™) identified
with (n + 1, e7). If ¢ is the translation homeomorphism on Z with t(n) =n + 1,
then ¢ has a unique extension ¢ to Xy which is the quotient of # x 1z. The only
homeomorphisms on X are the iterates ¢". Let X be the one-point compactification
of X¢ with the additional point co. Let t € H(X) be the unique homeomorphism
extension of f on X and so of r on Z. Since X is connected, 1y is chain transitive.
For any n # 0, we have {co} = o(t")(x) = a(t")(x) for all x € X, and so t" is
chain transitive. In this case, H(X) is isomorphic to Z.

In general, suppose that G is generated by {g1, ..., g,}. Let Xo be the Cayley
graph with rigid spaces as linking edges. That is, let {g, ..., g,} be a list of gener-
ators for G, and let {Z1, ..., Z,} be distinct strongly chaotic spaces as above, each
with a chosen pair of points. Let X be the quotient space of G U [G X (Uf’: 1 Z,-)]
with (g, el.+) identified with (g; g, ¢; ) forge G,i=1,...,n and (g, ¢; ) identified
with g € G fori =1, ..., n. Because there are only finitely many generators, the
space Xy is locally compact and the set of vertices {g € G} is invariant with respect
to any homeomorphism /4. Furthermore, if g € G, then h(g;g) = gih(g), and so h
commutes with all left translations. It follows that, on G, the mapping 4 is the right
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translation r,, where v = h(u) and u is the identity element of G. Thus, on Xy,
the mapping 4 is the quotient of the map r, U [r, x 1,z ]. Let X be the one-point
compactification of X, and let r, denote the extension of 4 to X. If v is of finite
order k, then (r,)* = 1x and so r, is chain transitive on X. If v is of infinite order,
then {o0} = w(ry)(x) = a(r,)(x), and so r, is chain transitive on X in this case as
well. The group H(X) is isomorphic to the discrete group G by v > r; . |

In these cases, the homeomorphism group is discrete. It is possible to obtain rather
large nondiscrete groups. We first review some standard topology constructions.

A pointed space is a pair (X, x) consisting of a space with a chosen base point
x € X. We let H(X, x) denote the closed subgroup of H(X) consisting of those
homeomorphisms which fix x. A space Y can be regarded as a pointed space with
base point an isolated point not in Y. If (X, x1) and (X, x») are pointed spaces
and f : X; — X, is a function, we use the notation f : (X1, x;) — (X3, x2) to
mean that f(x1) = x».

If A is a nonempty closed subset of a space X, then the space X/A with A
smashed to a point is the quotient space of X with respect to the closed equivalence
relation 1x U A x A. Thus, the quotient map g : X — X/A is a homeomorphism be-
tween the open sets X \ A and X/A\ {x4} with x4 the point which is the image of A.

Given two pointed spaces (X1, x1), (X2, x2), their smash product is

(X1, x1) # (X2, x2) = (X12, x12),

a pointed space consisting of the product X; x X, with the wedge X1 x {x2}U{x1}x X»
smashed to the point x1,. We can also define the smash product of a pointed space
(X1, x1) and any space X, as (X, x1) # Xo = (X12, x12), where X, is the product
X1 x X, with {x1} x X, smashed to the point x1,. Notice that in this case we can
regard the space X, as the one-point compactification of (X; \ x1) x X». The
projections my : (X1, x1) # X2 = (X1, x1) and 75 : X \ {x1} x X2 — X, are open
and surjective.

We can define the smash product of two continuous functions once we fix base
points from the domains. For i = 1,2, let X; and Y; be spaces, f; : X; — V;
a continuous function and x; € X; a base point. We set y; = f;(x;) to obtain
a pointed space (Y;, y;) fori = 1,2. Let (X2, x12) = (X1, x1) # (X3, x2) and
(Y12, y12) = (Y1, y) # (Y2, y2), and let g : X1 x X = Xppandr: Yy x Y2 = Y2
be the quotient maps. We define a continuous function f = (f1, x1) # (f2, x2) from
(X12, x12) to (Y12, y12) by the formula fog =r o (f; x f2). We can also define
the smash product of two functions when only one of the domains has a base point.
If(V,v)=X,x)# X, and (W, w)= (Y|, y)#Yrandif s : X x X, — V and
t:Y) x Y, - W are the quotient maps, then we define the continuous function
g = (f1, x)) # fp from (V, v) to (W, w) by gos =10 (f1 X f2).
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Example 4.2. We construct a space X so that
« the homeomorphism group H (X) contains a nontrivial path-connected subgroup;
e every f € H(X) is chain transitive.

Let (Z, e) be a chaotic space Z, as above, with base point e € Z such that Z \ {e}
is connected. Let W be a connected, compact manifold (perhaps with boundary)
of positive dimension k. Let (X,ex) = (Z,e)#W. If (z, w) € (Z\{e}) x W =
X\ {ex} and & is a homeomorphism from an open set containing (z, w) into X, then
h(z, w) = (z1, wy) with z; € Z\ {e} implies z = z;. If not, then we can choose disk
neighborhoods of w and w; each homeomorphic to 7%, and we can choose disjoint
open neighborhoods U of z and U of z; so that 2 induces a homeomorphism from
U x I¥ onto a subset of U; x I*, and this contradicts condition RIG. If h(z, w) = ey,
then 2 would map points (z2, wp) close to (z, w) in X \ {ex} to points (z1, w;) with
z1 in X \ {ex} close to e. This does not happen by the previous argument. Thus,
it follows that 7r; o h = 71, where 7} is the projection to (Z, e). This implies that
H(X)= H(X,ex), and 7 maps every h € H(X) to 1.

Since the homeomorphisms of X leave the preimages of m; invariant, it follows
that every h € H (X) is of the form h(z, w) = (z, ¢(z)(w)) with g : Z\{e} - H(W)
a continuous map. Thus, the space of continuous maps C(Z \ {e}, H(W)) with
the obvious group structure is isomorphic as a group with H(X). Notice that
we need not worry about behavior as z approaches e in Z since all of {e} x W
is smashed to a point. Thus, the isomorphism is topological if we choose an
increasing sequence {K,} of compacta in Z with union Z \ {e} and define the metric
d(q1, q2) =sup, 27"du(q; |Kn’ qlen) with dg the uniform metric on H(W).

In particular, the constant maps g yield H(W) as a subgroup of H(X). Since
W is a manifold of positive dimension, it follows that the path components of the
identity in H (W) and hence in H (X) are nontrivial subgroups. The remaining path
components are cosets and so are nontrivial as well.

Let h € H(X). Given € > 0 and (z, w) € X \ {ex}, there is an e-chain zq, ..., zy
for 1z with zo = z and zy = e and z; # e for i < N. That is, d(z,+1, zn) < €.
Define {wo, ..., wy} by wo = w and h(z;, w;) = (z;, wi+1) fori < N. Clearly,
(zo, wo), ..., (Zn—1, Wy—1), ex is an e-chain for /& from (z, w) to ex. Similarly,
there is an e-chain for 2~! from (z, w) to ey. It follows that / is chain recurrent.
Since X is connected, /4 is chain transitive. O

Now let (Y, e) be a pointed space such that ¥ and Y \ {e} are connected and, for
every y € Y, the open set Y \ {y} has only finitely many components. Let C be a
zero-dimensional space, and let (X, ex) = (Y, e) # C. Since C is zero-dimensional,
the components of X \ {ex} are the sets {(Y \ {e}) x{c}:ce C}.If ye Y \ {e} and
c € C, then the components of X \ {(y, ¢)} which do not contain e are all of the
form D x {c}, where D is a component of Y \ {y} which does not contain e. Thus,
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if C is infinite, X \ {ex} has infinitely many components, while X \ {(y, ¢)} has
only finitely many components for y € Y \ {e}, ¢ € C. Hence, if C is infinite, then
any homeomorphism of X fixes ex. We will assume that, even with C finite, the
space Y is such that the point ey is fixed by every homeomorphism of X.

It follows that for any homeomorphism on /2 on X, the projection > : X \{ex}— C
maps the restriction of & on X \ {ex} to a homeomorphism on C. The map on C
is continuous because with yy # e fixed, the map is given by ¢ — ma(h(yo, c)).
Similarly, the inverse is continuous. Thus, we obtain (), : H(X) - H(C), a
continuous, surjective homomorphism of topological groups. This splits via the
continuous injection j : H(C) — H(X) given by j(k) = (1y, e) #k.

Now suppose that 4 € H(X) is in the kernel of (772), that s, it projects to 1¢. This
means that every (Y \ {e}) x {c} is h-invariant. It follows that 2 (y, c) = (¢ (c)(y), ¢),
where g : C — H (Y, e) is a continuous map. That is, the kernel is C(C, H(Y, e))
with the obvious topological group structure. Thus, H (X) is the semidirect product
of H(C) with C(C, H(Y, e)). The adjoint action of j(H (C)) is just the action
H(C)xC(C,H(Y,e)) > C(C,H(Y,e)) given by (k,q) — g o (k= 1).

Example 4.3. We construct a space X so that

o the homeomorphism group H (X) is isomorphic to the homeomorphism group
of the Cantor set;

e every f € H(X) is chain transitive.

Let (Z, e) be a pointed chaotic space as before, and let (X, ex) = (Z,e) #C
with C a zero-dimensional space. We first check that even if C is finite, any
homeomorphism 4 on X fixes ex. If not, then there exist points x1, x, € Z, distinct
from each other and distinct from e, and points a;, a; € C such that h(xy,a;) =
(x2, ap). This implies that & induces a homeomorphism between sufficiently small
neighborhoods U; of x; and U; of x;. Choosing these as disjoint neighborhoods,
we obtain a contradiction of condition RIG.

In this case H(Z, e) = H(Z) = {12}. That is, the group H(Z, e) is trivial, and
so the group C(C, H(Z, e)) is trivial. This means that (p2), : H(X) — H(C) and
j: H(C) — H(X) are inverse isomorphisms, so every homeomorphism on X is
mapped by 71 to 1. Just as in Example 4.2, it follows that every homeomorphism
is chain transitive.

When C is a Cantor set, we obtain an example with homeomorphism group
isomorphic to the homeomorphism group of the Cantor set. ]

Because of the rigidity of the connecting links, it is not true in these examples that
H (X) acts transitively on X. We can obtain examples which satisfy this additional
condition by using the beautiful construction of Slovak spaces due to Downarowicz,
Snoha, and Tywoniuk in [Downarowicz et al. 2017].
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Let g be a totally transitive homeomorphism on a Cantor set W. That is, g"
is topologically transitive for all n € Z \ {0}. The construction begins with the
suspension of g. That is, let Y = W x [0, 1] with (x, 1) identified with (g(x), 0)
for all x € W. On Y we define the real flow ¢ : R x Y — Y, the associated time-¢
map ¢’ : Y — Y, and the path map ¢, : R — Y forr € R, x € W by

o(t, (x, ) =" (x,5) = ("), {t +5)),

4-1
“ P (1) = @' (x, 0),

where [a] and {a} are the integer part and fractional part, respectively, of the real
number a. Identifying W with W x {0} C Y, we see that g on W is identified with
the time-one map ¢' restricted to W.

Observe that the time-s map of the flow ¢* restricts to a homeomorphism from
[—%, %] x W onto a neighborhood of W x {s} in Y for s € [0, 1]. It follows that
the path components of Y are exactly the R-orbits of the flow. For x € W we let
Rx = ¢, (R) denote the R-orbit through (x, 0).

In Y there are three types of path components:

Type 1: If x is a periodic point for g, then Rx is a circle embedded in Yy. This is a
circle type path component.

Type 2: If x is recurrent for neither g nor g1, i.e., x & wg(x) Uag(x), then Rx is

an embedded copy of R. That is, ¢, is a homeomorphism from R onto its
image in Y. This is an embedded R type path component.

Type 3: If x is not periodic but x € wg(x) Uag(x), then ¢, is a continuous injection
which is not a homeomorphism onto its image. In fact, Rx C Y is not
locally connected. This is an injected R type path component.

The Slovak space construction is based on the following result:

Theorem 4.4 [Downarowicz et al. 2017, Lemma 4.3]. Let f be a homeomor-
phism on a space Y with yy a point of Y which is not a periodic point for f.
Let {a, : n € Z} be a sequence of positive reals such that ), a, = 1 and the
set {|In(a,) — In(a,—1)| : n € Z} is bounded, and let u : Y \ {yo} — [0, 1] be
a continuous function. Let Y' = Y \ O fL(yg), and on Y’ define the continuous
functionu’' =", ayu o f" so that the graph of u' is a closed subset of Y’ x [0, 1]
with the first coordinate projection p : u' — Y’ a homeomorphism. Define on the set
u' the homeomorphism f' = (p)~'o fo(p). Let X be the closure of u’ in Y x [0, 1].

The homeomorphism [’ and its inverse are uniformly continuous on u', and so
[/ extends to a homeomorphism h on X. The first coordinate projection p : X — Y
mapshon X to fonY. If y € Y/, then (y, u'(y)) is the unique point of X which is
mapped by p to y. Hence, h is an almost one-to-one extension of f.
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Now, following [Downarowicz et al. 2017], we apply this construction to the
situation above, i.e., with Y the suspension of the Cantor set W via a totally transitive
homeomorphism g.

Let xo be an element of the dense G; set [|{Trans(g") : n € Z \ {0}}. By
[Akin 1993, Proposition 6.3(a)] the set of t € (0, co) such that wg"* (xg,0) =Y =
a@™ (xg, 0) is residual in (0, 0o). Since the irrationals are also residual, we may
fix such a 7, irrational in (0, 1), and let f = ¢*. Thus, yp = (xp, 0) is a transitive
point for f" on Y for all n € Z\ {0}. Since 7 is irrational, f has no periodic points.

We first define u on a piece of the orbit of the point yg = (xg, 0):

for —% <t <0,
%(1 —cos(%)) forO0 <t < %

(4-2) Uy (1) =

Apply the Tietze extension theorem to obtain the continuous function u : Y \ {yo} —
[0, 1].

Apply Theorem 4.4 to Y with the homeomorphism f. We obtain an almost
one-to-one lift # on X = u’ C ¥ x [0, 1]. All of the path components of X are
mapped by p homeomorphically onto the path components of Y, except that the
Type 3 path component Ryy is cut into a sequence of path components of a new type.

Type 4: The path component Comp, of h"(yp) is mapped by p onto the set
Pxo (((n —Dr, nt]). As t \( (n — 1), above the open interval end, there
is a topologist’s sine which projects homeomorphically. Above the nt
endpoint there is a vertical segment J, = {h"(y9)} x [0, a—,] to which
the oscillating end of the path component Comp,,,; converges. That
is, J, = Comp, N Comp,,, ;. Thus, each path component Comp, is a
homeomorphic image of Ry = [0, c0). Each is an embedded R, path
component.

Theorem 4.5. The homeomorphism group of X is H(X) = {h" : n € Z}. For all
n # 0 the homeomorphism h" is topologically transitive.

Proof. If n # 0, then by choice of 7, the homeomorphism f” = ¢"* is topologically
transitive on Y. Because p mapping 4 to f is an almost one-to-one lift, it follows
that 4" is topologically transitive on X.

If 1 is any homeomorphism on X, then the Type 4 component Comp,, is mapped
to some Type 4 component Comp,,,,. Furthermore, J, = Comp, N Comp,,, is
mapped to J,4,. It follows that p projects A to a continuous map on Y which
agrees with f* on the dense set O( f1)(yo). It follows that it projects to fX Since
p is almost one-to-one, it follows that 4 = kX, ]

Downarowicz, Snoha, and Tywoniuk begin with g on W minimal and observe
that, for a residual set of positive reals t, the homeomorphism ¢* is minimal on Y.
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Choosing one such 7, they have f minimal on Y. All of the components of Y are
then of Type 3. Then A" is minimal on X for all n # 0.
We recall and extend their definition of a Slovak space.

Definition 4.6. (a) A space X is a Slovak space if X contains at least three points,
H (X) is isomorphic to Z and every h € H(X) \ {1x} is minimal.

(b) A space X is Slovakian if X contains at least three points, H (X) is nontrivial
and every h € H(X) \ {1x} is topologically transitive.

We extend [Downarowicz et al. 2017, Theorem 4] with essentially the same proof.

Theorem 4.7. A Slovakian space is connected, and its homeomorphism group has
no elements of finite order other than the identity.

Proof. Let h be a topologically transitive homeomorphism on a space X. Suppose
that X contains a proper, clopen, nonempty subset A. If 7' (A) C A, then for any
x € Trans(h), we have h"(x) € A for some n € N, and so x € A. Thus, the dense
set Trans(/) is contained in A, contradicting the assumption that A is a proper,
clopen set. It follows that B =h~'(A) \ A is a proper, clopen, nonempty set, and
BNh(B) = 3. Define

h(x) for x € B,
(4-3) g(x)=1h"'(x) forx e h(B),
X for x € X \(BUA(B)).

The points of the nonempty set B U h(B) are periodic with period 2, and so g # 1x.
Since g% = 1y, it is clear that g is not topologically transitive.

Since X is nontrivial and connected, it is perfect and therefore uncountable. On
such a space, no topologically transitive homeomorphism has finite order. ([

Questions. Does there exists a Slovakian space X for which H (X) is not discrete?
More generally, does there exist a nontrivial space X such that the topologically
transitive homeomorphisms are dense in H(X)? If X is such a space, then every
h € H(X) is chain transitive. In particular, since 1x is chain transitive, X is
connected. On the other hand, 1y is not topologically transitive, but it is a limit of
topologically transitive homeomorphisms, and so H (X) is not discrete.

The only Slovakian spaces we know of are variations on the original construction
of [Downarowicz et al. 2017]. All of these have homeomorphism group isomorphic
to Z.

Now we extend the above construction, which was built on a totally transitive
homeomorphism g on a Cantor space W. Suppose that we are given B, a proper,
closed, g-invariant subset of W, and that » : B — A is a continuous surjection which
maps the restriction g|p to 14, the identity on the space A. That is, r~l(a) is a
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closed, invariant set in B for every a € A. Since B is proper, closed and invariant,
it is disjoint from Trans(g). In particular, xg & B.

Let B be the quotient of B x [0, 1] in Y. This is just the suspension of g|p. Since
rog=r on B, it follows that r o7 : B x [0, 1] — A factors to define the surjection
7:B— A, and each 7~ !(a) is a ¢-invariant closed subset of Y. Since x ¢ B and
B is g-invariant, B C Y".

The preimage of B via the homeomorphism p :u’ — Y’ is a compact f’-invariant
subset of X = u’. Thus, p! (E) is a closed h-invariant subset of X.

Now we attach Y and X to A, using the maps 7 and 7 o p. That is, we define

E.y=1yU[#) ' ofl,

4-4) R I
E.x =1xU[(rop)  o(rop)],

closed equivalence relations on Y and X, respectively. Let ¢} : ¥ — Y, and
qX : X — X, be the projections to the quotient spaces. The homeomorphisms f
and & induce homeomorphisms f, and /4, on the quotient spaces. The projection
p: X — Y induces p, : X, — Y,, a continuous, almost one-to-one surjection which
maps 4, to f,. As usual, we will regard the homeomorphisms induced by 7 : B— A
and 7o p: p*1(§) — A as identifications, so A is thought of as a subset of Y,
and also as a subset of X,. Recall that f has no periodic points and so & does not
either. It follows that A C Y and A C X are the sets of fixed points for f, and 4,,
respectively.

Fora € A and x € W, we say that qry([Rx) is an a-orbit if wg(x) C r~(a)
or ag(x) C r~'(a). If wg(x) C r~'(a), then the map qry o ¢y : R = Y, extends
continuously to RU{+o00} by mapping +oco to a. If x € B, then x is an a-orbit if and
only if r(x) = a, in which case ¢ (Rx) = {a}. If K| and K, are path components
of A, they are linked if there exists an x € W which is both an a;-orbit and an
ap-orbit for some a; € K1, a; € Ky, i.e., ifag(x) C r~!(a;) and wg(x) C r~Yap) or
vice versa. Two path components are linkage equivalent if there is a finite sequence
K1, ..., Ky joining them with each K; linked to its successor.

In ¥, we have a new path component type:

Type 5: Let [K] be a linkage equivalence class of path components of A. The
[K]-component in Y is the union of all of the a-orbits for a € K| € [K]
and of the path components K| € [K].

It is possible for a [ K ]-component to be of embedded R type. The only way
this can happen is if the embedding of [0, co) onto the [ K ]-component maps O to a
point of A. The endpoint of this R, type component lies in A.

Theorem 4.8. The homeomorphism group of X, is H(X,) = {h? :n € Z}. The
homeomorphism h!! is topologically transitive for all n # 0.
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Proof. The surjection ¢X maps the totally transitive homeomorphism / onto the
totally transitive homeomorphism #,.

If &, is any homeomorphism on X, we proceed just as in the proof of Theorem 4.5.
There is, however, one tricky bit. It is possible that a Type 5 path component is
of embedded R, type. If Comp, maps to Comp,_,, then just as before, J, =
Comp, N Comp,,, | is mapped to J, ¢, and hy = h* as before.

Suppose instead that Comp,, is mapped to some Type 5 path component, which
we call Q,,. Then Comp, ., will have to be mapped to a Type 5 path component
Q1 with J, mapping to Q,,NQ, 1, and this set contains the endpoint of Q,, which
isin A. Thus, there is a sequence {x, € J, :n € Z} with h(x,) € A. But the sequence
{x,} projects to the f,-orbit of yy, and this is dense in Y,. Since p, : X, — Y, is an
almost one-to-one map, the sequence {x,} is dense in X,. Since the proper closed
subset A contains the sequence {h(x,)} and & is a homeomorphism, we obtain a
contradiction. (]

If X is one of the examples of Slovakian spaces as constructed above, then X \ D
is connected for any countable subset D of X. This is because we can choose
a countable invariant subset Dy C W with xq € Do such that D C Dy x [0, 1].
Since Trans(g) N Trans(g_l) is residual and thus uncountable, we can choose
x € (Trans(g) ﬂTrans(g_l)) \ Dy. Then the orbit Rx is connected, dense in X, and
contained in X \ D. We don’t know whether this property holds for all Slovakian
spaces.

Now for our final construction.

Example 4.9. Let C be a space which is countable or the Cantor set. We construct
a space K so that

o the homeomorphism group H (K) is isomorphic as a topological group to the
semidirect product of H(C) with C(C, Z);

o the action of H(K) on K is topologically transitive;
« every element of H(K) is chain transitive;

« if C is either finite or the Cantor set, then there exists a topologically transitive
homeomorphism in H(K).

Let g be a totally transitive homeomorphism on a Cantor set W with a fixed point
ee W. Letr: {e} — {e} be the identity. The space Y, is the suspension of g with the
circle {e} x [0, 1] smashed to the point e, and ¢, is the associated real flow on ¥,.
Then X, is the Slovakian space over Y, with p, : X, — Y, the almost one-to-one
projection. The group H (X, ) is cyclic with generator &, mapped by p to ¢;.
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Let (K, ex) be the smash product (X,, e) #C, and let (L, er) = (Y;,e) #C. We
have the projections

mp i L\{er} =¥ \{e}) xC - C,

(4-5)
m=mnro(pxlc): K\{ex}=(X,\{e})) xC—C,

and P: (K, ex) — (L, er) is the smash product (p,e) # 1¢.

If C is a singleton, then (K, ex) is just (X,, e), H(C) is trivial, and C(C, Z) is
isomorphic to Z and to H (K). The identity is chain transitive, and all other elements
of H(K) are topologically transitive. So the result is clear in this case. Now assume
that C has at least two points. This implies that ex disconnects K, while no other
point does since no point of X, disconnects X,. Hence, every homeomorphism of
K preserves ex.

From the discussion preceding Example 4.3 it follows that H(K) is the semi-
direct product of H(C) and C(C, H(X,)), which is essentially C(C, Z) since X,
is Slovakian. The projection m : K \ {ex} — C induces the group surjection
wy : H(K) — H(C), which is split by the injection j : H(C) — H(K). If
k € H(C), then j (k) is (1x,, e) #k. In this case, the subgroup C(C, Z) is commu-
tative. If ¢ € C(C, Z), then the associated element of H(K) is the projection of
(x,¢c) —~> (h?(c) (x), ¢). The constant elements, the homeomorphisms (A", e) # 1,
commute with all the elements of H (K) since they commute with the members
of the subgroup j(H (C)). For (n,k) € Zx H(C) let J(n, k) = (h", e) #k. Thus,
J:Z x H(C) - H(K) is a topological embedding and a group homomorphism.

Note that P maps (12 (x), ¢) to (97" (x), ¢) and maps (y, k(c)) to (p(y), k(c)).
It follows that every homeomorphism of K projects by P to a homeomorphism of L.

Case 1 (C is finite): Let k£ be a cyclic permutation on C so that C consists of
a single periodic orbit under k. Since £ is totally transitive, the product 4 x k on
X, x C is topologically transitive, and so it projects to a topologically transitive
element of Z x H(C) C H(K).

Let F be an arbitrary homeomorphism on K with k = m.(F). Since k is a
permutation of a finite set, there exists N € N such that k" is the identity. This
means that FV projects to the identity on C and so preserves each fiber X, x {c}. So
there exists n, € Z such that F restricts to 4" on the fiber. This is chain transitive
on the fiber, topologically transitive if n. # 0, and so every point is chain recurrent
for F* and hence for F. Since K is connected, F is chain transitive on K.

Case 2 (C is countably infinite): Since C is countable, the isolated points are dense
in C. If x, x, € C are distinct isolated points, let k interchange these two points and
fix the remaining points of C. By Case 1, J(1, k) = (h, e) #k restricts to a topologi-
cally transitive homeomorphism on the closed subset (X, e)#{x1, x»}. This implies
that H(K) acts in a topologically transitive manner on the set (X, \ {e}) x Iso(C).
This is a dense open subset of K, and so H(K) is topologically transitive on K.
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Case 3 (C is a Cantor set): A homeomorphism k on C is fopologically mixing if,
for all nonempty open sets Uy, Uy C C, there exists N € N such that Ny (U, Uy) =
{n:k"(U;)NU, # @} contains every m > N. The shift homeomorphism on {0, 1}Z is
topologically mixing, and the product of a topologically mixing and a topologically
transitive homeomorphism is topologically transitive. It follows that if k € H(C) is
topologically mixing, then J (1, k) is a topologically transitive element of H(K).

It remains to show that every element of H (K) is chain transitive. It suffices
to show that, for an arbitrary F' € H(K) and an arbitrary point y of K, we have
ex € CF(y). Applying this to F and F~!, we see that every point of K is chain
recurrent for F.

With the homeomorphism g on W chosen arbitrarily subject to the above condi-
tions, we do not know whether this is always true. We prove it by imposing further
restrictions on the homeomorphism g with which we began.

Call a homeomorphism g semiminimal if it has a fixed point e and if for every
x # e the orbit Ogy(x) ={g"(x) : n € Z} is dense in W. Such semiminimal homeo-
morphisms exist. Topologically mixing examples of semiminimal homeomorphisms
on the Cantor set are constructed explicitly in [Akin 2016, Theorem 4.19], and
Theorem 4.16 of that paper shows that the semiminimal homeomorphisms form a
dense G5 subset of the set of those chain transitive homeomorphisms on a Cantor set
which admit a fixed point. Now assume that g is a semiminimal homeomorphism
which is topologically mixing and so is totally transitive. This implies that if x # e,
then the real orbit Rx is dense in Y,.

Let F € H(K) and y € K. We must show that y chains to ex. Let k =, (F) be the
induced homeomorphism on C and G = P, (F) the induced homeomorphism on L.

The invariant set w F (y) contains a closed subset M such that the restriction of F'
to M is minimal. Of course, M C CF (y). So it suffices to prove that ex € CF(M).
This is obvious if M = {ex}. Now assume M is not equal to {ex} and so does not
contain eg since distinct minimal sets are disjoint.

Hence, M is a compact subset of K \ {ex}. Since m maps F to k, the subset
QO =n (M) of C is compact and invariant on which k restricts to a minimal homeo-
morphism. Let (I?, ex)=(X,,e)#Q and (Ij, ex)=(Y,, e)#Q, sothat K isaclosed
F-invariant subset of K and L is a closed G-invariant subset of L. The restriction
of F to M C K is minimal, and so if M = P(M)C L, then G on M is minimal. On
L (but not on K ) the homeomorphism (¢, e) # 1 is defined for every ¢, and each
such homeomorphism commutes with G. It follows that M, = ((¢L, e)#1 Q)(M )isa
G-invariant subset on which G is minimal. If a € A, there exists ((x, s), a) € M for
some x € W\ {e} and s € [0, 1) because 7. . maps M onto A. Because x = e, the real
orbit Rx is dense in Y. It follows that [ J, M ; is dense in every fiber 7, (a) This im-
plies that the union of the minimal subsets of G is dense in L. Above each M, there
is a minimal subset M, C K with P(M,) = Mt. Because P is an almost one-to-one
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map, it follows that the union | J, M, is dense in K. This implies that the recurrent
points for F are dense in K, and so every point of K is chain recurrent. Since K is
connected, F on K is chain transitive and, in particular, ex € CF' (M), as required. [J

Remark. Notice that an almost one-to-one lift of a chain transitive map need not
be chain transitive. Let ¢ be translation by 1 on Z and t*, t** the extensions to
the one-point compactification Z* = Z U {oo} and the two-point compactification
7" =7 U {400, —oo}. The map p : Z** — Z* which maps both +o00 and —oo to
o0 is an almost one-to-one map, but while #* is chain transitive, r**

In general, if A is a nowhere dense, closed, invariant set which contains |C f| for
a homeomorphism f on X, then smashing A to the point e in X/A, the induced
homeomorphism f4 on X/A has e as the unique minimal point, so f4 is chain
transitive, the projection g4 : X — X/A is almost one-to-one since A is nowhere
dense, and f is not chain recurrent since |C f| is a proper subset of X. For example,
with X = I? and fx,y)= (x2, yz), the corner points are the only chain recurrent
points. Let A be the boundary 7 x {0, 1} U {0, 1} x I.

18 not.

Appendix: Chaotic spaces

The rigid and strongly chaotic spaces constructed in [de Groot and Wille 1958]
and [Charatonik and Charatonik 1996] are dendrites or subsets of R% It will be
convenient for our purposes to use infinite-dimensional examples for the sequence
of spaces {Z,} which satisfy RIG and CON.

Let M be an infinite subset of N\ {1}, and let m : N — M be the unique order-
preserving bijection. Forn =0, 1, ..., let M" = {m(2"(2k — 1)) : k € N} so that
{M"} is a partition of M by a pairwise disjoint sequence of infinite sets. For all
i € N let S be the sphere in Ri*! of radius i ~! centered at (i !, 0, ..., 0) so that
the origin 0 is a point of S. Let S(n, k) = S @*=D) forn =0, 1,... and k e N.

Let Z° be the two-torus S' x S!, and let A° = {a,? 1k € N} be a dense sequence
of distinct points in Z°. Let Z! be Z° with a copy of S(0, k) attached to Z° with
0 € S(0, k) identified with the attachment point a,? for each k € N so that the attached
spheres are disjoint in Z!. Let r' : Z! — Z° be the retraction with each S(0, k)
mapped to the point a;. For each k € N let (0, k) : Z' — S(0, k) be the retraction
mapping Z' \ S(0, k) to the point ;. Since the diameters of the spheres tend to
zero, the space Z' is compact and metrizable and the retractions are continuous.
The open set Z' \ Z° is dense in Z'.

For n > 1 assume that Z" has been defined with a retraction r" : Z" — Z"~!
and with retractions r(n — 1, k) : Z" — S(n — 1, k) onto the attached spheres and
so that Z"\ Z"~! is dense in Z". Let A" = {a; : k € N} be a sequence of distinct
points dense in Z" \ Z"~!. Let Z"*! be Z" with a copy of S(n, k) attached to Z"
with 0 € S(n, k) identified with the attachment point a; for each k € N so that the



46 ETHAN AKIN AND JUHO RAUTIO

attached spheres are disjoint in Z" 1. Let #"*!: Z"*!1 — Z" be the retraction which
maps the new spheres to their attachment points, and let r(n, k) : ZM 5 S(n, k)
be the retraction mapping Z"+1\ S(n, k) to ay . Notice that for each x € Z" \ A"
the set (#"T1)~!(x) equals {x}.

Let Z be the inverse limit of the system {r" : Z" — Z"~!, n € N}. The in-
clusions i, : Z" — Z™ with m > n commute with the retractions. We obtain a
limiting inclusion and so can regard {Z"} as an increasing sequence of subsets
of Z. The projection r,, : Z — Z" is then a retraction with r" or,, = r,_;. We write
r(n,k): Z — S(n, k) for the composition of retractions r(n, k) o r,41. Notice that
if we pick z from the set Z* = Z \({J, Z"), then there is a unique sequence of
attachment points {a; } converging to z with r"(a; ) = ak 1 for all n. Thus, Z*%
while a dense G, is totally disconnected.

Observe that (r,41) ' (S(n, k)) and {ag}u (ro)~1(Zm\ {a;}) are connected sets
with union Z and which meet only at a;/. Thus, each attachment point disconnects Z.

If F C Z is a finite set containing no attachment points, then Z \ F is connected.
For any finite F C Z, the set Z \ F contains only finitely many components. In
fact, the number of components is exactly one more than the number of attachment
points in F. Thus, we obtain the condition CON.

Lemma A.1. If W is a closed, connected, nontrivial subset of Z x IV such that
W\ A is connected for any A C W with topological dimension at most N, then
either W C Z° x IV or there exists a unique attached sphere S(n, k) such that
W C S, k) x IV.

Proof. Notice first that the dimension of W is at least N + 2. For if U is a
nonempty open set with U a proper subset of W, then the topological boundary
of U disconnects W and so has dimension at least N 4+ 1. This implies that the
dimension of W is at least N + 2.
The set W is not contained in Z* x IV since Z* is totally disconnected and the
components of Z* x IV have dimension N. Assume W is not a subset of Z° x IV,
If W meets (Z"t1\ Z") x IV for some n > 0, then X meets (S(n, k) \ {ag}) x v
for some k. Since a; x I N disconnects Z x IV and no such set disconnects W, it
follows that W C r_1 (S(n, k)) x IN. For the attachment points a”+1 in S(n, k)\{a;},
the sets a"+1 x I N also disconnect Z. We see that either W C S (n, k) x IV or else
W C rn+1 (b) x IV, where b is one of the attachment points in S(n, k) \ {a}}.
If this process does not halt with W contained in the product of IV with some
attached sphere, then there is a sequence of attachment points {b"‘} with W C
1(b"‘) x IV and 7y, 41 (b"’“) = b”’ with n; — oo. The limit of such a sequence
{b"'} is a point of Z* and thls would imply that W is a subset of Z* x I'V. (]

If A and X are spaces, a nonnull embedding of A in X is a continuous injective
function j : A — X which is not homotopic to a constant map in X.
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Corollary A.2. If S is a sphere of dimension at least two and j : S x IN — Z x IV
is a nonnull embedding, then for a unique pair (n, k), we have j(S x IN) C
S(n, k) x IN. Furthermore, the dimension of S equals the dimension of S(n, k).
On the other hand, if jo : S — S(n, k) is a homeomorphism, then j = jo X 1;v :
S x IN — Z x IV is a nonnull embedding.

Proof. Corollary 1 of Theorem IV.4 in [Hurewicz and Wallman 1941] says that
a connected manifold of dimension at least N + 2 cannot be disconnected by a
subset of dimension N. Hence, Lemma A.1 applies to W = j (S x I), and so
j(S x IN)y C S(n, k) x IV for some pair (n, k) which is clearly unique. The space
S x IV cannot be embedded in a manifold of smaller dimension, and so dim § <
dim S(n, k). If the inequality were strict then the map j would be homotopically
trivial since the homotopy groups of a sphere vanish below its dimension. Hence,
the dimension of S must be m(2"(2k — 1)) = dim S(n, k).

If jo:S — S(n, k) is a homeomorphism, then j = jo x I;v : § x IV —
S(n, k) x IN is not homotopically trivial. Since S(n, k) is a retract of Z, the
embedding j : S x IV — Z x IV is not homotopically trivial. (]

Thus, we can associate to any open subset U C Z the set §(U) = {dim S(n, k) :
S(n, k) C U} C M. Since the diameters of the attaching spheres tend to zero, it
follows that if U is nonempty, then 6(U) is infinite.

Corollary A.2 says that for a sphere S of dimension at least two there exists a
nonnull embedding of S x [/ N'into U x IV if and only if dim § € §(U). That is,
8(U) is a topological invariant for the sets U x I". Observe that if U; and U, are
disjoint, nonempty, open sets in Z, then §(U;) N§(U,) = & since distinct attached
spaces have distinct dimensions.

If we begin by partitioning N \ {1} into a pairwise disjoint sequence {M,} of
infinite subsets, then we can do this construction associating Z,, with M,. That is,
8(Z,) = M,. It follows that if U; C Z,,, and U, C Z,, are nonempty open subsets
with n| # ny, then 6(U;) N6(U) = @.

Condition RIG of Section 4 is thus proved for this sequence of spaces.
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SPINORIAL REPRESENTATION OF SUBMANIFOLDS
IN RIEMANNIAN SPACE FORMS

PIERRE BAYARD, MARIE-AMELIE LAWN AND JULIEN ROTH

We give a spinorial representation of submanifolds of any dimension and
codimension into Riemannian space forms in terms of the existence of gen-
eralized Killing spinors. We discuss several applications, among them a new
and concise proof of the fundamental theorem of submanifold theory. We
also recover results of T. Friedrich, B. Morel and the authors in dimensions
2 and 3.

1. Introduction

One of the fundamental problems in submanifold theory deals with the existence
of isometric immersions from a Riemannian manifold M" into another fixed Rie-
mannian manifold N"*7. If the ambient manifold is the space form R"*?, S"*P? or
H"*P, the fundamental theorem of submanifold theory states that the Gauss, Ricci
and Codazzi equations, also called structure equations, are necessary and sufficient
conditions.

In the case of surfaces, another approach is given by the study of Weierstrass rep-
resentations. Historically, these representations are describing a conformal minimal
immersion of a Riemann surface M into the three-dimensional Euclidean space R>.
Precisely, given a pair (4, g) consisting of a holomorphic and a meromorphic
function, the formula

Flx.y) = Ste / (1= &2 @Nh(). (1 + g2 ()h(2). 28 () (2)) dz.

with z = x 4+ iy some complex coordinate, gives a local parametrization of a
minimal surface in Euclidean three-space. Conversely every minimal surface can be
parametrized in this way with respect to isothermal coordinates. However, relaxing
the condition of holomorphicity on the pair (%, g), this representation is much more
general and can actually describe all surfaces in R? as shown in [Kenmotsu 1979].

This approach was reformulated in a more concise and simpler way in terms of
spinor fields by B.G. Konopelchenko [1996], Konopelchenko and I.A. Taimanov

MSC2010: 53C27, 53C40.
Keywords: Spin geometry, isometric immersions, Weierstrass representation.
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[1996], Taimanov [1997a] and R. Kusner and N. Schmitt [1996]. These so-called
spinorial Weierstrass representations were studied extensively by these authors and
many others, in dimension 3 and 4 (see [Taimanov 1997b; Konopelchenko 2000;
Konopelchenko and Landolfi 1999; 2000] and the references there).

However these formulae were given in local coordinates and remained purely
computational until Friedrich [1998] gave an elegant and geometrically invariant
description using spinor bundles. We point out that the equivalence between the two
approaches was recently showed in [Romon and Roth 2013]. The main idea is to
use the identification between the ambient spinor bundle restricted to the surface and
the spinor bundle of the surface. Note that the condition to be a spin manifold is not
restrictive here since any oriented surface is also spin. More generally, the restriction
¢ of a parallel spinor field on R"*! to an oriented Riemannian hypersurface M" is
a solution of a generalized Killing equation

ViMp = A(X) - g,

where VM and - are respectively the spin connection and the Clifford multiplication
on M, and A is the shape operator of the immersion. Conversely, Friedrich showed
that in the case where M is a simply connected surface, if there exists a particular
spinor field ¢ satisfying the generalized Killing equation, where A is an arbitrary
field of symmetric endomorphisms of the tangent bundle, then there exists an
isometric immersion of M into R? with shape operator A. Moreover, ¢ is the
restriction to M of a parallel spinor of R>. The proof consists of showing that A
indeed satisfies the structure equations. This result was generalized to surfaces into
other three-dimensional ambient spaces [Morel 2005; Nakad and Roth 2012; Roth
2010; Taimanov 2004], to three-dimensional manifolds into four-dimensional space
forms [Lawn and Roth 2010; Nakad and Roth 2012] and also to the two-dimensional
pseudo-Riemannian setting [Lawn and Roth 2011]. However the question whether
a generalized Killing spinor on a manifold of arbitrary dimension gives rise to an
isometric immersion into some Euclidean space remained until now unanswered.
Some of the few achievements in this direction were obtained in [Ammann et al.
2013] for real analytic manifolds and in [Bér et al. 2005; Nakad 2011] when A is a
Codazzi tensor, showing the existence of an immersion into a Ricci flat manifold
admitting a parallel spinor which restricts to ¢.

Similarly, in higher codimension, very little is known. In [Bayard et al. 2013], we
extended the approach to the case of surfaces in four-dimensional space forms. The
key point was to use the remark due to Bar [1998] that an ambient spinor restricted to
an immersed submanifold M can be identified with a section of the spinor bundle of
the submanifold twisted with the spin bundle of the normal bundle. This was then ex-
tended to the pseudo-Riemannian setting in [Bayard 2013; Bayard and Patty 2015].
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Following the same idea, we use in this paper a particular twisted spin bundle over
a spin manifold of arbitrary dimension to give a geometrically invariant spinorial
representation of submanifolds of Euclidean spaces in any codimension. Note
that our proof does not use the structure equations but merely the existence of a
special generalized Killing spinor on the manifold. Precise definitions are given
in the first sections of the paper. We later show that one indeed recovers the
previously mentioned result of Friedrich [1998] in the case of surfaces in R, as
well as the one of Lawn and Roth [2010] for three-dimensional hypersurfaces and
of Bayard, Lawn and Roth [Bayard et al. 2013] for surfaces in R* (Section 7). It is
worth pointing out that the study of generalized Killing spinors has revealed very
interesting applications. Moroianu and Semmelmann [2014] were for instance able
to construct new examples of Lagrangian submanifolds of the nearly Kihler S3 x S3
using the existence of such spinors on the sphere S*. Moreover it is well known that
there is a close relationship to G-structures: for instance a generalized Killing spinor
defines a cocalibrated G;-structure on the manifold in dimension 7 and a half-flat
SU(3)-structure in dimension 6 (see for example [Chiossi and Salamon 2002]).
However the existence of such spinors is a nontrivial problem: our construction is
therefore of particular interest.

Besides the above mentioned, we discuss several other applications. A notable
achievement is a new and concise proof of the fundamental theorem of submanifold
theory. In the special case of surfaces, we show that our approach is equivalent to
the spinorial Weierstrass representations, i.e., we obtain explicit formulae in terms
of functions involving the components of the spinor field which are holomorphic if
the surface is minimal. Our result can thus be seen as a generalization of most of the
concrete Weierstrass representation formulae existing in the literature: it provides
a general framework to understand formulae appearing in a variety of contexts.
Moreover, since the basic ideas and constructions behind our representation are fairly
simple, we hope that our result will be useful to obtain new concrete Weierstrass
representation formulae, once some geometric context is specified: this is especially
interesting for surfaces, in low-dimensional pseudo-Riemannian space forms, under
some curvature assumptions.

Finally, in the last section, we extend our result to submanifolds immersed into
the other space forms S"” and H”, and recover the results of Morel [2005] and
Taimanov [2004] if n = 3.

2. Preliminaries

The spin representation. Let us denote by Cl,, the real Clifford algebra on R” with
its standard scalar product. We consider the representation

p :Cl, — End(Cl,), ar> £+ af)
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and its restriction to the group Spin(n)
pispin(ny - Spin(n) — GL(Cl,), a > (§ — aé).

Note that this is not the adjoint representation of the spin group on the Clifford
algebra, but rather the representation given by left multiplication.

Moreover we want to point out that we are not taking as usual the restriction
of an irreducible representation of the Clifford algebra to the spin group, but that
we consider instead the restriction of the entire real Clifford algebra. This real
representation splits into a sum of 2 copies of spinor spaces of dimension 2",
where the number k depends on the dimension n and can be computed using the
Radon-Hurwitz numbers (we refer to [Lounesto 2001] for further details).

If p + g = n, we have a natural map

Spin(p) x Spin(q) — Spin(n)

associated to the splitting R” = R” @ R? and to the corresponding isomorphism of
Clifford algebras
Cl, =Cl, ® Cl,,

where ® denotes the Z,-graded tensor product. We get thus the following represen-
tation, still denoted by p,

(1) o : Spin(p) x Spin(g) — GL(Cl,), a+ (£ — a&).

The twisted spinor bundle ¥. We consider M a p-dimensional Riemannian mani-
fold, E — M a bundle of rank ¢, with a fiber metric and a compatible connection.
We assume that £ and TM are oriented and spin, with given spin structures

OnZ 0y and Q2L 0p

where Oy and QF are the bundles of positively oriented orthonormal frames of
TM and E, and we set

Q = QM XM QE;
this is a Spin(p) x Spin(g)-principal bundle. We define the associated bundle
Y= Q x5 Cl,
and its restriction
) U :=Q x,Spin(n) C T

where p is the representation (1) given by left multiplication. We remark that if we
used the adjoint representation instead, we would just get the Clifford algebra bundle.
Again we point out that our spinor bundle X is a real vector bundle with fiber the
entire Clifford algebra and not, as usual, an irreducible complex Clifford module.
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The vector bundle ¥ is equipped with the covariant derivative V naturally
associated to the spinorial connections on Qs and QF.

Remark. The bundle ¥ is a spinor bundle on M twisted by a spinor bundle on
E: indeed, let us consider the representations

p1 - Spin(p) — GL(Cl,) and p : Spin(g) — GL(Cl,)
given by left multiplication, and the associated bundles
Y= QM Xp Cl, and Xp:= QE X o, Cly
equipped with their natural connections V! and V?; then
L®~Y and V!'®ids, ®ids, V>~ V.
This is a consequence of the fact that the natural isomorphism
i:Cl,®Cl, = Cl,, & Q®&+ &6

is an equivalence of representations of Spin(p) x Spin(g), i.e., for g; € Spin(p)
and g5 € Spin(q),

iopi(g1) ®p(g2) =p(g1,8)oi;
indeed, if §; € Cl,, and &, € Cl,
i(p1(g1) ® p2(82) (61 ®E2)) =i(g151 @ g262) = 81618262
= 81826152 = p(g1,82) (I (51 ® §2)),

where the products in the third and fourth terms are products in Cl,, (note that &;
and g> commute since &; belongs to Cl, and g; is a product of an even number of
vectors belonging to R?).

As in the usual construction in spin geometry, the spin bundle X is endowed with
a natural action of the Clifford bundle CI(TM & E): indeed, the Clifford product

CI(RP@Rq) XCll’l _>C1n’ (7775)'_) 775

is Spin(p) x Spin(g) equivariant, if the action of Spin(p) x Spin(g) on CI(R? ®R?)
is the adjoint action, and the action on Cl,, is the left multiplication: we obviously
have, for (g1, g2) € Spin(p) x Spin(g) and g = g1g» € Spin(n),

(g&g™ ) -(gn)=g-(n) for &, neCl,.
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A Cl,-valued bilinear map on X. Let us denote by t : Cl, — Cl,, the antiautomor-
phism of Cl,, such that
T(x1 X2 - xp) =x---xp-x1 forall xi,x2,...,x, €R",
where -’ denotes as usual the Clifford multiplication, and set
3) ((+,-):Cly xCl, > Cl,  (£,8) > T(§)E.
This map is Spin(n)-invariant: for all &, ¢” € Cl,, and g € Spin(n) we have
((g8.88") = t(88")gt = (€T (9)gs =t (ENE = ((§,£)),
since Spin(n) C {g € Clg : 7(g)g = 1}; this map thus induces a Cl,-valued map
“) (N ZXE=Cl,  (p,¢) = (o], [¢)

where [¢] and [¢'] € Cl,, represent ¢ and ¢’ in some spinorial frame § € Q

Lemma 2.1. The map ((-,-)): ¥ x ¥ — Cl, satisfies the following properties: for
all o, p e'(X)and X e I'(TM),

&) (o, ) =¥, 9))
and
(6) (X -0, 9) = {p, X-¥)).

Proof. We have
(@, v)) =tl¥llel =t (Tlpll¥y D) = (¥, ¢))

and

(X -0, ¥) =¥ X]le]l = t((X][Y¥ Dle] = (@, X -¥)),
where [¢], [Y] and [X] € Cl, represent ¢, ¥ and X in some given frame § € Q O

Lemma 2.2. The connection V is compatible with the product ({ -, -)):

Ix ({0, ")) = ((Vxe, @) + ({9, Vx¢'))
forall p, ¢’ € T(X) and X e T'(TM).
Proof. If ¢ =[5, [¢]] is a section of ¥ = Q X, Cl,, we have

Vxo =[5, dx[@] + p G*a(X))([¢])] forall X e TM,

where p is the representation (1) and « is the connection form on Q; the term
0« (8 (X)) is an endomorphism of Cl,, given by the multiplication on the left by an
element belonging to A’R" c Cl,, still denoted by p«(5*a(X)). Such an element
satisfies

T(p (5" (X)) = —pu(S"a (X)),
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and we have
(Vxo.¢")) + (0. Vx¢')) = t{l¢'T}@x [¢] + p+ T (X))[¢])
+ t{0x [T+ 0« " (X)) [¢ I} e]
= t{l¢'Noxle] + t{ox[¢'I}e]
= Ix ((p,9"). O

3. The spin geometry of a submanifold in R"

We keep the notation of the previous section, assuming moreover here that M
is a submanifold of R” and that £ — M is its normal bundle. Let as before
Owm E1N Oy be a spin structure of M. Our goal is to construct O such that we
obtain an identification

Y=0x,Cl,~MxCl,.

Although this type of result is used in several places in the literature, we could not
find a complete statement or proof. Therefore we will give a detailed proof, which
we believe may be useful in its own right.

Let (ey,...,ep) resp. (ep41, ..., €pyy) be orthonormal frames of TM resp. E
and Qpr» the bundle of positively oriented orthonormal frames of R". We can
consider the map

L:O0mxm Q= Ope
((e1, ..., ep), (ept1, ..., eprqg)) > (€1, €2, ..., €piq)
given by the concatenation of frames.
The map
Om xm QO —> Om Xu QF

is obviously a two-to-one covering of Qs Xy OF.
Let now Qs N Or» be the (unique) spin structure of R”. Then the bundle

0 :=(0um xum QF) X 0w O

is a Spin(p) x Spin(g)- pr1n01pal bundle over M and a four-to-one covering of

Om Xum QE Observe that Q QM X M QE, where QE = Q/ Spin(p) (and the
projection 0/ Spin(g) — Qy is a map of principal Spin(p)-bundles, hence an
isomorphism). Moreover, O is a spin structure on E, canonically associated to
the spin structures on M and R”".

Claim. Consider the bundle

0 x. Spin(p +¢q) := (Q x Spin(p +¢))/(Spin(p) x Spin(q)),
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where
¢ : Spin(p) x Spin(g) — Spin(p + q)

is the map corresponding to the isomorphism of Clifford algebras Cl, ® Cl, =Clpqy.
Then there is a canonical isomorphism of Spin(n)-principal bundles,

QO x.Spin(p +¢) = O lm-
Proof. Consider the projection 7 : Q — Qg to the last factor. Then the map
70 QxSpin(p+q) = Ore,  (q,9) > s7(g)

satisfies 7 (soq, sso_l) =7(q, s) for any s¢ € Spin(p) x Spin(g), so 7 descends to
amap O X.Spin(p +¢) — QO+ The source is clearly a Spin(p + ¢)-principal
bundle on M, as is the target, and the map is Spin(p +¢g)-equivariant and the identity
over M. Hence it is an isomorphism of principal bundles. ([

Corollary 1. If now p : Spin(p) x Spin(qg) — GL(Cl,) is the map given by p o c,
where p : Spin(n) — GL(Cl,) is the representation induced by left multiplication,
we get

0 x,Cl, = Ope|y x5 Cl, =M x Cl, .

Proof. The first isomorphism is immediate from the claim, and the second follows
since Qg is trivial. O

Two connections are thus defined on X, the connection V introduced in the
previous section and the trivial connection d; they satisfy the following Gauss
formula:

1 2
(7 Bxgo:VXgo—i-EZej-B(X, e) ¢

j=1
forall ¢ e I'(¥) and all X € I'(TM), where B : TM x TM — E is the second
fundamental form of M into R". We refer to [Béar 1998] for the proof (in a slightly
different context).

4. Spinorial representation of submanifolds in R”

We state the main result of the paper. Let M be a p-dimensional Riemannian
manifold and £ — M a bundle of rank ¢, with a fiber metric and a compatible
connection; we assume that £ and TM are oriented and spin, with given spin
structures. We keep the notation of Section 2.

Theorem 2. We moreover assume that M is simply connected, and suppose that
B :TM x TM — E is bilinear and symmetric. The following statements are
equivalent:
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(1) There exists a section ¢ € I'(UX) such that

1 p
(8) W¢=—52}fBW£ﬂw forall X € TM.
j=1

(2) There exists an isometric immersion F : M — R" with normal bundle E and
second fundamental form B. Moreover, F = [ & where § is the R"-valued
1-form defined by

9) EX): =X -@,¢)) forall XeTM.

The representation formula (9) generalizes the classical Weierstrass representation
formula and most of the spinor representation formulae in the literature. Special
cases will be studied in Sections 7 and 8.

Remark. Formula (9) also presents the advantage of unifying previously known
formulae, and therefore explaining apparent discrepancies in these results. In par-
ticular, it is known that the number of spinor fields needed to represent immersions,
and also the normalization of these spinor fields, vary depending on the geometric
context; for instance, a single spinor field is needed to represent surfaces in R3 but
two spinor fields are necessary to represent general hypersurfaces in dimension 4
[Lawn and Roth 2010], and the required normalization to represent surfaces in R'2,
R'3 or R%? differ to that in R or R* [Bayard 2013; Bayard et al. 2013; Bayard and
Patty 2015; Friedrich 1998; Lawn 2008]. This is now easily explained by the fact
that the usual spinor representation has in general to be replaced by a representation
on the Clifford algebra (which is a sum of usual real spinorial representations), and
that the convenient normalization is in fact determined by the bundle U X (whose
fiber is the spin group).

Remark. Taking the trace of (8) we get
D¢ = ;pH -9,

where D¢ = Zle ej - Ve; 9, and H=(/p) Zi.’:l B(ej, e)) is the mean curvature
vector of M in R”". This Dirac equation is known to be equivalent to (8) only for
p =2 or 3 (see, e.g., [Friedrich 1998; Lawn and Roth 2010; 2011; Bayard et al.
2013).

Proof. (2) = (1) is a direct consequence of the Gauss formula (7) for a submanifold
of R": the restriction of parallel spinor fields of the ambient space R" to the
submanifold M are obviously solutions of equation (8) (recall that in the paper the
spinors are constructed with the whole Clifford algebra). The immersion takes the
form F = [ & where & is given by (9) for the special choice ¢ = L, |y since, in
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that case, for all X € TM,
§(X) =tlel[X][p] = [X]x~ X,

where [¢] = £1¢, and [X] € R" represent ¢ and X in one of the two spinorial
frames of R" above the canonical basis.

(1) = (2): We will prove that the 1-form & defined in (9) indeed gives us an
immersion preserving the metric, the second fundamental form and the normal
connection. This follows directly from Propositions 4.1 and 4.2 below. (]

Proposition 4.1. Assume that ¢ € I'(UX) is a solution of (8) and define & by (9).
Then

(1) & takes its values in R" C Cl,;

(2) € isaclosed 1-form: d¢ = 0.

Proof. (1) By the very definition of £, we have
§(X) =tlpllX]llp] forall X € TM,

where [X] and [¢] represent X and ¢ in a given frame § of Q Since [X] belongs
to R" C Cl, and [¢] is an element of Spin(n), £(X) belongs to R".
(2) We compute, for X, Y € I'(TM) such that VX = VY = 0 at some point x,

ax§(Y) = (Y - Vxo, 0)) + (Y - ¢, Vxo))
= ({d+7)((Y - ¢, Vx9))

1 p

j=1
Hence
d§(X,Y)=0x§(Y) — 9y§(X) = (d+1)({¢, C-9))
with

1 p
Ci=—5 .E 1{Y-e/ "B(X,ej) = X-ej-B(Y,e))}.
j:

Now, for X = Zlfkip xiep and Y = lekfp Vi€ks

P P
Z X-ej-B(Y,e;)=—B(Y, X)+ Z Zxkek -e;-B(Y, ¢))
im1 J=lk#j

and
P

P
D Ve B(X.e)=—BX.Y)+) > yew-ei-BX.¢p),
j=1

J=1 k]
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which yields the formula

1 14
C — _5 Zzek .ej . (ka(X, €]) _-ka(Yv ej))

j=1k#j
This shows that 7[C] = —[C], which implies that
{{p, C-9)) = t(tlplt[Cllg]) = —tlel[Clle] = —{{¢, C - ¢)).

Thus
d§(X,Y)=(d+7){{p,C-9)) =0. 0

We keep the notation of Proposition 4.1, and moreover assume that M is simply
connected; since & is closed by Proposition 4.1 we can consider

F:M— R
such that dF = &. The next proposition follows from the properties of the Clifford
product:
Proposition 4.2. (1) The map F : M — R" is an isometry.
(2) The map
S E—- MxR", XeE,— (Fm),£&(X))

is an isometry between E and the normal bundle of F (M) into R", preserving
connections and second fundamental forms. Here, for X € E, £(X) still stands

for the quantity ({(X - ¢, ¢)).
Proof. For X, Y e I'(TM & E), we have

(EX),EX)) = —FEXDEX) +E(VEX))
= —3 (el X1lplr[el[Y el + tlelY el [l X]le])
= —Lt[el((X1[YT+ [Y1[XDI¢]
=(X,7Y),

since [X][Y]+ [Y][X] = —2([X], [Y]) = —2(X, Y). This implies that F is an
isometry, and that ® g is a bundle map between E and the normal bundle of F (M)
into R" which preserves the metrics of the fibers. Let us denote by Br and V'7 the
second fundamental form and the normal connection of the immersion F; we want
to show that

(10)  EB(X.Y) =Bp(E(X), () and &(ViN) = Vi E(N)
for X,Y eI'(TM) and N € I'(E). First,
Br(£(X), £(Y)) = (oxE(N)}Y,



62 PIERRE BAYARD, MARIE-AMELIE LAWN AND JULIEN ROTH

where the superscript N means that we consider the component of the vector which
is normal to the immersion. We showed in the proof of Proposition 4.1 that fixing a
point xo € M, and assuming that VY = 0 at xo we have

p

1
oxE(Y) = ‘E(id+’)<<¢” Y- e B(X.¢) go>>

and that moreover
Y- e B(X,e) =—B(X,Y)+D,
j=1
where D is a term which satisfies 7D = —D. This implies that
. N
Br(E(X), (1)) = {3Gd+1) ({9, BXX,Y) - @)} =&(B(X.Y)),

where the last equality holds since 7[B(X, Y)] = [B(X,Y)] and £(B(X,Y)) is
normal to the immersion. We finally show the second identity in (10): we have

ViEN) = @xEN)Y = (VN -0, o)V + (N - Vxg, o))" + ((N -0, Vxo)) V.

The first term in the right-hand side is £(V}, N), and we only need to show that

(11) ((N - Vxo, o) + ((N - ¢, Vxp))V =0.
We have

((N-Vxg,0)) +{(N-¢, Vxp)) = (d+1)((N - Vx¢, ¢))
1 &
= (id +f)<<Z ej-N-B(X,¢)) ¢, <p>>
j=1
and the identity (11) will thus be proved if we show that this vector is tangent to
the immersion. We have

p 14

Y ejN-B(X.e))=—) ¢ B(X.¢;) N — Z B(X,ej), N)e

j=1 j=1 Jj=1

<

p
—> B(X,e))-N-¢;—2B*(X,N)
j=1

p
—r(z ej-N-B(X, ej)> —2B*(X, N),

j=1
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where we have set B*(X, N) = }_7_ | (B(X, ¢), N)e;; thus

1 p
E(id +r)<<z ej-N-B(X,ej)- ¢, <p>> =—((B*(X,N) ¢, 9)),

j=1

which is a vector tangent to the immersion since B*(X, N) belongs to TM; (11)
follows, which finishes the proof. (Il

Remark. The group Spin(n) naturally acts on U ¥ by multiplication on the right,
and if ¢ € '(UX) is a solution of (8) and gg belongs to Spin(n), then ¢ - g¢ is also
a solution of (8); in fact, ¢ - g9 defines an immersion which is congruent to the
immersion defined by ¢: indeed, for all X € I'(TM),

€p.50(X) =Tl - gol[X]le - g0l = t(g0)Tle][X][@lgo = T(80)&x (X)go,
1.e.,
é(p-go = Ad(gO_l) o sxp;

the linear part of the rigid motion between the immersions defined by ¢ and ¢ - gg
is thus Ad(go~") € SO(n).
5. An application: the fundamental theorem of submanifold theory

We first recall the equations of Gauss, Ricci and Codazzi for the symmetric bilinear
form B. Let RT and R" stand respectively for the curvature tensors of the connec-
tions on TM and on E. Further, let B*: TM x E — TM be the bilinear map such
that forall X,Y e I'(TM) and N € I'(E)

(B(X,Y),N)= (Y, B*(X, N)).
Then we have, for all X, Y, Z e I'(TM) and N € I'(E),
(1) the Gauss equation
RT(X,Y)Z = B*(X, B(Y, Z)) — B*(Y, B(X, Z)),
(2) the Ricci equation
RN (X,Y)N = B(X, B*(Y, N)) — B(Y, B*(X, N)),
(3) the Codazzi equation
VxB(Y, Z) = Vy B(X, Z);
in the last equation, V denotes the natural connection on T*M ® T*M Q E.

Proposition 5.1. The equations of Gauss, Ricci and Codazzi on B are the integra-
bility conditions of (8).
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Proof. We assume that ¢ € I'(U X) is a solution of (8) and compute the curvature
R(X, Y)(p = vay(p — VyVX(p — V[X,y](p.

We fix a point xg € M, and assume that VX = VY =0 at xo. We have

1< -
VxVyg=—5 3 ¢ (VxB(Y.¢;) ¢+ B(Y.¢))- Vx¢)
j=1

1S - 1 <
=— > e VxB(Y.ej) ¢ — 3 > ejex- B(Y.¢j)  B(X. ep).
Jj=1 j.k=1
Thus
1< - -
(12) RX,V)p==53 i (VxB(Y,e) = VyB(X, ¢) ¢
j=1
1
+ 2 ¢ e (B(X, ) B(Y, er) = B(Y, ) B(X, e)) - ¢
J#k

1 p
-3 Y (B(X.¢j)- B(Y,e;) — B(Y, ¢j)- B(X, ¢))) - ¢.
j=1

We compute the last two terms in the following lemma:

Lemma 5.2. Let us set

A-—l B(X B(Y B(Y B(X
._ZZej~ek-( (X,ej)-B(Y,ex) — B(Y, ¢j) - B(X, ex))

J#k
and
1 p
Bi=—7 ;(B(X, e))-B(Y,ej)— B(Y,¢;)- B(X, ¢))).
We have
1
A=) UB* (X, B(Y, ), ex) = (B*(Y, B(X, ¢))), ex)e; - ek
Jj<k

and

B—l B(X, B*(Y B, B*(X
_5,;:( (X, B*(Y, nx)) = B(Y, B*(X, n)), n)ng - ny.

Here, ey,...,e, and ny,...,ng are orthonormal basis of T, M and E, , respectively.
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Proof. For the computation of A, we notice that

D ¢ie-BY.g) BX.e)=—) e¢-ex-B(Y.er) B(X, ),
Jj#k Jj#k

and get

1
A=Y e e (BO e BO, o)+ B(Y, ) B(X. )
J#k
1
= —3 D (B(X.¢)). BY. e0))e; - er
j#k
1
=—5 D _UB(X,¢)), B, e0)) = (B(Y, ¢)), B(X, e0))le; - ek
j<k

1
= —5 DB (Y, BOX, ¢), ex) — (B*(X, B(Y, ¢))), ex)]e; - .
Jj<k

For the computation of B, we write

B(Y.e))=Y (B(Y.e)).m)n; and B(X.e))=Y (B(X.e)).n)n
k [

and get

D B(Y.e))-B(X.e))=> > (B(Y.e;),m){B(X.¢ej),n))n-n
j

kKl j
=Y {ej, B*(Y, ) {ej, BX(X, n))ng - my
ki
=Y (B*(Y,m), B*(X, n))ni -y
kl
=Y (B(X, B*(Y, n0)), ni)ng - ny;
kl

thus

B(X, B*(Y, nx)) — B(Y, B*(X, ng)), ni)n - ny

I

B=

N —

X

kl

> (B(X, B*(Y.mi)) — B(Y, B*(X. ). i) .
k<l
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On the other hand, the curvature of the spinorial connection is given by

1
(13) R(X,Y)go=5( 3 RT(X.Y)(e). exde; - e

1<j<k<p

+ > (RY(X, Y)(nk),nnnk-nl) 9.
1<k<l<gq
We now compare the expressions (12) and (13) using the calculations in Lemma 5.2:
since in a given frame § belonging to 0, ¢ is represented by an element which is
invertible in Cl,, (it is in fact represented by an element belonging to Spin(n)), we
may identify the coefficients and get

(RT(X,Y)(ej), ex) = (B*(X, B(Y, ¢))), ex) — (B*(Y, B(X, ¢))), &),

(RN(X, Y) (i), m) = (B(X, B*(Y, i), my) — (B(Y, B*(X, mp)), my)
and
VxB(Y,e;) — VyB(X,e;) =0

for all the indices. These equations are the equations of Gauss, Ricci and Codazzi.
We finally show that the equations of Gauss, Codazzi and Ricci are also sufficient
to get a solution of (8): by the computation above, the connection on ¥ defined by

1 p
(14) Vkp = Vxp+3 D e B(X. )¢
j=1
forall p e I'(X¥) and X € I'(TM) is then a flat connection. Moreover, this connection
may be regarded as a connection on the principal bundle U X (with the group Spin(n)
acting from the right): indeed, V defines such a connection (since it comes from a
connection on Q and by (2)), and the right-hand side term in (14) defines a linear map

P
T™ — xI™(UE), X+ @ % Zef “B(X,¢))-¢
j=1
from TM to the vector fields X{}“’(U ¥) on UX which are vertical and invariant
under the action of the group (these vector fields are indeed of the form ¢ +— 7 - ¢,
neA*(TM @ E) C CI(TM @ E)). Since a flat connection on a principal bundle
admits a local parallel section, there exists a local section ¢ € I'(U X¥) such that
V'@ =0, and thus a solution of (8). O

As a consequence of Theorem 2 and Proposition 5.1 we therefore get immediately

Corollary 3 (fundamental theorem of submanifold theory). We keep the hypotheses
and notation of Section 2, and moreover assume that M is simply connected and
that B : TM x TM — E is bilinear, symmetric and satisfies the equations of Gauss,
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Codazzi and Ricci. Then there exists an isometric immersion of M into R" with
normal bundle E and second fundamental form B. The immersion is unique up to a
rigid motion in R".

Proof. As proved in Proposition 5.1, the equations of Gauss, Codazzi and Ricci
are exactly the integrability conditions of (8). By Theorem 2, with a solution
@ € T(UX) of equation (8) at hand, F = [ &, where § is the 1-form defined in (9),
is the immersion. Finally, a solution of (8) is unique up to the multiplication on
the right by an element of Spin(n) (since this is a parallel section of the Spin(n)
principal bundle U X, see the proof of Proposition 5.1); the multiplication on the
right of ¢ by an element of Spin(n) and the adding of a constant vector in R" in
the last integration give an immersion which is congruent to the immersion defined
by ¢ (see the remark on page 63). ]

6. Relation to the Gauss map

We show here that the spinor field representing the immersion is an horizontal lift of
the Gauss map. Let us consider the Grassmannian Gr, , C A”(R") of the oriented
p-dimensional linear spaces in R". Using the natural isomorphism of vector spaces
between the exterior algebra over R" and Cl,, Gr), , identifies with the set

Q,={e1-er---e,€Cly,e; R lejl=1,e; Lej,i,j=1,...,p,i#j}.

We recall that for an oriented p-dimensional submanifold F : M — R" the Gauss
map is defined as the map which assigns each point x € M to the oriented tangent
space dF (T, M) considered as a vector subspace of R”". It can hence be seen as the
map into the Grassmannian

G:M— Q,, xt>dF(e))-dF(ey)---dF(ep),

where ey, ez, ..., e, is a positively oriented orthonormal basis of T, M.
We assume that the immersion F' of M into R" is given by a spinor field ¢, as in
Theorem 2.

Proposition 6.1. The spinor field ¢, which is a section of UX, is a lift of the Gauss

map: the diagram
@
|

M—MxQ,
G

commutes, where G (x) = (x, G(x)) and the projection UL — M x Q,, is given by

(15) x:9eUk—= (x, (-9, 9)),
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where w is the volume form in C1(T, M) (the product of the elements of a positively
oriented orthonormal basis of T,M).
It is moreover parallel with respect to the connection

1 p
Vy@ = Vxg + 3 Zej ‘B(X,¢j)-¢
j=1

onUX.

Proof. We first explain why the map x as defined indeed has target M x Q,.
Consider the map

E: X xy CTM) — M xCl,, (¥, ) ((c-¥, ¥)) = By (o).

Suppose ¥ € UX and ¢ = e - - - ¢; for k orthonormal vectors ey, ..., e, € T, M.
Then, we can rewrite Ey (¢) = ({(c- ¥, ¥)) in any spinorial frame at x as

16)  z[yller]---lell¥] = ¥]llelly D¥]ledl¥ D - - - (z[¥]le] [V D.

The k vectors on the right-hand side are still orthonormal, so Ey (c¢) lies in the
corresponding Grassmannian Gry ,. Consequently x (V) = Ey (w) liesin M x Q,.
We next verify the formula for the Gauss map. Recall that the immersion is given
by F = fé, where & is the 1-form defined by £(X) = ((X - ¢, ¢)) for all X € TM.
Thus, dF = &. We fix a positively oriented and orthonormal frame (ey, ..., ej,) of
TM, and a spinorial frame § € Q which is above (e, ...,e,). Then,w=e;---¢e,.
In any spinorial frame, t[p][v][¢] =& (v) for all v € T, M. Therefore (16) yields that
x (@) =&(e1)é(ex) - --&(ep) = G(x). This proves the first part of the proposition.
Finally, ¢ is horizontal with respect to V' since it is a solution of (8). ([

7. Special cases: minimal surfaces, hypersurfaces, and surfaces in R*

Minimal surfaces in R". If J denotes the natural complex structure on M, the
1-form

E(X):=&(X)—iE(JX), XeTM,

is C-linear, with values in the complexified Clifford algebra C~l,, =Cl, ®i Cl,; in
general

szmeg:/me(f(z)dz),

where z is a complex parameter of M and f is a smooth function. Note that & and
f in fact take their values in C" :=R" @ iR" C Cl,.
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Proposition 7.1. The form & is closed (and thus holomorphic) if and only if H=0.
In that case, we have

F= me/f(z)dz,

where f is a holomorphic function.

Proof. We assume that (e, ep) is a local orthonormal frame on M, positively
oriented, such that Ve; = Ve, = 0 at a point xo. We thus have

d& (1. €2) = 0,, (E(e2) +i&(e1)) — 0o, (E(e1) — i€ (e2)).
Noticing that, for j, k € {1, 2},
0e; (§ (€x)) = 0e; ((ex@, ) = ((ex- Ve, 00, 0)) +({ex-¢, Ve, ) = (1d+7) ({ex- Ve, 0, 9)),
we obtain
dé(er, e2) =i(id+7)((e1- Ve, 0+ €2- Vo0, 9)) + (id +7) ((€2- Vey p — €1 - Ver @, 9)).
The first term on the right-hand side is
i(d+7){(e1 - Vo0 + €2+ Ve, 9)) = i (A +T) ((H - 9, 9)) = 2i {(H - 0, 9)),
since, by (8), }
Do:=e;-Vop+er Vop=H-g,
and r[fl] = [H]. The second term is
(id+7)((e2- Ve, —e1- Ve, 0, 9)) = —(id +7){(e1 - Ve, 0 + €2 Ve, 0, €1 - €2 ¢))
= —(d+T)((H -, e1-e2-9))
=0,

using again that D = H - ¢ and since t([H][e1][e2]) = —[H]le11[e2]. We thus
obtain the formula

dE(er, e2) =2i((H - ¢, ),
which may be written in the form
(17) d§ = —i*((H - ¢, p))dz A dZ,

where y is such that the metric is 4> dz dz. This gives the first part of the lemma.
Assuming that H = 0, the 1-form & is closed, and the C"-valued function f such
that £ = f dz is holomorphic; the result follows. O

The aim now is to obtain explicit formulas in terms of holomorphic functions
involving the components of the spinor field. We first note the following expression
of f in terms of the spinor field ¢:
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Lemma 7.2. We have
[ = uirleleflel —itloleslel),
where the real function  is such that the metric is
prdx*+dy? in z=x+iy,

[@] represents the spinor field ¢ in a spinorial frame above ((1/u)0y, (1/14)dy),
and e, e are the first two vectors of the canonical basis of R" C Cl,.

Proof. We have
F=E@,) = tlelld.]le] — itlelld,]¢],

and the result follows since [(1/14)d,] = e{ and [(1/u)dy] = €5 in such a spinorial
frame. .

Minimal surfaces in R3. Assuming that n = 3 and H = 0, we easily get by a
computation using Lemma 7.2 that

F = fme<f<z)dz) = me(/f(z) dz),

where f = (2if(1+ g%, 1 f(1—g%), fg), with

.22
<1

the complex functions z1, z2 are the components of ¢ in a spinorial frame above
((1/pm)0yx, (1/m)ay), and the functions f and g are holomorphic, since so are ,/u1z;
and ,/uz> (this is a consequence of the Dirac equation Dy = 0, in z = x + iy).
This is the classical Weierstrass representation of minimal surfaces in R>.

Minimal surfaces in R*. 1In the case of a surface in R*, we may also recover the
explicit formulas of Konopelchenko and Landolfi [1999] expressing a general
immersion in terms of 4 complex functions, which are solutions of first order PDEs;
the functions are holomorphic if H = 0. We do not include the calculations, since
the general representation in Theorem 2 easily reduces to the spinor representation
given in [Bayard et al. 2013] if p =2 and n =4 (see page 74), and the equivalence
of this representation with the Konopelchenko-Landolfi representation is proved in
[Romon and Roth 2013].

Remark. For surfaces in R”, n > 5, it is still possible to obtain an explicit represen-
tation in terms of the components of the spinor field which represents the surface,
with holomorphic data if H =0, if the bundle E is assumed to be flat. We do not
know if such a representation is possible without this additional assumption.
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Hypersurfaces in R". We set p =n — 1, and assume that M is a p-dimensional
Riemannian manifold and E is the trivial line bundle on M, oriented by a unit
section v € I'(E). We moreover suppose that M is simply connected and that
h:TM x TM — R is a given symmetric bilinear form. According to Theorem 2, an
isometric immersion of M into R?*! with normal bundle E and second fundamental
form B = hv is equivalent to a section ¢ of I'(U Z) solution of the Killing equation
(8). Note that Qr >~ M and the double covering

Or — Ok
is trivial, since M is assumed to be simply connected. Fixing a section §z of Qf
we get an injective map
Ou— OuxuQp=:0, 5u+> Gu.5p).
Using
Cl, ~Cl),, CClyy
(induced by the Clifford map R” — Cl, 1, X — X -e,;1), we deduce a bundle
isomorphism
(18) O x,Cl,—> 0x,ClY | CZ, ¥y
It satisfies the following properties: for all X € TM and ¢ € Qp X » Clp,
X-myY) ' =X-v-y* and Vx(¥) = (Vxy)"
The section ¢ € I' (U X) solution of (8) thus identifies to a section ¥ of Q u %, Cl,
solution of
1 & 1
Vx¥ =3 Zlmx, epe; ¥ =—3T(X) m ¥
]:
for all X € TM, where T : TM — TM is the symmetric operator associated to /.
We deduce the following result:

Theorem 4. Let T : TM — TM be a symmetric operator. The following two
statements are equivalent:

(1) there exists an isometric immersion of M into RP*! with shape operator T}
(2) there exists a normalized spinor field Y € F(Q m X, Cl,) solution of

(19) Vx¥ =—3T(X)-m ¢ forall X e TM.

Here, a spinor field € T(Quy % Clp,) is said to be normalized if it is represented
in some frame s € Qy by an element [{] € Cl,, >~ Cl(;,Jrl belonging to Spin(p + 1).

We will see below explicit representation formulas in the cases of dimension 3
and 4.
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Surfaces in R3. Since Cl, >~ ¥, we have
QM Xp Clz ~¥M,
and ¢ is equivalent to a normalized spinor field ¢ € I'(X£ M) solution of

k¥ = —3TX) u¥

for all X € TM; this equation is also equivalent to the equation Dy = H1r. This is
the result obtained by Friedrich [1998].

We now write the representation formula (9) using a special model for Clz, and
indicate how to recover Friedrich’s representation formula. We first consider the
Clifford map

0
(x1, 22, x3) € R 1> (f, _x) cHQ),

where x = —ix3 4+ j(x; +ix3), which identifies Cl; to the set

[(55) vvew)

and R® C Cl; to the set of the imaginary quaternions; we also consider the ideal
of C13

(20) 23:{({) 8),ye|]-|]}CCl3,

which is a model of the spin representation. Now ¢, section of UY = Q x »Spin(3),
is equivalent to a unit spinor field ¢’ € I'(Q x, £3) (obtained by projection) and a
direct computation yields

(21) (X -0, 0)=i3m(X-¢", @)+ j(X-¢',a(p))

for all X € TM, where the brackets (-, - ) stand for the natural hermitian product
on X3 and « : ¥3 — X3 is the natural quaternionic structure. The representation
formula given by the right-hand side term of (21) appears in [Friedrich 1998].
Finally, the identification (18) for the dimension p = 2

Oux,Clh— 0x,ClcCE, ¢ y*

identifies ¢ € I'(U X) to a unit spinor field iy € I'(X M), and it may be proved by a
computation that

(X @, @) =2Re(X -y ¥7) + (X -y a@@) — (X - ¥, a(@)),

where the brackets (-, -) stand here for the natural hermitian product on X, and
o : Xy — 3 is the natural quaternionic structure; this is the explicit formula of the
immersion in terms of ¥ given in [Friedrich 1998].
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Hypersurfaces in R*. Since Cl3 ~ 3@ Eg where X5 and 2§ are the two (nonequiv-
alent) irreducible representations of Cls, we get two unit spinor fields {r; e ['(Z M),
Yy € T'(X'M) solutions of (19). Noting finally that there is a natural identification

i:X'M - M

satisfying
(X-y)=-X-i(y)

for all X € TM and ¢ € X'M, the spinor fields v; and i (y;) € I'(X M) satisfy
(22) Vx¥ =—3T(X) -y 1 and  Vyxi(yo) = 3T(X) wi(¥2).

We thus recover a result of [Lawn and Roth 2010]: the immersion is equivalent to
two spinor fields on the hypersurface which are solutions of (22). We may also
obtain a new explicit representation formula. On one hand, we note that

0 5_13652)

23) (X -9.9)) = (g—zxél 0

in Clg, where ¢ € I'(UX) and X € TM are respectively represented in Clg by

& 0 0 x
(0 5) @ (o)
with &1, & € H and x € ISm H. On the other hand, X3 naturally identifies to H (see

(20)) and the bilinear map

T3x T3> H, (€.8) 8
induces a pairing
((',->>2M32MXZM—>|H]

on ZM=QM Xp E3If
V=1y1+Y2, Y1EXZM, YreX'M

is such that ¢ = ¢¥* (by (18), with p = 3), the spinor fields y; and i (¥) € ¥M
are respectively represented by &; and &;, and we readily get

(24) (X M i), Y1) zm = E1x&).
The identities (23) and (24) identify
(X -0, 0) = (X -Mi(¥2), ¥1))sm;

this gives an explicit representation of the immersion into R* in terms of the two
spinor fields yr; and i (¥») of £ M introduced in [Lawn and Roth 2010].
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Surfaces in R*. For a surface in R*, Theorem 2 with p = 2 and n = 4 reduces to
the result obtained in [Bayard et al. 2013], since the bundle X naturally identifies
to the bundle XM ® X E in that case (see the remark on page 55, observing that
the representation of Spin(2) on Cl; by left multiplication is also the usual complex
spin representation ;). Note that we may similarly recover the main results in
[Bayard 2013; Bayard and Patty 2015] concerning immersions in R*! and R?>2, if
we consider in our constructions the Clifford algebras Clz ; and Cl, ; instead of Cly.

For completeness, we also want to mention that in [Romon and Roth 2013], the
authors give the explicit correspondence between the spinors used in [Bayard et al.
2013] for surfaces of R* and a quaternionic representation which is a quaternionic
reformulation of the representation obtained by Konopelchenko [2000] (see [Helein
2001] for this reformulation). The reader can refer to [Kamberov et al. 2002] for a
detailed presentation of quaternionic-type representations of surfaces.

8. Spinorial representation of submanifolds in S” and H"

We extend here Theorem 2 to the other space forms.

Submanifolds of S". Let M be a Riemannian manifold of dimension p, and E be
a bundle on M of rank ¢ = n — p, with a fiber metric and a compatible connection;
we assume that 7M and E are spin, and consider

2= Q Xp Clyy1,

where QO = Qu Xy QF is the Spin(p) x Spin(g) principal bundle given by the
two spin structures and p : Spin(p) x Spin(g) — Aut(Cl,+) is the representation
obtained by the composition of the maps

(25) Spin(p) x Spin(g) — Spin(n) C Spin(n + 1)
and
(26) Spin(n 4+ 1) — Aut(Cl,1).

The maps in (25) correspond to the decompositions
RP @RI = R" C R" ® Repqy =: R*T,

and in (26) the action of Spin(n + 1) on Cl,,1 is the multiplication on the left. We
also define

US = Q x,Spin(n+1) C .

Let us denote by v the element of the Clifford bundle Q X ad Cl,, 41 such that its
component in an arbitrary frame § € Q is the constant vector e, (note that for all

g € Spin(p) x Spin(g) C Spin(n) C Spin(n + 1), Ad(g)(est1) = ent1).
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Theorem 5. Let B : TM x TM — E be a symmetric and bilinear map. The
following two statements are equivalent:

(1) There exists an isometric immersion F of M into S" with normal bundle E
and second fundamental form B.

(2) There exists a spinor field ¢ € I'(U X) satisfying
p
1 1
27) ngaz—EZej-B(X,ej)-go—l——X-v-ga forall X e TM.

, 2
j=1

Moreover we have the representation formula
(28) F={((v-g,9)eS" cR™,
where the brackets ({ -, -)) are defined as in (3)—(4).

Proof. We only prove that (2) implies (1), using the explicit formula (28). Setting
F={{v-¢,¢)), we have

F =[p] ens1lo]l = Ad([@]™ M (ent1),

where [¢] € Spin(n + 1) represents ¢ in some frame § € Q and Ad : Spin(n+1) —
SO(n + 1) is the natural double covering; thus F belongs to S”*. We will need the
following:

Lemma 8.1. If ¢ € I'(UX) is a solution of (27) then F = {({v - @, ¢)) is such that,
forall X € TM,

(29) dF (X) = ((X - ¢, ).

Proof. We first observe that Vv = 0 if « is the connection form on Q and § € I'(Q)
is a local frame, then v = [5, ¢,4] and

Vxv =[5, dxent1 + Ads(a(54(X)))(€n1)1 =0 forall X € TM,
since e, is constant and o takes values in A’R" C Cl,,. Thus, for all X € TM,

dF (X) = ((v-Vxo,9)) + {({(v- ¢, Vx¢))
= ({d+1)((v- Vxo, ¢))

1. P 1.
=—§(ld+r)Z((v-€j-B(X, ej)‘¢»§0))+§(ld+f)((x'(ﬂ, ®)).
j=1

But
T((v-ej-B(X,€j) 9,0))=(p,v-ej-B(X,ej) ¢))

=((B(X,¢j)-€j-v-9,9))
=—(v-ej-B(X,e¢j) ¢, 0))
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since the three vectors B(X, ¢;), ¢; and v are mutually orthogonal, and

T((X-9,0)={p, X -9)) = (X 9,9)).
Thus (29) follows. O

By the lemma and the properties of the Clifford product, F is an isometric
immersion, and the map

E—>TS" XeE,— (F(m),{(X-¢,¢)))

identifies £ with the normal bundle of F (M) into §"; it moreover identifies the
connection on E with the normal connection of F'(M) in S" and B with the second
fundamental form. We omit the proof since it is very similar to the proof of
Proposition 4.2. U

Remark. Taking the trace of (27) we get
(30) Dy =Lp(H—v) g,
where H = (1/p) Zle B(ej, e)) is the mean curvature vector of M in S".

Remark. We may also obtain a proof using spinors of the fundamental theorem of
submanifold theory in §”, showing, as in Section 5, that the equations of Gauss,
Codazzi and Ricci in a space of constant sectional curvature 1 are exactly the
integrability conditions of (27).

We finally show how to recover the spinorial characterization of a surface in S°
given by Morel in [2005] and Taimanov in [2004]. In the model Cl4 >~ H(2) we have

g0:<[<p+] 0) F:( 0 [soﬂ[v][qf])
0 [¢71)° —[e~1vile™] 0

0 [¢+][X][<p—])
[e~1[X1[e™] 0 ’

where [¢T], [¢~], [v] and [X] € H represent ¢, ¢, v and X in some spinor frame
adapted to the immersion in S?; thus Lemma 8.1 gives

and

= (_

F~[pFlvil¢~] and dF(X)=~[pT1[X][¢"].

If [p™] is given, this system has a solution [¢~], unique up to the multiplica-
tion by S* on the right. The spinor field ¢ is thus essentially determined by its
component ¢, which may be identified with a spinor field ¥ € I'(X M) solution of

Dy =Hy iy, |yl=1

details are given in [Bayard et al. 2013]. This is the spinor characterization of an
immersion in S3 given in [Morel 2005; Taimanov 2004].
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Submanifolds of H". We now consider the n-dimensional hyperbolic space H" as
a hypersurface of the Minkowski space R™!. Since the constructions of the paper
may also be carried out in a linear space with a semi-Riemannian metric, we obtain
a spinor representation of a submanifold in H" exactly as we did for a submanifold
in S". We thus only state the results here, and refer to the previous section for the
proofs. Let M be a Riemannian manifold of dimension p, and E be a bundle on M
of rank ¢ = n — p, with a Riemannian fiber metric and a compatible connection;
we assume that TM and E are spin, and consider

Y= Q X, Cly 1,

where Q = Q M XM Q g is the Spin(p) x Spin(q) principal bundle given by the
two spin structures and p : Spin(p) x Spin(g) — Aut(Cl, 1) is the representation
obtained by the composition of the maps

3D Spin(p) x Spin(g) — Spin(n) C Spin(n, 1)
and
(32) Spin(n, 1) — Aut(Cl, ;).

The maps in (31) correspond to the decompositions
RP @RI =:R" C R" @ Re, =: R,
and in (32) the action of Spin(n, 1) on Cl, ; is the multiplication on the left; here
en+1 18 a vector with negative norm —1. We also define
UX = Q x, Spin(n, 1) C .
Let us denote by v the element of the Clifford bundle Q X ad Cl,,,1 such that its
component in an arbitrary frame § € Q is the constant vector e, .

Theorem 6. Let B : TM x TM — E be a symmetric and bilinear map. The
following two statements are equivalent:

(1) There exists an isometric immersion F of M into H* with normal bundle E
and second fundamental form B.

(2) There exists a spinor field ¢ € I'(U X) satisfying

1< 1
(33) Vx(p:—EZej-B(X,ej)-go—EX-v-go forall X e TM.
j=1

Moreover we have the representation formula
(34) F=({v-g,¢)cH CR",
where the brackets ({ -, -)) are defined as in (3)-(4).
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We may also recover the spinor characterization of an immersion of a surface in
H3 given by Morel [2005]: if M is a surface and (e, e;) is an orthonormal basis of
TM, setting Hyp := %(B(el, e1) + B(ez, e2)) we see that (33) is equivalent to

D¢ = (Hyp +v) - ¢,

where ¢ is a spinor field which is represented in a frame § € Q by [¢] belonging
to Spin(3, 1). This is exactly the spinor representation of an immersion in H?3
as described in [Bayard 2013] Section 5, where it is moreover proved that it is
equivalent to the spinor characterization given in [Morel 2005].

Remark. The Weierstrass-type representation of the flat surfaces in H> by J.A.
Gélvez, A. Martinez and F. Milan [Galvez et al. 2000] may be recovered from
Theorem 6, following the lines of Section 6.4 in [Bayard 2013]: the explicit
representation is (34), whereas equation (33) gives rise to holomorphic data, when
written in conformal coordinates induced by the Gauss map; we refer to these
papers for details.
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COMPACT COMPOSITION OPERATORS
WITH NONLINEAR SYMBOLS
ON THE H? SPACE OF DIRICHLET SERIES

FREDERIC BAYART AND OLE FREDRIK BREVIG

We investigate compactness of composition operators on the Hardy space of
Dirichlet series induced by a map ¢(s) = ¢¢s + @y (s), where ¢ is a Dirichlet
polynomial. Our results depend heavily on the characteristic ¢y of ¢ and,
when ¢y = 0, on both the degree of ¢y and its local behavior near a boundary
point. We also study the approximation numbers for some of these opera-
tors. Our methods involve geometric estimates of Carleson measures and
tools from differential geometry.

1. Introduction

A theorem of Gordon and Hedenmalm [1999] describes the bounded composition
operators on the Hilbert space > of Dirichlet series,

o0

f(s)= Zann_s,

n=1

with square summable coefficients endowed with the norm || f ||§62 = Zzo:] |, |2.
We let Cy denote the half-plane of complex numbers s = o + it with o > 6. The
Dirichlet series in % represent analytic functions in C; ,2 and a mapping ¢ of Cy 2
into itself defines a function 6,(f) := fog on Cyp, if f € 2. The operator
6, : %> — ¥ is well defined and bounded if and only if ¢ is a member of the
following class:

Definition. The Gordon—Hedenmalm class, denoted 4, is the set of functions
¢ : C1jp — Cy 2 of the form

00

(1) p(s) =cos + Y _ can ™ =t cos +¢o(s),
n=1
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where cq is a nonnegative integer called the characteristic of ¢, the Dirichlet series
@ converges uniformly in C; (¢ > 0) and has the following mapping properties:

(a) If co =0, then ¢o(Co) C Cy 5.
(b) If ¢ = 1, then either ¢y = 0 or ¢y(Cyp) C Cy.

Since the paper of Gordon and Hedenmalm, several authors have studied the
properties of composition operators acting on #2 or on similar spaces of Dirichlet
series (see for instance [Bayart 2002; 2003; Finet and Queffélec 2004; Finet et al.
2004; Queftélec and Seip 2015a]). In the present work, we are interested in the
study of the compactness of ‘€, when ¢ is a polynomial symbol, say

N
() o(s) =cos + ¢y +chnﬂ,
n=2
and we implicitly assume that ¢ € 4. The symbol ¢ is said to have unrestricted
range if
1 .
. 5 ifcpg=0
inf Re =12 ’
Jnf Rete(s)) {0 if o> 1.
Correspondingly, if ¢(Cy) is strictly contained in any smaller half-plane, we say
that €, has restricted range. It is well known that the composition operator €, is
compact when ¢ has restricted range [Bayart 2002, Theorem 21]. In what follows,
we will assume that ¢ has unrestricted range.

Definition. A set of integers A C N — {1} is called Q-independent if the set
{logn : n € A} is linearly independent over Q.

Symbols of the form (2) have been extensively studied in the linear case,

d
3) p(s)=cos+c1+ Y cqq;,
j=1

where the set {g;} is Q-independent and c,; # 0. When ¢¢ > 1, it is proven in
[Bayart 2003] that the operator ‘6, is compact if and only if ¢ has restricted range.
Our first result extends this to the case of an arbitrary polynomial:

Theorem 1. Let ¢ be a Dirichlet polynomial of the form (2) with co > 1. Then 6,
is compact if and only if ¢ has restricted range.

As is to be expected when investigating composition operators on 9, the symbols
with cg =0 are more difficult to handle and require different techniques. In this case,
it is proven independently in [Bayart 2003] and [Finet et al. 2004] that composition
operators induced by linear symbols (3) with ¢y = 0 are compact if and only if ¢
has restricted range or d > 2.
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The main effort of this paper is dedicated to extending this result to general poly-
nomials. We rely crucially on a geometric description of such compact composition
operators found in [Queffélec and Seip 2015a] (see Lemma 5 below). Our second
result is:

Theorem 2. Suppose that {qj}‘;:1 are Q-independent and that

d
p(s) =Y Pi(g;")
j=1

is in 9, and that the polynomials P; are nonconstant. Then 6, is compact if and
only if ¢ has restricted range or d > 2.

Theorem 2 is truly a nonlinear extension of the results for linear symbols, however
it fails to handle the relatively simple cases

@) @i(5)=5-27-37-2.6" and ¢(s)=5—-4.27"-4.3742.67",

where “mixed terms” are present. However, the compactness of the associated
operators can be decided by our main result. Before this result can be stated, we
need to introduce some additional definitions.

Definition. Let A CN—{1}. We let the complex dimension of A, denoted D(A), be
the infimum of card(A() where Ag C N—{1} is Q-independent and multiplicatively
generates A.

At this point, we should mention that the set A attaining such an infimum is
not necessarily unique. This is easily seen by considering A = {2232, 2%.32,22.
3%, 2%. 3%}, where A can be chosen as any of the following sets:

2.3}, {223} {237 {2237, {2°-3.3), {2.2:3%
Now, we will rewrite (2) as
S) o(s) =c + Z con”s
nelA

with ¢, # 0 for every n € A. We pick some Ao ={q1, g2, ..., qa} where d =D(A).
Since Ag generates A, any n € A can be written uniquely as a product of elements
in AQ,

This associates to n the d-dimensional multi-index «(n). Clearly, «(n) depends on
the choice of A as the example considered above illustrates.
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Definition. The degree of ¢ with respect to A is defined by
deg(p, Ag) =sup{la(n)| =a;+ar+---+oag:n e A}.

Among the different Ao which generate A and with card(Ag) = @(A), we choose
an optimal Ag in the sense that it minimizes deg(g, Ag). The degree of ¢ is then
equal to the value of deg(¢, Ag) where Ag is optimal in the previous sense.

It is clear that there can be more than one optimal Ag, as the example considered
above again demonstrates, where the three final possibilities all have deg(p, Ag) =4
if ¢ is given by (5).

Remark. For maps of the form (3) as considered before, the complex dimension
is equal to d and the degree is equal to 1, which justifies our terminology “linear
case”.

The study of the Hardy space of Dirichlet series %2 is intimately related to
function theory on polydiscs. In our concerns, the main tool will be the so-called
Bohr lift. Indeed, consider an optimal Ag and use the substitution qj_s — z;. To
simplify the expressions in what follows, we will also subtract % Hence we obtain
a polynomial in d variables with the same degree as ¢,

(6) (1) =(c1—3)+ Y caz®™.

neA
The polynomial ® will be called an optimal Bohr lift of ¢. Using Kronecker’s theo-
rem (see for instance [Hardy and Wright 1979, Chapter 13]), the Q-independence
of Ao implies that ® maps D¢ into Cy. The polynomial ® induces a map, denoted
by ¢, on R? defined by

¢<91, 92, ey Gd) = q)(eiel’ ei92’ e ei@,j).

Remark. We will sometimes need to define the Bohr lift when the map ¢(s) =
anl cyn~* is not a Dirichlet polynomial. It is then defined as

O = (c1— 1)+ cuz®®

n>2

where we use the substitution p;S > zj. If we assume that ¢ € %, its Bohr lift ®
is now well defined on D N ¢(, and Kronecker’s theorem shows that this set is
mapped by @ into C.

Let us come back to a polynomial ¢ € 4. If we assume that ¢ has unrestricted
range, there exists at least one point w € T¢ so that Re ® (w) =0, by the compactness
of T Let w = (¢!, /P2, .. ., eiﬁd). Then ¢ = (91, ¥, ..., ¥4) has to be a critical
point of Re ¢ since this last map admits a minimum at ©*. Moreover, the mapping
properties of ¢ implies that the Hessian matrix of Re ¢ at ¢ should be nonnegative.
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Definition. We define the boundary index of ® at w as the nonnegative integer
J(®, w) such that the signature of the Hessian matrix of Re ¢ at ¢ is equal to
(J (P, w), 0).

With these definitions at hand, we are able to state our main theorem which
shows that, when there are mixed terms, the complex dimension does not give
enough information and that we need a more careful study of ¢.

Theorem 3. Let ¢(s) = c; + anz cun™* be a Dirichlet polynomial in § with
unrestricted range. Suppose that its complex dimension d is greater than or equal
to 2, and let ® be a minimal Bohr lift of ¢. Assume that

o cither the degree of ¢ is equal to 1 or 2,

e or the degree of ¢ is at least 3 and for any w € T, either Re ®(w) > 0 or
Re ®(w) =0and J(®, w) > 2.

Then €, is compact on 2 Moreover, the result is optimal in the following sense:
o If'the complex dimension of ¢ is equal to 1, then 6, is never compact.

o There exist polynomials ¢ € § of arbitrary complex dimension and of arbitrary
degree greater than or equal to 3 such that 6, is not compact.

At this point we should mention that Theorem 3 does not encompass Theorem 2,
and we will return to this point later (see Section 7). However, Theorem 3 allows us
to conclude that for the Dirichlet polynomials ¢ given by (4), which have complex
dimension and degree equal to 2, the induced composition operators are compact.

We are also interested in the degree of compactness of our operators, which may
be estimated using their approximation numbers.

Definition. Let H be a Hilbert space and let T € £(H). The n-th approximation
number of T, denoted a, (T), is the distance of T to the operators of rank < n.

The study of the behavior of a,(6,) when ¢ € 9 is a linear symbol (3) has been
done in [Queffélec and Seip 2015a]. In particular, it is shown there that

1\@-1/2 logn\ @-1)/2
(;) <an(6) < ( f:’ )

where d is the complex dimension of ¢. We will extend this result to a general
context. To keep this introduction sufficiently short, we refer to Section 8 for our
statement, and give only one striking consequence of it: we may distinguish the
Schatten classes of linear operators on > using composition operators induced
by polynomial symbols. By definition, a compact linear operator T belongs to the
Schatten class S, for 0 < p < o0, if

ITI = Te(TI") = ) an(T)” < 0.

n=1
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Corollary 4. Let 0 < p < q. There exists a Dirichlet polynomial ¢ € § such that
€y €8, \Sp.

Let us end this introduction by mentioning that the composition operators induced
by the maps ¢ and ¢, have different degrees of compactness. Indeed, we will show
that

logn)l/2

10gn)1/3
- .

n

()" <t <( and (1) <aney) < (

Organization. The remainder of this paper is divided into seven sections.

e Section 2 contains the proof of Theorem 1. The content of this section is
independent from that of the following sections.

e In Section 3 we introduce some necessary tools and results needed for the
proof of Theorem 2 and Theorem 3.

« Section 4 is devoted to the proof of Theorem 2.
 Section 5 contains the proof of Theorem 3.
« In Section 6 we prove Lemma 12, which is the most technical part of Theorem 3.

o In Section 7 we discuss the case deg(¢) > 3 and J (P, w) = 0, its connection
to Theorem 2 and some related examples.

« Finally, in Section 8, we discuss the decay of the sequence of approximation
numbers for some of our operators.

Notation. The notation f(¢) < g(&) will mean that f(¢) < Cg(¢e) for some constant
C which does not depend on ¢. We will sometimes write f(¢) <, g(¢) to emphasize
that C depends on a. As usual, we let {p;} denote the sequence of prime numbers
written in increasing order. We let m, denote the normalized Lebesgue measure on
T This measure is invariant under rotations. If we do not have a priori knowledge
of the complex dimension d, we will often call this measure m .. For a point z = et?
on the unit circle T, we will always assume that € (—m, 7]. Finally, 0 will denote
the point (0, ...,0) € C4, and 1 will similarly denote the point (1, ..., 1).

2. Proof of Theorem 1

Let ¢(s) = cos +c¢1 + fo:Z cpn~ € 9 such that ¢g > 1. We already know that

if ¢ has restricted range, then 6, is compact. Let us therefore assume that 6, is

compact and also assume that ¢ has unrestricted range, to argue by contradiction.
By [Bayart 2003, Theorem 3], we know that

Re (p(s) Re(s)—0

) Re(s)
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Now, since ¢ has unrestricted range there exists a sequence {sy = oy + itx}r>1
in Cp such that Re ¢(s;) — 0. It is well known that this forces that o — 0 (see
[Bayart 2003]). Then

N

Re ¢(si) = coor +Re(c1)+2 n~ % (Re(cy) cos(t; log(n))+1Im(c,) sin(t, log(n))).
n=2

By successive extraction of subsequences, we may assume that there exist real
numbers a,, and b,, so that for 2 <n < N we have, as k — oo,

cos(ty log(n)) — a, and sin(t log(n)) — b,.

Hence, we may write

N N

Re g (s¢) = coox +Re(c1) + Y n " (Re(cn)ay +Im(ca)by) + Y n~ % Fy (1),
n=2 n=2

where each F,,(tx) — 0 as k — oo. Since Re sx = oy also goes to 0, we may deduce

N
Re(cr) + Y (Re(cp)ay +Im(cy)b,) =0,
n=2
so that we have
N N
Re(s) = coo + Y _(n~7 = D(Re(ca)an +Im(ca)bn) + Y 0~ Fy(t).
n=2 n=2

We will now choose another sequence {s; = o] +if}x>1 where Re(s;) — 0 in order
to obtain a contradiction with (7). More precisely, let {0/ };>1 be any sequence of
positive real numbers tending to O such that, forany n =2, ..., N and every k > 1,
we have n=%|F, ()| < oy. Then we obtain

N N
Rep(s;) = coof + »_(n~% — 1)(Re(ca)an +Im(ca)ba) + Y n % Fy (1)
n=2 n=2
=0(0y)
= O(Re(sp)),

and this contradicts (7). The assumption that ¢ has unrestricted range must be
wrong. (Il

Remark. An inspection of the proof reveals that the statement of Theorem 1 remains
true if we assume that ¢ (s) = cos +c1+ Y ren cun™> €Gwithco > 1, Y 07 [cql <
400 and that the complex dimension of ¢ is finite. The latter assumption is needed
to use (7).
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3. Preliminaries

As explained in the introduction, our main tool for proving or disproving compact-
ness is a result from [Queffélec and Seip 2015a]. We formulate it in a more general
context than for polynomials since it will be used under this form in Section 8.
Recall that a Carleson square in Cy is a closed square in fo with one of its sides
lying on the vertical line i R; the side length of Q is denoted by £(Q). A nonnegative
Borel measure p on Cy is called a vanishing Carleson measure if

5 n(Q)
im sup =0
00)—0 £(Q)

Lemma 5. Suppose that ¢(s) = anl can™% € G and that ¢(Cy) is bounded. The
corresponding composition operator €, is compact on %2 if and only if the measure

Re(E) :=m({z € T : @(2) € E}), ECCo
is vanishing Carleson in Cy, where ® denotes a Bohr lift of ¢.

Proof. This is Corollary 4.1 in [Queffélec and Seip 2015a]. ([

Hence we consider squares
0=0(t,e)=[0,¢e]l x [t —¢/2, T +¢&/2],

and want to investigate whether u,(Q) = o(¢) uniformly in T € R. Our next lemma
points out that this depends only on the local behavior of ®.

Lemma 6. Let ¢ be a Dirichlet polynomial (2) with co = 0 mapping Cy into Cy >
and let ® be a minimal Bohr lift of ¢. If for every w € T¢ with Re ®(w) = 0 there
exists a neighborhood AU, > w in T4, constants Cy, > 0 and k,, > 1 such that for
every T € R and every ¢ > 0 we have

() mq({z € Wy : @(2) € O(1, &)}) < Coe™,

then 6, is compact.

Proof. Since ¢ is a Dirichlet polynomial, it has finite complex dimension d.

We first observe that (8) is always satisfied for those w € T¢ with Re ®(w) > 0.
Indeed, by continuity of ®, we may always find a neighborhood U,, > w and gy > 0
such that, for all ¢ € (0, &g) and all T € R, {z € Wy, : P(2) € O(7, ¢)} is empty. We
may then take «,, > 1 be arbitrary and choose C,, with Cwsg“’ > 1.

We will then use a compactness argument and Lemma 5. Indeed, there exists
a finite number of points wy, ..., wy such that T4 is covered by Wy, s vvy Wy -
Now, we may take C = Cy, +- - -+ Cy,, and k = min(xy,, ..., ky, ). Hence, for
allt e Randall € > 0,

my({z €T : d(2) € Q(x, &)}) < Cé",
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which achieves the proof of the compactness of €, on 2. (Il

Hence, we will require more information about the Taylor coefficients of & at a
boundary point. Assume that ®(w) = 0 where w = 1. In this case, we will rewrite

d
©) @)=Y G[[0-2p% =) call—2)%
j=1

neA aeNd

where we have adopted the convention ¢, = ¢,,, which is not generally equal to c,.
We shall need a kind of Julia—Carathéodory theorem for ® of the form (9).

Lemma 7. Let ® : D¢ — Cg be of the form (9) and let || = 1. Then ¢y > 0.
Moreover, there exists at least one multi-index a with |a| = 1 and ¢, > 0, unless
o =0.

Proof. We may assume thata = (1, 0, .. ., 0). Consider the one-variable polynomial
Yv(w)=d(w,1,...,1).
Clearly, ¥ maps D to Cy, and v (1) = 0. We write
v (w) =a(l —w)+b(1 —w)>+0((1 —w)?).

We set w = ¢'? and obtain

¥ () = a(g _ ie) — bO% +0(6°).

In particular,
Re(y (¢*) = 6 1m(a) + 0% (REL —Re(h)) +0(6°).

Since this should be nonnegative, clearly Im(a) = 0. We now set w = 1 — § for

0 <8 < 1 and consider ¥ (§) =ad+ 0 (8%). Since the real part of this also should

be nonnegative as § — 0" we must have a > 0. Hence ¢, > 0 when |a| = 1.
Now, consider the mapping

d
ar—)n(a):l_[p;xj.
j=1

It defines a total order on N“ by setting o < g if and only if n(«) < n(8). Assume
that ® = 0 and that ¢, = 0 whenever || = 1. Consider

B =infla : ¢y # 0},

which exists since ® #0. Thereis 6 € (—m, 7] so that cg =|cg le'?. Fix 0; € (—%, %)
and define

—o if;
zj=1—=p;"e",
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where o > 0. For large enough o, clearly z = (z1, ..., zg) € D?. Moreover,
D(z1, ..., 2a) = legle’ [n(B)] 7 PO HPCD 4 o([n(B)]77),

as 0 — oo. This implies that

Re(®(z1, ..., za)) = lcpln(B)]™° cos(0 + 161 + - - - Buba) + o([n(B)] 7).

Since | 8] > 2, we can choose 6; € (—%, ) such that cos(6 + B16) +- - -+ Bab4) <O0.
This contradicts the mapping properties of ®, and hence the assumption that ¢, =0
whenever |«| = 1 is wrong. O

We will also need two lemmas from differential geometry. The first one is the
parametrized Morse lemma (see for instance [Bruce and Giblin 1992, § 4.44]).

Lemma (parametrized Morse lemma). Let U C R’ x RY=7 be a neighborhood of
0cRYandlet F:U— R, (u,v) — F(u, v) be a smooth function. Assume that
F0)=0,that 0F/0u;(0) =0foralli =1, ..., J and that the matrix
(urt @)
u;ou; 1<i, j<J

is positive definite. Then there exist a neighborhood V' > 0 with V' C U, a smooth
diffeomorphism I : V' — R4, (u, v) > (y (u, v), v) with I'(0) = 0 and a smooth
map h : R~/ — R such that, for any (u, v) €V,

J
Fu,v)=Y_ v, v)* +h(v).

j=1
The second lemma reads as follows:

Lemma 8. Let p > 1 be an integer, and let f : I — R be a smooth function where
I is an open interval containing 0 and f(x) ~o xP. Then there exist C > 0 and
an open interval 1' 5 0 inside I such that, for any T € R and any § > 0, the set
{x € I':|f(x) —t| < 8} has Lebesgue measure less than csh/e,

Proof. Assume first that f(x) = x?. If |t| < 28, then the result is clear. Otherwise,
if T > 28, then x has to live in [(t —8)/?, (t +8)!/P] and the length of this interval
may be easily estimated using the mean value theorem.

The general case reduces to this one. For small values of x, set y = [ f(x)]!/?
if pisoddory=[f(x)]"? forx >0, y=—[f(x)]"/? for x <0 if p is even. In
both cases, y is differentiable at 0 and dy/dx > 0. Hence, x = y(y) where y is a
smooth diffeomorphism. Now, for some small open interval I’ 5 0, we have

xel ! |fx)—t|<8}={xel: |(y 'x)? —1| < ).

Since y is a diffeomorphism, the latter set has Lebesgue measure less than C§'/7. [
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4. Proof of Theorem 2

We intend to apply Lemma 6. Hence, let w € T¢ with Re ®(w) = 0. By the
rotational invariance of m,, we may always assume that w = 1. Moreover, since the
conditions in Lemma 6 are invariant by vertical translations, we may also assume
that ® (w) = 0. In this case we have

d d
O@r. 22 2) = Y D)= Y al (1—zpk.
j=1 j=1 k

Since @ is a minimal Bohr lift of ¢, inspecting the proof of Lemma 7, we may

conclude that in this case aij ) S O forevery j=1,2,...,d. This means we have

Re ® (', e ... le")—Zb@ +o

where the coefficients b; # 0 are real numbers and the exponents k; > 2 are integers.
The fact that this quantity is supposed to be nonnegative implies that b; > 0 and that
k; is even, by similar considerations as those in the proof of Lemma 7. Moreover

d
Im @, e, ... %) == " a6, +0()).
j=1

Proof of the first part of Theorem 2. Let T € R and € > 0 be arbitrary. The preceding

discussion means there is some neighborhood U > (1,1, ..., 1) in T4 so that
] d
> > b6 <Red (e, e, ... e%) < 22 607,
j=1

when e/’ € AU. Hence if ®(¢!?) € Q(t, ¢) and ¢!’ € U, we conclude from the real
part that |0;] < el/ki for j =1,2,...,d. Now, fixing 0; for j =2,...,d, we
conclude from the imaginary part and Lemma 8 that 6, can live in an interval of
size at most Ce. Hence we have

my({z €Uy : P(2) € O(1, 8)})) K, e TVt +1/ka,

In fact, we may choose

d
= Zl— min —
— k; 1</<dk

and conclude by Lemma 6, since d > 2. U



92 FREDERIC BAYART AND OLE FREDRIK BREVIG

Proof of the second part of Theorem 2. In this case d = 1, and the polynomial ®(z)
is of only one variable. We again consider some neighborhood U > 1 in T, so that
when ¢ € Al we have

0 <Re®(e'?) <2p6* and |Im @ (%) < 24al6],

where a = a;, b = b and k > 2 is even. Now, we choose T = 0 and observe that
¢(e'?) belongs to Q(t, €) provided |6| < e. Hence

mi({zeT:P(2) e Q(r,e)}) =mi({z €Uy : P(2) € O(7,6)}) > ¢,
and ‘6, cannot be compact by Lemma 5. O
Remark. Inspecting the proof of Theorem 2, we see that we may replace the

polynomials P;, by corresponding power series

m .
Pj (q,—S) — C/(C])qj—ks,
k=0
provided Y2 |t/
be finite.

| < co. However, we still require the complex dimension d to

5. Proof of Theorem 3

We begin by observing that the penultimate point of Theorem 3 follows from the
second part of Theorem 2. The final part of Theorem 3 is contained in the following
result:

Lemma 9. There are polynomials ¢ € 9§ of any complex dimension and of any
degree > 3 for which the corresponding composition operator 6, is noncompact.

Proof. Let P(z) = P(z1, 22, - - -, Z¢) be any polynomial in d variables and define
() =(1—z1)+8(1-21)*P(),

for some § > 0 to be decided later. We compute

Re @ (e, ..., %)= (1—cos0;)(1—-28(cos (61) Re P(e?)—sin () Im P(e'?))).

Pick § small enough so that we have

1 —cosf . .
STl Red(, ... el%) < 2(1 —cosh)).
The first inequality tells us that & is a minimal Bohr lift of

o) =1 —p1 ) +8(L—p1 ) P(pi*, ..., p;%),
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with ¢ € % having unrestricted range. Using the second inequality and a Taylor
expansion of Im &, we also get that near 1,

Re ® (e, ..., e%) =00 and Im®(?, ..., %) =0()).

Similar considerations as in the proof of the second part of Theorem 2 allow us to
conclude that 6, is not compact. U

Remark. The key point of Lemma 9 is that even if ® involves d variables, its local
behavior near 1 depends too heavily on z; to ensure compactness.

Having now concluded the negative parts of Theorem 3, we turn to the positive
parts. Let us fix a polynomial ¢ € % and let ® denote a minimal Bohr lift of ¢.
We can simplify how to write ® around a point w € T¢ such that Re ®(w) = 0.
Without loss of generality, we may again assume that w = 1 and that ®(w) = 0.
Then we may write

d d
()= aj(l-z))+Y bi(l=z)*+ Y c,-,k(l—zp(l—zmo( > |1—z,-|2>.

Jj=1 Jj=1 1<j<k=d I<j=<d

We let z; = ¢'% and since a; > 0 by Lemma 7 we get

d
Re(@(z)):Z(%—Re(bj))sz— 3 Re(c,-,k)ejeﬁo( 3 ej?).

j=1 1<j<k<d 1<j<d

The quadratic form appearing above is brought to standard form by a linear change
of variables,

d
Re(®(2) = Y _(£;(6))° —i—o( > ej?).
j=1 l<j=d
Next, we write

d d

d
Im(®(2)) =— ) a6 +o(Z |9j|) = —La11(0) +o(Z |e,-|>,

j=1 j=1 j=1
and by Lemma 7 we know that £,441 # 0, since at least one a; > 0. The last step to
finish the proof of Theorem 3 is the following result:

Lemma 10. Ler ® : DY — Cqy be an optimal Bohr lift of ¢ € G, where ¢ has
unrestricted range and complex dimension d > 2. Suppose that w € T¢ is such that
Re ®(w) = 0. Then there exist a neighborhood U, > w in T k =Ky > 1 and
C = Cy > 0 such that, for any t € R and for every ¢ > 0,

mg({z €Uy : P(2) € Q(1, ¢)}) < Ce".

In the following cases:
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o J(®,w) > 1 and L4+, is independent from (L1, ...,4L;). We may choose
k=14+J(P, w)/2.

o J(®,w) > 2 and £441 belongs to span({y, ..., L;). We may choose k =
(14 J (D, w))/2.
o J(@,w) =1, gy is a multiple of £, and ® has degree 2. We may choose

K =

o J(®,w) =0and ® has degree 2. We may choose k = (d +3)/4.

o\o

Before we prove the different cases of this lemma, let us make some comments.
Firstly, it is clear that Lemma 10 and Lemma 6 imply Theorem 3 when the degree
of ¢ is at least 2. When the degree of ¢ is equal to 1, then

d
() =Y aj(l—z)
j=1
so that each a; is positive. This implies that J(®, w) = d so that we may again
apply Lemma 10 and Lemma 6.

It is also important to notice that ® cannot be an arbitrary polynomial mapping
of D into Cy. It is an optimal Bohr lift of some ¢ € § with complex dimension d.
In particular, we shall use that 0®/9z; # O for every 1 < j < d. Moreover, the
polynomial ®(z) = A(1 — z;z2) is not an optimal Bohr lift. Otherwise, it would
arise from ¢(s) = A(1 —g; g, "), but the optimal Bohr lift of ¢ is A(1 —z).

We are now ready for the proof of Lemma 10. By similar considerations as

before, we may again assume that w = 1 and that ®(w) = 0. We write J for
J(D, w).

The case J = 0. This implies that

aj
5 — Re(b) =Re(c;) =0

for j,k=1,...,d. Wesetz; = ¢ and compute
Re(a;(1 —zj)) =a;j(1 —cosb;)
Re(b;(1 —zj)z) = —aj cos 0;(1 — cos ;) +2Im(b;) sin6; (1 — cos 6;)
Re(cj i (1 —z;)(1 —zx)) =Im(cj ) (sin 6; (1 — cos k) + sin O (1 — cos 6;))
This means that

d Im(c: d
Re(@(2) = Y Imbpoi+ Y (g0 4 g02) + O(Z 16 |3).
j=1

, , 2
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However, the nonnegativity of Re ® then implies that Im(b;) =Im(c; ;) =0. Hence
we in total have b; = a;/2 and c¢; x = 0, which means

d
4 2
P(z) = Z(aj(l —zj)+ 3(1 —zj) )
j=1
In fact, this means that a; > O for every j, by the assumption that the complex
dimension is d and Lemma 7. We may now use (the proof of) Theorem 2 to
conclude that there exists a neighborhood AU,, > w such that

d—1  d+3
mg({z €Uy : @(2) € Q(1,8)) Kexe 4 =¢ 4,

since we now have
Re d('?, ..., %) =

d
Z 0} +0(0),

and we are done with this case. O

R

The case J > 1 and independence. After a linear change of variables, we may
write Re ¢ and Im ¢ as

d

Re¢(91,...,ed)=u%+---+u3+o<zu§>,

d
Ime@, ...,00) =ud+0(z |u,»|>.

j=1

Since a linear change of variables does not change the value of the volume up to

constants, we may assume that ¢ depends on (u, v) with u = (uy, uo, ..., uy) and
v=(Uj41,-...,Uq). Applying the parametrized Morse lemma to Re ¢, we may
write

Red(u, v) = y1(u, v)* + -+ s (u, v)* + h(v).

We also apply the change of variables («,v) — I' (#,v) to Im ¢ and since I'y (u,v) =ug,
we find

Im ¢ (u, v) = uqg+ g(I'(u, v)),

where g is a smooth function defined on ¥ such that dg/0uy(0) =0

Now, we know that Re ¢ (1, v) > 0 for every (u, v) € R? Since T is a diffeo-
morphism, v can take any value in some neighborhood of zero in R~ even if we
require that

viw,v) =yu,v)y=---=y;u,v)=0



96 FREDERIC BAYART AND OLE FREDRIK BREVIG

and hence A (v) > 0.
This implies that we may find some neighborhood W > 0 in V" such that, for
every T € R and every ¢ > 0,

(u,v) €W and ¢u,v) € QO(x,¢) = lyj(u, v)| <e'/?.

Now, for if we fix y;(u, v), ..., y4—1(u, v), it follows from Lemma 8 with p =1
that y,;(u, v) = uy has to belong to some interval of size Ce, provided that (u, v)
is sufficiently close to 0. This means that there exists a neighborhood G C W of 0
such that

{(u,v) €0:¢(u,v) e Q(r,8)} C{(u,v) €0:T'(u,v) € R(t, &)},

where the volume of R(t, ¢) is less than Ce!T//?), Since I is a diffeomorphism,
we are done. O

The case J > 2 and dependence. With a similar linear change of variables as in
the previous case, we may write

d
Re¢(u1,...,ud):u%+-'-+u3+0(2u}>,

j=l1

J d
Imopuy,...,ug)= Zajuj +0(Z |uj|>.
j=1 j=1

We use again the parametrized Morse lemma with Re ¢, and it is again easy to show
d
that y;(u, v) = u; —|—0(Zj:1 |uj|) so that

J
Im e (u, v) =) oy, v) + g, v)
j=1
with 0g/du;(0)=0for j =1,...,d.
We argue as in the previous case. For every j =2,..., J, forany T € R and
every ¢ > 0,

u,v) eWcCcVv and ¢u,v)e Q(t,¢) = |yj(u,v)|§sl/2.

Now, for a fixed value of y»(u, v), ..., yqs(u, v), it is again clear that y; (u, v) has
to belong to some interval of size Ce, provided (u, v) is sufficiently close to 0. This
means that there exists a neighborhood O > 0 in W such that

{(u,v) €0:¢p(u,v) € Q(r,8)} C{(u,v) €0:I'(u,v) € R(t, &)},

where the volume of R(7, ¢) is less than Ce't/~1/2. We conclude as in the previous
step. U
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The case J =1 and dependence, d = 2. This is the most difficult case. At first,
we do not assume that d = 2 but we always assume that the degree of ¢ is equal
to 2. We know that there is constant A € R* so that £,(0) = A;41(0), which means

JF-Rep=ia. 1=j=d

and that A > 0 by the computations in the beginning of this section. We normalize
®(z) as A 2P (z), so that we may assume that A = 1. Hence

d
0®) =" a6,
j=1
and this immediately implies that

(10)  Re(b)) = %’ —a? and Re(cj) = —2ajq, 1<), k=<d.

Suppose that a; = 0. Then Re(b1) =0 and Re(cy x) =0 for 2 <k <d. We compute
Re(CD(eix, 1,...,1))=—=2Im(b;) sinx(1 —cosx) >0,
which means that Im(b;) = 0, so that b; = 0. Next we compute

D™, e”, ..., 1) =ar(1 —cosy)+ (% —a%)(l —2cosy—+cos2y)
—Im(cy 2)(—sinx —sin y 4 sin(x 4 y))
= (1 —cos y)(az(1 — cos y) +2a3 cos y + Im(cy 2) sin x)
+Im(cy2) siny(1 —cos x).

Taking y = %6 for small enough §, we obtain that Im(c; 2) = 0. There is nothing
special about z5, and hence we conclude that Im(c; ) =0, for 2 < k <d. In
particular, ¢ x = O for the same values of k. But this is impossible, since the
variable z; no longer appears in our polynomial. Hence the assumption that a; =0
must be wrong.

Arguing in the same way, we have that a; > 0 for 1 < j < d. Moreover, after
renaming the variables, we may suppose a; > a; > - - -ag > 0. Finally,

0<Re(®(—1,1,..., 1) =2a +4(% —a%) —  a<l,

so without loss of generality, we may assume that

l>a1>a,>--->aq>0.

From now on, we assume that d = 2 and that 1 > a; > a» > 0. We need the
following lemma.
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Lemma 11. We have a; <1 —a;.

Proof. We compute
O (=1, —1) = —4ai — 4a3 — 8ajaz +4a) +4ay = 4(a +a2)(1 —ar — az).
Since this has to be nonnegative, we get the result. (]

Remark. Lemma 11 immediately implies that a; € (0, 1) and a, € (0, %] by the
assumptions that 0 < ap <a; < 1.

Let us apply the change of variables 6 = ayu 4+ apv, 8, = aju — av to ¢:

(11) Re ¢ (u, v) = —4ataiu® + o(u® +v?),
(12) Im ¢ (u, v) = 2ayau + o(Ju| + |v]).

As before, we intend to apply the parametrized Morse lemma to Re ¢. Setting
W =TI~ we get that, around 0,

RegpoW(u,v) = u? +h(w) and Im@oW(u,v)=u+gu,v),

with & and g smooth functions which have no terms of order 1 at 0.

Assume first that & # 0. Let p > 2 be such that h(v) ~¢ a,v? with ), # 0.
Because ¢ o W maps R? into Cy, we must have that « » > 0 and that p is even.
Now, if ¢ o W (u, v) € Q(7, €) with (u, v) sufficiently close to 0, then 0 < h(v) <&
which implies by Lemma 8 that v belongs to some set of measure less than Ce!/?.
Moreover, for a fixed value of v, a look at the imaginary part and Lemma 8 yield that
u has to belong to some interval of size Ce and thus we are done with k =14 1/p.

Thus, we are lead to study what happens if & = 0. The situation is easier if the
Taylor expansion of g(u, v) admits some term in v?. In that case, we may write

Im¢oW(u, v) =ug(u,v)+vg(v),

with smooth functions g and g», such that g;(0, 0) =1 and g>(0) #0. If po W (u, v)
belongs to Q(t, €), we conclude from the real part that then |u| < ¢!/2 and from
the imaginary part, we get that, near 0,

v g2(v) — 7| < Ce'/2.
By appealing again to Lemma 8, we conclude that v belongs to some set of Lebesgue
measure less than Ce!/2P. For a fixed value of v, we look once more at the imaginary
part, and obtain that ¥ must belongs to some interval of size Ce. Hence, we are
done with x =14+ 1/(2p).

Therefore, it remains to show that we will always fall into one of the previous
cases and compute the value of p. We again recall that the polynomial

D(z) =11 —z122),
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is a contradiction to the fact that ® is a minimal Bohr lift of ¢ € . More precisely,
we are reduced to proving the following lemma.

Lemma 12. Let0 <ay <a; <1and ay <1—ay. Suppose that O : D? — Cy is the
polynomial

(13) @@ =ar(1—z))+ax(1 =22)+b1 (1 =z’ +b2(1=22)* +c(1 =21 (1 —22),
where

Re(b)) = 1ay —aj, Re(by) =4%ar—a; and Re(c) = —2aia.
Set 01 = aru + arv, 0 = aju — av and

¢(u,v) = O, ™).

Then there do not exist smooth maps y : R> — R and h : R> — R so that
(14) Re ¢ (u, v) =y (u, v)%,
(15) Im¢(u, v) =y (u, v)h(u, v),

except if ®(z) = %(1 —2122). More precisely, if ®(z) # %(1 —Z2122), for any smooth
mapsy:[R?z—> Rand h : R — R, then

o cither the Taylor series of Re ¢ — y?* at 0 has a nonzero term of order <5,
e or the Taylor series of Im¢ — v - h at 0 has a nonzero term of order < 4.

The proof of this lemma is rather delicate and will be postponed to Section 6
in order to keep a clearer exposition of the proof of Lemma 10. However, using
Lemma 12 we are able to finish this case. Indeed, if I'(u, v) = (y(u, v), v) is
the map given by the parametrized Morse lemma and if fi, f> and f3 are smooth
functions such that

Reg(u,v) = y(u,v)* + fi(v) and Im¢(u,v) =y u,v)fr(u,v) + f3),

then Lemma 12 implies that either fi(v) ~¢ apv? with p <5 or f3(v) ~o B,v”
with p < 4. By the considerations above we conclude k = % is possible. (I

The case J =1 and dependence, d > 3. We are left to consider the case J =1,
d >3 and ¢, is a multiple of £, 1. We shall deduce this case from the case d =2
using the following lemma:

Lemma 13. Lere >0, t e Rand z3, . . ., zq € T92 Consider the set

Ap (T, 8)=1{(z1,22) € T*: D(2) € Q(x, &)}
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Then, for every ws, ..., wyq € T2 there exists a neighborhood W > (ws, ..., wy)
in T9-2 such that, for all (z3, ..., zq) € W we have

AZg,...,Zd(Ty 8) C AIU3 ,,,,, Wy (T’ 28)
Proof. Assume that this is not the case. Then there exists a sequence (zﬁk) s zflk))

in T9 such that zj(-k) — w; for3 < j <d and

(ng)’ Zék)) = Azgk),...,z;k) (‘L’, 8) \ Aw3 ..... Wy (T, 28)
Extracting a subsequence if necessary, we may assume that zik) — w; and zék) — Wy
for some (wi, wy) € T~ By continuity of ®, this implies ®(w) € Q(z, )\ QO(z, 2¢),
which is a contradiction. O

We now set W1 2(z1, 22) = ®(21, 22, 1, ..., 1). Since J (D, w) = 1, we already
know that a; > O forall j =1, ..., d and hence the variables z; and z> both appear
in the polynomial Wi ,. Provided W; »(z) # A12(1 — z1z2) for some A 5 € R*, we
know from the case d = 2 that there exists a neighborhood V' > (z1, z2) in T2 and
C > 0 such that, for any T € R and every ¢ > 0,

my({(z1,22) €V : ®(z1, 22, 1,..., 1) € O(z, 2¢)}) < Ce"

with k = %. By Lemma 13, there exists a neighborhood W > 1 in T¢~2 such that,
for any (z3,...,z4) €W,

{(z1,22) €11 @ (21,...,20) € Q(7,0)} C{(21,22) € V1 P (21,22, 1,..., 1) € O(7,28)}.

This yields ms;({z € V' x W : ®(z) € Q(z, ¢)}) < Cée*.
So the result is proved except if, for every j < k, there exists some A x > 0 such
that

(16) @(1,....1,zj,1,.... Lz, 1, ..., 1) = &k (1 —z52¢0)
= Xjk((I=zj) + (T —zp) = (1= z;) (T = z)).

Comparing this with the expansion of ® near 1, we get

aj =dap = )\.j,k, bj = 0, Cik = _)Mj,k~
Using (10), we may conclude that a; = % and ¢jx = —%. In total this means that
1% 1
(21,22, -0 2d) = EZ(I ~2)—3 Z (1—z))(1—z0).
j=1 1<j<k=<d
However,
2d —2d(d —1)
o(—-1,-1,..., - )=———F—F—=d(2—-d) <0,

2
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since d > 3. Hence (16) is not possible for every j < k and we are done. (Il

6. Proof of Lemma 12

We intend to prove this result by contradiction. We require several tedious compu-
tations, which can be done either by hand or by a computer algebra system. We
have used Xcas, and our file is available for download [Bayart and Brevig 2015].
In the proof below, we will skip certain computations such as computing Taylor
coefficients, simplifying algebraical expressions and solving simple equations. The
proof consists of three steps, and in each step we refer to the lines in that file where
the computations are performed.

The idea of the argument is rather easy. We assume that we may factorize
Re ¢ (u, v) and Im ¢ (u, v) as (14) and (15) and we write

y(u,v) = —2a1azu+V2,0M2+V1,1MU+V0,2UZ+V3,0M3+V2,1M2U+)/1,2M2v+)/0,3v3
+yaout +y3 1070 + yr 2wt v+ v 3uv +yo avt+o(lul’ + [v]),
h(u,v) =1 +/’11,0M + h(),lv +//12,0M2+ hl,luv + h0,2v2+ 0(|u|2+ |v|2).

We already know the first coefficients of y and & by (11) and (12). We will then
compare the Taylor expansions of Re ¢ (u#, v) and Im ¢ (u, v) obtained using (13)
or using (14) and (15). Looking at all coefficients of a given order, we will get first
the value of the coefficients of the Taylor expansions of y and & of a certain order
and also an equation for Im(b;), Im(b,) and Im(c).

At one point, we will have more equations than variables. These equations will
have to be compatible, and will force ®(z1, z2) = (1 —z122)/2, which is equivalent
to saying a; = ar = % and Im(b;) = Im(b,) = Im(c) = 0. This will imply the
desired result.

Step 1 The goal of the first step is to show that if we have a; = a, = %, then we
also have Im(b;) = Im(b,) = Im(c) = 0. In addition to this, we obtain some useful
equations for the following steps. [Lines 1-14]

We begin by looking at the coefficients of uv? in the real part of ®(u, v). Using
on the one hand (13) and on the other hand (14) we conclude that

—6a; Im(by) — 6a3 Im(by) + araz(a; 4 a) Im(c)

V0,2 =
8ajap

We then obtain the first equation for Im(b;), Im(b,) and Im(c) by looking at the
coefficients of v in the real part:

(17) a3 Im(by) — a} Im(by) + %2_“1) Im(c) = 0.
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Since we know the value of yy 2, we can get a second equation for Im(b1), Im(b;)
and Im(c) by looking at the coefficients of v? in the imaginary part. Hence we get

TATD 1) = 0.

2_n2.2 20, —3a2 —
(18) daya; —3a; Im(by) + dajar—3aj Im(by) + 8ajar
4a1 4a2 8

By the assumptions on a; and a,, we know that 2(a; + a») < 3 and hence we can
solve (17) and (18) with respect to Im(b;) and Im(b;) to obtain

a1(2a3+2a1a,+ay —2ay)
2a3(2a;+2a,—3)

ar(2a? +2a1a2 -2 +ay)
2a7(2a;+2a,—3)

Im(by) =

Im(c),

Im(b,) = Im(c).
In particular, we may conclude that if Im(c) = O, then we also have Im(b;) =
Im(b,y) = 0. If we substitute these values into the expression for yy >, we obtain

_ —(a1+a)?
2=50a+2a,—3) m(c)-

Now, looking at the coefficient of v* in the real part shows that

_a1ax(a +ar)(aja3+aiar —ai—a3+aiay)

2 _
(Y0,2)" = 1 ,

and this yields our first expression for Im(c)?,

19  Im(e)? = —492Qai+26-3)(@a; +aja —aj—a; +a1a2)
(a1+az)3
From (19), it is evident that if a; = ay = %, then Im(c) = 0. 0

Step 2 In this step, we want to show that a; = a,. Our first goal is to compute
another equation to compare with (19). [Lines 15-21]
We begin by successively looking at the coefficients of u?v in the real part, uv
in the imaginary part and uv? in the real part, to obtain
_ (a1—a)(4a,+4a,—3)

al—ay
=2 "2 Im ho 1 = Im
Y 2 (C)’ 0.1 4a1a2(2a1 +2a2—3) (C)’

Vo3 = —ait+az %
93 = 24410, 2a, +2a;—3)

(2061126124 + 4061136123 + 2061146122 — 126116124 — 5461126123 — 5461136122

—12a1%ay + 18a1ax> + 18a%ax* + 18a13as + 3(a; + a2)? Im(c)?).

Using these values, we will investigate the coefficient of v? in the imaginary part.
This term depends indeed only on y; 1, o ; and yp 3. Using the above expression,
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we obtain our second equation on Im(c)?:

2

(o) —zalQta OB =D im)?

_ —(a1—a) (3a1a%+3afa2 —a% —a% —ajay)
) .

At this stage, we have to consider several cases. Assuming that a; —ay # 0 and

a; +a; — 1 #0, we may compute

—ayaz(2a;+2a; —3)2(3a1a§+3a12a2 —a% —a% —ajaz)

2 _
2l Im(o)” = 3(a1+az)?*(a1+ay—1)

The only possibility is that the two values for Im(c)? have to coincide. Equating
(19) and (21) and simplifying, we obtain

ajay(2a;+2a,—3)>P(ay, az) _
3(ai+az)*(ai+ar—1)

0,
where

P(ai,ap) = 2af +2a§ +a1a§ +afa2 — 3a% — 3a§ + 3aja;.

Since 2(a; + az) < 3, the only possibility is that P(a;, ay) vanishes somewhere in
the domain

Q={(a1.a) €0, D)’ :ay <ar, a2 < 1 —ar}.
We first look at what happens on the boundary, where we have

P(a1,0)=2a; —3a} <0 provided a; € (0, 1),
P(ay, ay) =3a}(2a; — 1)<0  provided a; € (0, 1/2),
P(a;,1—a;))=—QRa;—1) <0 provided a; € (1/2,1).
Hence, P is negative on the boundary of €2, except at (1/2, 1/2). Hence, if P
vanishes in €2, then it admits a critical point there. Now, we consider the system
{0 = %(dl, ap) = 6a% + a% +2ajay — 6a; + 3as,
0= g—i(al, ap) = a12 + 6(1% +2ayay + 3a; — 6as.
The solutions of this system are easily found to be at the intersection of two distinct
ellipses. We cannot have more than two points of intersection and we have two
trivial solutions, (0, 0) and (%, %) Hence, none of the critical points of P are
inside €2. Hence we get a contradiction, and we have finished this case.

Hence we must have a; +a; = 1 or a; = a. Let us now investigate the case
aj; +ax = 1. Looking at (20), this means either a; = a; = % (and we are done) or

3a1a3 +3aja; — ai — a5 — ayaz = 0.
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Taking into account that a, = 1 —a;, we get the equation —4(112 +4a; —1 =0 which
admits the single solution a; = % and we get the same conclusion. Hence, the only
remaining possibility is that a; = a». (]

Step 3 We are left to deal with the case aj =a; =a € (0, %] We can no longer
use (21) and need to find another equation for Im(c)% [Lines 21-30]

We will be looking at the coefficient before v* in the imaginary part. By consid-
ering y X h, we see that this coefficient is equal to

Y0,4 + v0,3h0,1 + v0,2h0,2.

Hence, we are left to compute yp 4 and h¢ . First, we compute some auxiliary
values. By looking at «? in the real part, u> in the imaginary part and u?v? in the
real part, respectively, we obtain

__aQa=1) _ Qa=-Da-1)
v20=——3_—; Im(0), hio= 2ada—3) Im(c),
_aQa— 1)(48a* —72a3 +27a*+41Im(c)?)

V1.2 4(4a—3)2

Knowing these values, we look at the coefficients of uv* in the real part and uv?
and the imaginary part, respectively, to obtain

2a° —96a*+90a>+12a Im(c)> —27a> —6Im(c)?
6(4a—3)3 ’
128a° —240a* + 14443 +16a Im(c)* —27a* — 8 Im(c)?
8a(4a—3)? '

3
v0,4 = —aIm(c)

ho’z = (—2a =+ 1)

Finally, we investigate the coefficient of v* in the imaginary part to obtain the
equation
16a*—32a°+154*+4Im(c)?

a(2a—1) 4(4a—3)?

Im(c) =0.

Now, if Im(c) =0 and a; = a; = a, it follows at once from (19) that a = %, since
ace (0, %] Conversely, we divide away Im(c) and solve for Im(c)? to obtain the

equation
_ 2 (4a—3)(4a—>5)

Im(c)? = 1

Now, this has to be equal to (19), and we find

_aRa—1)4a—3)> _  a*(4a—3)(4a-5)
8 B 4 '

Here the only solutions are a =0 and a = %,

the assumption Im(c) # 0 must be wrong and we conclude a; = a, = % U

neither of which lie in (O, %] Hence
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7. Remarks and further examples

If we look more closely at the map & defined in Lemma 9 (the negative part of
Theorem 3), then we may observe that these counterexamples all satisfy

Re (e, ... %) =167 +0(0}) and Im®(™, ..., %) =—6+0(|6]).

Hence, J (P, 1) =1 and, using the terminology of the Section 5, we have dependence.
Our next results shows that we may also have noncompactness if J (P, w) =0 for
some w € T%

Theorem 14. There are polynomials ¢ with unrestricted range, of any complex
dimension d > 2 and of any complex degree > 4 for which the corresponding
composition operator 6, is noncompact and such that they admit a minimal Bohr
lift ® satisfying J(®, w) = 0 for any w € T with Re ®(w) =

Proof. Let § > 0 and define
®(z1,22) =2(1 —z) + (1 —21)*(1 = 8(1 — 22) = 8(1 —z1) (1 — 22)).

Let p(s) = ®( pl v Py %). Clearly ® is a minimal Bohr lift of ¢. Then a computation
shows that

Re ®(z1, 22)
=21 —cosx)((1 —cosx)(1+25(sinxsiny+ (1 —cosy)cosx))+ (1 —cosy)).

Clearly, for small enough § > O this quantity is nonnegative. Hence ¢ € % and
J(®, (1, 1)) = 0 because of the relation between a; and b;. Considerations similar
to those of Lemma 9 show that ‘€, cannot be compact. To produce a counterexample
with degree 3 and a bigger complex dimension d, we may simply replace (1 — z»)

with
| d
o)
j=2

in the definition of ®. The production of examples with degree > 5 is easier. We
may just set

P =1-z)+10—zD)*+8(1—z2)*P(2),

where P(z) = P(z1, 22, - - ., Zq) 1s any polynomial. The proof now follows that of
Lemma 9. U

The reason the first counterexample in Theorem 14 works is that we have a
cancellation of the term (1 — cos x) sin x sin y. It seems difficult to obtain the same
cancellation if we restrict ourselves to degree 3 and require J = 0.

Question. Is it possible to construct a counterexample of degree 3 with J = 07?
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An answer to the question would in a certain sense improve the optimality
of Lemma 10, but it would not yield the complete answer to which Dirichlet
polynomials in % induce compact composition operators. Indeed, the natural next
point of investigation would be this: What happens when the “quartic form” is
degenerate?

In this case, terms of degree 5 also have to disappear. This follows by the
mapping properties, and the argument is identical to the one used to show that
degree 3 terms disappear in the case J = 0 given above. Hence we are reduced to
studying a “sextic form”.

Our counterexamples can be modified to work in this case, but they now have
degree 6 and 7. Degree < 3 will also easily reduce to the case of Theorem 2 in the
same manner as J = 0 did for degree < 2. However, the cases with degree 4 and 5
would need further investigation. Even if we could solve this case, we would need
to investigate the case when the “sextic form” is degenerate and this leads to the
“octic form” and so on.

Remark. The previous counterexample shows that we cannot deduce Theorem 2
from Theorem 3. Indeed, it is easy to construct symbols ¢ € 6 which may be
written ¢(s) = Z?:l Pi( pjfs) and such that J(®, 1) = 0 for ® a minimal Bohr lift
of ¢. Indeed, we may consider

P =1-2+11-2>+8(1-2"Q;()

where Q; is an arbitrary polynomial and § > 0 is sufficiently small. Then €, is
compact by Theorem 2 if d > 2 but this cannot be deduced from Lemma 10.

This construction can be generalized to show that Theorem 2 can handle a variety
of different interesting cases not covered by Theorem 3. In fact, given any d positive
integers k;, we may find a polynomial ®(z) = Z?:l ®;(z;) which is a minimal
Bohr lift of some ¢ € 4, with Re ®(z1, ..., z4) =0 if and only if z =1 and here
we have the expansion

d d
Re (e, ..., el%) =36 +O<Z 9].2"1‘),
j=1 j=1
d ) d
ma@E™, ... %) =" a0+ o<2 |9j|).
j=1 j=1

As remarked upon in the proof of Theorem 2, we must have aij ) > 0. The construc-

tion of such a polynomial is immediate from our next result.

Lemma 15. For any k € N, there is a polynomial ® : C — C which satisfies
Re ®(e™*) = (1 —cos x)k.
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Proof. Fix N with k < 2N, and for real numbers a, and b, consider

n—1
®(2) = Z( (@ (=" =, (1 =)™

Our first goal is to expand the real part of ®(e'*) as a degree 2N polynomial in
(1 — cos x) with no constant term. To this end, we compute

(1 — efr)2n=! :ei(z"%(e—%‘ _ Ty _ R o L1y sin2"™ 1(2).
We use 2 sin’ (x/2) =1 —cosx, and obtain
(22) Re(l — e ®)21=1 = 221=1(_1yn=1 gjn2n- 1<2> sm( %C)

sin(nx — ’5‘)

__(_1\n—lAn 1 n
=(—1)"""2"(1 —cosx) 2s1n(§)

Similarly, we obtain
(23) Re(1—e®)¥" =22 (—1)" sin®" (%) cos(nx) = (—1)"2" (1—cos x)" cos (nx).

To continue the computations, we introduce the Chebyshev polynomials

n

(4 j+D)! , ! n+j—1)!
Uy =) (-2))—————————(1—y), T = _21— Y
) ;O( )(n_J)!(ZJH)!( y) ) anﬂj)( ) NG A=’

These polynomials are relevant due to the formulas sin nx = sin(x) U, (cos x) and
cosnx = T, (cos x). We record the following coefficients:

n n— 2n—1 -2 n n-
u, = (-2 (- @D =2)y uy) = (=2)""' 2n),
u = (2" =2, =" ), i = (=) (=),

Now, we rewrite (23) as
Re(1 — )" = (=1)"2"(1 — cos x)" T;,(cos x),

which is then clearly a degree 2n polynomial in (1 — cos x) with no constant term.
For (22) we have to work a bit more, so we first compute

sin(nx — % sin(nx) cos(%) — cos(nx) sin(= T,
(‘ _ 2): (nx) (2) - (nx) sin(3) —c0s?(£) Uy (cos x)— n(COSx)’
2s1n(§) 2s1n(§) 2
which implies that we may rewrite (22) as
. 1— T
Re(1—el¥)2~! =(—1)"—12"(1—cosx)"((1—$) Un_l(cosx)—n(%sx))
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Again we observe that this is a polynomial of degree 2n in (1 — cos x) with no
constant term. In total, we have

2N N
Re® (1 —e™) =Y cpn(l—cosx)”" =) (ayPy(l —cosx) + b, Qn(l — cosx)),
m=1 n=1

where

Pa = Yy =y (1= DY -y - 2,

J=0

Qn(y) = ey =y"T,(1 - y).

j=0

Given any choice of ¢, (for instance c,, = 0 for m # k and ¢, = 1), we now have
2N linear equations and 2N unknowns, a, and b, for 1 <n < N. We will now
show that this system can always be solved.

We first observe that a,, and b,, only have an effect on ¢, when n <m <2n. Order-
ing the unknowns as ay,by,ay—1,by—1,...,a1,by and the data as con,con—1,-..,C1,
this means that the matrix of our system can be written in upper triangular block
form, where the blocks on the diagonal are

d(n_) e('l)
n
We know that e(")1 = t( )1 and e = 1", which we recorded above. It is now easy

to verify that

4™ =, % f,(ln)l — (2 1< L @D —2))
n—1 n—1 2 2 2 4 ’
(n) (n) 3

u 1
=i o ()

Hence we are reduced to considering the equation

4™ &M _ gm ™ _ (3§+M>( 1)_( z )n

0= ———n
4n—1 4
) Cn—1)(n—-2)
= 2 ,
which has no integer solutions, and we are done. (]

The construction of & with specific expansion facilitated by Lemma 15 will be
used in the next section to prove Corollary 4.
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8. Approximation numbers

In this section, we consider only the case co = 0. We intend to estimate the decay
of a,(6é,) for maps ¢ which are, in a certain sense, regular at their boundary points.
For this we need as previously a careful inspection of the behavior of the Bohr lift
@ near these boundary points.

Definition. Suppose that ¢(s) = c; + Zﬁlzz cpn* € 9%, and that ¢ has complex
dimension d and unrestricted range. Let ® be a minimal Bohr lift of ¢ and let
w € T be such that Re ®(w) = 0. We say that ¢ is boundary regular at w if there

exist independent linear forms ¢, ..., £; on C4, even integers k; > kyp > --- > ky
and real numbers by, ..., by, T with b; # 0 such that

d k
(24) Re@(eMwy,....e"wg) = £,(0)" +- -+ L)+ o(L] ()

j=1

d
(25) Im® (e wy, ..., e% wy) =1 +b1£1(0) + - +baly(0) + o(ZIEj(e)D,
j=1

We define the compactness index of ¢ at w as

d
1 ky
No,w = — )| X .
’ (;kj) 2k = 1)

=2
If every boundary point is boundary regular, we say that ¢ is boundary regular.

The proof of Theorem 2 then shows that given a boundary regular map ¢, the
composition operator 6, is compact if and only if d > 2. We shall now assume
that there is only one point w € T¢ such that Re ®(z) = 0. In this case, we let the
compactness index of ¢ be 1y =1y 4.

The main theorem of this section now reads:

Theorem 16. Let ¢(s) =c —I—Z,/,V:z cpn % €4 have unrestricted range and complex
dimension d. Let ® be a minimal Bohr lift and assume that there exists a unique
w € T such that Re ®(w) = 0. Suppose moreover that ¢ is boundary regular at w.
Then

(%)W < an(€,) < (logn>nw‘

This statement may be applied to several cases:

Corollary 17. Let ¢(s)=c +Z,11V=2 cnn”* €9 have unrestricted range and complex
dimension d. Let ® be a minimal Bohr lift of ¢ and assume that there exists a unique
w € T such that Re ®(w) = 0 and that J(®, w) = d. Then

1\ @12 log n\ (@172
(;) <an(y) < ( 5 )
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Proof. With these assumptions, ¢ is boundary regular at w with k; =--- =k;=2. U

In particular, this corollary covers the result of Queffélec and Seip for linear
symbols (3), as well as the map ¢; given in (4). We may also apply Theorem 16 to
the maps considered in Theorem 2. In this case, one has simply £;(0) = 6; (up to a
reordering of the terms).

Another interesting application of Theorem 16 is that we may distinguish the
Schatten classes of bounded linear operators on #2 using composition operators, as
mentioned in the introduction.

Proof of Corollary 4. Let p’ < q' and & > 0 be such that p < p’/2 and (% +8)q’ <gq.
Then let d > 2 and k > 2 even such that
k 1

25 2%—Dn 2T

p/<d%<q/ and 1<

By Lemma 15, we know that there exists a boundary regular polynomial ®: T¢ — C,
such that Re ® (w) =0 if and only if w =1 and

D™, ..., ety =65 . 10k L o)+ +o(0h).

Letting ¢ € % any map such that ® is a minimal Bohr lift of ¢, we immediately get

1y 4 logn FLx sk
<_) kK *2(k-1) < an(G,) <<< g > kK “2k 1)’
n n
which completes the proof. U

Theorem 16 may also be applied to many other maps. We will consider here the
map ¢, given in (4). Its boundary regularity is different than that of ¢;, and hence
the degree of compactness is also different.

Example. Let ¢,(s) = % —4.275—-4.374+2.6"% asin (4) and let ® be its
minimal Bohr lift. It can be shown that Re ®(w) = 0 for w € T? if and only if
w=(1,1), and

Re @ (e, %) = £1(0)* + £2(0)* 4 0(£1(0)) + 0(£3()),

Im®(e'™, ') = —2£1(8) + 0o(|€1(9)| + [E2(0)]).
where €, (0) = 6, 4 6, and £5(6) = 6, — 6. Hence n,, = (3) x (3) = 3
The remaining part of this section is devoted to the proof of Theorem 16. We use
the scheme introduced by Queffélec and Seip in [2015a] in the context of Dirichlet
series (see also [Queffélec and Seip 2015b] for similar works on the classical Hardy
space of the disk). Their method is based on Carleson measures, interpolation
sequences and model spaces. In Section 8.1, we survey these tools and give a
couple of lemmas. Section 8.2 is devoted to the proof of the upper bound, in a more

general context, whereas Section 8.3 will be devoted to the lower bound.
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8.1. Tools.

The Hyperbolic Metric. The pseudohyperbolic metric on the half-plane Cy is de-
fined by

Z—w | —e 4w

zHwl  14ed@w)

p(z,w) =|

where d(z, w) is the hyperbolic distance between two points z and w in Cy. The
hyperbolic length of a curve I' C Cy is given by the integral

ldz|

L,(I")= .
p() r Rez

Carleson Measures and Interpolating Sequences. Let H be a Hilbert space of
functions defined on some measurable set 2 in C. A nonnegative Borel measure p
on 2 is a Carleson measure for H if there exists some constant C > 0 such that

/Q|f<z>|2du<z>sc||f||%,,

for every f in H. The smallest possible C will be called the Carleson norm of u
with respect to H and will be denoted by ||it|¢, g-

We also assume that the linear point evaluation is bounded at any z € 2. Then H
admits a reproducing kernel K ZH € H for any z € Q which satisfies f(z) = (f, K ZH )
for every f € H. We then say that a sequence Z = (z,,) of distinct points in Q2 is a
Carleson sequence for H if the measure

nzw =y | K2,
m

is a Carleson measure for H.

We say that a sequence Z = (z,,) of distinct points in 2 is an interpolating
sequence for H if the interpolation problem f(z,,) = a,, has a solution f € H
whenever the admissibility condition

> lanP|KH | < 00
m

is satisfied. By the open mapping theorem, if Z is an interpolating sequence for H,
there is a constant C > 0 such that we can solve f(z,,) = a, with f satisfying

12
1flla < C(Z lam ||| K2 ||212> :
m

The smallest constant C with this property will be called the constant of interpolation
of Z and will be denoted by My (Z).



112 FREDERIC BAYART AND OLE FREDRIK BREVIG

We shall consider the two spaces H = %> and H = H*(T%). Then we have,
respectively, 2 =C;/ and Q = D9, and moreover

d
&) = te@Res T and KX = [0 ~15P).
j=1

We will need the three following lemmas.

Lemma 18. Let 1 be a Borel measure on Co, let o € (0,1) and R > 0. Assume
that w is supported on the rectangle 0 <Res <o, |Ims| < R. Then

n(Q(z, €)) n(Q(z, ¢€))
Iullege <g sup —————=<2 sup ————.
£>0, TeR & £€(0,0), TeR €

Proof. The first inequality is Lemma 2.3 in [Queffélec and Seip 2015a] (the involved
constant does not depend on o € (0, 1)). The second follows from the inequality

w(Q(z, 2 0)) w(Q(r, 2%0))
sup ————— <sup ———,

TeR 2k+10 - TeR zka

valid for any k > 0. Indeed, for any t € R and any k > 0, we may find 71, 7, € R
such that

n(Q(r, 210)) = 1(Q (11, 20)) + 1(Q (w2, 20)),
since the support of x is contained in 0 <Res <o. ([

Lemma 19. Let v > 0. There exists C > 0 such that, for any § € (0,1/v),
My (S5) < C, where Sy = (s) 12| with s, = 1 +v8 +imé.

Proof. The proof can be found in [Queffélec and Seip 2015a, § 8.2]. U

Lemma 20. Let C|, C, > 0. There exists D > 0 such that for any § > 0 and any
(finite) sequence

Z=(Z(@)=((1-p1@)e @, ... (1 pya)e™)
in DY satisfying

e sup;_y g l0j(e) —0;(B)| = Cié, when a # B,
e pjla) <Cyd, foranyaand j =1, ...,d,

.....

we have HMz,HZ(W) ||<6,H2(Td) =D.

Proof. To each point Z (o), we associate a rectangle R, on the distinguish boundary
T¢ centered at

( z1(«@) zd(a) )

lz1@)]” 7 [za (@)
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with side lengths 2(1 — |z (®)]), ..., 2(1 —|zqg(«)|). By Chang’s characterization of
Carleson measures on the polydisc (see [Berndtsson et al. 1987] or [Chang 1979]),
it is enough to show that we for all open sets U of T¢ have

Y ma(Ry) < Dmy(W).
Ry CU

If R is some rectangle in T and A > 0, denote by AR the rectangle with the same
center and side lengths multiplied by A. Then our assumptions on Z imply that
there exists some A € (0, 1) depending only on C; and C, such that the rectangles
R, are pairwise disjoint. Thus

Z my(U) < Z )\idmd()VRa) < )\Ldmd< U KRa) < %dmd(ou),

Ry CU R, CU Ry CU
which completes the proof with D = 1/ (I

The Queffélec—Seip Method. We have to introduce additional conventions. For
¢ €% and Q a compact subset of Cy, we denote by 1, o the nonnegative Borel
measure on Cy defined by

Mo o(E) :=m({z€ T : ®(2) € E\ Q).

Next, assume that ¢ has complex dimension d and Bohr lift & : C¢ — C. Let
S = (s;) be a sequence of n points in C;/; and let Z be a finite sequence of points
in D¢ such that ®(Z) = S — % We set

NoGw: Z):= > |KEFT|72
2€ZNd~ (s —1/2)

We state Theorem 4.1 of [Queffélec and Seip 2015a] as the following lemma (we
have modified it slightly to take into account our normalization):

Lemma 21. Let ¢(s) =Y oo | ¢yt € G such that ¢(Cy) is bounded.

n=1

(a) Let o > 0 and Q be a compact subset of C,. Let B be a Blaschke product on
Co of degree n whose zeros lie in Q2. Then

172
T,€
an(6y) < (SUPIB(S)IZZ(1 +20)+ sup M) :
seQ e>0,7eR €
(b) Assume that ¢ has complex dimension d. Let S and Z be finite sets in respec-
tively Cy 2 and D such that ®(Z) = S — % Then

_ —-1/2 .
an(6,) = Mo ()| 1z, 1200 | o e inf[No (sn: Z)¢(2Resp)]' /.
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8.2. The Upper Bound. Let ¢(s) = Y -, can* € % and suppose that ¢(Co)
bounded. By Lemma 5, €, is compact if and only if u,(Q(7, €)) = o(¢) uniformly
in T € R. We are planning to get an upper bound of a,(é,) depending on the
behavior of sup, g 1y (Q(7, €)) with respect to & and on the size of the image of ¢
near a boundary point.

Thus, let ® be a Bohr lift of ¢. We define «, as the infimum of those x > 1 such

that there exists a constant C > 0 such that, for every 7 € R and every ¢ > 0,
me({z € T : @(2) € O(1, &)}) = Ce".

Assume now that there exists a unique w € T° such that Re & (w) = 0 and write
®(w) =it. Let w, be the infimum of the positive w such that, for any s € Co,

Ime(s) —7]” < C(Reg(s) — 1).

Theorem 22. Let ¢(s) = fo’:] cyn— € G with ¢(Cy) bounded, let ® be a Bohr
lift of ¢ and assume that there is a unique w € T such that Re ®(w) = 0. Then
exp(—in~17?) fw, <1,

@y

ifw, > 1.
n if oy

Here A is some positive constant depending on ¢.

This theorem illustrates the following general principle for composition operators
(valid beyond #2): the more restricted the image of the symbol is, the more compact
the associated composition operator is. In particular, the case w, = 1 (the range of ¢
is contained in an angle) is reminiscent of [Queffélec and Seip 2015b, Theorem 1.2],
where a similar result was obtained for composition operators on H?(D).

Before we embark upon the proof of Theorem 22, we first employ it to deduce
the upper bound of Theorem 16.

Final part in the proof of the upper bound of Theorem 16. Suppose that ¢ € G is a
boundary regular Dirichlet polynomial, and assume that Re ®(1) = 0. We write

d
Re (e, ... ") =60+ +LaO®)F +) o(eff ®)),
j=1
d

Im® (%, ..., %) =t 4+b11(0)+- -+ byla(0) +o(2 Iﬁj(9)|>,
j=1

with k; > ... > ks and by # 0. The proof of Theorem 2 shows that we have
Ko = 14355 1/k;.
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Now, let us write the Taylor expansion of Re ® and Im & near 1, but also now
for a point belonging to the unit polydisc. Writing

d d
d(z) = Zaj(l —Zj)+0(z [1 —Zjl)
j=1 j=1

101

and z = ((1 — py)e ., (1 = pg)et¥), it is easy to get

d
Re ®(2) =aipi+ - +dapa+ 0O+ +L40) +0 (Z pj+L; <9>>

d
ImM®(z) =7 4+b1£1(0) + -+ baly(0) +O(Z |zj(9)|>.
j=1
Recalling that a; > 0 f% j=1,...,d, it is easy to conclude that there exists a
neighborhood U > 1 in D4 and C > 0 such that, for all z € U,

MIm®(z) — /M < CRe D (7).

Outside AU, Re @ (z) is bounded away from 0, and |Im ®(z) — 7| is here trivially
majorized. Hence, the upper bound of Theorem 16 follows from Theorem 22. [J

Let us now turn to the proof of Theorem 22. The proof will be preceded by two
lemmas. The first one is inspired by Lemma 3.1 in [Queffélec and Seip 2015b].

Lemma 23. Let Q be a bounded domain in Cy whose boundary is a piecewise
regular Jordan curve I', with L ,(I') > 1. Let sy, ..., s, be points in I such that
the hyperbolic length of the curve between any two points s; and s; 1 is equal to
L,(T")/n, 1 < j <n,wheres, 1 =si. Let B be the Blaschke product of degree n
whose zeros are precisely sy, ..., s,. Then, for any s € €,

|B(s)| sexp(— 7 ”(F)).
p

Proof. By the maximum principle, it is sufficient to prove this inequality for

s € T'. In this case, we know that there exists some j € {1, ..., n} such that
d(s,s;) < L,(I'")/n, from which we deduce that
L,
d(s, sp) < p}i )(1+Ik—jl)
forany k =1, ..., n. Using the link between the pseudo hyperbolic distance and

the hyperbolic distance, we deduce that

L ()
|B(s)| < H( pm)

l4e/
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By a Riemann sum argument, this means that

1 1— —xL,T) 1 1 1
|B(s)| <exp|— /ln —¢ dx ) <exp|— " —In -ty dyl,
0 1+ e br® Lp(r) e~ LrMYy -y

and we get the desired conclusion, since by assumption L ,(I") > 1. (]

Hence, we require estimates of the hyperbolic length of some curves which are
linked to the way that ¢ touches the boundary. Such estimates are contained in the
following result:

Lemma 24, Letw > 1,0 € (0,1/2) and C > 1. Consider
Quoc={s€Cp:|Ims|” <CRe(s), c <Res <C}.

Let Ty, »,c denote the boundary of 2, s.c. Then

w—1
Ly €pe | (&) 7 Ho>1.
—In(o) ifw=1.
Proof. Consider the curves
I ={seCy: Res =0, |Ims| < CY“(Res)'/*},
M={seCy: Res =C, |[Ims| < CY*[Res)!/®},

I3={se€Cy: 0 <Res <C, |Ims| =CY?Res)"/}.
Clearly, Iy s.c C I't UT'2 U T3 and it is sufficient to prove the corresponding
inequalities for I';, j =1, 2, 3. Firstly, L ,(I';) <u,c 1. Regarding I'y,

w—1

Cl/(uol/w dy 1 o=1
L,Iy)= — Lo, (;)

_Clogl/o o

which is even a stronger inequality than required when «w = 1. Finally,

/C J14xa-! “In(o) ifw=1,
o X

dx L, w—1

L,(T3) <o,
Pl ¢ (%) @ ifw=>1.

The last estimate follows by inspecting the integrand near x =0, since o € (0, 1). [

Proof of Theorem 22. Let o € (0, 1) and n > 1. Without loss of generality, we may
assume that (1) = 0. Keeping the notations of Lemma 24, there exists C > 0 such
that

0(Cp) — % ClseCp:0<Res <0}UQy, oc-

Let B be a Blaschke product of degree n defined as in Lemma 23 with wa,aﬂc.
Enlarging C if necessary, we may always assume that L ,(I'y, o,c) > 1, so that the
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assumptions of Lemma 23 are satisfied. The set

Q={p(s) — 3 :Reg(s) = ; +0}

is a compact subset of Cy, and we may apply part (a) of Lemma 21. Since Q2 C
Qu,.0.c, WE obtain

n
su |B(S)|2 <ex <—2C/—)_
seg P LP(Fww,U,C)
Moreover, ¢(1+20) < 1/o. Finally, using Lemma 18, we obtain
2(Q(t,¢)) B
g alles e K< sup He.2(Q(7. £)) < okl
e€(0,0), TeR &

We will now optimize the choice of o with respect to n. When o, > 1, we set

@,

logny\ 3 59
o
n
where p is some numerical parameter to be chosen later. Then
0p=1 1 /logny o oplke=D
sup [ B()I2¢ (1+20) < exp(—2C'p % logn) - — < (== ),
seEQ o n

provided p > 0 is sufficiently large. When o, <1, we set 0 =exp(— on~1/2), so that

"
sup | B(s)[2¢ (1 +20) < eXP(—%nl/z+pnl/2>,

seQ

and the result is proved provided p > 0 is sufficiently small. ]

Remark. Our method of proof also shows, provided ¢(Cy) is bounded and «, > 1,
that

kyp—1

10gn> )

an ((€<p) = (

Indeed, we apply the same method with Q, c ={s € Cp:0 <Res <C, |Im s| <C}
which satisfies L ,(I') K¢ o~ L. The rest of the proof remains unchanged.

8.3. The Lower Bound. Let ¢ € § satisfying the assumptions of Theorem 16 and
let us assume that around 1, & satisfies (24) and (25). Let v > 0. For § € (0, 1/v),
we consider the sequence S5 = (s;,,), given by
1 . 1\ %
sm:§+v8+zm8, where 1§m§<§> .
We intend to apply part (b) of Lemma 21. We will require the construction of

preimages of S5 — % by @, and the inverse function theorem will provide the
solution.
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Lemma 25. Let ¢ € G satisfy the assumptions of Theorem 16. Then there exist
vo, C1, Co > 0 such that for all v > vy and every § € (0, 1/v), there exists a finite
sequence Zs = (Z(a)) in D? with

Z(Ol) — [(1 ) (a))eigl("‘), o (1 _ pd(a))eied(a)]
such that

o for any o # B, we have SUp;—1, .4 10; () —0;(B)| = C18,

.....

o foranya andany j =1, ...,d, we have C2_16 <pjla) <G4,

_1
e &(Zs)=S —% and, forany 1 <m < (1/5)1 ki the equation ®(Z(a)) =sm—%
_1
has at least ]_[‘;:2 L(l /5)1 k.iJ solutions.

Proof. We start as in the deduction of the upper bound in Theorem 16 from
Theorem 22, writing

d
Re®(2) =aipi ++++agpa + L O +- -+ LO" + (Z pi+t; (9))

d
Im®G)=1+b1£10)+---+bs24(0) +0<Z IZJ-(Q)I),
j=1
for z = ((1 — p1)e'?, ..., (1 — py)e'%). To simplify the notations, we use the

(linear) change of varlables uj =£;(0). We also set

o E

— N9 2 i

Tl ()]
j:

and, fora € Aand j =2,...,d welet pj(a) =6 and u;(a) = «;é.
Setting m = ¢y, we want Z(«) such that Re & (Z(«)) =vé and Im @ (Z(«)) =mS.
We are left to determine p; (o) and u; (). We rewrite this system as

(26) {fa(ﬁl, up)p1 + g« (p1, M])Mllq =vd+d,
ha(p1, up)u; =mé+e,
where f,, g, and h, are smooth functions depending only on a5, ..., oy and there

exists a neighborhood U > (0, 0) so that for every (p, u) € U,

[ fa(p,u) —a1| K8, |ga(p,u)—1] <K and |hy(p,u)—1]<K34.
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Here, the open set U and the involved constants are uniform with respect to oz, v > 1
and 6 € (0, 1/v). Moreover, the real numbers d, and e, satisfy

L

d d 1 d

I\ \k 1\ 7% t

dy < § 25+§. 2((5) -/) <8 and ey <8 § 2(3) i« 5k
j= j= j=

We now apply the inverse function theorem to solve the system (26). Provided v
is large enough, we get a solution (p;(a), u1(e)) satisfying sup(p1 (@), |u;(a)]) K
§!/%1_Tn this case, the involved constant depends on v, but it is uniform with respect
to « and 4.

Now, a look at the first equation of (26) shows that we in fact have the more precise
inequality § < p1 (o) < 8, provided v is sufficiently large, and this is independent
of « and 6 € (0, 1). Looking now at the second equation of (26), if & # 8 € A
satisfy aj = B; for j > 2, so that ¢, = eg a?d hy = hg, then |u1(a) —ui(B)| > 6.

11—+

Hence, we have obtained ]_[‘;:2 | (1/8) % | solutions to the equation ®(Z(«)) =
sm» and they satisfy the conclusions of Lemma 25 since the inequalities on u; («)
are also valid for 6; () up to a constant depending only of ®. (]

Final part in the proof of the lower bound of Theorem 16. We apply Lemma 21 to
Ss and Z; given by the previous lemma, for

k
5= (L,
n
so that S5 has cardinal number equal to n. Since

Mye(Ss) <1 and ||/v‘Z,H2(TF")||%a,H2<Tf’) <l

by Lemma 19 and Lemma 20, we are left to estimate the sum N (s,,,; Z)¢ (2Re sy,)

for any m. Using the fact that p;(a) > forany j =1, ..., d and any «, we obtain
Y (-2 <L Sl p )y

N (sm; Z)¢ (2Res) > (%) 8) pa st st (%>( =h) R ,

and we are done. ]

Remark. We may modify the proof of Theorem 16 so that we do not assume that
there exists a unique w € T¢ such that Re ®(w) = 0. Suppose that ¢ is boundary
regular at any w € T¢ such that Re ® (w) = 0. Define now the compactness index
of ¢ as the real number

ne(s) =inf{n, ., : Re (w) = 0}.

It should be observed that this infimum is in fact a minimum. Indeed, our assump-
tions imply that the points w € T¢ such that Re ®(w) = 0 are isolated. Theorem 16
remains true with this new definition of 7.
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A LOCAL RELATIVE TRACE FORMULA FOR PGL(2)

PATRICK DELORME AND PASCALE HARINCK

Following a scheme inspired by recent results of B. Feigon, who obtained
what she called a local relative trace formula for PGL, and a local Kuznetsov
trace formula for U(2), we describe the spectral side of a local relative
trace formula for G :=PGL(2, E) relative to the symmetric subgroup H :=
PGL(2, F) where E/F is an unramified quadratic extension of local nonar-
chimedean fields of characteristic 0. The spectral side is given in terms
of regularized normalized periods and normalized C-functions of Harish-
Chandra. Using the geometric side of the local relative trace formula ob-
tained in a more general setting by the authors and S. Souaifi, we deduce
a local relative trace formula for G relative to H. We apply our result to
invert some orbital integrals.

1. Introduction

Let E/F be an unramified quadratic extension of local nonarchimedean fields
of characteristic 0. In this paper, we prove a local relative trace formula for
G :=PGL(2, E) relative to the symmetric subgroup H := PGL(2, F) following a
scheme inspired by B. Feigon [2012].

As in [Arthur 1991], the way to establish a local relative trace formula is to
describe two asymptotic expansions of a truncated kernel associated to the regular
representation of G x G on L?(G), the first one in terms of weighted orbital
integrals (called the geometric expansion), and the second one in terms of irreducible
representations of G (called the spectral expansion). The truncated kernel we
consider is defined as follows. The regular representation R of G x G on L?(G)
is given by (R(g1. 82)¥)(x) = ¥ (g; 'xg1). For f = fi ® f», where f; and f, are
two smooth compactly supported functions on G, the corresponding operator R( f)
is an integral operator on L2(G) with smooth kernel

Kf(x,y)=/Gf1(gy)f2(xg)dg=/Gf](xlgy)fz(g)dg-
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We define the truncated kernel K" (f) by

K"(f):= Ky (x, y)u(x, mu(y,n)dxdy,
HxH
where the truncated function u( -, n) is the characteristic function of a large compact
subset in H depending on a positive integer n as in [Arthur 1991] or [Delorme et al.
2015].

In the later reference, we studied such a truncated kernel in the more general
setting where H is the group of F-points of a reductive algebraic group H defined
and split over F and G is the group of F-points of the restriction of scalars G :=
Resg/r H from E to F'. We obtained an asymptotic geometric expansion of this
truncated kernel in terms of weighted orbital integrals.

It is considerably more difficult to obtain a spectral asymptotic expansion of
the truncated kernel and the main part of this paper is devoted to giving it for
H =PGL(2).

First, we express the kernel K in terms of normalized Eisenstein integrals using
the Plancherel formula for G (see Section 3). Then the truncated kernel can be writ-
ten as a finite linear combination, depending on unitary irreducible representations
of G, of terms involving scalar product of truncated periods (see Corollary 4.2).
The difficulty appears in the terms depending on principal series of G.

Let M and P be the images in G of the group of diagonal and upper triangular
matrices of GL(2, E), respectively, and let P be the parabolic subgroup opposite
to P. As M is isomorphic to E*, we identify characters on M and on E*. The group
of unramified characters of M is isomorphic to C* by a map z — .. Let § be a
unitary character of E*, which is trivial on a fixed uniformizer of F*. For z € C*, we
set 8, := 8 ® x;. We denote by (i gSZ, i gng) the normalized induced representation
and by (i ggz, i g([v:(gz) its contragredient. Then, the normalized truncated period is
defined by

Pg;(S)::f E*(P, 5., S)(W)u(h, n)dh, Sei,(fdlgz@ig@gz,
H

where EO(P, d,, - ) is the normalized Eisenstein integral associated to i gSZ (see (3-0)).
The contribution of ig8z in K" (f) is a finite linear combination of integrals

I (S, S :—/ Py (S)P"(S’)— S, S EIPC5 Qiy Cg,
where O is the torus of complex numbers of modulus equal to 1.

To establish the asymptotic expansion of this integral, we recall the notion of
normalized regularized period introduced by Feigon (see Section 4). This period,
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denoted by
Ps.(S) ;:/ E°(P, 5., S)(h)dh
H

is meromorphic in a neighborhood V of O with at most a simple pole at z =1 and
defines an H x H invariant linear form on i g@;z ®i ?)([vlgz. Moreover, the difference
Ps (S) — P4 (S) is a rational function in z on V with at most a simple pole at z = 1
which depeflds on the normalized C-functions of Harish-Chandra. As normalized
Eisenstein integrals and normalized C-functions are holomorphic in a neighborhood
of O, we can deduce an asymptotic behavior of the integrals I§'(S, ') in terms of
normalized regularized periods and normalized C-functions (see Proposition 7.1).

Our first result (see Theorem 7.3) asserts that K" (f) is asymptotic to a polynomial
function in n of degree 1 whose coefficients are described in terms of generalized
matrix coefficients mg ¢ associated to unitary irreducible representations (, V)
of G where & and &’ are linear forms on V,;. When (7, V,;) is a normalized induced
representation, these linear forms are defined from the regularized normalized
periods, its residues, and the normalized C-functions of Harish-Chandra.

We make precise the geometric asymptotic expansion of K"(f) obtained in
[Delorme et al. 2015] for H := PGL(2). Therefore, comparing the two asymptotic
expansions of K"(f), we deduce our relative local trace formula and a relation
between orbital integrals on elliptic regular points in H\G and some generalized
matrix coefficients of induced representations (Theorem 8.1).

As corollaries of these results, we give an inversion formula for orbital integrals
on regular elliptic points of H\G and for orbital integrals of a matrix coefficient
associated to a cuspidal representation of G.

2. Notation

Let F be a nonarchimedean local field of characteristic O and odd residual char-
acteristic g. Let E be an unramified quadratic extension of F. Let Of and Of
denote the rings of integers in F' and E. We fix a uniformizer w in the maximal
ideal of OF. Thus w is also a uniformizer of E. We denote by v(-) the valuation
of F,extendedto E. Let |- |r and | - | g denote the normalized valuations on F and
E. Thus for a € F*, one has |a|r = |a|%5.

Let Ng,r be the norm map from E* to F*. We denote by E ! the set of elements
in £ whose norm is equal to 1.

Let H :=PGL(2) defined over F and let G :=Resg,r(H x r E) be the restriction
of scalars of H from E to F. We set H := H(F) =PGL(2, F) and G := G(F) =
PGL(2, E). Let K := G(Of) =PGL(2, Og).

We denote by C*°(G) the space of smooth functions on G and by C°(G) the
subspace of compactly supported functions in C*°(G). If V is a vector space of
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valued functions on G which is invariant by right and left translation, we will denote
by p and A, respectively, the right and left regular representation of G in V.

If V is a vector space, V' will denote its dual. If V is real, V¢ will denote its
complexification.

Let p be the canonical projection of GL(2, E) onto G. We denote by M and N
the image by p of the subgroups of diagonal matrices and upper triangular unipotent
matrices of GL(2, E), respectively. We set P := MN and we denote by P the
parabolic subgroup opposite to P. Let §p be the modular function of P. We denote
by 1 and w the representatives in K of the Weyl group W¢ of M in G.

For J =K, M or P,weset Jy:=JNH.

For a, b in E*, we denote by diag; (a, b) the image by p of the diagonal matrix
(g 2) € GL(2, E). The natural map (a, b) — diag;(a, b) induces an isomorphism
from E* x E*/diag(E*) >~ E* to M where diag(E ™) is the diagonal of E* x E™*.
Hence, each character x of E* defines a character of M given by

(2-1) diagg(a, b) = x(ab™"),
which we will denote by the same letter. We define the map Ay : M — R by
(2-2) g7 = \ab~ g, for m = diag,(a, b).

We define similarly /7, on My by g ~"¥u@3g6@b) — 14p=1| - fora, b € F*. Then
for m € My, one has §p(m) =ép, (m)? = g~ 2hmy ),
We normalize the Haar measure dx on F so that vol(Op) = 1. We define the
measure d*x on F'* by
1 1

X = — ——dx.
=g~ |x[F

X

Thus, we have V01((91>§) = 1. We let M and My have the measure induced by d*x.
We normalize the Haar measure on K so that vol(K) = 1. Let dn be the Haar
measure on N such that

f dp(mp(n))dn=1.
N

Let dg be the Haar measure on G such that

/f(g)dg=f //f(mnk)dkdndm.
G MJINJK

We define dh on H similarly.
The Cartan decomposition of H is given by

(2-3) H=KuyM};Ky, where M}, :={diag;(a,b);a,be F*, |ab'|F <1},



A LOCAL RELATIVE TRACE FORMULA FOR PGL(2) 125

and for any integrable function f on H, we have the standard integration formula

(2-4) / F)dx = / / f Dy (m) f Geymka) dm dks s,
H Ky YKy J My

where
Spy(m)'(A4+q7") ifme M,
0 otherwise.

Dp,,(m) = {

For h € H, we denote by M(h) an element of M; such that h € KyM((h)Kpy.
The element &y, (M (h)) is independent of this choice. We thank E. Lapid, who
suggested the proof of the following lemma.

Lemma 2.1. Let Q be a compact subset of H. There is an Ny > 0 satisfying the
following property: for any h € 2, there exists X, € R such that, for allm € M;
satisfying hyy, (m) > Ny, one has

hMH (./\/l(mh)) = hMH(m) + Xh.

Proof. For a matrix x = (x; ;); j of GL(2, F'), we set

. < |xi.j |7 )
F(x) :=logmax{ ——— |.
ij \|detx|p

The function F is clearly invariant under the action of the center of GL(2, F),
hence it defines a function on H which we denote by the same letter.

Since | - | is ultrametric, for k € Ky and h € H, we have F(kh) < F (h), hence
F(k~'kh) < F(kh). Using the same argument on the right, we deduce that F is
right and left invariant by K.

If m = diag; (0", 0™) with n; —ny > 0 then

—2ny —2ny

q q

q—nl—nz ’ q—m—nz

F(m):logmax( ) = (n1 —ny)logqg = hy,, (m)logg.

Thus, we deduce that F'(h) = hy, (M(h))logg, forh € H.
Ifh=(¢ 3) and m = diagg; ("', ®"?), then

F(mh)=logmax(|a|%¢g" ™", |b|%¢g"™™, |c|%¢™ "™, |d|%q™ ") —log |ad—bc| .

Therefore, we can choose Ng > 0 such that, for any & € Q2 and m € M; with
hy(m) > Ny, we have

F(mh) =logmax(|c|%¢" ™", |d|3q™ ") —log |ad — bc| F
= (n) — n2) log g +log max(|c|%, |d|3) — log |ad — bc|F.

Hence, we obtain the lemma. O



126 PATRICK DELORME AND PASCALE HARINCK

3. Normalized Eisenstein integrals and Plancherel formula

We denote by M, the set of unitary characters of £> which are trivial on w.

Let X (M) be the complex torus of unramified characters of M and X (M), be
the compact subtorus of unitary unramified characters of M. For z € C*, we denote
by x. the unramified character of £* defined by x,(w) = z. By definition of /,,,
we have x.(m) = 7" /2 Each element of X (M) is of the form x, for some
z € C* and X (M), identifies with the group O of complex numbers of modulus
equal to 1. For § € M, and z € C*, we set 3, ;=38 ® x,. We will denote by Cs_ the
space of §,.

Let Q = MU be equal to P orto P. Let § € M, and z € C*. We denote by
i 88Z the right representation of G in the space i g([:az of maps v from G to C, right
invariant by a compact open subgroup of G such that v(mug) =3¢ (m)Y/ 28Z (m)v(g)
forallme M, ueUandgeG

We denote by (z . ik XN Q(C) the compact realization of (1G<SZ, GCa ) obtained
by restriction of functlons Ifve sz x C, we denote by v, the element of lG(]:g
whose restriction to K is equal to v.

We define a scalar product on igm xC by

(-1 (v,u/)zf v(k)v'(k)dk,  v,v' €if,C.
K

If z € O (hence §, is umtary) the representation zQ(cS ) is unitary. Therefore, by

transport de structure”, i G (8.) is also unitary.

Let (81, C,; ) be the contragredient representation of (8, Cs.). We can and
will 1dent1fy (z 82, i GCa ) with the contragredient representation of (i G(SZ,Z Cs,) and

GC,; ®i Cg w1th a subspace of Endg(zGCg ) [Waldspurger 2003 I 3]

Using the isomorphism between zGC(g and ik onk C, we can define the notion of
rational or polynomial map from X (M ) to a space depending on i Ca as in [ibid.,
IV.1 and VI.1].

We denote by A(Q, Q,8,) : i SC(;Z — i SC& the standard intertwining opera-
tor. By [ibid IV.1 and Proposition IV.2.2], the map z € C* — A(Q, Q,4,) €
Homg (l Cs,. G(D,s ) is a rational function on C*. Moreover, there exists a rational
Complex Valued function j(§,) depending only on M such that A(Q, 0,8 2) ©
A(Q, 0, 8.) is the dilation of scale j(8,). We set

(3-2) w(8) = j(8)7"

By [ibid., Lemme V.2.1], the map z — w(3;) is rational on C* and regular on O.
The Eisenstein integral E(Q, §;) is the map from i (Q;C(;Z ®i SCSz to C*°(G)
defined by

(3-3) E(Q.5.,v®V)(g) = ((i§8)(9v. V), veigCs. Ve igﬂfaz.
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If ¥ € ig(ﬁsz ® igtflgZ is identified with an endomorphism of ig(ng, we have

(3-4) E(Q. 5. ¥)(g) = tr(igd.()¥).

We introduce the operator Cp p(1, ;) :=1d ®A(f’, P, Sz) from i}G,C(;Z ® ig@(gz to
ig(]:(sz ®i g(]:(sz. By [Waldspurger 2003, Lemme V.2.2]

(3-5) the operator ,LL(BZ)I/ZCP’]J(I, 8;) is unitary and regular on O.

We define the normalized Eisenstein integral £ op, 8;) i 1(3@51 ®i g(f:(gz — C*®°(G) by
(3-6) E%(P,8,, W) =E(P,8,, Cpp(1,8,)"'W).

By [Silberger 1979, §5.3.5]

(3-7) E*(P, 8., W) is regular on O.

For f € C°(G), we denote by f the function defined by f(g) := f(g~"). Then,
the operator ig(Sz( f) belongs to igng ® ig([:(sz C Endg (igng). We define the
Fourier transform F(P, §,, f) € igC(;Z ® igC(;Z of f by

F(P, 5., [)=i$58.(f).

The G-invariant scalar product on i g(D(gz defined in (3-1) induces a G-invariant
scalar product on i§Cs. ® i§Cs. given by

(v1 ® V1, V2 @ V2) = (v1, V2)(V1, V2).

Notice that by the inclusion ig(ng ® igdvlgz C End(igng), this scalar product
coincides with the Hilbert—Schmidt scalar product on the space of Hilbert—Schmidt
operators on i gng defined by

(3-8) (S, 8) =tr(SS™),

where tr(SS™) =), , (SS™u;, u;) and this sum converges absolutely and does
not depend on the basis. Then, the Fourier transform is the unique element of
iGCs. ®iGCs. such that

(3-9) (E(P,8:, V), fle = (¥, F(P, 5, ).
Moreover, we have [Waldspurger 2003, Lemme VII.1.1]
(3-10) E(P,5., F(P, 8. /)(g) =trl(i§8.)(u(g) ).

We define the normalized Fourier transform F°(P, 8., f) of f € C >°(G) as the
unique element of igng ®i fG)CgZ such that

v, FO(P, 8, ) = (E%(P,8,, W), f)g, W eigC51®igGV35:.
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It follows easily from (3-9) and (3-5) that
FOP, 8, f)=u(:)Cpip(1,8)F (P, 8, f),
thus we deduce that
(3-11) EO(P, 8., FO(P, 5., ) = n(8.)E(P, 8., F(P, 5., f)).

Therefore, we can describe the spectral decomposition of the regular representation
R:=p®iof GxG onL?*G) of [Waldspurger 2003, Théoreme VIII.1.1] in terms
of normalized Eisenstein integrals as follows. Let £ (G) be the set of classes of
irreducible admissible representations of G whose matrix coefficients are square-
integrable. We will denote by d(t) the formal degree of t € £&(G). Then we have
(3-12)

- 1 d
f@y= 3 dOuCh@ M+ 5= > /O E%(P. 8., F'(P, 6., (&) .

te&(G) seMy

4. The truncated kernel

Let f € C°(G x G) be of the form f(y1, y2) = fi1(y1) f2(y2) with f; € CX(G).
Then the operator R(f) (where R := p®2.) is an integral operator with smooth kernel

Ky(x.y) = fG Fi(ey) falrg) dg = fG i gy fale) .

Notice that the kernel studied in [Arthur 1991; Feigon 2012; Delorme et al.
2015] corresponds to the kernel of the representation A x p which coincides with
Kpon(,y) =Knep™, y™h.

The aim of this part is to give a spectral expansion of the truncated kernel obtained
by integrating K against a truncated function on H x H as in [Arthur 1991].

Lemma 4.1. For (z, V;) € &(G), we fix an orthonormal basis B, of the space
of Hilbert—Schmidt operators on V;. For § € My and z € O, we fix an ortho-
normal basis Bp_p(C) ofi{.meC(X)ingC Using the isomorphism S — S, between

K ‘K e -G
zPﬁKC(X)lmeC and iy Cs, ®lp(1352, we have

Kir, )= Y Y d@u@r(f)St(H)u()s)

1€&(G) SeB;

1 0 o b « o sdz

D) /OE (P62, 15 (1)S0 00 B0, 2, 5000 &,
5€M2 SGBEP(C)

where Tls.(f)S; := (i§8. ® i98.)(f)S. = (ipd:)(f1))S(ipd:)(f2) and the sums

over S are all finite.
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Proof. For x € G, we set

h(v) = fG Fiuvx) foxu) du,

so that

(4-1) Kr(x,y) =[p(yx"Hhl(e).

If  is a representation of G, one has

7(p(yx~Hh) = i Gfl(ugy)fz(xu)n(g) du dg

= Ffiu) pecwym @ ury™) du du,
GxG

= fi(uy) fr(u)m(uy  xury™") duy dus
GxG

=n(f)r () (fr(yh.

Therefore, using the Hilbert—Schmidt scalar product (3-8), one obtains for 7 € £;(G),

42)  tr(px Hh) =trr(HTWTMN)TG = E(RDT@T(), T())
=Y (@ (Tt®)T(f), SHE(H), 5%

SeB;

=Y @ ®)T(HST)uE(M)I),

SeB;

where the sum over § in B; is finite.
We consider now  := ig(SZ with § € M and z € O. By (3-10) and (3-11), we have

(4-3) E%P, 8, FO(P, 8, [p(yx ORI (e) = n(8,) trm (p(yx~Hh).

Let Bp, p(Cs,) be an orthonormal basis of igng ®ig<[v:52. Since f1, f> € C°(G),
the operators 7t (f1) and 7 ( f>) are of finite rank. Therefore, we deduce as above that

tr(p(yx~ ") =t (f)m ()T (f)m(y) ™)
= Y tw@@r()STH)EEG)S),

SeBp, p(Cs,)

where the sum over S in Bp p(Cs,) is finite.
In what follows, the sums over elements of an orthonormal basis will be always
finite. Hence, by (3-4), we deduce that

@4 wreox O =Y E(P, 8, 7(f)ST(/)X)EP, S, ().
SeBp p(Cs,)
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Recall that we fixed an orthonormal basis Bj ,(C) of the space i, C®i% B KC
which is isomorphic to lG(Dg ® lG(Dg by the map S — §;. By (3-5), the family
S(6 ) = ,u(8 )~ 1/2Cp p(l,68;)” 1S for S e Bp, p(C) is an orthonormal basis of

i5Cs. ®i§ Ca

Moreover, using the inclusion i pCs ® lG(]:g C Homg (z Cs,, ng), and the
adjunction property of the 1ntertw1n1ng operator [Waldspurger 2003, IV.1.(11)],
we have Cp p(1,8,)71S = So A(P, P,§;)7 !, for all S €i§C;. ®1G<E§ Since
A(P,P,$ ) loz,,(a )_z (6;) 0 A(P, P, e ! , writing (4-4) forthebasm S((S ),
we obtain

tr(p(yx~h)
=pu@)™" Y EP, 8, w(f)Cp p(1,8) 7 (ST () (x)
$€57.#(O) x E(P,8;,Cpp(1,8:)7'5)(y)

=u@:)"" Y E(P,8:, Cpp(1,8)7 ' (58 (f1)S(58) (f)])(x)
5<B2.,© x E(P.5..Cpp(1,5)715)(y)

=)' Y ENP, 8., (158 (/1)S:(158:) (f)) () EX(P, 8, S)(»).

SeBs p(C)
We set I, := ig&z ® iggz. Then we have

(4-5) M5, (f)S: = (i58:) (f1)S:(158:) (f2).
By (4-3), we obtain

E%P, 8, FO(P, 8, [p(yx HA]))(e)

= Y E%P. 8., s (H)SHXEC(P, 8, S)().
SeBp p(C)

The lemma follows from (3-12), (4-1), (4-2) and the above result. U

To integrate the kernel Ky on H x H, we introduce truncation as in [Arthur 1991].
Let n be a positive integer. Let u( -, n) be the truncated function defined on H by

1 if h = kymky with k1, ko € Kg,m € H such that 0 < |, (m)| <n,
0 otherwise.

u(h,n)= !
We define the truncated kernel by

(4-6) K*"(f) :=/H HKf(x,y)u(x,n)u(y,n)dxdy.
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Since Ky (x~1, y~1) coincides with the kernel studied in [Delorme et al. 2015, 2.2]
and u(x,n) = u(x~', n), this definition of the truncated kernel coincides with the
one in that reference.

We define truncated periods by

4-7) P7(S):= / tr(z(MSuy,n)dy, (v, Ve) € £(G), S € Endgin(Vr),
H

where Endg, (V) is the space of finite rank operators in End(V;), and

(4-8) P (S) :=f E°(P, 5, S)(y)u(y, n)dy,
§eMyzeO, SemeC@)meC

Corollary 4.2. With the notation of Lemma 4.1, one has
K'(f)= Y > d@PHtF(f)S)PIS)

1€£(G) SeB;
4,712 Z /Pa(ns(f)S)P”(S)—

SEMZ SEBP P(E)

where the sums over S are all finite and l:I,gZ = z'_g(Sz ® i_ggz.

Proof. For T € £&(G) and S € B;, one has

T(f1)ST(f2) =T ®E(f)S.

Therefore, since the functions we integrate are compactly supported, the assertion
follows from Lemma 4.1. ]

5. Regularized normalized periods

To determine the asymptotic expansion of the truncated kernel, we recall the notion
of regularized period introduced in [Feigon 2012]. It is defined by meromorphic
continuation.

Let zo € C*. Then, for z € C* such that |zzg| < 1, the integral

(ZZO)no-H

1—2zz0

fM Kao () X (m)(1 = u(m, ng)) dm =y " (z20)" =

n>ng

is well defined and has a meromorphic continuation at z = 1. Moreover this
meromorphic continuation is holomorphic on V — {1} with a simple pole at zo = 1.
Let 8 € M,. We consider now an holomorphic function z — ¢, € C*°(G) defined
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in a neighborhood V of O in C* such that

(5-1) there exist an integer ng > 0 and holomorphic functions V — C*°(Ky x Kp),
> ¢., i =1,2, such that

8p(m)~ 2, (kimky) = 8,(m)¢) (k1, ko) + 8.1 (m)¢2 (k1, k2),

for k1, ko € Ky, and m € M} satisfying hy,, (m) > no,

Recall that M(h) for h € H is an element in M; such that h € Ky M (h)Kpg. By
the integral formula (2-4), we deduce that for |z| < min(|zg, lzo|~1), the integral

/H 90 (D) X (M) (1 = uh, no)) dh
— +q—1>( / o) (ky. ko) dk dkz) / 8(m) Xy (m) (1 — u(m. ng)) dm
KyxKp M}

+(1+q‘1>(/ ¢§0(k1,kz)dk1dkz)/ 8(m)x.-1,(m)(1 —u(m, ng)) dm
KuxKn M 0

is also well defined and has a meromorphic continuation at z = 1. Moreover this
meromorphic continuation is holomorphic on ¥V — {1} with at most a simple pole at
z0 = 1. As u(-, ng) is compactly supported, we deduce that the integral

/H Pz (h) Xz (M(h)) dh

=/Hwzo(h)xz(/\/l(h))u(h,no)dh+/HwZO(h)Xz(M(h))(l—M(h,no))dh

has a meromorphic continuation at z = 1 which we denote by
%
/ @z (h) dh.
H

The above discussion implies that f :1 ¢z, (h) dh is holomorphic on V — {1} with at
most a simple pole at zo = 1.

The next result is established in [Feigon 2012, Proposition 4.6], but we think
that the proof is not complete. We thank E. Lapid who suggested the proof below.

Proposition 5.1 (H-invariance). For x € H, we have

/ @z (hx) dh = / *gom(h) dh.

H H

Proof. We fix x € H. For z, 7/ in C*, we set

F (295 2, 2) (h) := @y (h) o (M(B)) o (M (hx ™).
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By (5-1), for ki, ky € Ky, and m € M; with Ay, (m) > ng, we have
8p(m) ™V F (99,2, 2) (kymks) = L (K, ka)8 (m) (zgz)"n ) ity MEimbax™5)

+ ¢220 (kl , k2)8(m)(Z51Z)hMH (m)Z/hMH (M(k]mkzx—l)).
We can choose ng such that Lemma 2.1 is satisfied. Thus, for any k, € Ky, there
exists Xy, -1 € R such that, for any m € M; satisfying 1 — u(m, ng) # 0, we have
hyy (M (kymkox~1)) = hyy (m) + X, 1. We deduce that
8p(m) "' F (g, 2, 2) kimka) (1 — u(m, no))

= ¢}, (k1. k2)8(m) (2022 M i 4 92 (ky, kp)§(m) (zg 22y 7 Mot

Therefore, by Hartogs’ theorem and the same argument as above, the function
(z0,2,2) = / 020 (1) X (M) s (M(hx ™)) dh
H

is well defined for |z0zz'| < 1, and has a meromorphic continuation on V x (C*)2.
We denote by I (¢;,, z, z’) this meromorphic continuation. Moreover, for zg # 1,
the function (z, z’) +— I (¢z,, z, z') is holomorphic in a neighborhood of (1, 1). For
|z0z| < 1, we have I (¢, z, 1) = [ @z, (h) x2(M(h)) dh. Hence we deduce that

1@, 1. 1) :/ 0o () dh.
H

On the other hand, we have I (¢, 1, 2') = [}; @z, (hx) xz: (M(h)) dh for |z0Z'| < 1,
therefore, we obtain

I((pZ()v 17 1) :f (ﬂZO(hx) dl’l
H

This finishes the proof of the proposition. (I

We will apply this to normalized Eisenstein integrals. Let § € M, and 7 € C*.
Recall that we have defined the operator Cp p(1, §;) by

Cp.p(1,8,) :=1d®A(P, P,§;) e Homg(i§Cs, ®i§Cs,. i§Cs, ®i9Cs,).
We set
Cp.p(w,8;) :=A(P, P, ws,)A(w) @ A(w)
€ Homg (i§Cs, ® i Cs,. i§ Cup, ®i5Cus,).

where A(w) is the left translation by w which induces an isomorphism from i §Cs
to inggz. For s € WO, we define

(5-2) C} p(s.8.):=Cpp(s.8:)0Cpp(1,8,)""

€ Homg(i§Cs, ®i5Cs,. i§ Cys, ® 19 Cys,).
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In particular, C%’ p(1,8;) is the identity map of i g(ng ® ig(ﬁgz. By arguments
analogous to those of [Waldspurger 2003, Lemme V.3.1], we obtain

(5-3) for s € WO the rational operator C 94 p(s,6;) is regular on O.

LetSe i{.meC ® igﬂKC By (3-7), the normalized Eisenstein integral EO(P, 8z, S;)
is holomorphic in a neighborhood V of O. We may and will assume that V is
invariant by the map z — z~'. By [Heiermann 2001, Theorem 1.3.1] applied to
A(kl_l)p(kz)Eo(P, 8;, S;), ki, ky € Ky, there exists a positive integer ng such that,
for ki, ko € Ky, and m € M; satistying hps,, (m) > no, we have

sp(m)"2EN (P, 8,, S,) (kimky)
= 8(m)(x:(m) e ([CY p(1,8,)S (k1. k2)) + x.-1 (m) e([CH_p(w, 8.)S:1(k1, k2))).

Therefore, the normalized Eisenstein integral satisfies (5-1). Hence, we can define
the normalized regularized period by
*

(5-4) Ps.(S) ;:f E%(P.58..S)(h)ydh, SeipC®ik C.

H
The above discussion implies that Ps_(S) is a meromorphic function on the neigh-
borhood V of @ which is holomorphic on V — {1}.

Fors e WC and S e imeC(X)ingC, we set

(5-5  C(5,8)(8):=(1+¢" twr([CY, (s, 8,)S k1, ka)) dky dko.
KH X KH
By the same argument as in [Feigon 2012, Proposition 4.7], we have the following
relations between the truncated period and the normalized regularized period.

(5-6) If 6= # 1 then, for n large enough, we have Ps_(S) = sz ().

(5-7) 1f 6;px =1 then, for n large enough, we have

Zn+1 Z—(n—H)
C(1,38.)(S) + —

1—z2 1—z

The following lemma is analogous to [Feigon 2012, Lemma 4.8].

P5. ()= P} (S)+

C(w, §,)(S).

Lemma 5.2. Letz € C* and S € iﬁmKC@)ing@:

(1) If §jp= # 1 and 8|1 # 1 then, for n large enough, we have
Ps (S) = PSZ(S) =0.
(2) If §jF= # 1 and 8|1 = 1 then, for n large enough, we have

Ps (S) = P5.(S).
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(3) If §jrx = L and ;g1 # 1 then Ps_(S) = 0 whenever it is defined and
C(1,81)(S) = C(w, 81)(S).

4) If §px =1 and 8|1 = 1 then 82 =1. We have C(1,81)(S) = —C(w, 8;)(S)
and the regularized normalized period Ps_(S) is meromorphic with a unique
pole at z =1 which is simple.

Proof. Case (2) follows from (5-6). By [Jacquet et al. 1999, Proposition 22], if
3 g1 # 1 and z # 1 then the representation i gSZ admits no nontrivial H-invariant
linear form. Thus in that case, Proposition 5.1 implies Ps, (S) = 0 whenever it is
defined. We deduce Case (1) from (5-6) and in Case (3), it follows from (5-7) that

ZnJrl Z*(nJrl)
C(1,8,)(S) + —
11—z

PS”Z(S):—( C(w,SZ)(S)>.

1—z

Since Py (S) and C(s, §,)(S) for s € WG are holomorphic functions at z = 1, and

Zn—H
Res(1 _ZC(I, 6.)(8),z= 1) =—C(1,81)(S),

(5-8)

7~ (D)
Res(1 e C(w,8,)(8),z= 1) =C(w, §1)(9),
we deduce the result in the Case (3).

In Case (4), we obtain easily 82 = 1. By [Waldspurger 2003, Corollaire IV.1.2],
the intertwining operator A(P, P, §8.) has a simple pole at z = 1. Thus the function
1 (8;) has a zero of order 2 at z = 1. In that case, by [Silberger 1979, proof of Theo-
rem 5.4.2.1], the operators Cpp (s, 8;) for s € WY have a simple pole at z =1 and

Res(Cpip(1,68;),z=1) = —Res(Cp|p(w, d;),z=1).

Therefore, if we set T, := (z — 1)Cp|p(1,6;) and U, := (z — 1)Cp|p(w, §;), then
U, and TZ_1 are holomorphic near z = 1 and 7; = —U as 82> = 1. By definition
(see (5-2)), we have Coplp(w, 8;)=U, TZ_I. Hence, one deduces that Coplp(w, 81) =
—Id= —C%lp(l, 81), where Id is the identity map of igC(;l ® igﬁﬁgl. We deduce
the first assertion in Case (4) from the definition of C (s, 8,)(S) (see (5-5)).

Since Pg' (S) and C(s, 8,)(S) for s € WG are holomorphic functions at z =1,
the last assertion follows from (5-7), (5-8) and the above result. This finishes the
proof of the lemma. O

6. A preliminary lemma

In this section, we prove a preliminary lemma which will allow us to get the
asymptotic expansion of the truncated kernel in terms of regularized normalized
periods.
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Let V be a neighborhood of O in C* We assume that V is invariant by the map
z+> 7! Let f be a meromorphic function on V. We assume that f has at most a
poleatz=11in V.

If r # 1 is such that f is defined on the set of complex numbers of modulus r, the
integral flzlzr f(z) dz depends only on the position of r with respect to 1. We set

(6-1) f(z)dz = f(x)dz forr <1,
o

|z|=r
(6-2) f()dz:= f(z)dz forr > 1.
o+ |z|=r

Notice that
(6-3) / fx)dz— f(2)dz =2im Res(f(z),z=1).
o+ o-

It follows easily from the definitions that

n—+00

lim 7" f(z)dz =0,
(6-4) N
lim 77 "f(z)dz=0.
n—+00 Jo+
We have assumed that V is invariant by the map z — z~!. Then, the function
f (z) := f(z71) is also a meromorphic function on V with at most a pole at z = 1
and it satisfies f(z) = f(z) for z € O.
Let c(s, z) and c(s, z), for s € WY be holomorphic functions on V such that
c(s,1)#0and ¢'(s, 1) #0. Let p and p’ be two meromorphic functions on V with
at most a pole at z = 1. We set

Zn+1 —(n+1)
pn(2) = p(2) — [1 cl,2)+ _IC(w,z)},
-z -z
(6-5) o+l —(n+1)
pp(@)=p'(@) - [1 '(1,2) + —c'(w, z)].
-z 11—z

Lemma 6.1. We assume that p, and p, are holomorphic on V and that either p
and p’ are vanishing functions or ¢(1,1) = —c(w, 1) and ¢'(1,1) = —c'(w, 1).
Then, the integral

——— dz
/ Pn(2)py(2) —
O Z
is asymptotic as n approaches +oo to the sum of

c(1,2)&(1, 2) +_dwdﬁ%wd)>£§
(I-2(-zH (d-d-zhH) <’

6-6) /'<p@m%m+
N
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6-7) —2ir [i(c(w, (1, z))i|
dz

z=1

+2im [;—Z(C(w, D@—-Dp' @)+, 2)(z— I)P(Z))} ,

z=1

and

(6-8) 2im(2n+T)c(w, DE(1, 1)
—2im(n+1)(c(w, DRes(p’, z=1)+&'(1, D Res(p, z=1)).

Proof. Since p, and p), are holomorphic functions on V, we have

/pn(z)p;_(z)d—z=/ pn(z)ﬁé(z)%
o < o- Z

Zn-i-l Z—(n-H)
=[(p(z)— ¢ = e, 2)

—(n+1) n+1
. AR
x (p'(2) — —c'(, z)— Zc/(w,z))dz—Z

C(l,z) '(1,z) | cw, )¢ (w,2) \dz

/o<p(Z) O T A _1)+(1—z)(1—z—1)) :

+[ 2(n+1)c(1 Z)C (w, 2) dz
O~

(1—2)2 Z
_f Zn+1<6(1,z)p (z)+p(z)5’(w,z)>d_z
_ <

1—z
[ et

(1-z71H2 ¢
B / " (C(w, 2)p'(2) + p(2)c'(1, Z))d_z
_ Z

1—z!

By (6-4), the second and third terms of the right hand side converge to 0 as n
approaches +oo.
By (6-3), one has

/ 20 €, 98, 2) dz
- (1-z71H2 2z
[ e DD (0D )
o+ (1-z7H2 ¢ 21—z 1)2

Let
€W, (1, 2) oy c(w, 2)é(1, 2)

o) =z —z(l—z‘1)2 =z 1)
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Since c¢(w, z) and ¢ (1, z) are holomorphic functions on V, the function ¢ has a
unique pole of order 2 at z = 1. Thus, we obtain

Res(¢,z=1) = |:j—z((z - 1)2¢(Z)):|

z=1

=—2n+Dec(w, D'A, 1)+ |:;—Z(c(w, )¢ (1, z)):|

z=1

We deduce from (6-4) that

_ c'(1,2) d
6-9 2(n+1)C(W,Z)C( %) dz
O ], (-2 =

=2in(2n+ Dec(w, 1)é'(1, 1) — 21’71[;—2(0(11), 2)¢'(1, z))] +€1(n),
z=1
where lim,,_, o, €1 (1) = 0.

When p and p’ are vanishing functions, we obtain the result of the lemma.
Otherwise, by (6-5) and our assumptions, (c(w, 2)p'(z) + p(2)&(1,2))/(1 —z7 )
is a meromorphic function with a unique pole of order 2 at z = 1. Applying the
same argument as above, we obtain

/ L~ (C(w, )P (@) + p)(1, z)) dz
_ Z

1—2z"1

_/ Z_(n+1)<0(w,z)ﬁ/(z)+p(z)5’(1,z))d_z
o o+ ]_Z_] Z

—2im j—z(z_(”“)(z — D(c(w, 2)p'(2) + p(2)é (1, z))):|

z=1

=2ix(n+ 1 (c(w, )Res(p’, z=1)+Res(p,z=1'(1, 1))

—2im j—Z(C(w, Dz =1p' )+ (= Dp)é, z))} +ex(n),

z=1

where lim,,_, 1 €2(n) = 0.
Therefore, we obtain the lemma by (6-9) and the above result. O

7. Spectral side of a local relative trace formula

We recall the spectral expression of the truncated kernel obtained in Corollary 4.2:

K'(HHy= > D d@mP'aRI(f)S)PI(S)

t€&(G) SeB;
@nz > /&mumwm—

5€M2 SGBP P(E)
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where the sums over S are all finite and 1:[5Z =1 1G36Z Qi ggz.
By [Feigon 2012, Lemma 4.10], if (, V;) € £(G) and S € Endf;,.,4(V7), then

7-1) lim P (S) = f tr(z(h)S) dh.
H

n—+00

We consider now the second term of the above expression of K" (f). Leté € M,
and S X PN KC@zlf K([v: We keep the notation of the prezious section. In particular,
for z € C*, we have C(s, 8,)(S) = C(s,8;-1)(S) and Ps_(S) = P5_,(S). By the
definition of §,, we have §; = . .

Proposition 7.1. Let S € szKC(X)zmeC We set S, := Ts.(f)S:

(1) If 8px # 1 and 8,1 # 1 then, for n € N large enough, one has
/ P§ (S P{(S) dz _ 0.
O 2 Z Z
(2) If §< # 1 and 81 = 1 then

lim Pa (S)P”(S)——f PaZ(S;)PaZ(S)dZ—Z-
@]

n——+o0o

(3) Assume that 8 px = 1 and 81 # 1. Then

/ Py (S, )P”(S) -
is asymptotic when n approaches +00 to

2ir(2n+1)C(1, §)(S)C(1, 8)(S)

+/ <C(1,8Z>(S;)5<1,6z)<5) C(w,az)(sgﬁ(w,az)(S))@
o- (1-2)(1—z71) (1-2(1—=2z71 z

—2im j—Z[C(w, 8)(SHC (1, 8.)(S)]e=1-

(4) Assume that §px =1 and 8|1 = 1. Then

/ P} (8! >P"<S> @
is asymptotic when n approaches +0o0 to
2ir(2n +3)C(1, 8)(S)C(1, 8)(S)
C(1, 82)(52)5(1, SZ)(S)+C(w, 8Z)(S;)5(w, 3z)(S)>d_z
(I-2(1—=z7H (I-2(1—=z7H z
—Zinj—Z[C(w,(SZ)(S;)G(l, 8,)(8) ;=1

+ / (P,;z () Ps, (S)+
-

+2im [;—Z((z —1)Ps,(SHC(1,8)(S) + C(w, 8.)(S))(z — 1) Py, (S))]

z=1
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Proof. The two first assertions are immediate consequences of Lemma 5.2. To
prove (3) and (4), we set

(@)= P5(S.(f)), pu(2):=P5(S), p(2):=Ps(S,(f), p'@):=Ps(S)
and  c(s,2) :=C(s,8)(S.(f)), (s,2):=CC(s,8,)(S), forseWC.

By (5-7) and Lemma 5.2 these functions satisfy (6-5) and we can apply Lemma 6.1.

The result in case (3) follows immediately since p(z) = p’(z) = 0 by Lemma 5.2.

In case (4), we have ¢(1, 1) = —c(w, 1) and ¢/(1, 1) = —¢’(w, 1) by Lemma 5.2.
Moreover, the relations (6-5) give

Res(p,z=1)=—c(1,1)+c(w,1) and Res(p’,z=1)=(1,1)—c"(w,1).
Hence, we obtain
2i7r(2n+1)c(w,1)5’(1,1)—2i71(n+1)(c(w,l)Res(ﬁ/,z=1)+5/(l,l)Res(p,zzl)).
=2ir(2n+3)c(1,1)¢'(1,1),
and the result in that case follows from Lemma 6.1. (]

To describe the spectral side of our local relative trace formula, we introduce
generalized matrix coefficients.

Let (;r, V) be a smooth unitary representation of G. We denote by (r/, V') its
dual representation. Let £ and &’ be two linear forms on V. For f € C°(G), the lin-
ear form 7' ( f )& belongs to the smooth dual VofV [Renard 2010, Théoréme II1.3.4
and I.1.2]. The scalar product on V induces an isomorphism j : v — (-, v) from
the conjugate complex vector space V of V and V', which intertwines the complex
conjugate of 7 and 77 as 7 is unitary. One has

)= (v, @), veV,veV.
Therefore, for v € V, we have
(' (HHEY W) = E@(fHv) = (v, j - @ (H)E)).

As 7 (f) is an operator of finite rank, we have for any orthonormal basis 5 of V

(7-2) A (HE =D @ (HEOW) v,

veB

where the sum over v is finite, and (A, v) — A - v is the action of C on V.
Let &' be the linear form on V defined by £'(u) =&'(u). We define the generalized
matrix coefficient mg ¢ by

me e (f) =& (G (H)E)).
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Then, by (7-2), we obtain
(7-3) me e (f) =Y E@(fHvIE ).
veB

Hence, this sum is independent of the choice of the basis B.

Let z € C*. We set (I1;, V,) := (igéZ ® igé:;z, ig@(sz ® ig@vgj). We denote by
(IT;, V) its compact realization. We define meromorphic linear forms on V; using
the isomorphism V, >~ V.

Lemma 7.2. Let &, and &, be two linear forms on 'V which are meromorphic in
z on a neighborhood V of O. Let B be an orthonormal basis of V. Then, for
feCX(G x G), the sum

Y E(ML()HEA(S)
SeB

is a finite sum over S which is independent of the choice of the basis B.

Proof. For z € O, the representation I, is unitary. Hence (7-3) gives the lemma in
that case. Since the linear forms &, and &, are meromorphic on V, we deduce the
result of the lemma for any z in V by meromorphic continuation. (I

With notation of the lemma, we define, for z € V, the generalized matrix coeffi-
cient mg_ g associated to (&, &) by

me g () =) &T(H)E(S).

SeB

Therefore, using Proposition 7.1, we can deduce the asymptotic behavior of the
truncated kernel in terms of generalized matrix coefficients.

Theorem 7.3. As n approaches +00, the truncated kernel K" (f) is asymptotic to

n Y meas.can(H+ Y d(f)mP,,Pf(f)-i-# Z /OmPsz,Paz(f)dZ—Z

seM, 1€&(G) seM,
§ypx=1 8ypx 1
8 p1=1
1 me.s,),c.8.-0) () +mew.s).cws.—n(f) g
+-— Z Rg(f)'i‘/ o = = ez
dig L o- (I-2(1—=z71 z
§eM>
S =1
81 #1
~ me,s,),c,s._) () +mcw.s,).caws._)(f)
b X (R = )b
di — - (I-2(1—-z71 z
SGMZ
8ypx =8 p1=1

+ / e, p, (f) d—z).
o 2
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where

. d
Rs(f):=2im (mC(l,B),C(l,S)(f) - [EmC(w,Sz),C(l,Szl)(f)] )
z=1

N , d
Rs(f) =2im <3m(:(1,5),(:(1,a)(f) — [d_ZmC(w,SZ),C(l,sz—l)(f)}

z=1

d
+ [E(Z - 1)(mP52,C(1,82_1)(f) +mew.s). P, (f))] >,
: z=1

P(S) = / tw(z(h)S)dh, S € Endfin i (V)
H

Ps () =/H E°(P, 8, S.)(h) dh, SeilfﬂKCQ@i%{mKé

C(s5,8,)(S):=(14q7") tr([Ch p(s.8:)S:1(k, ko)) dky dky, s € WO,
KHXKH

8. A local relative trace formula for PGL(2)

We make precise the geometric expansion of the truncated kernel obtained in
[Delorme et al. 2015, Theorem 2.3] for H :=PGL(2). This geometric expansion
depends on orbital integrals of f; and f>, and on a weight function v;, where L = H
or M. To recall the definition of these objects, we need to introduce some notation.

If J is an algebraic group defined over F, we denote by J its group of points
over F and we identify J with the group of points of J over an algebraic closure
of F. Let Jy be an algebraic subgroup of H defined over F. We denote by
J :=Resg,r(Ju xF E) the restriction of scalars of Jy from E to F. Then, the
group J := J(F) is isomorphic to J g (E).

The nontrivial element of the Galois group of E/F induces an involution o of
G defined over F.

We denote by P the connected component of 1 in the set of x in G such that
o(x) =x"". Atorus A of G is called a o-torus if A is a torus defined over F con-
tained in P. Let Sy be a maximal torus of H. We denote by S, the connected com-
ponent of SNP. Then S, is a maximal o-torus defined over F and the map Sy +— S,
is a bijective correspondence between H-conjugacy classes of maximal tori of H
and H-conjugacy classes of maximal o-tori of G (see [Delorme et al. 2015, 1.2]).

Each maximal torus of H is either anisotropic or H-conjugate to M. We fix Ty a
set of representatives for the H-conjugacy classes of maximal anisotropic torus in H.

By [ibid., 1.28], for each maximal torus Sy of H, we can fix a finite set of
representatives ks = {x,,} of the (H, S;)-double cosets in HS, N G such that
each element x,, may be written x,, = hma,;1 where h,, € H centralizes the split
component Ag of Sy and a,, € S;.
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The orbital integral of a compactly supported smooth function is defined on the
set G° ¢ of g-regular points of G, that is the set of point x in G such that Hx H
is Zariski closed and of maximal dimension. The set G° "¢ can be described in
terms of maximal o-tori as follows. If S is a maximal torus of H, we denote by s
the Lie algebra of S and we set s := s(F). We set

Ao (g) =det(1 —Ad(g 0 (8))gs), g€G.

By [Delorme et al. 2015, 1.30], if x € G° ™ then there exists a maximal torus Sy
of H such that A, (x) # 0. Moreover, there are two elements x,, € ks and y € S,
such that x = x,,, .

We define the orbital integral M(f) of a function f € C°(G) on G° "¢ as
follows. Let Sy be a maximal torus of H. For x,, €kg and y € S, with A, (x;,7) #0,
we set

1/4

(8-1) M) xmy) = As i ¥)| p f fh™ %y d (R, 1),
diag(As)\(H x H)

where diag(Ay) is the diagonal of Ag x Ag.

We now give an explicit expression of the truncated function vy (-, n) defined
in [ibid., 2.12], where 7 is a positive integer and L is equal to H or M. Let n be
a positive integer. It follows immediately from the definition [ibid., 2.12] that we
have

(8-2) va (X1, y1,x2, y2,n) =1, X1, y1,x2, 2 € H.

We will describe vy, using [ibid., 2.6]. Since H = Py Ky, each x € H can be written
x =mp,(x)np, (x)kp, (x) with mp,, (x)_e Mgy, np,(x) € Ny and kaEx) € Ky.
We take similar notation if we consider P instead of P. For Q = P or P, we set

hoy(x) :=hpy,(mo, (x)).

With our definition of /3, (2-2), the map My — R given in [ibid., 1.2] coincides
with —(log g)h .
For x1, y1, x, and y; in H, we set

zp(x1, y1, X2, y2) :=1inf(hp, (x1) —hp, (1), hp, (x2) —hp,(y2)), and
zp(xX1, y1, X2, y2) i= —inf(hp, (y1) —hp, (x1), hp, (y2) — hp, (x2)).
We omit xq, y1, x2 and y; in this notation if there is no confusion. Hence the elements

Zj and ZY of [ibid., 2.55] coincide with (logg)zp and (logg)zp respectively.
Therefore, the relation [ibid., 2.63] gives
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q)»(n-i-ZP) L q).(—I’H-Zp) .
ppe=TaC A g el >)

AMn+zp) —A(n—2zp)
— lim (q 41 >

vy (x1, y1, X2, Y2, 1) = lim(
r—0

A—0\ 1 —g—* 1—qg*

i q)»(n—G-Zp) _ q—)\(n—z,?-i-l)
= l1m

r—0 1-— q_)L

=2n+1+zp—2p.
We set

vy (1L yiL X2, y2) = 2p — 2p
= inf(th(xl) — hPH ), hlgﬂ(xz) — hPH (y2))
+inf(hp, (y1) —hp, (x1), hp, (y2) — hp,(x2)).

Therefore, [ibid., Theorem 2.3] gives that as n approaches +oo, the truncated kernel
K" (f) is asymptotic to

83 2 % o [ MEDEIME ) dy

XmEKM

+ > Y8, /S M) Comy )M f2) Comy) dy

SyeTuU{My} xm€ks

+ > S /M WM(f)xmy) dy,

XmEKM

where the constants cg,[’ x, are defined in [Rader and Rallis 1996, Theorem 3.4] and
WM(f) is the weighted integral orbital given by

Ao V) PWMF) Xmy)

= // AT X0y x2) Hr 7 Xy y2) 08 (1, y1, X2, ¥2) d(x1, x2) d (31, ¥2)-
(diag(My)\ H x H)?

Therefore, comparing asymptotic expansions of K" ( f) in Theorem 7.3 and (8-3),
we obtain:

Theorem 8.1. For fi and f> in C°(G) we have:

O 2y Cg,[,xm/ MU En )M Emy) dy =Y me.s).c.0(f).
My

XmEKM 561\72
8 px=1
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(2) (Local relative trace formula) The expression

> A&, fs M) Comy )M f2) Comy) dy

SgeTaU{Mp} xm€Eks

+ > / WMF) ny) dy
M,

Xm€EKM
equals
1 dz
D d@mpp D4z D | men (DT
1€5(G) seit, °©
8ypx #1
8 p1=1
me1,s.),c1,5._) () +mew.s.).cw.s._)(f)
+ = 3 R,;(f)—l—/ 2! ool dz
dix L= o (I-2(1—=z71H z
5€M2
8w =1
80171
1 ~ me1,s,),c(1,8.-1)(f) +mcw.s,).caw.s..)(f) 4
sl (Rt [ = wocws ) dg
dim o~ o- (I-2(1—z7") 2
(SEMZ
Sll'X:s\El_l
d
+/ e, py () —Z>,
o- =z z
where

. d
Rs(f):=2im (mcu,a),ca,a)(f) - [Emaw,az),c(l,szl)(f)} )
z=1

_ . d
Rs(f) =2ixm (3mc(1,a),cu,a)(f) - [Emaw,sz),ca,ézl)(f)}

z=1

d
+ [E(Z — 1)(mP,gz,C(l,85,1)(f) +mew.s). P (f))] )
) z=1

PL(S) :/ tr(z(h)S)dh, forS e End(V;),

*
Ps.(S) =/HEO(P,5Z,SZ)(h)dh, forSeif (Coik C,
H

PNK

C(s,8.)(S):=1+qgH tr([C p(s.8.)S:1(ky, kp)) dky dky,  fors e WE.
KH X KH
As an application of this theorem, we will invert orbital integrals on the anisotropic
o-torus M, of G.
Let 6 € M;. As the operator C g’ p (1, 8) is the identity operator of i g([)(;z ®i g([)gz,
one has
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C(1,8)ww)=1+q"" (k)W (k) dky dky, V@ €ifCRIE T
KH X KH

Hence, we have C(1,8) = (1 +¢ )& ® &5 where &5 and &5 are the H-invariant

linear forms on i }I.fm xCandi ilfm K(IVZ respectively given by the integration over K.

Therefore, one deduces that

me,s),c(1,8) (1 @ f2) = mg & (fi)me; £ (f2).

Moreover, by [Aizenbud et al. 2015, Corollary 5.6.3], the distribution f > mg, £ (f)
is smooth in a neighborhood of any o-regular point of G.

Corollary 8.2. Let f € C°(G). Let x,, € ky and y € My such that x,y is
o-regular. Then we have

M| Bo DM Gy = Y e g, (F)me; &, o).
§eMy.8 px=1

Proof. Let (J,,), be a sequence of compact open subgroups whose intersection is
equal to the neutral element of G. Then the characteristic function g, of J,x,,y¥ J,
approaches the Dirac measure at x,,. Therefore, taking fi := f and f, := g, in
Theorem 8.1(1), we obtain the result. O

Remark. Let (7, V;) be a supercuspidal representation of G and f be a matrix
coefficient of 7. Then we deduce from the corollary that the orbital integral of f
on o-regular points of M, is equal to 0.

We assume that (z, V;) is H-distinguished. By [Flicker 1991, Proposition 11]
we have dim V/ = 1. Let & be a nonzero H-invariant linear form on V;. Let Sy
be an anisotropic torus of H and x,, € k5. Then, applying our local relative trace
formula to f| := f and f, approaching the Dirac measure at a o-regular point x,,y
with y € S,, we obtain

|86 )M Comy) = cme e (fImg & (my ),
where ¢ 1S some nonzero constant.
J. Hakim [1991, Proposition 8.1 and Lemma 8.1] obtained these results by other
methods.
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REGULARITY OF THE ANALYTIC TORSION FORM
ON FAMILIES OF NORMAL COVERINGS

BING KWAN SO AND GUANGXIANG SU

We prove the smoothness of the L2-analytic torsion form for fiber bundles
with positive Novikov—Shubin invariant. We do so by generalizing the ar-
guments of Azzali, Goette and Schick to an appropriate Sobolev space, and
proving that the Novikov—Shubin invariant is also positive in the Sobolev
setting, using an argument of Alvarez Lopez and Kordyukov.

1. Introduction

Let M be a closed Riemannian manifold and F be a flat vector bundle on M. Ray and
Singer [1971] introduced the analytic torsion, which is the analytic analogue of the
combinatorial torsion (see [Milnor 1966]). Let Z — M % B be a fiber bundle with
connected closed fibers Z, = 7~ !(x) and F be a flat complex vector bundle on M
with a flat connection V¥ and a Hermitian metric 2. Let T M be a horizontal distri-
bution for the fiber bundle and g7# be a vertical Riemannian metric. Bismut and Lott
[1995, (3.118)] introduced the torsion form T (T M, g%, hT') € Q(B) defined by

—+00
() T(TM g™ h") = —/ [ £1(C1 ™) =31 F) £'(O)
0

~(Ldim(2) k(P X (2) = § 1/ (25 P)) £/ (3ivD) | 2.
See [Bismut and Lott 1995] for the meaning of the terms in the integrand. To show
the integral in the above formula is well defined, one must calculate the asymptotic
of fA(C/,h") as t — 0 and the asymptotic as t — oo. For the asymptotic as
t — 0, they used the local index technique. For the asymptotic as t — oo, the key
fact is that the fiber Z is closed, so the fiberwise operators involved have uniform
positive lower bound for positive eigenvalues. They also proved a C*°-analogue of
the Riemann—Roch—Grothendieck theorem and proved that the torsion form is the
transgression of the Riemann—Roch—Grothendieck theorem (see [Bismut and Lott
1995, Theorem 3.23]) and showed the zero degree partof T (T M, g7%, h'') e Q(B)
is the Ray—Singer analytic torsion (see their Theorem 3.29).

MSC2010: primary 58J52; secondary 58J35.
Keywords: Lz-analytic torsion form, Novikov-Shubin invariant, Sobolev space, superconnection.
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On the other hand, the L2-analytic torsion was defined and studied by several
authors; see [Carey and Mathai 1992], [Lott 1992], [Mathai 1992], etc. So it is
natural to extend the L?-analytic torsion to the family case, that is, to define and study
the Bismut—Lott torsion form when the fiber Z is noncompact. From the above we
see that one must study the asymptotic of the L? analogue of f* (C t hW) ast — 0
and t — oo. Since in the L? case f/\(Ct/, hW) has the same asymptotic as t — 0,
this part is easy. But in general the integral at oo does not converge, since in the
L? case the positive eigenvalues of the fiberwise operator involved in f A(C ., hW)
may not have a positive lower bound. To overcome this difficulty, one considers the
special case where the Novikov—Shubin invariant is (sufficiently) positive. Gong
and Rothenberg [1996] defined the L2-analytic torsion form and proved that the
torsion form is smooth, under the condition that the Novikov—Shubin invariant is
at least half of the dimension of the base manifold. Heitsch and Lazarov [2002]
generalized essentially the same arguments to foliations. In [Azzali et al. 2015],
Azzali, Goette and Schick proved that the integrand defining the L?-analytic torsion
form, as well as several other invariants related to the signature operator, converges,
provided the Novikov—Shubin invariant is positive (or of determinant class and
L2-acyclic). However, they did not prove the smoothness of the L2-analytic torsion
form. To consider the transgression formula, they had to use weak derivatives.

The aim of this paper is to establish the regularity of the L?-analytic torsion
form in the case when the Novikov—Shubin invariant is positive. Our motivation
comes from the study of analytic torsion on some “noncommutative” spaces (along
the lines of [Gorokhovsky and Lott 2006], etc., for local index). In this case one
considers universal differential forms (as in the same paper), and Duhamel’s formula
for the heat operator having infinitely many terms. Instead, one makes essential
use of the results of [Azzali et al. 2015] to ensure that (1) is well defined in the
noncommutative case. We achieve this result by generalizing Azzali, Goette and
Schick’s arguments to some Sobolev spaces.

The rest of the paper is organized as follows. In Section 2, we define Sobolev
norms on the spaces of kernels on the fibered product groupoid. Unlike [Azzali
et al. 2015], we consider Hilbert—Schmidt type norms on the space of smoothing
operators. Given a kernel, the Hilbert—Schmidt norm can be explicitly written
down. As a result, we are able to take into account derivatives in both the fiberwise
and transverse directions, with the help of a splitting similar to [Heitsch 1995].
In Section 3, we turn to proving that having positive Novikov—Shubin invariant
implies positivity of the Novikov—Shubin invariant in the Sobolev settings. We
adapt an argument of Alvarez Lopez and Kordyukov [2001]. In Section 4, we apply
the arguments in [Azzali et al. 2015] and conclude that the integral in equation (1)
converges in all Sobolev norms, and hence obtain the regularity of the L2-analytic
torsion form.
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2. Preliminaries

In this section, we will define Sobolev norms on the space of kernels on the fibered
product groupoid.

2A. The geometric setting. Let Z — M = B be a fiber bundle with connected
fibers Z, = 7~ '(x), x € B. Let E 2 M be a vector bundle. We assume B is
compact. Let V :=Ker(dwr) C TM.

We suppose that there is a finitely generated discrete group G acting on M from
the right freely and properly discontinuously. We also assume that the group G
acts on B such that the actions commute with = and My := M/G is a compact
manifold. Since the submersion 7 is G-invariant, M is also foliated and we denote
its foliation Vj. Fix a distribution Hy C TM, complementary to Vj. Fix a metric
on Vj and take a G-invariant metric on B, then these induce a Riemannian metric
on Mg by g @ n*g"™ on TMy = Vo ® Hy.

Since the projection from M to My is a local diffeomorphism, one gets a G-
invariant splitting TM = V & H. Denote by P and P respectively the projections
to V and H. Moreover, one gets a G-invariant metric on V and a Riemannian
metricon M by g™ =gV @rn*g™ on TM =V O H.

Given any vector field X € I'*°(TB), denote the horizontal lift of X by X e
['*°(H) C T'*°(TM). By our construction, |XH|gM(p) = |X|g, (m(p)).

Denote by u, and up respectively the Riemannian measures on Z, and B.

Definition 2.1. Let E 5 M be a complex vector bundle. We say that F is a

contravariant G-bundle if G also acts on E from the right, such that for any v € E,

g€G, p(vg) = (v)g € M, and moreover G acts as a linear map between the fibers.
The group G then acts on sections of E from the left by

s> g's, (g5)(p)i=s(pg)g ' ep '(p),  forall pe M.

We assume that E is endowed with a G-invariant metric gg, and a G-invariant con-
nection VE (which is obviously possible if E is the pullback of some bundle on Mj).
In particular, for any G-invariant section s of E, |s| is a G-invariant function on M.

In the following, for any vector bundle F we denote its dual bundle by F".

Recall that the “infinite dimensional bundle” over B in the sense of Bismut is
a vector bundle with typical fiber I'2°(E|z,) (or other function spaces) over each
x € B. We denote by E, such a Bismut bundle. The space of smooth sections on
E, is, as a vector space, I'°(E). Each element s € I'>°(E) is regarded as a map

x> 5|z, €T°(E|z) forall x € B.
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In other words, one defines a section on E}, to be smooth if the images of all x € B
fit together to form an element in I"2°(E). In particular, I'°((M x C),) = C°(M),
and one identifies '°(TB ® (M x C),) with ®°(H) by X ® f > fX1.

2B. Covariant derivatives and Sobolev spaces. Let VE be a G-invariant connec-
tion on E. Denote by VI'M VT8 the Levi-Civita connections (with respect to the
metrics defined in the last section). Note that [X/, Y] € ['®(V) for any vertical
vector field Y € I'*°(V). One naturally defines the connections

V'Y :=[X", Y] forall Y€ T®(V) = T>(V),

Vf’s = Vst forall s e T°(E,) =T (E).

Definition 2.2. The covariant derivative on E}, is the map

vE . Foo(®.T*B ® "V, ® Eb) - Foo(®o+lT*B ® "V ® Eb>,
defined by
@) (V) (X0, X1y, X3 Vi, 1)

E W
=V s(Xin X YY) = Y s(Xi X Y Vy Y )

l
0
1

J

= s(Xi. L VREXG L XYL,

i=1
forany k,l e N, Xg, ..., Xy €T°(TB), Y1, ..., Y, e (V).
Clearly, taking the covariant derivative can be iterated, which we denote by

(VED)’", m=1,2,.... Note that (VEb)m is a differential operator of order m.
Also, we define

v . (®'T*B Rev& Eb) N 1"°°(®'T*B K&V R E)
by
3) (3Vs)(X1..... X1 Yo, Y1,..., Y))
l
=VESX o X YY) = Y s(X e X Y PV (VMY LY.
j=1

In the following definition, we regard (VZ) (3V)/s e T®(®'H' R @' V' Q E,).

Definition 2.3. For s € I'°(E), we define its m-th Sobolev norm by

) Isllz = > f i f , [(VEY @) s () e () e ().
X€E yeZy

i+j<m
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Denote by W (E) the Sobolev completion of I':°(E) with respect to || - ||,

Recall that an operator A is called C°-bounded if in normal coordinates the
coefficients and their derivatives are C°°-bounded.

Since M is locally isometric to a compact space My, it is a manifold with bounded
geometry (see [Shubin 1992, Appendix 1] for an introduction). Moreover, V£ is a
C*°-bounded differential operator, because by G-invariance the Christoffel symbols
of V£ and all their derivatives are uniformly bounded. Using normal coordinate
charts and parallel transport with respect to V as the trivialization, one sees that
E is a bundle with bounded geometry.

Since the operators V£ and 9" are just respectively the (0, 1) and (1, 0) parts of
the usual covariant derivative operator, our Definition 2.3 is equivalent to the standard
Sobolev norm [Shubin 1992, Appendix 1 (1.3)] (with p = 2 and s nonnegative
integers).

One has elliptic regularity for these Sobolev spaces:

Lemma 2.4 [Shubin 1992, Lemma 1.4]. Let A be any C*°-bounded, uniformly
elliptic differential operator of order m. For any i, j > 0, there exists a constant C
such that for any s € I'°(E)

sllivm < CClAsli £ lIs]l)-

Remark 2.5. Throughout this paper, by an “elliptic operator” on a manifold, we
mean elliptic in all directions, without taking any foliation structure into considera-
tion. We use the term “fiberwise elliptic operators” to refer to differential operators
that are fiberwise and elliptic restricted to fibers.

2C. The fibered product.
Definition 2.6. The fibered product of the manifold M is
MxpM:={(p,q) e M x M :7m(p)=mr(q)},
and with the maps from M x g M to M defined by
s(p,q):=q and t(p,q):=p.

The manifold M xp M is a fiber bundle over B, with typical fiber Z x Z. One
naturally has the splitting [Heitsch 1995, Section 2]

TMxgM)=H®V,® Vs,
where Vg := Ker(dt) and V; := Ker(ds).

Note that Vy, = s*V and V; = t*V. As in Section 2A, we endow M x g M with
a metric by lifting the metrics on Hy and V. Then M x g M is a manifold with
bounded geometry.
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Notation 2.7. With some abuse in notation, we shall often write elements in M x g M
as a triple (x, y,z) and s(x, y,z) = (x,2),t(x,y,z2) = (x,y) € M, where x € B
and y, z € Z,.

Let G act on M x g M by the diagonal action (p, q)g := (pg, qg). Let E -~ M
be a contravariant G-vector bundle and E’ be its dual. We shall consider

E— MxgM:=t'EQs*E’.
Given a G-invariant connection VE on E, let
VE = #VE @idg g + idpg @5*VE

be the tensor product of the pullback connections. Fix any local base {eq, ... e}
of E on some U C M. Any section can be written as

-

*

s = E U se;
i=1

ons~!(U), where u; € T (¢*E). Then by definition we have for any vector X on M,

r r
5 VXE (Z U; ®S*ei) = Z(V}t{*Eul) ®S*ei + u; ®s*(vd£i/(x)ei)-
i=1 i=1

Similarly to Definition 2.2, we define the covariant derivative operators on
(@ T"BQ @ (V/) Q@ (V) Q Eb).
Definition 2.8. Define

(VEY)(Xo. X1, Xi: Yoo Y1 Z0 o Z0)

E,
= VXO‘(/[(XI’--WX/(;Yly--'aYlaZI,-“le/)

Vi
=Y VX XYLV Y YL 20 )
1=<j=i
Vi
= Y VX XY Y20V 2 )
l<j=<l’

— > VX1 VX X Y N 20 2),

1<i<k
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and
(és,ll,)(Xl""’Xk;YO7Y17"'7YI7ZI,"'7ZI/)
= Vf%l//(xl,---,xk;Yl,---,Yl,Zu---,Zl’)

- Z /ll,(Xl""’Xk;Yl!“'7PVS(v£)MYj)’"'7YI7ZI""’ZI,)
1<j<l

— > X X YL 2y PY Y0 2, 2,

I<j<l
and
(étw)(Xl""’Xk;Yl""’}]l’ZO’ZI""’Zl/)
= VYI'Z‘([/(X17,X/{7YI’szlaZ()’le’Zl/)

- Z w(Xl1""Xk;Yl""’PVS[ZO’YJ']’"‘7}/I’Z1""7Zl/)
1<j<l

=YX X VL Ze e PV (VEM Z)) L 20,
l<j<l

Given any vector fields Y, Z € V, let Y®, Z' be respectively the lifts of ¥ and Z to
V, and V;. Then [V, Z] = 0. It follows that as differential operators, [8s ] 1=0.
Also, it is straightforward to verify that [VE“ 5s ] and [VEb ot ] are both zeroth
order differential operators (i.e., smooth bundle maps).

Fix a local trivialization

Xo T '(By) = By X Z, pr> (m(p), ¢*(p)),

where B = J,, B, is a finite open cover (since B is compact), and ¢*|,-1(,): Zx = Z
is a diffeomorphism. Such a trivialization induces a local trivialization of the fiber
bundle M x g M > M by M = M, My := 7~ (B,),

7 (Mo) > Mo X Z, (p.q) = (P, 9%(9)).
On M, x Z the source and target maps are explicitly given by
(©) s0 (k)7 (p.2) = (x) ™ (W(p),2) and £ o (£) ™' (p, 2) =
For such a trivialization, one has the natural splitting
T(MyxZ)=H®V*DTZ,

where H* and V* are respectively H and V restricted to M, x {z}, z € Z. It follows
from (6) that

“=dxy(Vs) and TZ=dx,(Vy).
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Given any vector field X on B, let X7, X A pe respectively the lifts of X to H
and H. Since dt(X™) = ds(Xx™) = X" it follows that

di, (XY = XH* 1 dg®(xH).

Note that dp*(X") e TZ C T (M, x Z).

Corresponding to the splitting T (M, x Z) = H* @ V* @ TZ, one can define
the covariant derivative operators. Let VM be the Levi-Civita connection on
M,, and V77 be the Levi-Civita connection on Z. Define for any smooth section
¢ € T¥(@TBR® (V) Q& T*Z, Q(; ") Ey),

(va¢)(X0’X1""’Xk; Y]""’ YZ7Z1""?ZI/)
= (V) xmed (Xt Xii V1o Y 21 Z0)

=Y dXi o X V(XYY 20 Zy)

1<j<l

= pXi XY N Zy X 2, 2
1<j<l

- Z ¢(X17 VXO "‘7Xk;Yl""?”l7zl""’zl/)$
1<i<k

and
(éa¢)(X]?“"Xk; YO’ Yl""’Yl’Zl""7Zl/)
= VEYe Xy, X Y, YL 2y Zy)
- Z (p(Xla-'-’Xk;Yla-~~’PVO((VYZMO(IIJI)7"'7Y17ZI7"'9ZI/)

= > X XYY 2y PTG Z L 2,

and
(3%0) (X1, ..., Xi; Vi, oo Vi, Zoy Zos ooy Z1r)
:(x(;kva)ZO¢(X19“‘$Xk; Yl!“‘,Yl$ ZO’ Zl,...,Zl/)

~ Y X X Y P20V Y 2 Z)
1<j<l

= Y oKX XY Y2y V2 2.

1<j<l

Consider the special case when ¢ = u ® s*e, where u € I'**(@°T*BQRQ*(VY), @ t'E)
and ec IT'® (R T*Z,QE").
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Lemma 2.9. For (x,y,z) € My X Z, one has
Ve (U@ se)(x, v, 2) = (VE Ul iy (x, 1)) ® s (e(x, 2) +u @ s*(VEe(x, 2))

and 3% (u @ s*e) (x, v, 2) = (3 u|p, x(z) (X, ¥)) ® 5™ (e(x, 2)).

Proof. It suffices to consider the case when Y;, Z are respectively vector fields
on M, and Z lifted to M, x Z. From this assumption it follows that [Y;, Z;] =
[Xéq . Z ;1 =0. The lemma follows by a simple computation. O

We express the (pullback of) covariant derivatives Vébw, ER Y and at Y in terms
of VY, 3%y and %%, where Y@ := (x;l)*w. One directly verifies

(7) (vaW)(XO,Xl,,Xk,Yl,,Yl,Zl,,Zl/)
= (x(x_l)* (V(ax(l)"l"‘+d¢a(xgl))wa(xla’kadx()l(Yla7 Ylvzlv"'vzl/))
= Y YU (Xp o Xidxo Yy X dxGY), dxa Y dXe(Zy, - Z0)
1<j<l
_ Z V(X1 X dxo (YY) dxo Zy, o [XE + de® (X, dXoZ)), ... d X Zy)

I<j<l

-3 w“(xl,...,v§fxi,...,xk;Yl,...,n,zl,...,zp))

1<i<k
= (x, (VY Xo, X1, Xis V1o Y, 20, Zy)
+ 32X, X Y1, Y, do*(XED, 24, ., Z)
+ 3 Y (X Xerdxo (Vo X)), da Zy, o (VT2 (X (A0 Z)). ... dXo Z)).
I<j<l

By similar computations for 3* and 8%, one gets:

®) (°Y)(Xi1,....Xe: Yo, Y1,... Y1, Z1, ... Zp)
= (x(x_l)*(éawa(xl7""Xk;dxa(YO7Y17"‘7Yl’Zl""7Zl/))7

and
©) (") Xtyeos X Y1se Y1, Z0, Z1 s Z1)
= (x, D (%9 (X1,.... Xisdxog(Y1,.... Y1, Zo, ..., Z1)))
+ > Y (Xie X dxa (V.. Vi) dX o 2y,

l<j=<l

o (Vif g dxe Z; — dxo (PYVIM Z)), . dxo Zy)).
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2D. Smoothing operators. For any (x,y,z) € M xg M, letd(x, y, z) be the Rie-
mannian distance between y, z € Z,. We regard d as a continuous, nonnegative
function on M x g M.

Definition 2.10. (See [Nistor et al. 1999]). As a vector space,

For any m € N, ¢ > 0, there exists C;, > 0
W X°(MxgM,E):={V¥ € FOO(E) : such that for alli + j +k <m,
[(VE) (0%)7 (") | < Ce™*.

The convolution product structure on W_*°(M x g M, E) is defined by

wl*WZ(-x’ Yy, Z) ::/; WI(X» Yy, w)WZ(X,W, Z)/-’Lx(w)

We introduce a Sobolev type generalization of the Hilbert—Schmidt norm on
W_*°(Mx M, E)S, the space of G-invariant kernels. Since G is a finitely generated
discrete group and acts on M freely and properly discontinuously, then there exists
a smooth compactly supported function y € C2°(M), such that

Y ogx=1

geG

In particular, one may construct x as follows. Denote by 7w the projection
M — My = M/G. There exists some r > 0 and a finite collection of geodesic
balls B(py, r) of radius r such that B(py, r) is diffeomorphic to its image in My
under 7, and moreover {B( Pa> %r)} covers My (since My is compact). Since G
acts on M by isometry, mg(B(pug, 7)) = g (B(py, r)) for all g € G. Thus one
may without loss of generality assume that B(p,, r) are mutually disjoint.

Define the functions f € C*(R), Fy, F € CX°(M) by

ft):=e" " ifr >0, 0ifr <0,
—1

Fup) =1 (1= 2. p0) (£ (3. p) 1) 4 1 (1 = 2d(p. p0)) - pem,

F ::ZF""
o

Note that F' is well defined because Fy, is supported on B(py, 1), which is locally
finite. Since by construction
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is a locally finite cover of M, }_, g*F is also well defined. Define

X = F(Xg:g*F)_l.

Then clearly x is the required partition of unity. Moreover, observe that x /2 is
a smooth function because f!/? is smooth and all denominators are uniformly
bounded away from 0.

For any G-invariant y e W (M xpM, E )@, recall that the standard trace of ¥ is

try () (x) 12/ X (x, ) (¥ (x, 7, 2)) e (z) € CT(B).

72€Zy

The definition does not depend on the choice of x. The corresponding Hilbert—
Schmidt norm is

(10) /B(trw(ww*)(X))zuB(x)
=/B/ZX(x,z)/Ztr(w(x,z, WV, vy 2) e (0) e (2) 15 (X))

Note that equation (10) coincides with the L?-norm of . Generalizing (10) to
taking into account derivatives, we define:

Definition 2.11. The m-th Hilbert-Schmidt norm on W_*°(M x 3 M, E )C is defined
to be

Wlsn= 3 /B/ZX(X’Z)/Z

i+j+k<m x

(VEY @) Yy x, v, e () (R s (),

for any G-invariant element . Let U, (M xp M, E)¢ be the completion of
W (M xpM, E)¢ with respect to || - |z m-

Similar to Lemma 2.4, one has elliptic regularity for the Hilbert—Schmidt norm:

Lemma 2.12. Let A be a G-invariant, first order elliptic differential operator, then
foranym =0, 1, ..., there exists a constant C > 0 such that

IV llasm+1 < CUAY lusm + 1Y [1m)
forall € W °(M x g M, E)C.

Proof. Define
S:={geG:x(g"x) #0}.

Then S is finite because {g* x} is a locally finite partition of unity.
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Consider (x (x, z))'/24. By the Leibniz rule, one has
(VEY @) @ x Py = x AIEY Y @y

modulo terms involving lower derivatives in . Since (x (x, z))'/? is smooth with

bounded derivatives, there exists some C; > 0 such that for any (x, y,z) e M xp M,

aAn | Y (VB @@ P Px Y (VB @ @ |y )
i+ jt+k<m i+j+k<m
sZg*x(a > |(V’§b>"(éS)f<é’>"z/f|2)(x,y,z).
ges i+j+k<m—1

12 _

Similarly, since A x x'/2A is a C*°-bounded tensor, one has

12) | Y [ VEY @ @ Aax Pl - Y [(vEY @ @9 Ay
i+j+k<m i+j+k<m
sZg*x(Cz > |<Vﬁb>f(éw‘(é’>kw\2).
ges i+j+k<m

Since the integrand is G-invariant, for any g € G

/M REED> (VB (8% 0 1 (0t @)1t 00) = 1 g s

i+j+k<m—1

Observe that A being G-invariant implies A is uniformly elliptic and C°°-bounded.
Therefore applying Lemma 2.4 for (x (x, z))'/?¢, there exists a constant C3 > 0
such that

/M . S VEY @ @O e () @ ()

i+j+k<m+1
<G ( / S OVEY @) @ Ax ) 1 )i () (x)
MxM 4 it k<m
“,
MXBM

. 1 PR P 2
D VEY @ @Y )| m(y)m(zm(x)).
i+jtk<m

Then by equations (11) and (12), we get the lemma. (]

2E. Fiberwise operators. We turn to considering another class of operators and a
different norm.
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Definition 2.13. A fiberwise operator is a linear operator A : '2°(E,) — WOE)
such that for all x € B, and any sections s1, 52 € ['?°(E)),

(Asp)(x) = (As2)(x),

whenever s1(x) = s2(x).

We say that A is smooth if A(I'2°(E)) C I'°(E). A smooth fiberwise operator A
is said to be bounded of order m if A extends to a bounded map from W (E) to
itself.

Denote by [|Allop/ the operator norm of A : W™ (E) — W™ (E).

Example 2.14. Examples of smooth fiberwise operators are W (M xp M, E),
acting on W™ (E) by vector representation, i.e.,

(Ws)(x,y)::fz V(x, y, 2)s(x, ) (2).

Notation 2.15. For the fiberwise operator A : I'>°(E,) — WO(E) which is of the
form given by Example 2.14, we denote its kernel by A(x, y, z). We shall write

[AllEsm = 1A, ¥, 2) lHS m)
provided A(x, y, z) € \TJ,;C’O(M xgM, E).
The following lemma enables one to construct more fiberwise operators:

Lemma 2.16. Let A be any first order, C*°-bounded differential operator on M
and ¥ € W (M xp M, E) be as in Example 2.14. Then [A, ¥] is a fiberwise
operator in W °(M xg M, E).

Proof. Since multiplication by a tensor or differentiation along V is fiberwise, all
that remains is to consider operators of the form V)fH , for some vector field X on B.

Let L;,f =dv"i x# +ixnd vV’ where d¥" is the twisted de Rham operator. In the

remainder of this paper, the Lie derivatives are all defined in this way.

Let s € I'2°(E) be arbitrary. We first suppose that Z is orientable and p, is a
volume form. By the decay condition in Definition 2.10, one can differentiate under
the integral sign to get

Aws(r.2) = [ L0y, 256 i)
=/Z(L§,f¢(x,y,z))s(x,y)ux(y)+/zw(x,y,z)(L,st(x,y))ux(y)

+ /Z Y(x, 3, s Y (L e ().

The second term in the last line is just ¥ As. Hence the result.
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For the general case, one can take a suitable partition of unity and integrate over
local volume forms. Then one obtains a similar equation. (]

Let A be a smooth fiberwise operator on I'S°(E}). Then A induces a fiberwise
operator A on I'°(E}) by

(13) A ®s%) 1= Aup, () @ (5%)

on t~'(M,) = M, x Z, for any sections ¢ € '*°(E’) and u € I'*(+*E), and
Y =u®se e TO(E).

Note that A is independent of trivialization since A is fiberwise, and for any «,
and z € Z, the transition function xg o (x¢)~!' maps the submanifold Z, x {z} to
Z X {(pf o ((pg)_l(z)} as the identity diffeomorphism. If ¥ is a kernel and A is a
fiberwise smooth operator, AY is also a kernel and is given by AW,

2F. The main theorem. Suppose that A is smooth and bounded of order m for all
m € N. Consider the covariant derivatives of Ayr.

Theorem 2.17. For any smooth bounded G -invariant operator A, there exist con-
stants Ci}l, C6,0 > 0 such that for any ¥ € W °(M x5 M)® one has Ay €
W (M x 3 M)® and

1AY llus1 < (C] 11 Allop1 + €1 oll Allop) 1¥ [l 1-

Proof. Fix a partition of unity {6,} € C2°(B) subordinate to { B,}. We still denote
by {6,} its pullback to M and M x g M. Fix any Riemannian metric on Z and
denote the corresponding Riemannian measure by 7. Then one writes

(fa)*(,ux,uB) = Jumplz,

for some smooth positive function J,. Moreover, over any compact subset of
B, x Z, 1/J, is bounded.

Given any y € W_ (M xp M YO, let Y& 1= X (¢). The theorem clearly follows
from the inequalities

(14) / f X(x,2) / IV A0 )P (0) o (2) i ()
BO( Z.\' ZX
<(CllI Al + C2ll AN DIV s 1
(15) / / x(x.2) f 0% AOo ™) 11 () () s ()
B, JZ, Zy
<(CLlIAlG, + C2ll AN DIV s 1

(16) fB / x| 107 ABu ™) e (9) x (D1 () < N AN 01 s 1 -
x YELx
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Let Z =, Z, be alocally finite cover. Then the support of x6, lies in some
finite subcover. Let x, be the characteristic function

1 if (x6y)(x,2) >0,
Ko X, 2) = {O otherwise.
Without loss of generality we may assume E’|z, are all trivial. For each A fix
an orthonormal basis {e}'} of E’|p,xz,, and write ¥* := Y u* ® s%’. Using
Lemma 2.9, one estimates the integrand of the left-hand side of equation (14). Then
there exits a constant C3 > 0O such that

IV (A6 )| (x, v, 2)
2

D (VE AL (] |, x(:) (1, ) @ 8e) + (Aboit}) @ 5™(VEe])
;

J 2 2
= Gy Y (IVE AO bt x 1) (e, 0+ (AB ) @57 (VEel)| )
p
By integrating, one gets for some constants Cy, g =4, ..., 10, that
/ f X, 2) / 9% A ®) P () 1 (2 ()
By VZ, Zy
. 2
SC“Zf / / (V5 A g o) (5, V)|
V7 Be VZ: T
2
+ [(AOu}) ® s*(VEel) | ) x () 1tp () 102 (2)
. 2
=3[ [ [ E (A (Y56, o)
w V7 By V7,

18" 00 U Lt e 12) (6, | A [ 0 Lat 2 (6, 9[)

+ Coll AllopolBate* | ix (s 1)z (2)
st / f Jo(CllAI2 1 + Csll Allopo) (|Vo6u |’

3 Z), JBy JZ,

+ 000 |* + [0 00 |* + [Bata | s (D ip () 122 (2)
< [ [ 5 [ (€141, 1+ ColAloo) (9550090

B JZ, Zy

35 O | + |02 0t [P + |20t [P) e () it (2D 125 ().
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Now we use an argument similar to the proof of Lemma 2.12. Namely, write the
integrand as a sum

Xa([VEXZ O + |92 Out) | + |3 %20t [ + %2 @uv) )

=3 tad X (VIS @) P+ 855 O [ +|8 5% Ot [P+ Gat) ).
ges

Then since for all g

fg*x(|Vﬁbx;(9aw)|2+|éSx;<eaz/f>|2+|é‘x;<eaw>|2+|x;(eaw>|2)=||w||H51,

equation (14) follows.

Using the same arguments with 3¢ in place of V<, one gets (15).

As for the last inequality, since £*E |y, x () and the connection (x;')*V*"E" are
trivial along exp tZyp, one can write

V2 (Au®s’e) 2% =041 jexprz) @57+ u@Vs Es'e
=A (% |f=0u |Max{e><p tZ}) ®s'e+ M®V2E,S*e = A(Vgo(u@)s*e)).
It follows that
87 Ay = A7y,
from which (16) follows. 0

Clearly, the arguments leading to Theorem 2.17 can be repeated and we obtain:

Corollary 2.18. For any smooth bounded operator A and m =0, 1, . . ., there exists
C,’n’l > 0 such that for any ¥ € W >°(M x g M)© one has

LAY s m 5( > cm,znAuopz)uwmsm.
0<I<m
Notation 2.19. In view of Corollary 2.18, we shall denote
1A llopm = ( > cm,znAnop,).
0<i<m

We may assume without loss of generality that C,, ; > 2. Then one still has

(17) ”AIAZHOp’m = ”Al”Op’m”AZ”op’m-
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3. Large time behavior of the heat operator

In this section we will prove that under the condition of the positivity of the Novikov—
Shubin invariant, the heat operator also convergences to the projection operator
under the norm || - ||gs m-

3A. The Novikov—Shubin invariant. Let M — B be a fiber bundle with a G action,
and TM = H @V be the G-invariant splitting, as defined in Section 2A. Recall that
we assumed the metric on H = 7*TB is given by pulling back some Riemannian
metric on B. In other words, V is a Riemannian foliation.

Let E — M be a flat, contravariant G-vector bundle, and V be an invariant flat
connection on E. Denote E* := A'V'Q E.

Since the vertical distribution V is integrable, the de Rham differential d‘Y -
along V is well defined. Write 0 := d‘YE + (d‘YE)*, A= 5%, and denote by e~'4
the heat operator and I the orthogonal projection onto Ker(A).

The following result is classical: See, for example, [Bismut 1986, Proposition
2.8] and [Heitsch 1995, Proposition 3.5].

Lemma 3.1. The heat operator e™'4 is given by a smooth kernel. Moreover, for

any first order differential operator A, one has the Duhamel type formula

t
(18) [A, e ] =— / e~ =DAA Ale™ " ar.
0

From Lemma 3.1, it follows that:
Corollary 3.2 [Heitsch 1995, Corollary 3.11]. Forany i, j, k, there exist C, M > 0

such that
[((VEY @Y @ e (x, . 2) < CeT M0,

Hence e % € W2°(M x 3 M, E*)C.
As for Iy, one has

Lemma 3.3. The kernel of ITy lies in W, (M x g M, E*)°.

Proof. By [Gong and Rothenberg 1996, Theorem 2.2] I1j is also represented by
a smooth kernel I1y(x, y, z). Moreover by the same theorem and the fact that
Iy = 1702, one has

Sup{/z x (x, Z)/Z [TTo(x, y,z)lzux(y)ux(z)} = |||l < oo,

xeB
where | - ||; is the T-trace norm defined in [Gong and Rothenberg 1996] (see also
[Azzali et al. 2015]).
Hence we are left to consider x, (x, y, z)ITo(x, y, z), where x, € C®°(M x g M)¢
is a sequence of smooth functions such that
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M O0=xn=1
(2) xn is increasing and converges pointwise to 1;

3) xn(x,y,z) =0 whenever d(y, z) > nr for some r > 0.

To construct yx,, let r > 0 to be the infimum of the injective radius of the fibers Z,,
and ¢; be a nonnegative smooth function such that ¢, (1) =1 if f < %r, ¢1(t) =0
if t > r. Then x; := ¢ od(y, z) is G-invariant. Define

Xn ‘= X1*---* x1 (convolution by n times).

Note that y,(x, y, z) > 0 whenever d(y, z) < %nr. Moreover, ¥, is G-invariant
and x,(x, v, z) =0 whenever d(y, z) > nr. Since )+ is bounded away from O on
the support of x,, clearly one can find smooth functions ¢, such that x, := ¢, o x,
satisfies conditions (1)—(3). O

Because of Corollary 3.2 and Lemma 3.3, it makes sense to define:

Definition 3.4. We say that A has positive Novikov—Shubin invariant if there exist
y > 0 and Cp > 0 such that for sufficiently large ¢,

xeB

SUP{L X(X»Z)/; |(€_[A—HO)(X,)’,Z)|2;LX(y);,Lx(Z)} < Cot™.

Remark 3.5. The positivity of the Novikov—Shubin invariant is independent of the
metrics defining the operator A.

Remark 3.6. Since e~/24 _IT is nonnegative, self adjoint and (e ~/24 —T)*> =
e~ — Iy, one has

Sup{f x(x, Z)f (€724 — M) (x. y. z)|2Mx(y)Mx(Z)} = lle™" — M.
Zy Zy

xeB

Hence our definition of having positive Novikov—Shubin invariant is equivalent to
that of [Azzali et al. 2015]. Our argument here is similar to the proof of [Bismut
et al. 2017, Theorem 7.7].

In this paper, we shall always assume A has positive Novikov—Shubin invariant.
From this assumption, it follows by integration over B that there exist constants
y > 0 and C > 0 such that for ¢ large enough

(19) le™ — Molluso < C1 77
3B. Example: The Bismut superconnection.
Definition 3.7. A standard flat Bismut superconnection is an operator of the form

av" = d\YE +VE 410,
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where © is the V-valued horizontal 2-form defined by
oxf, xy:=—pPV X[, x¥] forall X;, X, e I>®(TB),

and 1 is the contraction with ®. Note that PV is not canonical and it depends on
the splitting TM =V & H.

Observe that the adjoint of the Bismut superconnection,
@) = (@y") + (VE) = A,
is also flat. It follows that
(VE) (@) + (@) (V) =o.
Define
Q:= 1((v¥) - v¥).

Observe that 2 is a tensor (see [Alvarez Lépez and Kordyukov 2001] for an explicit
formula for 2). Moreover one has

VE (@Y + (aY") VE =20y ) +2(aY") Q.
Also, observe that (d‘YE) + (d‘YE)* +VE 4+ ((VED.)/)* is an elliptic operator.

3C. The regularity result of Alvarez Lopez and Kordyukov. We first recall that an
operator A is called C*°-bounded if in normal coordinates the coefficients and their
derivatives are uniformly bounded. As in [Alvarez Lépez and Kordyukov 2001],
we make the more general assumption that there exists C*°-bounded first order
differential operator Q, and zero degree operators Ry, Ry, R3, R4, all G-invariant,
such that d‘Y f 4 (dy E)* + Q is elliptic, and

(20) Qdy’ +dy Q=Ridy +dy R,
Q@Y ) + (@Y ) 0 =Ry(dy")" + (@Y )" Ra.
Clearly, in our example, V5 + ((V5)")" satisfies Equation (20).

Write 0¢ := d‘Y gus (d‘Y E)*, A= 5(2), and denote by I1,, and Iy respectively

the orthogonal projections onto the range of d  and (dy )", which we shall denote
by Rg(dy) and Rg(dy).
In this section, we shall consider the operators

By := R]Hdv + R3Hd‘*/, B; = Hd;Rz +HdVR4, B .= By Iy + B (id —Iy).

We recall some elementary formulas regarding these operators from [Alvarez Lépez
and Kordyukov 2001]:
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Lemma 3.8 [Alvarez Loépez and Kordyukov 2001, Lemma 2.2]. One has
QadY" +dy 0 =Bdy" +dY" B,
Q(dy") + (@) @ =Bi(dy")" + (@) B>,
[Q, A]=B1A — AB; —0o(B1 — B2)0p.
One can furthermore estimate the derivatives of I1,. First, recall that

Lemma 3.9. One has (see [Alvarez Lépez and Kordyukov 2001, Corollary 2.8])
[Q+ B, IT)] = 0.
Proof. Here we give a different proof. From definition we have
B = (I1g; Ry + I14Ra) o + Ri I1a, + R34,
where we used Iy, [Ty = Hd; Ily = 0. Hence
BIly—ITyB = (I1g; Ry + g, Ra) 1y — Iy R I14, — TToR311 ;.
For any s one has
M;,s = lim ds,,
n—oo
for some sequence §, (in some suitable function spaces). It follows that
H()R]Hdvs = lim HOR1d§1 = lim H()(Qd‘YE —f—d‘YE Q —d‘YE R2)§1 = HOQHst.
n—oo n—oo
Similarly, one has I1yR3 Hd; =TI QHd; and by considering the adjoint,
Hd"; R Iy = Hd‘*/ QOIly and Hd"; RuIly = Hd"; oIl.
It follows that
[Q + B, I)] = (id —Ia, — g;) Q1o — [y Q(d —11g, — I1g;) = 0. U
In other words, regarding [Q, I1p] and [B, I1y] as kernels, one has

”[Q’ HO]“HSm = ”[Ba HO]”HSm,

provided the right-hand side is finite. Hence, using elliptic regularity and the same
arguments as Lemma 3.3, one can prove inductively that

o(x,y,z) €WV, (M xp M, E*) forall m.
Next, we recall the main result of [Alvarez Lépez and Kordyukov 2001]

Lemma 3.10. Foranym =0, 1, ...,
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(1) The heat operator e™*2, and the operators dye "2, Ae™" map W™(E) to
itself as bounded operators. Moreover, there exist constants Cgl, C ,1n C,%l >0
such that

—tA —tA 1 —tA —1,-2
lle ! ||0pm<C 10 e ! ||0pm<t ZC | Ae ! ||opm<f C

forallt > 0.

(2) Ast — oo, e "4 strongly converges as an operator on W™ (E). Moreover,
(t,5) — e "5 is a continuous map from [0, 0o] x W™ (E) to W™ (E).

(3) One has the Hodge decomposition
W™(E) = Ker(A) + Rg(A) = Ker(dy) + Rg(Dp),
where the kernel, image and closure are in W™ (E).

Note that our case is slightly different from that of [Alvarez Lépez and Kordyukov
2001], where M is assumed to be compact (but with possibly noncompact fibers).
However, the same arguments clearly apply because our M is of bounded geometry.

We recall more results in [Alvarez Lépez and Kordyukov 2001, Section 2].

Lemma 3.11 [Alvarez Lépez and Kordyukov 2001, Lemma 2.4]. For any m > 0,
there exists a constant C3 > 0 such that

IQ, e llopm < C;..

Proof. Using the third equation of Lemma 3.8, equation (18) becomes

t t
[Q,e_’A]:/e_(’_’ )A80(81—82)50e_’Adt/—/e_(’_t A(BIA—ABy)e "4 dr.
0 0

Using Lemma 3.10, we estimate the first integral

As for the second integral, we split the domain of integration into [O, %t] and [%t, t],
and then integrate by part to get

<|IB1 — Ballopm(C,,)? /

t
7(17?’)AE§ B _B 6 —t'A dt/
/06 o(Bi 2)0pe m

opm

=[1B1 — Ballopm(C,)* 7.

t
/ e~ DABIA— AByYe A dr
0

t/z / ! ! / /
= / e”"DAA(=By — Bye " dt’ — / e UTDAB - By Ae™ "4 dr

1/2 /
_e~t=Ap, esz

/ !
4o U=AR 714
t'=0 t/_z/2
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Again using Lemma 3.10, its || - [|op,-norm is bounded by

V2 qr Ldt
oA 1B+ 1Belopm){ |25+ [ A) -+ CACH+ DUl + Bl
0 t/2

which is uniformly bounded because fot/z 1/t —1t)dt' = ftt/z 1/t'dt’ =log2. O

Lemma 3.9 suggests that [Q + B, e~"4] converges to zero as t — oo. Indeed,
we shall prove a stronger result, namely, [Q + B, e 4] decays polynomially in the
Il - llgsm-norm for all m.

Lemma 3.12. Suppose there exist C,,, y > 0 such that |le="* — ITy||usm < Cmt "7,
then there exist C,,, i > 0 such that

I1Q + B, e " lusm = I[Q + B, e — My |lusm < Cl,t 7.

Proof. We follow the proof of [Alvarez Lépez and Kordyukov 2001, Lemma 2.6].
By Lemma 3.8, we get

[Q + B, Al = (A(B1 + By) + 00(B1 — B2)d) (id —Ip).
It follows that ITo[Q + B, e~ /241 =[Q + B, e~ /2211y = 0. Write
[Q+B, e 4] =[Q+ B, e™24]e™2'4 4 ¢7HA[Q + B, ¢34
—[Q+ B, e 2 2(e " — My) + (774 —M)[Q + B, e~ 2'].
Taking || - ||gsm» and using Corollary 2.18 and Lemma 3.11, the claim follows. [J

Theorem 3.13. Suppose |le~'* — ITy|luso < Cot 7 for some y > 0, Co > 0. Then
for any m, there exists C,, > 0 such that

le™"4 — Mollusm < Clt™"  forall t > 1.

Proof. We prove the theorem by induction. The case m = 0 is given. Suppose that
for some m, |le="* — ITy|lusm < Cimt Y. Consider |le™"2 — ITyllusmt1-

Since Q is a first order differential operator, for any kernel ¢ € W_*°(M xp
M, E)C, [0, Y] 1is also a kernel lying in W_>°(M xpM, E*)Y, that is in particular,
given by a composition of the covariant derivatives V2, 3%, 3’ and some tensors
acting on . Since ||V ||us . is by definition the || - ||gs o norm of the m-th derivatives
of i, elliptic regularity (Lemma 2.12) implies

1V lusmi1 < Con (1% s m + 100V s m + 1% 0ollasm + 11Q, ¥1lusm),
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for some constant C‘m > 0. Put ¢/ = e~"4 — Iy. The theorem then follows from the
estimates

180(e™"4 — ITy) [lusm =l (e — ITy)To || s m

s( > CpllToe DA — Ho>||0pz> lle™ /P2 — Mo|lps m

0<I<m

<( et en ™.

0<I<m

I1Q, e — Molllusm <II[Q + B, e — Tyl|lusm + II[B, e~ — Mol |l usm

SC,/nt_y—{—2< > c,’n,,||B||0p,)cmz—V.

0<I<m

Note that we used Lemma 3.12 for the last inequality. ]

4. Sobolev convergence

In this section we will use the method of [Azzali et al. 2015] to prove that under
the condition of positivity of the Novikov—Shubin invariant the Z?-analytic torsion
form is a smooth form.

Let VE be a flat connection on E. Define the number operators on AH' @ AV’ ®
E by

p— — /
NQ'/\‘IH’®/\‘1,V’®E —q al‘ld N|/\‘1H’®/\‘1,V’®E —q .

In this section, we consider the rescaled Bismut superconnection [Berline et al.
1992, Chapter 9.1]

3(t) := At'2~Nel2 (g 4 @*)tNe/l?
=12 dy +dp) + (VE + (VEY) + 172 (— A +10)).

Denote

Dy:=—3(dy —dy), Qu=—3(V" = (VE)) =37 (=Aer —1t0),
D(t) :=t"*Dy+ Q,.

The curvature of 9(¢) can be expanded in the form:

3(t)> = —D1)> =tA+1'7Q, Dy + 12 Do, + Q2.
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Hence as a consequence of Duhamel’s expansion (see [Berline et al. 1992]), we
have
dim B
e~ 00’ _ DO _ 1A 4 Z/ e~ A (112, Dy + 112Dy + Qf)e‘”m
n=1 Y ro,... k) EX"

- (129, Dy 4 112Dy, + Q2)e A d B,
where " :={(ro, 71, ..., 1) €[0, 17" i g+ - 41, = 1}

4A. The large time estimate of the rescaled heat operator. In this section, we
follow [Azzali et al. 2015, Section 4] to estimate the Hilbert—Schmidt norms of
e~ (see Theorem 4.4 below).

Let y' := 1 — (1 +2y/(dim B + 2 +2y))~!, #(t) := ¢t7". Fix 7 such that
7(f) < (dim B 4 1)L One has the following counterparts of [Azzali et al. 2015,
Lemma 4.2]:

Lemma 4.1. Forc =0, 1, 2, there exists a constant C,, such that

|| («/;?)o)c/ze”w")z H < Cpr~/* foranyt > 1,0 <r < 1 (by Lemma 3.10);

op'm =
and foranyt >t,r(t) <r <1,
He”(DO)z HHSm <Cp(rt)™7 (by Theorem 3.13),
| (V100) 2 PoY || <Cur=2(rt) ™7 if ¢ = 1, 2(by Corollary 2.18).

We furthermore observe that the arguments leading to the main result [Azzali
et al. 2015, Theorem 4.1] still hold if one replaces the operator and || - ||; norm
respectively by || - [lop'm and || - [|us for any m.

The arguments in [Azzali et al. 2015, Section 4] are elementary, so we shall only
recall some key steps.

First, one splits the domain of integration X" = [ J, £(0

)Y where

n
,,,,, n} “r@),I°

o =400, ... r) i <P, foralli € I, rj =7 (1), forall j ¢ I}.
Define

1) K(t,n,I,co,...,cn;ai,...ay)

n
— / (II/ZDO)COe_")’A H(@?i (II/ZDO)Cie—I’ilA) ds",

F(t),1 i=1

forc; =0,1,2,a; =1, 2. Then one has
e_é(t)2 :eD(’)2 = ZK(t,n, I,co,...,cnsai,...,a,),

by grouping terms involving Dy together.
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We shall consider the kernels K (¢, n, I, cg, ..., cn; ay, -+ ,a,)(x, y, z) of the
terms in the summation above. Consider the special case when ¢; = 0, 1. One has
the analogue of [Azzali et al. 2015, Proposition 4.6]:

Lemma 4.2. There exists € > 0 such that as t — 00,

K@,n,I,co,...,cnya1,...,a,)(X,¥,2)
_[(PE sy oy )+ O ) if =2, all e =0
0% otherwise
in the || - ||gsm,-norm.

Proof. We first consider the case I = &. Suppose furthermore ¢, = 1 for some g.
By Corollary 2.18, The || - ||us»-norm of the integrand on the right-hand side of
(21) is bounded by

dq

H(l1/2D())CO€_r0tA ||

0 —Tg 0) e "
|(t1/2D )e q ||(t1/2D )C —r, tAH

opm || t llop'm o H HSm op'm

—cq/2

— 2 _ _
<C,r, <o/ crg (g t) T ey

< ClLFe)y "y,

Integrating, we have the estimate
IK(, n,co,...,cn5a1,...,a0) X, Y, 2)lusm < C,;t_’””’/(”/z”)/dﬁ”,

which is 0(:~) with & = y (1 — (dim B +2y)/(dim B +2 +27)).
Next, suppose I = @ and ¢; = 0 for all i. Write e"0"4~T0 1 T, and split the
integrand

(e—r()l‘AQtale—rll‘A . 'e_r"tA)(x, v, Z)

into 2"*! terms. If any term contains a e "'~ — 1 factor, similar arguments as

above shows that it is O(¢77). Hence the only term that does not converge to 0 is
(Mo Iy - - - TTo) (x, y, ).

Since the volume of E;’m’ ; converges to % as t — oo, the claim follows.

We are left to consider the case when [ is nonempty. Write I = {iy, ..., is},
{0,...,n}\I =:{ky, ..., ky} # &. For t sufficiently large I # {0, ..., n}. Suppose
¢y = 1 for some g ¢ I. Then we take || - [|s,-norm for (t'2Dgy)e "a'2 term, and
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estimate

|K(2,n,co,....,cnia1,...,a,)(x,y,2)|lHSm

(1) r(t)
- —cy/2 _ -
/ / (f Curg g gty e
{kp ey 20501 ) EX

r(t)I}
d(ry, ---rks,)) dri---dr.

As in the I = & case, the integral over {(ry,), ..., 7%, : (ro, ..., ) € E;‘(t“} is
O (%), while r(t) L’/z dri=0@77 ‘(=ci i/2)y. Agaln the claim is verified.
Finally if ¢; = O for all i € I, then

|K(t,n,co,...,cnia1,...,a,)(X,y,2)|lHSm

F(t) F(t)
—ci /2 :
/ / (/ o rks/))dril---dris
koot ):(r0, o) €,

HOR i
=0@77 (1—01'/2)).
U

One then turns to the case for some i, c; = 2. If I and J are disjoint subsets
of {0,...,n}with I ={iy,...,i-},and {0, ..., n}\ (I UJ) = {ko, ..., k¢} # 2,
denote

E;l(t),l,f ={(rg, ..., 1) € E;’(Z)’I :rj =r(t), whenever j € J},

and define
) pr@)
K@t,n, I, J,co,....chsai,...,a,) " —/ / / (t1/2Dy)<0e 7014
{(rko rkq) (royeees rn)ezr(,)]}
n
H(@?"(tl/zDo)c"e_r"’A){ o dUrkgy ... rr)dry---dry.
e i 4
=

Using integration by parts, one gets [Azzali et al. 2015, Equation (4.17)],

(22) K@t,n 1 U{ip}J; 2,0 Chyy s eees @iy s Qi )
K(t,n,I,JU{ip};...,0,...,ck0,...;...,a,-p,a,-pﬂ,...)
—K(t,n—1,1,];...,...,cko,...;...,a,-o+a,-p+l,...) q >0,
—l—K(t,n,IU{ip},JU{ko};...,0,...,ck0,...;...,aip,a,-pﬂ,...)

= +K(t,n,IU{ip},J;...,O,...,cko+2,...;...,a,-p,a,-p+,,...)
K(t,n,I,JU{ip};...,O,...,cko,...;...,a,-p,a,-p+l,...)
—K(t,n—l,I,J;...,...,cko,...;...,aio—I—a,-p+,,...) q=0.
+K(t,n,IU{ip},J;...,O,...,cko+2,...;...,ail,,ai,)+,,...)
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We remark that the proof of [Azzali et al. 2015, Equation (4.17)] does not involve
any norm, and therefore we omit the details here.

Using equation (22) repeatedly, one eliminates all terms with ¢; = 2.

On the other hand one has the following straightforward generalization of
Lemma 4.2 (compare with [Azzali et al. 2015, Proposition 4.7]):

Lemma 4.3. Suppose c; =0, 1. Ast — oo,

K(Zan91",7C0’"'cl’l;al""aan)(x9y’z)

_ {(mﬂoﬁa'ﬂo---ﬂo)(x,y,z)—l— O(t_y/) ifl =9,cq,...,cn =0

O(I_V/) otherwise,
for some y' > 0, in the || - ||usm-norm.
Thus the term K (¢, n, I, cg, ... cy; ay, . . . a,) converges to 0 unless

¢; =0 wheneveri € I, ¢; =2 wheneveri ¢ 1.

Then one follows exactly as [Azzali et al. 2015, Section 4.5] to compute the limit,
and concludes with the following analogue of their Theorem 4.1:

Theorem 4.4. Fork =0, 1,2 and any m € N,

lim D0 e (x, y. 2) = Mo(QUT)* e ™ (x, . 2)
— 00

in the || - ||usm-norm, where Q := —%(VEb — (VE)*). Moreover, there exits ¢ > 0
such that as t — o0,

| (D) e™D" — My e ™) (x, 3. 2) | g, = O,

4B. Application: the L*-analytic torsion form. Our main application of this the-
orem is in establishing the smoothness and transgression formula of the L?-analytic
torsion form. Here, we briefly recall the definitions.

On AT*MQE=NH Q ANV’ ® E, define Ng, N to be the number operators
of AH' =1 ' (AT*B) and A"V’ respectively.

Define

F 1) := Qav/—1) Y2 sry 7'N(1 + 20@)2)@—50)2)_

Then under the positivity of the Novikov—Shubin invariant, we have the following
well-defined L2-analytic torsion form:

Definition 4.5 [Azzali et al. 2015].

7= /OO{—FA(I) + % stry (NIp)
0

+<i dim(Z) rk(E) stry (Ip) — 1 strq,(NHo)) (1—20)e") %,
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In [Azzali et al. 2015], it is only shown that the form t is continuous. Next we
will show that indeed the form 7 is smooth.
Theorem 4.6. The form t is smooth, i.e., T € T (~NT*B).

Proof. Using [Berline et al. 1992, Proposition 9.24], the derivatives of the ¢-integrand
are bounded as + — 0. It follows that its integral over [0, 1] is smooth.

We turn to studying the large time behavior. Consider strQ™IN (e_a(’)2 — Iy)).
Using the semigroup property, we can write e 0()" =2~Na/2,=0(1/2)? ,=0(:/2)*Na/2,
Also, since str(NITy(2I1y)*/) = str([NITTo(QUTy), ITy(Q2Ty)>~']) =0 forany j > 1
one has

str(NTTo) = str(NITpe @M0%y = 27Na/2 str( N [Toe @10)° [ye @0y
Therefore
str(2*1N(e*5(‘>z— ) =27No/2gtr(27! N(eféo/zﬂefa(z/z)z_ e @My, e(szno)z))
=2"Ne/2gtr(2” INe—00/2? (e—a(t/2)2_ Hoe(QHO)Z))

+ 2_NQ/ZSU'(2_IN(e_a(t/Dz— Hoe(QHO)Z)Hoe(QHO)Z).

Now consider the L?(B)-norm of stry (2_1Ne_3(’/2)2 (e_m’/z)2 - Hoe(QH())z)).
To shorten notations, denote G := 2" Ne=00/2* (¢=00/2” _ [1,¢(@M)*) Writing G
as a convolution product, then there exists a constant Cy > 0 such that

/
N |

_ 2 _ 2 2
scof ( / X / e %D\ (x, 2, y)|e 02 — MTye @ |<x,y,z)ux(y)ux<z))u3(x)
B\JZ, JyeZz,

—8(t/2)?

2
up(x)

/ X (x,2) str(G(x, z, 7)) i (2)

X

2
up(x)

N _ 2 _ 2 2
/ xstr<3 / e 02 (x, 2,y) (7P — Mpe' M) (x, y, z)ux(y))uxw
Zy YEZy

‘e—a(t/zﬁ — [Ty’

2
5o

< Colle HZHSO}

where we used the Cauchy—Schwarz inequality three times. Since ||e~9¢/ 2? llgso is

bounded for ¢ large (by the triangle inequality), the expression above is o).
We turn to estimating its derivatives. For any vector field X on B,

Vi Bstry (G) = / (Lyn x (x, 2)) str(G (x, 2, 2)) 1 (2)
+ f 06 (LY S (G, 2, 2)) 1t (2)

+ / X (. ) (G (x. 2 2) Ly i (2)).
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Differentiating under the integral sign is valid because we knew a priori that the inte-
grands are all L'. Since Lyu 1, (z) equals i, (z) multiplied by some bounded func-
tions, it follows that the last term f X (x, 2)str(G(x, z, 7)) (Lxr iy (2)) is O(I*V/).

For the first term, we write Ly# x (x, z) = deG(g*X)(x, 2)(Lxw x)(x, z). The
sum is finite because Ly x is compactly supported. By G-invariance,

/(g*x)(x,z) str(G(x,z,z))ux(z)=fx(x,z) str(G (x, z, 2)) ux (2).

Since (Ly# x)(x, z) is bounded, it follows that [ (Lxx x)(x, z) str(G (x, 2, 2)) iy (2)
is also O(I_V/).

As for the second term, we differentiate under the integral sign, then use the
Leibniz rule to get that there exists a constant C; > 0 such that

71
Lyn | str(G(x,2.2))|

MHRMNV'QE _ 2 _ 2 2
scl< f Ly e 0D (x, 2, y)||e 0P — Moe M (x, y, 2)| e ()
Zy
_ 2 MH'QNVIQE 2 2
+ / PR (2 )| |LT (2 [Toe®@ (v )| ()
A

_ 2 _ 2 2
+ / e (x, 7, y)||e 70U — [Tpe M) (x,y,z)’SUPleHMIMx(y)>,
Zy
and

2
=l
/'/X(X,Z)(LXH Str(G(vavZ)))Mx(Z) we(x)
BlJz,
_ 2 _ ) 5 - s B ,
SCI(HE 0(t/2) ”12-181”6 a(t/2) _Hoe(ﬂno) ”2HSO+”e a(t/2) ”]2—13()”e a(t/2)
2 B ) ~ R S
— e @ |3, + sup | Lya el e =20 g e~ — Toe @7 | 3)
= O(t_y/)'

Clearly the above arguments can be repeated and one concludes that all Sobolev
norms of stry (G) are O(I_V/).
By exactly the same arguments, we have as t — 00,

stry (27N (e 70027 — [Ty @M% [, @10%) = 077,

in all Sobolev norms.
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As for stry (27 'N(D(1)2e~90?)), one has D(1)? =2(2~¥2/2D(£)*2Na/2)_ Thus

str\p( (D(t)2 -0’ )
= 27N/ gtry, (N (D (h1) 2600127 ¢00/D? _ [1o(QITy) e XM (@110

= 27 2 gtry, (N (D (L) 200D — [y (QTy) e @07 =0/27)
—0—Na/2 stry (NH()(QHO)ze(QHO)Z (6—5(1/2)2 _ 6(9170)2))’

which is also O(t~"") as t — oo by similar arguments.
By the Sobolev embedding theorem (for the compact manifold B), it follows that

—F(t) + % stry (NITp) + (§ dim(Z) tk(E) stry (ITg) — 1 stry (NITp)) (1 —21)e ™"

and all its derivatives are O (+™"") uniformly.

Finally, since all derivatives of the z-integrand in Definition 4.5 are L 1 derivatives
of 7 exist and equal differentiations under the z-integration sign. Hence we conclude
that the torsion 7 is smooth. O

Remark 4.7. If Z is L?-acyclic and of determinant class (see [Azzali et al. 2015,
Def. 6.3]), the analogue of Remark 3.6 reads

00 00
—tA dt —tA dt
/ le s o — ; / lle™" "l 5 <%
0 0

(note that I1y = 0 by hypothesis). Unlike having positive Novikov—Shubin invariant,
the heat operator is not of determinant class in || - ||gso-

Take a power series f(x) =Y a jxj . For clarity, let & be the metric on A'V ® E
and denote

f(vA-V/®E’h) = Str(Z (%(VA V'QE (VA V®E) ))J)EFOO(/\.T*M),
J
f(VA.V/®E, h)H.(Z’E) = stry (Zaj( ) (V/\ V,®E, _ (v/\' Vb®Eb)*>H0)]) c FOO(/\.T*B)
J
Note that the summations are only up to dim M.

Let TZ be the vertical tangent bundle of the fiber bundle M — B and recall
that we have chosen a splitting of 7M and defined a Riemannian metric on 7M.
Let P77 denote the projection from TM to TZ. Let V'™ be the corresponding
Levi-Civita connection on TM and define V% = PT2v™ pTZ 4 connection on

TZ. The restriction of V% to a fiber coincides with the Levi-Civita connection of
the fiber. Let R7% be the curvature of V7%,
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For N even, let Pf: so(N) — R denote the Pfaffian and put
RTZ

Pf[—] if dim(Z) is even,
27

(23) e(TZ, V') := [
0 if dim(Z) is odd.

A classical argument [Bismut and Lott 1995; Ma and Zhang 2008; Azzali et al.
2015] then gives:

Corollary 4.8. If dim Z = 2n is even one has the transgression formula
drt(x) = / X (x,2)e(TZ, V%) f(VV'EE) — f(vA'V’®E)H,(Z £y
Zy ’

with f(x) = xe*’

Now let i; be a family of G-invariant metrics on A’V ® E, [ € [0, 1]. Define
1
f(VA.V,®E,h1) ::f Qr /_1)NQ/2 Str((hl)—l%f/(v/\-V/@E’ hl)) dl,
0

and similarly for f(V""V'®E )
connection with respect to A;.
Lete (TZ, vTz0 VTZ’I) € QM/QM’0 (see [Bismut and Lott 1995]) be the sec-

ondary class associated to the Euler class. Its representatives are forms of degree
dim(Z) — 1 such that

HY(Z.E)" Note that f’(VA'V/®E, hl) uses the adjoint

(24) de (TZ, V40, V12 = e (TZ, VT4!) —e (T2, VI%0).

If dim(Z) is odd, we take e (TZ, vTzZ.0 VTZ’I) to be zero.
One has an anomaly formula [Bismut and Lott 1995, Theorem 3.24].

Lemma 4.9. Modulo exact forms
25) T—T= f X (x, 2)e(TZ, V20, 121y (v V'O pg)
Zy
+ /ZX (x’ Z)e(TZ, VTZ’I)f(VA.V/®E, hl) _ f(v/\'V;@Eb’ hl)H.(Z’E)

In particular, the degree 0 part of equation (25) is the anomaly formula for the L?-
Ray-Singer analytic torsion, which is a special case of [Zhang 2005, Theorem 3.4].

Remark 4.10. Let Zyo — My — B be a fiber bundle with compact fiber Zy, Z —
M — B be the normal covering of the fiber bundle Zyg — My — B. Then one can
define the Bismut—Lott and L2—analytic torsion form g, Ty, € (AN T*B),
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and one has the respective transgression formulas

dTM()*)B :/ 1 e(TZ,, VTZo)f(V/\°V(§®E()) _ f(VA.V(;@EO)H'(ZO,Eo)’
o (X)

dty—p =/; x(x,2)e(TZ, VTZ)f(VA.V@E) - f(VA.V@E)H-(z,E)'

Suppose further that the de Rham cohomologies are trivial:
H*(Zo, E|z,) = H}»(Z, E|z) ={0}.

Then d(ty—p — tv,—) = 0. Hence 1y, p — T),— p defines some class in the
de Rham cohomology of B. We also remark that this form was also mentioned in
[Azzali et al. 2015, Remark 7.5], as a weakly closed form.
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THICK SUBCATEGORIES OVER ISOLATED SINGULARITIES

RYO TAKAHASHI

We study classifying thick subcategories of the category of finitely generated
modules and its bounded derived category for a local ring with an isolated
singularity.

1. Introduction

Let R be a commutative noetherian local ring. We denote by mod R the category
of finitely generated R-modules, and by D?(R) the bounded derived category of
mod R.

First, we consider classifying thick subcategories of the abelian category mod R.
In general, thick subcategories are much more than Serre subcategories; even when
R is a hypersurface, the cardinality of thick subcategories of mod R containing R
is equal to that of specialization-closed subsets of the singular locus [Takahashi
2010; 2013b], while the only Serre subcategory of mod R containing R is the whole
category mod R.

We prove the following structure theorem of thick closures:

Theorem 1.1. Let R be a local ring with residue field k, and suppose that R has an
isolated singularity. For each nonzero finitely generated R-module M one has
thickmod r{k, M} = thickmoq r{R/p | p € Supp M}
of thick closures, provided that one of the following three conditions is satisfied.
(1) M is locally free on the punctured spectrum of R.
(i1) R has (Krull) dimension at most two.

(ii1)) R has prime characteristic and M is (not necessarily maximal) Cohen—
Macaulay.

As a byproduct of the above theorem and its proof, we obtain the following result.
Denote by Nesc(R) the set of nonempty specialization-closed subsets of Spec R.

The author was partly supported by JSPS Grant-in-Aid for Scientific Research 25400038, 16K05098.

MSC2010: 13C60, 13D09, 18E30.

Keywords: Cohen—Macaulay ring/module, derived category, isolated singularity, module category,
specialization-closed subset, thick subcategory.
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Theorem 1.2. (1) Let R be a local ring with residue field k. Suppose that R has
an isolated singularity and dimension at most two. Then taking the supports
gives a one-to-one correspondence between the set of thick subcategories of
mod R containing k and Nesc(R). In particular, all the thick subcategories of
mod R containing k are Serre.

(2) Let R be a regular local ring of positive characteristic. Then the thick closure
in mod R of each nonzero R-module of finite length consists of all R-modules
of finite length.

Next, we consider classifying thick subcategories of the triangulated category
DP(R). Stevenson [2014] completely classified the thick subcategories of D®(R) in
the case where R is a complete intersection. Thus, our next goal is to classify the
thick subcategories of DP(R) for a non-complete-intersection local ring R. However,
this problem itself turns out to be quite hard, and it would be a reasonable approach
to consider classifying the thick subcategories satisfying a certain condition which
all the thick subcategories satisfy over complete intersections. The standard and
costandard conditions are such ones; a thick subcategory of DP(R) is called standard
(resp. costandard) if it contains a nonzero object of finite projective (resp. injective)
dimension. Dwyer, Greenlees and Iyengar [Dwyer et al. 2006] showed that if R is
a complete intersection, then every nonzero thick subcategory of DP(R) is standard
and costandard. We show the following classification theorem of standard and
costandard thick subcategories:

Theorem 1.3. Let R be a singular Cohen—Macaulay local ring with an isolated
singularity. Assume that R is complete and has infinite residue field.

(1) If R is a hypersurface, then there is a one-to-one correspondence between
the set of nonzero thick subcategories of D°(R) and the disjoint union of two
copies of Nesc(R).

(2) If R has minimal multiplicity, then there is a one-to-one correspondence
between the set of standard thick subcategories of D°(R) and the disjoint
union of two copies of Nesc(R).

(3) If either R is non-Gorenstein and almost Gorenstein or R is of finite CM-
representation type, then taking the supports gives a one-to-one correspon-
dence between the set of standard and costandard thick subcategories of DP(R)
and Nesc(R).

In fact, the bijections in the first and second assertions are also explicitly described.
The first assertion can also be deduced from [Stevenson 2014].

This paper is organized as follows. Section 2 is for preliminaries. The proof of
Theorem 1.1 is divided into Sections 3, 4 and 5. In Section 6 we classify the thick
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subcategories of DP(R) containing k. Applications of this, including Theorem 1.3,
are given in Sections 7, 8 and 9.

2. Fundamental definitions

Throughout this paper, let R be a commutative noetherian ring. We assume that all
modules are finitely generated, and that all subcategories are nonempty, full and
closed under isomorphism. Denote by mod R the category of (finitely generated)
R-modules, by C°(R) the category of bounded complexes of (finitely generated)
R-modules and by D°(R) the bounded derived category of mod R. Note that mod R
and CP(R) are abelian, while DP(R) is triangulated.

Definition 2.1. (1) A subcategory & of mod R is called Serre if it is closed under
submodules, quotient modules and extensions.

(2) A subcategory X of mod R (resp. C°(R), D°(R)) is called thick if it is closed
under direct summands and satisfies the 2-out-of-3 property for short exact
sequences of modules (resp. short exact sequences of complexes and closed
under shifts, exact triangles).

(3) A subset S of Spec R is called specialization-closed if S contains V (p) for all
p € S. Note that this is equivalent to saying that S is a union of closed subsets
of Spec R.

(4) (a) For each M € mod R we denote by Suppp M the set of prime ideals p of

R with M, Z 0 in mod Ry, and call this the support of M in mod R. This
is a closed subset of Spec R.

(b) The support of a subcategory X of mod R is defined by Suppp X =
Uxex Suppg X. This is a specialization-closed subset of Spec R.

(c) For a subset S of Spec R we denote by Supp;cl)d r S the subcategory of
mod R consisting of all modules whose supports are contained in S. This
is a Serre subcategory of mod R.

(d) The support of an object X € D°(R), denoted by Suppy X, is defined as
the support of its homology H(X). Hence this is a closed subset.

(e) The support of a subcategory X of DP(R) is defined by Suppp X =
Uxex Suppg X. This is a specialization-closed subset of Spec R.

(f) For a subset S of Spec R we denote by SuppBg (R) S the subcategory of
DP(R) consisting of objects whose supports are contained in S. This is a
thick subcategory of D°(R).

(5) A perfect complex is by definition (a complex quasi-isomorphic to) a bounded
complex of finitely generated projective modules. We denote by Dpers(R)
the subcategory of DP(R) consisting of perfect complexes. This is a thick
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subcategory of DP(R), and hence a triangulated category. For each subset S of
Spec R we set SuppB:erf(R) S = (SuppBbI(R) S) N Dperf(R).

(6) Let (R, m) be a local ring, and let M be an R-module. Choose a minimal free
resolution F = (---— F, ﬁ) F,_1— - —F i> Fy — 0) of M. We define
the n-th syzygy Q% M and the transpose Trg M of M by Q' M =Im(9,) and
Trr M = Cok(9;), where we set (—)* = Homg(—, R). One has QR M C
mF,_; and M* = Q% Trg M & R®" for some ¢ > 0.

Since CP(R) is abelian, we can define a complex over CP(R). More precisely,
a complex of objects of CP(R)isa sequence X = (- - - o — X; i) Xi_1 ~L =)
of morphisms d; : X; — X;_; in CP(R) with did;+1 = 0. We introduce a Koszul

complex on a complex of R-modules.

Definition 2.2. Let X be an object of CP(R). Let X =X1,...,X, be a sequence of
elements of R, andlet K =K(x,R)=(0— K, —> K,_1—-— K ﬁ) Ko— 0) be
the Koszul complex of x on R. We define the Koszul complex K(x, X) of x on X by

o ®RX I1®rX

Kx,X)=0— K, QX —5 K,_1QrX = = K1QrX —=> Ko®r X — 0),

where each 9; ® g X is a usual chain map, that is, a morphism in C®(R). The Koszul
complex K(x, X) is a complex of objects of CP(R).

Let C be one of the categories mod R, C°(R) and DP(R). For a subcategory M
of C, the thick closure of M in C, denoted by thicke M, is by definition the smallest
thick subcategory of C containing M. The proof of the following lemma is standard
and omitted.

Lemma 2.3. (1) Let C be one of the categories mod R, C°(R) and D®(R). Let X
be a thick subcategory of C. Let 0 = My C M C --- € M,, = M be a filtration
inmod R. If M;/M;_, is in X for each 1 <i <n, then so is M. In particular,
M is in thickc{R/p | p € Suppp M}.

(2) Let X be a thick subcategory of mod R, and X=(0— X,, — ---— X| — Xo—0)
be a complex of R-modules in X. If H;(X) € X forall 1 <i < n, then
Ho(X) e X.

(3) Let X be a thick subcategory of DP(R). Let C € DP(R). If H(C) is in X, then
so is C.

4) Let X=(0— X* — X*T! > ... 5 X' — 0) be a complex of R-modules. Then
X belongs to thickes g {X*, X5, X'},

(5) Let X be a thick subcategory of C°(R). Let X = (0 - X, — --- — Xo — 0)
be a complex of objects of C°(R) with Xo,...,X, € X. IfH;(X) € X for all
1<i<n, thenHy(X) € X.
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3. Modules locally free on the punctured spectrum

Let R be a local ring with residue field k. In this section, we study the structure
of the thick closure of k and M in mod R when M is locally free on the punctured
spectrum of R.

Lemma 3.1. Let p be a prime ideal of R.

(1) Suppose that Ry, is a regular local ring of dimension n. Then for each 0 <i <n
there is an ideal J = (xy,...,x;) € p with htJ =i such that R,/JR, is
a regular local ring of dimension n — i. In particular, there is an ideal
I =(x1,...,x,) of height n with IR, = pRy,.

(2) Let I be an ideal of R with IR, = pRy,. Then there exists an exact sequence
0— R/I - R/p®R/q— R/J — 0 of R-modules such that J strictly
contains p.

Proof. (1) We use induction on n. First of all, note that the assertion evidently holds
for i =0. When n =0, we have i =0, and we are done. Let n > 1. We may assume
1 <i<n,s00<i—1<n—1. The induction hypothesis implies that there is
anideal K = (xy,...,x;—1) € p withht K =i — 1 such that R,/ KRy, is a regular
local ring of dimension n —i + 1. Set R = R/K and p = p/K. The local ring I_Qﬁ
is regular and htp = dim R; =n —i + 1 > 0. Nakayama’s lemma shows that the
symbolic power p@ = ﬁzﬁﬁ N 1_2]3 is strictly contained in p. By prime avoidance we
find an element X; € p that is not contained in the union of ideals in Min R U {p@}.
It is easy to see that the ideal J := K + (x;) has height i and Ry/JR, = Ry/%; Rj
is a regular local ring of dimension n — i.

(2) Since p is a minimal prime of I and p = IR, N R, we see that p is a p-primary
component of /. Hence we can write I = p M q for some ideal q of R that is not
contained in p (when [/ is itself p-primary, we can take ¢ = R). There is an exact se-
quence 0— R/I — R/p®R/q— R/J — 0, where J := p+q strictly contains p. [J

The following result plays a key role in the proof of the main result of this
section:

Lemma 3.2. Suppose that R is locally Cohen—Macaulay on the punctured spectrum.
Letx = x1, ..., x, be a sequence of elements of R generating an ideal of height n.
Let M be an R-module locally free on the punctured spectrum of R. Then for each
i > 0 the i-th Koszul homology H; (x, M) has finite length as an R-module.

Proof. Pick any nonmaximal prime ideal p of R. We want to show that H; (x, M),
vanishes for all i > 0. This Ryp-module is isomorphic to H; (x, My), and M, is a free
Rp-module. Hence it suffices to show that H; (x, Ry) = 0 for all i > 0. This holds
true if p does not contain x, since x H; (x, R,) = 0 for all i € Z. Let us consider
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the case where p contains x. We then have
n>ht(xRy,) =inf{lht 0 | Q € V(xRy)} =inf{htq | g€ V(xR), q C p}
> inf{htq | q € V(xR)} =ht(xR) = n,

where the first inequality follows from Krull’s height theorem. Hence the ideal x Ry,
generated by n elements has height n. Since Ry, is a Cohen—Macaulay local ring by
assumption, x is an Ry-sequence. Therefore H; (x, R,) =0 for all i > 0. U

Recall that a local ring R is said to have an isolated singularity if for every
nonmaximal prime ideal p of R the local ring R, is regular. The following is the
main result of this section.

Theorem 3.3. Let (R, m, k) be a local ring with an isolated singularity. Let M be
a nonzero R-module which is locally free on the punctured spectrum of R. Then

thickmod r{k, M} = thickmod R{R/p | p € Suppp M}.

Proof. As M is nonzero, the maximal ideal m is in the support of M. Lemma 2.3(1)
implies that the inclusion (C) holds. We show the opposite inclusion (2). Set
X = thick{k, M}. The proof will be completed once we prove that R/I € X for all
ideals I of R with V(I) € Supp M. Suppose that this does not hold; we will be
done if we derive a contradiction. The set of ideals

{ISRIR/I¢X, V()< Supp M}

is nonempty, and this has a maximal element P with respect to the inclusion relation,
as R is noetherian. We establish a claim.

Claim. One has m #= P € Supp M. Every R-module L with Supp L € V(P) —{P}
isin X.
Proof of Claim. Since P is in the above set of ideals, the module R/ P is notin X and
V(P) is contained in Supp M. As k is in X', we have P % m. It remains to show that
P is a prime ideal. Take a filtration 0 = Ng C N; C --- C N, = R/ P such that each
N;/N;_1 is isomorphic to R/p; for some prime ideal p; in Suppr(R/P) = V(P).
Assume that P is not a prime ideal. Then each p; strictly contains P, and the
maximality of P implies R/p; € A forall 1 <i <n. By Lemma 2.3(1) we have
R/P € X. This contradiction shows that P is a prime ideal of R.

Take a filtration 0 = Lo C Ly € --- € Ly = L such that for each i one has
L;/L;_1 = R/p; with p; € Supp L C V(P)—{P}. The p; strictly contain P, and the
maximality of P implies R/p; € X', which forces L to be in X by Lemma 2.3(1). [J

Since P is a nonmaximal prime ideal by the Claim and R is an isolated singularity,
the localization R p is a regular local ring. By Lemma 3.1 there is an exact sequence

0— R/(x) > R/P®R/Q— R/J — 0,
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where x = x1, ..., x, is a sequence of elements of R with ht(x) =n, and J strictly
contains P. Applying the functor — ® g M to this gives rise to an exact sequence

Torf(R/J, M)i> M/xM —- M/PM&M/QOM - M/JM — 0.

The supports of M/JM and Torf(R /J, M) are contained in V(J), and so is the
image C of the map f. As V(J) is contained in V(P) — { P}, the Claim implies
that M/JM and C are in X.

Now, assume that M is locally free on the punctured spectrum. Then by
Lemma 3.2 for each i > 0 the i-th Koszul homology H; (x, M) has finite length,
and it is in X. Each component of the Koszul complex K(x, M) is a direct sum of
copies of M, which is in X'. Lemma 2.3(2) implies M /xM = Hy(x, M) € X. The
induced exact sequence

0O—-C—>M/xM—> M/PMeM/OM — M/JM — 0

shows that M/ P M is also in X. As M/PM is a module over the domain R/ P, it
has a rank, say r. There is an exact sequence

0— (R/P)® - M/PM — E — 0

of R/P-modules with dim £ < dim R/P. Since P is in the support of M by the
Claim, Nakayama’s lemma implies that it is also in the support of M /P M, and
hence r > 0. It is easy to see that Suppy E is contained in V(P) — {P}, and the
Claim implies E € X. As M/PM € X and r > 0, the module R/P is in X. This
contradiction completes the proof of the theorem. U

Remark 3.4. We should remark that the equality in Theorem 3.3 is no longer true
if we remove k from the left-hand side. The equality

thickmod R M = thickmod R{R /P | p € Suppp M}

holds for M = R if and only if R is regular. This is one of the reasons why we
consider thick subcategories containing k. See also Remark 6.4 stated later.

Applying Theorem 3.3 to M = R and using Lemma 2.3(1), we obtain the
following. This is a special case of [Schoutens 2003, Theorem VI.8] and [Krause
and Stevenson 2013, Proposition 9], and includes [Takahashi 2010, Corollary 2.7].

Corollary 3.5. If (R, m, k) is an isolated singularity, then
thickmod R{k, R} = mod R.

4. Rings of dimension at most two

In this section, we deal with the same problem as in the previous section for local
rings with dimension at most 2.
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Lemma 4.1. Let (R, m) be local. Let M, N be R-modules, and p a prime ideal.
Assume My, = Ny and My =0 = Ny for all q € Spec R — {p, m}. Then

thickmod r{k, M} = thickmod r{k, N}.
Proof. Since My, is isomorphic to Ny, there is an exact sequence
0O K—->M->N-—->C—0

such that K, =0 = Cp. We have K; =0= C, for all g € Spec R — {p, m}, so K, C
have finite length. Hence they are in both thickmoq g{k, M} and thicknoed r{k, N},
and it is seen that N € thickmoq g{k, M} and M € thickmod r{k, N}. Thus the
assertion follows. U

The next lemma is well known and also easy to prove, so we omit the proof.

Lemma 4.2. (1) Let x € R be a nonzerodivisor, and let n > 0 be an integer. Then
there exists a short exact sequence

0— R/(x") = R/(x"™H@®R/(x""") — R/(x") — 0,
where x° := 1
(2) Let S be a multiplicatively closed subset of R. Leto :0 — Mg — X — Ng— 0

be an exact sequence of Rs-modules. Then there exists an exact sequence
7:0> M — Y - N — 0of R-modules such that X = Y.

For a module M over a local ring R we denote by Assh M the set of prime ideals
p in the support of M with dim R/p = dim M. The following is a similar type of
result to Theorem 3.3.

Theorem 4.3. Let (R, m, k) be a local ring with an isolated singularity. Suppose
that R has Krull dimension at most 2. Then for any nonzero R-module M one has
the equality

thickmod r{k, M} = thickmod R{R/p | p € Suppp M}.

Proof. The inclusion (C) follows from Lemma 2.3(1) and the fact that m supports M,
so we prove the opposite inclusion (2). We may assume that R, M have positive
(Krull) dimension.

(1) If dim R = 1, then the assumption that R has an isolated singularity forces M
to be locally free on the punctured spectrum, and Theorem 3.3 shows the assertion.

(2) If dim R = 2, then M has dimension either 1 or 2. Taking the m-torsion
submodule of M, we see that there is an exact sequence 0 - L - M — N — 0
such that L has finite length and N is a nonzero module of positive depth. We have
Supp M = Supp N and thick{k, M} = thick{k, N}. Replacing M with N, we may
assume that M has positive depth.
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(a) Suppose dimM = 1. Then M is a 1-dimensional Cohen—Macaulay module,
and it follows from [Bruns and Herzog 1998, Theorem 2.1.2(a)] that one has
AssM =Min M = Assh M = {py, ..., p,}, where each prime ideal p; is such that

Let0 = M;N---N M, be an irredundant primary decomposition of the zero
submodule 0 of M such that M; is p;-primary for 1 <i < n. There are exact
sequences

O0— M/Ni_1 > M/Mi®M/N; > M/M;+N; -0 (1<i<n-—1),

where N; := M;;1 N ---N M,. Each M/M; + N; has finite length, and we
get thick{k, M} = thick{k, M/M,, ..., M/M,}. For each 1 <i < n we have
Ass M /M; = {p;}, which especially says that M /M; is a 1-dimensional Cohen—
Macaulay R-module whose support contains p;.

Fix a prime ideal p in the support of M. We want to show that R/p is in
thick{k, M}. For this, we may assume p # m, and then we have p = p, for some
1 <€ <n. Replacing M with M /M,, we may assume Ass M = {p} anddim R/p=1.
Then M, is a nonzero Ry-module of finite length and Supp M = {p, m}. As Ry, is
either a field or a discrete valuation ring, the structure theorem of finitely generated
modules over principal ideal domains implies that

My = (Ry /P R)® @ - - ® (Ry/p™ Rp)®™
for some r >0, a; > --- > a; > 0 and by,...,b, > 0. Setting
E=R/p"" & @ R/p"),

we have My = E, and Supp E = {p, m}. Lemma 4.1 implies thick{k, M} =thick{k, E'}.
We claim R/p" € thickmod g {k, R/p"T'} for all n > 0. In fact, there is an exact
sequence of Ry,-modules

0— Ry/p" 'Ry — (Ry/p"Ry) ® (Ry/p"*Ry) — Ry /p" 'Ry — 0;

this is trivial when R, is a field, and follows from Lemma 4.2(1) when Ry is a
discrete valuation ring. Put V = R/p" @ R/p"*>. Lemma 4.2(2) yields an exact
sequence 0 — R/p""! — W — R/p"™! — 0 such that V, = W,. As SuppV =
Supp W = {p, m}, Lemma 4.1 implies thick{k, V} =thick{k, W}. The claim follows.

Using the claim repeatedly, we observe that R/p belongs to thick{k, R/p"} for
all n > 0. Hence R/p is in thick{k, E}, and therefore it is in thick{k, M}, as desired.

(b) Suppose dim M =2. Set (—)* = Homg(—, R), and let A : M — M™* be the
natural homomorphism. Extend this to the exact sequence

0—>K—>M1>M**—>C—>O.
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The module M** is a second syzygy, and we have K = Ext}e(Tr M, R) and
c= Ext%e (Tr M, R) by [Auslander and Bridger 1969, Proposition (2.6)]. As R is
a 2-dimensional isolated singularity, M** is locally free on the punctured spectrum,
K has dimension at most 1 and C has finite length. The image E of A is nonzero
and locally free on the punctured spectrum. Applying Theorem 3.3 to E yields

4.3.1) thick{k, E} = thick{R/p | p € Supp E}.

The above exact sequence induces a short exact sequence o :0— K - M — E — 0.
Hence

4.3.2) Supp M = Supp K USupp E.

Since M has positive depth, K is a Cohen—Macaulay R-module of dimension 1.
By part (a) on the previous page we get

(4.3.3) thick{k, K} = thick{R/p | p € Supp K }.

As E is locally free on the punctured spectrum, the R-module Ext}e(E , K) has
finite length, and hence the annihilator a = Anng Ext}e (E, K) is m-primary. Thus
one can choose a K-regular element x in a. The choice of x implies that the exact
sequence xo splits, and we observe that there is an exact sequence

0—-M-—>K®E— K/xK — 0.

As K /xK has finite length, K and E belong to thick{k, M}. The exact sequence
o implies that M is in thick{K, E'}, and hence

4.3.4) thick{k, M} = thick{k, K, E}.
Combining (4.3.1)—(4.3.4) implies thick{k, M} = thick{R/p | p € Supp M}. U

Corollary 4.4. Let (R, m, k) be a local ring with dim R <2 and having an isolated
singularity.

(1) If X is a thick subcategory of mod R containing k, then
Suppr X ={p € Spec R | R/p € X}.
(2) If @ # S C Spec R is specialization-closed, then
Supp_!, » S = thickmod R{R/P | p € S}.

Proof. (1) Let p be a prime ideal. If X is a module in X whose support contains p,
then R/p is in the thick closure of k and X by Theorem 4.3, and hence R/p is in
X. Conversely, if R/p is in X, then the support of X’ contains that of R/p, which
contains p. Now the assertion follows.
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(2) Let X be a module whose support is contained in S. Then the thick closure
of {R/p | p € S} contains that of {k, R/p | p € Supp X}, which contains X by
Theorem 4.3. The set S contains V(p) = Supp (R/p) for each p € S. Thus the
assertion is shown. (I

The following is the main result of this section, whose essential part is included
in Theorem 4.3. Compare it with the similar results [Takahashi 2013a, Theorems
5.6 and 6.11] and [Takahashi 2013b, Theorem 5.1(2)].

Theorem 4.5. Let (R, m, k) be a local ring with dim R < 2 and having an isolated
singularity.

(1) Every thick subcategory of mod R containing k is Serre.

(2) There is a one-to-one correspondence

containing k

Thick subcategories of mod R S Specialization-closed subsets of Spec R
Ll containing m ’

8

where f and g are defined by f(X) = Suppr X and g(S) = Supp;ul)d RS

Proof. (1) Let X be a thick subcategory of mod R containing k. It suffices to show
that X = Supp ! (Supp X), because this equality especially says that X is a Serre
subcategory. It is obvious that X is contained in Supp~!(Supp X). Let M be an
R-module whose support is contained in that of X. Take any prime ideal p in the
support of M. Then there exists an R-module X € X whose support contains p.
Theorem 4.3 implies that R /p is in the thick closure of £ and X, which is contained
in X. By Lemma 2.3(1) we see that M is in X. Thus X contains Supp~' (Supp ),
and the above equality follows.

(2) The assertion follows from (1) and Gabriel’s classification [1962] of Serre
subcategories. [l

The assertion of Theorem 4.5 is no longer true for thick subcategories that do
not contain k:

Example 4.6. Let R be a nonregular local ring with residue field k. Let X’ be the
subcategory of mod R consisting of modules of finite projective dimension. Then
X is a thick subcategory which does not contain k. There is an exact sequence
R — k — 0, and we have R € X and k ¢ X. This means that X is not a Serre
subcategory of mod R.

5. Rings of prime characteristic and Cohen—Macaulay modules

In this section, as in the prior two sections, we study the structure of thickymodr {k, M };
we restrict ourselves to the case where R has prime characteristic and M is Cohen—
Macaulay.
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Let R be a ring of prime characteristic p, and let ¢ = p° be a power of p. For
a sequence x = x, ..., X, of elements of R we set x¥ = xi], ..., xI For an ideal
I of R we denote by 719! the ideal of R generated by the elements of the form a?
with a € I. Note that if I is generated by a sequence x of elements of R, then 719!
is generated by the sequence x?. Note also that for each multiplicatively closed
subset S of R one has (IRg)l9! = 191 Rg.

Lemma 5.1. Let (R, m, k) be a regular local ring of characteristic p > 0. Let
X =X1,...,Xq be a regular system of parameters of R. Let g = p° be a power of p.
Let M be a nonzero R-module such that x? M = 0. Then there exists a nonzero free
R/(x9)-module N possessing a filtration 0= No C N1 C --- C N, = N inmod R
with N;/N;_1 =M for1 <i <t.

Proof. We regard M as an R/(x?)-module. Cohen’s structure theorem implies that
the completion R of R is isomorphic to k[[xy, ..., x4]]. As R/(x?) is artinian, it
is complete. There are isomorphisms of k-algebras

R/(x7) = R/(x%) = R/x‘R
Zk[xr, .o, xgll/ ]y oo XDy =k xal/ L xD) 2 EG,

where kG denotes the group algebra of the finite abelian p-group G = (Z/q7)%,
see [Iyengar 2004, (1.4)]. Hence one can identify R/(x?) with kG. The tensor
product N := M ®y kG is a kG-module via the diagonal action, and is projective;
see Theorem (3.2) of the same work. Since kG is a (commutative) local ring, N
is a nonzero finitely generated free kG-module. Tensoring over k the composition
series of kG with M, we have a filtration of N as in the assertion. (]

Denote by fl R the subcategory of mod R consisting of R-modules of finite length.
Using the above lemma, we get a result on the structure of the thick closure of a
finite length module.

Theorem 5.2. Let R be a regular local ring of positive characteristic. Let M be a
nonzero R-module of finite length. One then has thickmod g M = fl R.

Proof. 1t is evident that the thick closure of M is contained in fl R. As for the
opposite inclusion relation, it is enough to show that the residue field k of R belongs
to thickmod g M. Let x = x1, ..., x4 be a regular system of parameters of R. Let
p be the characteristic of R, and let ¢ = p® be a power of p such that x?M = 0.
Lemma 5.1 shows that there exists a nonzero free R/(x?)-module N having a
filtration 0 = Ng C Ny & --- C N, = N in mod R with N;/N;_1 =M for 1 <i <t.
Note then that N is in the thick closure of M. We have only to show that £ is in
thickmod R R/(x9).

Let us do this by induction on d =dim R. Whend =0, we have R=k = R /(x9),
and the statement trivially holds. Let d > 0, and put R = R/(x}, ..., xJ_|). There
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are exact sequences
0— I_?/xgl_i — I_i/xzfll_i@l_?/xgﬂl_? — I_Q/xgl_? — 0,
0— I_Q/xg_ll_Q — I_Q/xz_zl_e <) I_Q/xgl_i — I_Q/xg_ll_Q — 0,

0— I_?/xgl_? — R/x4R® R/xf,ie — I_Q/xﬁl_e — 0.
by Lemma 4.2(1). It can be seen from these exact sequences that R /de_Q is in
thickmod # R/xR. Note R/xJR=R/(x%) and R/x4R=R/(x{,...,x3_ )R, where
R := R/(x4). The induction hypothesis implies k € thickmodgﬁ/(xi],...,xg_l)ﬁ,
and hence k is in thickmedr ﬁ/(xlq,...,xgil)l?. Consequently, we obtain k €
thickmod R R/(xq). O

Question 5.3. Does the assertion of Theorem 5.2 hold for any regular local ring R?

Remark 5.4. Using the Hopkins—Neeman theorem, one deduces that the derived
category version of Theorem 5.2 holds: Let R be a regular ring. (We do not need to
assume R is local or has prime characteristic.) Let Dy (R) stand for the subcategory
of DP(R) consisting of complexes having finite length homology. Let M be a
nonzero object of Dy (R). Then DP(R)= Dperf(R) and Supp M = Supp Dg(R) ={m},
whence by [Neeman 1992, Theorem 1.5] we have thickps gy M = Dy (R).

Let R be a local ring with residue field k. Recall that an R-module M is called
Cohen—Macaulay if Ext’IR (k, M) =0 for all i <dim M (i.e., depth M = dim M or
M = 0). Taking advantage of Lemma 5.1, we have the following similar theorem
to Theorems 3.3 and 4.3:

Theorem 5.5. Let (R, m, k) be a local ring of prime characteristic p with an
isolated singularity. Let M # 0 be a Cohen—Macaulay R-module. Then one has the
equality

thickmod r{k, M} = thickmod R{R/p | p € Suppg M}.

Proof. Lemma 2.3(1) and the fact m € Supp M guarantee that the right-hand side
contains the left-hand side. Let us show the opposite inclusion relation by induction
on dim M. When dim M = 0, the module M has finite length, and we are done.
Let dim M > 1. We will be done if we prove that R/I is in X' := thickmoed r{k, M}
for all ideals I with V() C Supp M. Suppose that this does not hold, and let P
be a maximal element (with respect to the inclusion relation) among the ideals 1
with V(/) € Supp M and R/I ¢ X. Similarly to the proof of Theorem 3.3, the
ideal P is a nonmaximal prime ideal belonging to the support of M, the module
R/P is notin X, and every R-module whose support is contained in V(P) — { P}
belongs to X'. Since M is Cohen—Macaulay, we have Ass M = Min M = Assh M
by [Bruns and Herzog 1998, Theorem 2.1.2(a)]. Suppose that P is not an associated
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prime of M. Then we find an M-regular element x in P. The exact sequence
0> M3 M- M /xM — 0 shows that X contains thickmed g{k, M /xM}. Note
that M /xM is also a Cohen—-Macaulay R-module whose support contains P. The
induction hypothesis implies that R/ P is in thickmod r{k, M/x M}, and hence X
contains R/ P, which is a contradiction. Therefore P is an associated prime of M.

Let N be a P-primary component of the zero submodule 0 of M. Then0=NNL
for some submodule L of M, which induces an exact sequence of R-modules
O0—->M—-> M/N®M/L - M/N+ L — 0. Observe that each prime ideal in
the support of M /N + L strictly contains P. Hence X contains M/N + L, and
therefore X also contains M/N.

Since Rp is a regular local ring, by Lemma 3.1(1) one can choose a sequence
X =Xx1,...,x, of elements in P with ht P =n = ht(x) and PRp = xRp. Note
the equality Ass M/N = {P} implies the Rp-module (M/N)p has finite length.
Applying Lemma 5.1, we see that for large enough g = p¢ there is a free Rp /P14 Rp-
module Z of rank r > 0 possessing a filtration 0 =20 C 2, C --- C Z, = Z
in mod Rp with Z;/Z;_1 = (M/N)p for 1 <i <¢t. Using Lemma 4.2(2), one
can inductively choose R-modules Wy, ..., W; such that there exists a filtration
0=WoC W1 C---CW,=WinmodR with W;/W;_; =M/N for 1 <i <t and
Wp = Z = (Rp/PYIRp)® . Then W is in the thick closure of M /N, and hence
in X. There is an exact sequence 0 - K — W — (R/Pl4)® — C — 0 with
Kp =0=Cp. Note that Supp W = Supp M /N = V(P) = Supp(R/P'41)®" . Hence
the supports of K, C are contained in V(P) — { P}, which implies X contains K
and C. Therefore the module R/ P9 is in X.

There is an exact sequence

0— Rp/quP — (Rp/a1Rp) ® (Rp/asRp) — Rp/qup -0

by Lemma 4.2(1), where a; = (xi’,...,xZ_l,x,‘{fl)R and a, = (xi],...,xz_l,x,‘{H)R.
Put b; =a;RpN R fori =1, 2. Since P is a minimal prime of a;, the ideal b; is the
P-primary component of a;. Note that a; Rp = b; Rp, and V(b;) = V(/b;) = V(P)
fori =1, 2. Setting E = R/b; ® R/b;,, we see from Lemma 4.2(2) that there is
an exact sequence 0 — R/PY! — U — R/P'9) — 0 such that Up = Ep. We
have Supp £ = V(b;) UV (by) = V(P) = Supp U. Choosing an exact sequence
0—- K- U— E— C'— 0with K}, =0=C’,, we see that the supports of K’
and C’ are contained in V(P) — { P}, whence they are in X. As U is in X, so is E,

and so is R/b;.

Since (R/b)p = Rp/(xi’, .. .,xZﬁl,xZ_l)Rp, the same argument as above
shows that R/c belongs to X with ¢ = (xlq,...,xg_l,xg_z)Rp NRif g > 2.

Iterating this procedure yields that R/(xy, ..., x,) Rp N R belongs to X'. (Here we
use the fact that any permutation of a regular sequence on a local ring is again
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regular.) Since (x1,...,x,)Rp "R = PRp N R = P, this means that R/P is in X,
which is a contradiction. This completes the proof of the theorem. (I

6. Thick subcategories of derived categories containing the residue field

From this section to the end of this paper, we deal with thick subcategories of derived
categories. In this section, we prove a classification theorem of thick subcategories
containing the residue field over an isolated singularity.

We begin with a well-known statement. In view of this, it is reasonable to think of
classifying, for a general local ring R, the thick subcategories of DP(R) containing
the residue field.

Remark 6.1. Let R be a local ring with residue field k. The following are equiva-
lent.

(1) The ring R is regular.

(2) Every nonzero thick subcategory of D®(R) contains k.

(3) For each nonzero object X of D?(R), the thick closure of X contains k.

The following lemma helps us make the derived category version of Theorem 3.3:

Lemma 6.2. Let R be an isolated singularity. Let X be a bounded complex of
R-modules. Then X is quasi-isomorphic to a complex

Y=0-Y >yt 5.5y 50

with s <t such that Y' is free for all s +1 < i <t and Y* is locally free on the
punctured spectrum of R.

=2 t—1
Proof. Take a free resolution F = (- YLt 0) of X. Choose an inte-

ger u such that H (F) =0forall i <u, and putd =dim R. Then C :=Cok §*~ ¢~ lisa
d-th syzygy of Cok 8“~!, which is locally free on the punctured spectrum. The com-
plex X is quasi-isomorphic to the complex (0 - C — F*~ 4+l ... 5 F' 5 0). O

Now we can prove the following theorem analogous to Theorems 3.3, 4.3 and
5.5.

Theorem 6.3. Let (R, m, k) be a local ring with an isolated singularity. Let X be
a nonacyclic bounded complex of R-modules. Then one has

thiCka(R){k, X} = thiCka(R){R/p | pe SuppR X}

Proof. The inclusion (<) follows from Lemma 2.3(1)(3) and the fact m € Supp X.
Let us show the opposite inclusion (2). By Lemma 6.2 we may assume that X
has the form X = (0 > X* — X*t! — ... > X' — 0) such that the R-module X'
is free for all s +1 < i <t and X* is locally free on the punctured spectrum
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of R. Set X = thickppg){k, X}. It suffices to prove R/I € X for all ideals I of
R with V(I) € Supp X. Similarly to the proof of Theorem 3.3, we show this by
contradiction. Assume that this does not hold, and choose a maximal element P of
the set of ideals I with R/I ¢ X and V(/) C Supp X. We then have:

Claim. (1) Onehasm # P € Supp X and R/P ¢ X.

(2) Let C be an object of D?(R). If Suppy C is contained in V(P) — {P}, then C
isin X.

Proof of Claim. (1) This is similarly shown to the Claim in the proof of Theorem 3.3.

(2) Take any p € Suppp H(C) = Suppg C. Then p strictly contains P, and the

maximality of P implies R/p € X. By Lemma 2.3(1), H(C) is in X. Lemma 2.3(3)
shows C € X. O

Since R is an isolated singularity, Rp is regular. By Lemma 3.1, there exists an
exact sequence

(6.3.1) 0— R/(x) > R/P®R/Q — R/I — 0,

where x = x1, ..., x, is a sequence in R generating an ideal of height n, and [ is
an ideal strictly containing P. Let

be the Koszul complex of x on X, which is a complex of objects of the abelian
category C°(R). Put Y = thickes gy {k, X}. For each integer i the i-th homology
H; (K) of K is the complex (0 — H; (x, X*) — H; (x, X**!) > ... > H; (x, X") = 0)
of R-modules, where H; (x, X/) stands for the (usual) i-th Koszul homology of x
on the R-module X/. Lemma 3.2 implies that H; (x, X 7 has finite length for each
i>0ands < j <t. By Lemma 2.3(4) we observe that H; (K) belongs to ) for
every i > 0, and by Lemma 2.3(5) the complex Hyp(K) = R/(x) ®g X also belongs
to . Consequently, the complex R/(x) ®z X, as an object of DP(R), is in X.
The short exact sequence (6.3.1) induces an exact sequence

Tor{ (R/1, X) EN R/(x)®rX — (R/PQrX)®(R/Q®rX)—> R/IQrX —0

in the abelian category C®(R), where Torf (R/1, X) stands for the induced complex
(0 — Torf(R/I, X*) — Torf(R/I, X**1) — ... — TorR(R/I, X") — 0) of R-
modules. Let Z be the image of the morphism f. Note that each component
Z' of the complex Z is a homomorphic image of the R-module Torf(R /1, XY).
Hence one has Supp Z' € V(I) € V(P) — { P} for each i, and therefore Supp Z =
U,z Supp H (Z)C U<z Supp Z € V(P)—{P}. It follows from the Claim that Z,
as an object of DP(R), belongs to X. Similarly, it is seen that R/I @ X € X. The
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induced exact sequence
0->Z—>R/x)QrX > (R/PRrX)D(R/QRrX)—> R/IRrX —0
shows that the subcategory X’ of DP(R) contains the complex
R/P®rX =(0— X*/PX* —» Xt /pxt! ... 5 X' /PX' — 0).

Since X*/P X* is a finitely generated module over the integral domain R/ P, it
has a rank, say . There is an exact sequence 0 — (R/P)¥" — X*/PX* — C — 0
of R/P-modules such that dim C < dim R/P. We obtain a short exact sequence
0—> W — R/P®rX — C[—s] — 0in C°(R), where

W=(0— (R/P)® - x*/pxst! ... 5 X'/PX' - 0).

As PC =0= Cp, the set Suppp(C[—s]) = Suppg, C is contained in V(P) — {P}.
The Claim yields that C[—s] is in X, and the above short exact sequence shows
that W is in X.

Note that W is a perfect complex of R/P-modules, and hence as an object of
Db(R/P) it belongs t0 Dyers(R/P). Since C[—s]p = 0, we have isomorphisms
Wp=(R/PRrX)p=k(P)Qr,Xp QK(P)(X)f;P X p in D°(Rp), where the last iso-
morphism follows from the fact that X p is a perfect complex of Rp-modules. As P
is in Suppy, X, the complex Wp is not acyclic. This means that Suppy,p W contains
the zero ideal of R/ P, and we obtain Suppg,p W = Spec R/ P = Suppg,p(R/P).
By [Neeman 1992, Theorem 1.5], R/ P is in thickp,(r/p) W = thickpsg/p) W,
and therefore it belongs to X'. This contradiction completes the proof. ]
Remark 6.4. Similarly to Remark 3.4, the equality in Theorem 6.3 is no longer
true if we remove k from the left-hand side; the equality

thiCka(R) X = thiCka(R){R/p | pe SuppR X}

holds for X = R if and only if Dyes(R) = DP(R), if and only if R is regular. This
is one of the reasons why we consider thick subcategories containing k.

Using Theorem 6.3, we get a derived category version of Corollary 4.4:
Corollary 6.5. Let (R, m, k) be a local ring with an isolated singularity.
(1) If X is a thick subcategory of DP(R) containing k, then
Suppr X ={p €SpecR | R/p € X}.
(2) If S # @ is a specialization-closed subset of Spec R, then
Suppgbl(R) S =thick{R/p | p € S}.

The following is the main theorem of this section:
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Theorem 6.6. Let (R, m, k) be a local ring with an isolated singularity. The
assignments f : X +— Suppp X and g : S — Suppgg S make mutually inverse
bijections

(R)

1-1
-

f
{Thick subcategories of Db(R)} - {Specialization—closed subsets of Spec R}

containing k containing m

Proof. Let X be a thick subcategory of D°(R) containing k, and let S be a
specialization-closed subset of Spec R containing m.

(1) The set Supp X is specialization-closed. Since the residue field & is in &, the
maximal ideal m is in the support of X'. Hence f is a well-defined map.

(2) The subcategory Supp ™! S is thick. The support of k is contained in {m}, which
is contained in S. Hence k is in Supp~' S, and g is a well-defined map.

(3) It is obvious that Supp Supp~! § is contained in S. Let p be a prime ideal
in S. We have Supp, R/p = V(p), which is contained in § as S is specialization-
closed. Hence p is in Suppg R/p and R/p is in Supp~' S. Thus we obtain
S = Supp Supp ™' S.
(4) Clearly, the subcategory Supp~' Supp X' contains X. Let C be an object of
DP(R) whose support is contained in that of X'. Take a prime ideal p € Supp C.
Then p is in the support of X for some X € X. Theorem 6.3 implies that R/p
belongs to the thick closure of k and X, which is contained in X. Thus R/p is in X
for all prime ideals p in the support of C. Using Theorem 6.3 again, we observe
that C belongs to X'. Consequently, we obtain X = Supp~! Supp X.

Getting the above (1)—(4) together completes the proof of the theorem. U

Remark 6.7. An anonymous referee has pointed out that Theorem 6.6 can also
be shown as follows: Let U = Spec R \ {m} be the punctured spectrum of R. The
assumption that R has an isolated singularity implies that U is a regular scheme.
On one hand, by [Thomason 1997, Theorem 3.15] the thick subcategories of
DP(coh U) correspond to the specialization-closed subsets of U, which are the same
as the specialization-closed subsets of Spec R containing m. On the other hand,
since DP(coh U) is equivalent to D?(R)/ thick k by [Orlov 2011, Lemma 2.2], the
thick subcategories of DP(coh U) correspond to the thick subcategories of DP(R)
containing k.

This is a simpler proof, using techniques in algebraic geometry. Our methods
are purely ring-theoretic, and also essentially the same as those in the proof of
Theorem 3.3, for which the approach the referee mentions does not seem to work.
It is thus worth giving our methods.

Unless R has an isolated singularity, Theorem 6.6 does not necessarily hold:
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Remark 6.8. Let (R, m, k) be a local ring, and suppose that R does not have an
isolated singularity. Set X’ = thickps(gy{k, R}. Then X is a thick subcategory of

DP(R) containing k, but X # Suppgbl( R) S for all subsets S of Spec R.

One has a classification theorem of thick subcategories without using prime
ideals:

Corollary 6.9. If R is a local ring with an isolated singularity, one has a 1-1
correspondence

Thick subcategories of DP(R) . Nonzero thick subcategories

containing k 111—/1 of Dperf(R) ’

where ¢, are defined by ¢ (X) = X N Dpert(R) and ¥ () = thickps(g) (Y U {k})
for subcategories X of DP(R) and Y of Dpert(R).

Proof. Let S be a specialization-closed subset of Spec R containing m. Take a
system of generators x of m. Then Suppy :erf( r) S contains the Koszul complex
K(x, R), and hence it is a nonzero thick subcategory of DP(R). Conversely, for any
nonzero thick subcategory ) of Dperf(R), the support Suppy ) contains m. Thus,
[Neeman 1992, Theorem 1.5] implies that Supp, and Suppsserf( r) make mutually
inverse bijections between the nonzero thick subcategories of Dpef(R) and the
specialization-closed subsets of Spec R containing m.

Let X be a thick subcategory of D?(R) containing k, and let )’ be a nonzero thick
subcategory of Dperf(R). Combining our Theorem 6.6 with the above one-to-one
correspondence, one has only to verify the equalities

(1) Suppp.., (k) SUpP X = X N Dpert(R),
(2) Suppy, (&) Supp Y = thickps(r) (VU {k}).

We have X N Dyer(R) C Suppaserf(R)(Supp X) C SuppB&(R)(Supp X) =X, where
the last equality follows from Theorem 6.6. This shows (1). On the other hand, it
holds that Supp Y = Supp(Y U {k}) = Supp(thickps gy (YU {k})), where the second
equality follows from the fact that ) is nonzero. Applying Suppgg( R) and using
Theorem 6.6, we obtain (2). O

7. Hypersurfaces and Cohen—Macaulay rings with minimal multiplicity

In this section, using the classification obtained in the previous section, we explore
thick subcategories over hypersurfaces and Cohen—-Macaulay rings with minimal
multiplicity.
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Definition 7.1. (1) A local ring R is called a hypersurface if the completion of R
is isomorphic to a quotient of a regular local ring by a nonzero element.

(2) Let R be a Cohen—Macaulay local ring. Then R satisfies the inequality
(7.1.1) e(R) >edimR —dim R + 1,

where e(R) and edim R denote the multiplicity of R and the embedding dimen-
sion of R, respectively. We say that R has minimal multiplicity (or maximal
embedding dimension) if the equality of (7.1.1) holds.

(3) Let Ay, A, be sets whose intersection is possibly nonempty. The disjoint union
of A and A, is defined as
AtUA; = (A x {1HU (A2 x 2} ={(x, 1), (¥, 2) | x € Ay, y € A2}
In the case where A| N A, is empty, the set AL A, is identified with the union
A1 U Aj, namely, it is the usual disjoint union.

Below is the main result of this section. See Section 1 for the definition of
standardness.

Theorem 7.2. Let R be a nonregular local ring with an isolated singularity, which
is either

(1) a hypersurface, or
(2) a Cohen—Macaulay ring with minimal multiplicity and infinite residue field.

Then there is a one-to-one correspondence

Standard thick A Nonempty Nonempty
subcategories 1-1 1 specialization-closed ; U { specialization-closed
of D°(R) r subsets of Spec R subsets of Spec R

Here, the maps A and T are defined by:

(Supr’ 1) leg Dperf(R)a

(Supp X, 2) le g_ Dperf(R)v

(Supp~' $) N Dpert(R)  ifi =1,

Supp~!'S ifi =2.

We shall give a proof of this theorem at the end of this section, after preparing

several necessary tools. Here are some examples of a ring satisfying the assumption
of Theorem 7.2(2).

Example 7.3. Letk be an infinite field, and let x, y be indeterminates over k. Then it
is easy to observe that k[[x, y11/(x*, xy, y?), kl[x, y, 21/ (x*=yz, y*~zx, 2 =xY)
and k[[x3, x>y, xy?, y*]] are non-Gorenstein rings satisfying the condition (2)

AX) = {

I'((S, 1)) ={
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in Theorem 7.2. In general, normal local rings of dimension two with rational
singularities satisfy Theorem 7.2(2); see [Huneke and Watanabe 2015, Theorem 3.1].

Remark 7.4. (1) Theorem 7.2(1) can also be deduced from [Stevenson 2014,
Theorem 4.9].

(2) Theorem 7.2(2) especially says the following.

Let (R, m, k) be a Cohen—Macaulay local ring with an isolated singularity,
and assume k is infinite and R has minimal multiplicity. Let X be a
standard thick subcategory of D°(R) which is not contained in Dperf(R).
Then X contains k.

This statement is no longer true without the assumption that R has minimal mul-
tiplicity. Indeed, let R = k[x, y]/(x?, y?) with k a field, and let X’ be the thick
closure of R and R/(x) in D°(R). Then R is an artinian complete intersection
local ring, and X is a thick subcategory of DP(R). As R € X, it is standard. Since
R/(x) has infinite projective dimension as an R-module, X' is not contained in
Dperf(R). Both R and R/(x) have complexity at most 1, and the subcategory of
DP(R) consisting of objects having complexity at most 1 is thick. Hence any object
in X’ has complexity at most 1. The fact that k has complexity 2 shows k ¢ X.

Thus, the assumption in Theorem 7.2(2) that R has minimal multiplicity is
indispensable.

We state a general lemma on triangulated categories, whose proof is standard
and omitted.

Lemma 7.5. Let T be an essentially small triangulated category.

(1) Let U be a thick subcategory of T. Let w : T — T /U be the canonical functor.
Let T be an object of T and X a subcategory of T. Then T is in thickr (U U X)
ifand only if tT is in thicky (7w X).

(2) Let C be a subcategory of T. For each object T € thicks C there exist a finite
number of objects C1, ..., Cy, € C such that T € thickr{Cq,...,C,}.

The stable derived category Dsg(R) of R, which is also called the singularity
category of R, is defined as the Verdier quotient of D?(R) by Dperf (R). The follow-
ing proposition says that a standard thick subcategory generating the singularity
category contains the residue field.

Proposition 7.6. Let R be a local ring with residue field k. Let X be a standard
thick subcategory of DP(R). Suppose that the equality thickp,, (r) (T X) = Dsg(R)
holds, where 7 : D°(R) — Dsg(R) stands for the canonical functor. Then X
contains k.
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Proof. Lemma 7.5(1) implies thickpsgy({R} U X) = D°(R). By Lemma 7.5(2)
there is an object X € X’ such that k belongs to the thick closure of R and X. Since
X is standard, it contains a nonacyclic perfect complex P. Tensoring P shows that
P ®I,§ k belongs to the thick closure of P and P ®ﬁ X, which is contained in X. As
P is not acyclic, the maximal ideal is in the support of P in DP(R), which means
P ®f; k #0in D°(R). Thus P ®{; k contains k[n] as a direct summand for some
n € Z, and it follows that k is in X. |

For every triangulated category 7, the zero subcategory 0 and the whole category
T are thick subcategories of 7. We call these two thick subcategories trivial, and
the other thick subcategories nontrivial. The assumption of Theorem 7.2 comes
from the fact that the following proposition holds under it.

Proposition 7.7. Let R be a local ring with an isolated singularity. Suppose that R
is either

(1) a hypersurface, or
(2) a Cohen—Macaulay ring with minimal multiplicity and infinite residue field.
Then Dsg(R) has no nontrivial thick subcategory.

Proof. (1) By virtue of [Takahashi 2010, Main Theorem], the thick subcategories of
Dsg (R) bijectively correspond to the specialization-closed subsets of the singular
locus Sing R of R, i.e., the set of prime ideals p of R such that the local ring Ry, is
not regular. Since R has an isolated singularity, Sing R is trivial. Thus there exist
only trivial thick subcategories of Deg(R).

(2) Let X be a nonzero thick subcategory of Dsg(R). Then there exists a
bounded R-complex C of infinite projective dimension such that 7 C is in X,
where 7 : DP(R) — Dsg(R) is the canonical functor. One finds an exact triangle
P — C — M]|n] ~ in DP(R) with P € Dperf(R) and n € Z such that M is the
(d + 1)-st syzygy of an R-module, where d = dim R. As C has infinite projective
dimension, M is a nonzero module. The object 7 C is isomorphic to 7 M[n] in
Dsg(R), whence m M belongs to X'.

There is a maximal Cohen—-Macaulay R-module N such that M = Qg N. Since R
has minimal multiplicity and the residue field of R is infinite, we find a parameter
ideal Q = (x1, ..., x4) of R such that m®> = Qm; see [Bruns and Herzog 1998, Exer-
cise 4.6.14]. Note that x := xy, ..., x4 is a regular sequence on R, and hence on N.
We see that M/ QM is isomorphic to Qg/o(N/QN), which is contained in mL for
some free R/Q-module L. Since m? is contained in Q, the module Qg /0(N/ON)
is annihilated by m, which implies that M /QM is a nonzero k-vector space.

In the derived category DP(R) the module M/ QM is isomorphic to the Koszul
complex K :=K(x, M). Since K is a bounded complex of direct sums of copies
of M, the object m K belongs to the thick closure of 7 M (see Lemma 2.3(4)), and
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hence 7 K belongs to X. Consequently, the object 7k is in X'. As R has an isolated
singularity, D¢z (R) coincides with the thick closure of 7wk by Corollary 3.5. This
implies X' = Ds(R), which is what we want. [l

We give a lemma on elementary set theory, whose proof is also elementary and
omitted.

Lemma 7.8. Let Ay, Ay, By, By be sets. Let f; : A; — B; be a bijection for each
i=1,2. Definethe map g : AfUA, - BiUBy by g((a,i)) = (fi(a),i) fora € A;
andi = 1,2. Then g is a bijection.

Now we can prove Theorem 7.2:

Proof of Theorem 7.2. Let A; be the set of nonzero thick subcategories of Dperf(R).
Let A, be the set of standard thick subcategories of DP(R) not contained in Dperf(R).
Then A; N A; is empty, and A; U A coincides with the set of standard thick
subcategories of D?(R). Let B be the set of nonempty specialization-closed subsets
of Spec R. By [Neeman 1992, Theorem 1.5] there is a one-to-one correspondence
f:A; = B: g defined by f(X) = SuppX and g(S) = (Supp~! §)N Dperf(R). In
view of Lemma 7.8, it suffices to show that there is a one-to-one correspondence
p: Ay 2 B :q defined by p(X) = Supp X and ¢(S) = Supp~! S. By Theorem 6.6,
we have only to show that a thick subcategory X of D(R) contains the residue field
k if and only if X’ is a standard thick subcategory of D°(R) not contained in Dperf(R).

To show the “only if” part, suppose that X contains k. As R is not regular, k
does not belong to Dperf(R), whence X is not contained in Dperf(R). The thick
closure thickps gy k contains the Koszul complex K(x, R), where x is a system of
generators of the maximal ideal of R. Hence X contains the nonacyclic perfect
complex K(x, R), which implies that X’ is standard.

To show the “if” part, assume that X’ is standard and not contained in Dperf(R).
Then the image of X" in Dsg(R) is nonzero, and hence its thick closure coincides
with Dgg(R) by Proposition 7.7. Therefore X contains k by Proposition 7.6.

Thus, the proof of the theorem is completed. O

Remark 7.9. Theorem 7.2(2), Proposition 7.7(2) and the statement (written in
italic) in Remark 7.4 are valid if one replaces the assumption that R has minimal
multiplicity and k is infinite with the assumption that there exists a parameter ideal
O of R with m?* = Qm. In fact, the same proofs work under this assumption.

8. Almost Gorenstein rings and Cohen—-Macaulay rings of finite
CM-representation type

In this section, as another application of Theorem 6.6, we study classifying standard
and costandard thick subcategories over an almost Gorenstein ring and a Cohen—
Macaulay ring of finite CM-representation type. We start by recalling the definitions:
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Definition 8.1. Let R be a Cohen—Macaulay local ring.

(1) We say that R is almost Gorenstein if there exists an exact sequence
0> R—-w—>C—0

of R-modules such that w is a canonical module of R and C is an Ulrich
module, that is, C is a Cohen—Macaulay R-module whose multiplicity is equal
to the minimal number of generators. For the details of almost Gorenstein
local rings, we refer the reader to [Goto et al. 2015].

(2) We say R is of finite CM-representation type if there exist only finitely many iso-
morphism classes of indecomposable maximal Cohen—Macaulay R-modules.

The main result of this section is the following theorem. (The definitions of
standard and costandard thick subcategories are given in Section 1.)

Theorem 8.2. Let R be a non-Gorenstein local ring. Suppose that R is either
(1) an almost Gorenstein ring with an isolated singularity, or

(2) an excellent Cohen—Macaulay ring with canonical module and finite CM-
representation type.

Then there is a one-to-one correspondence

St
Supp_1

Standard and costandard % Nonempty specialization-closed
thick subcategories of D°(R) -l subsets of Spec R

We state examples, remarks and propositions related to this theorem, and prove
the theorem.

Example 8.3. Let k£ be an algebraically closed field of characteristic zero. Let
t, x, y be indeterminates over k.

(1) Both the numerical semigroup ring k[[¢°, t*, #°]] and the Veronese subring
k[[x3, x2y, xy%, 31 satisfy all the conditions (2) in Theorem 7.2 and (1), (2)
in Theorem 8.2.

(2) Consider the numerical semigroup rings k[[t%, 22, ¢, k[[t*, ¢, t°]] and the
residue ring k[[x, y, z, s]1/1, where I is the ideal generated by the 2-minors
of the matrix (’yC2 yZ—Zs v fc) (All of these rings are the completions of positively
graded k-algebras.) These rings satisfy Theorem 8.2(1), but do not satisfy
Theorem 8.2(2) or Theorem 7.2(2).

For the proofs, see [Goto et al. 2015, Examples 3.16, 7.5, Corollary 11.4 and
Theorem 12.1] and [Yoshino 1990, Theorems (9.2) and (10.14)].

In view of this example, it seems that there exist a lot of examples of rings
satisfying Theorem 8.2(1). Here is a remark on Theorem 8.2(2).
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Remark 8.4. According to [Schreyer 1987, (7.1)], all known examples of a nonhy-
persurface Cohen—Macaulay complete local C-algebra of finite CM-representation
type have minimal multiplicity. Hence, at least for these examples, the one-to-one
correspondence in Theorem 8.2 is obtained by restricting that in Theorem 7.2.

The following two propositions play a crucial role in the proof of Theorem 8.2.

Proposition 8.5. Let R be a local ring with residue field k and dualizing complex
D. Assume that k belongs to thickpsg){R, D}. Let P (resp. I) be a nonacyclic
R-complex of finite projective (resp. injective) dimension. Then k belongs to
thickpe gy { P, 1}.

Proof. The Foxby equivalence theorem [Avramov and Foxby 1997, Theorem (3.2)]
implies that the complex Q := RHompg (D, I) has finite projective dimension and /
is isomorphic to D®§ Q in DP(R). As k is in the thick closure of R and D, applying
the functor — ®f; 0 ®§ P shows that k ®{; 0 ®§ P is in the thick closure of O ®§ P
and / ®{; P. Note that Q ®§ Pand ! ®§ P belong to the thick closures of P and I,
respectively. Hence k ®§ (0] ®§ P belongs to the thick closure of P and /. Since P
and [ are not acyclic, k ®§ 0 ®§ P is nonzero in DP(R), whence it contains k[n]
as a direct summand for some integer n. Thus the assertion follows. (I

A local ring R is called G-regular if the totally reflexive modules over R are
the free modules. For the details of G-regular local rings, we refer the reader to
[Takahashi 2008].

Proposition 8.6. Let R be a non-Gorenstein local ring with canonical module w,
being either

(1) an almost Gorenstein ring with an isolated singularity, or

(2) an excellent Cohen—Macaulay ring with canonical module and finite CM-
representation type.

Then thickmod g{ R, w} = mod R. In particular, R is a G-regular local ring.

Proof. Let k be the residue field of R. We first prove thickmed r{R, ®} = mod R.

(1) Since R is an isolated singularity, we have thickmog g{R, k} = mod R by
Corollary 3.5. According to [Goto et al. 2015, Corollary 4.5], there is an exact
sequence 0 > X, > ---— X —> Xo— k"~! — 0, where r is the Cohen—Macaulay
type of R and each X; is a finite direct sum of copies of R and w. We have r > 2
since R is not Gorenstein, and it is seen that k belongs to the thick closure of R
and w. Thus the equality follows.

(2) It follows from [Huneke and Leuschke 2002, Corollary 2] that R has an
isolated singularity, and so does the completion of R since R is excellent (see
[Takahashi 2010, Proposition 3.4]). Using [Takahashi 2013a, Corollary 6.9], one
sees that the thick closure of R and @ must be the whole category mod R.
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Now let us show the last assertion. Let G be a totally reflexive R-module. Let M
be the subcategory of mod R consisting of modules M such that Ext?O(G, M) =0.
By definition we have Ext}O(G, R) =0, and moreover Ext}O(G, w) =0 since G is
maximal Cohen—Macaulay. Therefore R and w belong to M. It is easy to see that
M is a thick subcategory of mod R, whence it contains thickmod g{ R, @}, which
coincides with mod R. Thus k is in M, which implies that G has finite projective
dimension, so that G is free. |

Remark 8.7. In Proposition 8.6(2), the excellence can be replaced with the condi-
tion that the completion of R is an isolated singularity.

Now we can give a proof of the main result of this section:

Proof of Theorem 8.2. Let X be a standard and costandard thick subcategory of
DP(R). Then by Propositions 8.6 and 8.5, X’ contains the residue field k of R.

Conversely, let X' be a thick subcategory of D?(R) containing k. Then X’ contains
the Koszul complex K(x, R) with x a system of generators of the maximal ideal
of R, whence X is standard. By assumption, R admits a canonical module w. Let y
be a system of parameters of R. Then y is a regular sequence on R, and hence on w.
The module w/yw has finite injective dimension as an R-module, and belongs to
X because it is in thickps(g) k. Therefore & is costandard.

The assertion follows from the above argument and Theorem 6.6. (]

9. Gorenstein rings with almost minimal multiplicity

This section is devoted to exploring thick subcategories over a Gorenstein local
ring having relatively small multiplicity. Let (R, m, k) be a Cohen—-Macaulay local
ring. We say that R has almost minimal multiplicity if the following equality holds:

e(R) = edim R — dim R + 2.

Assume that & is infinite. Then there is a minimal reduction Q of m. Note that Q is
a parameter ideal of R satisfying m?/Qm = k, and hence m® € Q. Only assuming
this inclusion, we have the following classification of thick subcategories, which is
the main result of this section:

Theorem 9.1. Let (R, m, k) be a Gorenstein nonregular local ring with an isolated

3

singularity. Let Q be a parameter ideal of R containing m”. Then there is a

one-to-one correspondence

Thick subcategories Supp C e
of DY(R) containing - Nonempty specialization-closed
-~ subsets of Spec R ’

a nonacyclic perfect R-complex | Supp~

where R = R/(Q : m).
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We first prepare lemmas to show this theorem.

Lemma 9.2. Let (R, m, k) be an artinian Gorenstein local ring which is not a field.
Then thickmod g(R/ Soc R) = mod R.

Proof. Denote by (—)* the R-dual functor Homg(—, R). Since R is artinian and
Gorenstein, R is an injective R-module and k* = k. Applying (—)* to the natural
exact sequence 0 - m — R — k — 0, we have an exact sequence

9.2.1) 0—>k—>R—R/SocR—0

and see that m* is isomorphic to R/ Soc R.

Let xy, x2, ..., x, be aminimal system of generators of m. As R is not a field, the
integer n is positive. Let I = (xlz, X2, ...,%,) be an ideal. Then m/I is isomorphic
to k, and there exists an exact sequence 0 — k — R/I — k — 0. Taking the first
syzygies, we obtain an exact sequence 0 > m — R® [ — m — 0. Applying (—)*
gives rise to an exact sequence 0 > m* - RP [* — m* — 0.

Thus, there is an exact sequence

9.2.2) 0— R/SocR—> R®I*— R/SocR — 0.

It follows from (9.2.2) that thickmog g (R/ Soc R) contains R, and from (9.2.1) that
it contains k. Since R is artinian, thickmog g (R/ Soc R) coincides with the whole
module category mod R. ]

We need one more lemma, whose proof is straightforward.

Lemma 9.3. Let T, U be triangulated categories, and let F : T — U be a triangle
functor. Let X be a thick subcategory of U. Denote by F~'(X) the subcategory of T
consisting of objects T € T with F(T) € X. Then F~'(X) is a thick subcategory
of T.

Now we can prove our Theorem 9.1:

Proof of Theorem 9.1. By Theorem 6.6, it suffices to show that a thick subcategory
X of DP(R) contains a nonacyclic perfect R-complex if and only if X’ contains the
residue field k = R/m.

The “if” part: If k is in X', then all R-modules of finite length are in X', whence
ReX.

The “only if” part: Assume that X’ contains a nonacyclic perfect R-complex L.
Let F : DP(R) — DP(R) be the natural triangle functor. Lemma 9.3 implies that
F~1(X) is a thick subcategory of DP(R), and it is standard since it contains L. As
m? is contained in Q, the square of the maximal ideal of R is zero. Using Remarks
7.4 and 7.9, we observe that F~!(X) either contains k or is contained in Dperf(l_?).
As to the former case, k belongs to .
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Let us consider the latter case. Note that F~!(X) is a thick subcategory of
Dpe,f(l_?), and that SpecI_? consists of the maximal ideal. By [Neeman 1992,
Theorem 1.5], F~!1(X) coincides with either the zero category 0 or the whole
category Dperf(R). Because the nonacyclic complex L is in F~'(X), we have
F () = Dperf(l_i). In particular, X contains R. Note that R /Q is an artinian
Gorenstein ring that is not a field. Applying Lemma 9.2 to the ring R/ Q, we have
thickmod R/Q(f(’) =mod R/Q. Hence k is in thicka(R/Q)(I_?). Sending this contain-
ment by the natural triangle functor DP(R/Q) — D°(R) shows k € thicka(R)(I_?).
Thus k belongs to X'. U
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PROJECTIONS IN THE CURVE COMPLEX ARISING
FROM COVERING MAPS

ROBERT TANG

Let P : ¥ — S be a finite degree covering map between surfaces. Rafi
and Schleimer showed that there is an induced quasi-isometric embedding
I : C(S) > C(X) between the associated curve complexes. We define an
operation on curves in C(X) using minimal intersection number conditions
and prove that it approximates a nearest point projection to IT(C(S)). We
also approximate hulls of finite sets of vertices in the curve complex, to-
gether with their corresponding nearest point projections, using intersec-
tion numbers.

1. Overview

Let S be a closed, orientable, connected surface of genus g > 0 with m > 0 marked
points whose complexity £(S) :=3g — 3+ m is at least 2. The curve complex of S,
denoted C(S), is the simplicial complex whose vertices are free isotopy classes of
simple closed curves on S and whose simplices are spanned by multicurves. The
curve complex has seen much activity in recent years due to its connections to map-
ping class groups, Teichmiiller theory, and the geometry of hyperbolic 3-manifolds.

Given a finite degree covering map P : ¥ — S and a simple closed curve a € C(S),
the preimage P~!(a) is a disjoint union of simple closed curves on . Rafi and
Schleimer, using techniques from Teichmiiller theory, proved that the (one-to-many)
lifting operation I1 : C(S) — C(X) defined by setting [1(a) = P l(a)is a quasi-
isometric embedding. In [Tang 2012], we give a new proof using results from
hyperbolic 3-manifold geometry.

Theorem 1.1 [Rafi and Schleimer 2009]. Let P : ¥ — S be a finite degree cov-
ering map. Then the map I1 : C(S) — C(X) defined above is a \-quasi-isometric
embedding, where N\ depends only on £(X) and deg P.

The primary aim of this paper is to give a combinatorial approximation of
the nearest point projection map to the image of Il. We define an operation
m:C(X) — TI(C(S)) CC(X) as follows: Given a curve o € C(X), let m () =T1(b)

MSC2010: 20F65, 57M50.
Keywords: curve complex, covering map, nearest point projection, hull.
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where b is a curve which has minimal intersection number with P («) among all
curves in C(S).

Theorem 6.1. Let P : X — S be a finite degree covering map and suppose o € C(X)
is a curve. Then n(a) is a uniformly bounded distance from any nearest point
projection of a to T1(C(S)) in C(X), where the bounds depend only on &£ (X) and
the degree of P.

Proposition 6.2. Assume further that P is regular, with deck group G. Then 7w (o)
is a uniformly bounded distance from any circumcenter for the G-orbit of a in C(X).
Moreover, the bounds depend only on &(X) and the degree of P.

The main tools we develop in order to prove our main results are descriptions
of hulls in the curve complex using intersection number conditions, which may be
of independent interest. These generalize Bowditch’s [2006b] approximation of
quasigeodesics in C(S) using intersection numbers, and Masur and Minsky’s [1999]
notion of balance time for a curve on a Teichmiiller geodesic. Our results rely on
the geometry of singular Euclidean surfaces used to estimate weighted intersection
numbers. We state simplified versions of the relevant propositions below — see
Section 5 for more precise formulations.

Leta = (a1, ..., o) be an n-tuple of distinct curves in C(S), where n > 2. Given
a nonzero vector t = (1, .. ., t,,) of nonnegative reals, let y; € C(S) be a curve which
minimizes the weighted intersection number ), ;i (¢;, - ). Define the hyperbolic
hull Hull(er) to be the union of all geodesic segments in C(S) connecting a pair of
points in & (viewed as a vertex set in C(S)).

Proposition 5.2. The sets Hull(a) and | ; vt agree up to a uniformly bounded
Hausdorff distance in C(S), where the union is taken over all nonzero t € [R{'éo.
Moreover, the bound depends only on £(S) and n.

Proposition 5.5. Suppose B € C(S) is a curve satisfying i(«;, B) # 0 for all i. Let
the balance vector tg = (11, .. ., t,) of B with respect to o be given by t; =i (c;, B)~!
Jor each i. Then y, is a uniformly bounded distance from any nearest point
projection of B to Hull(a) in C(S), where the bound depends only on £(S) and n.

Organization. We review the curve complex in Section 2, and some coarse geo-
metric notions in Section 3, placing a particular emphasis on é-hyperbolic spaces.

In Section 4, we introduce a generalization of Bowditch’s [2006b] construction
of singular Euclidean structures on surfaces on which the geodesic lengths of curves
estimate suitable weighted intersection numbers. We verify in Section 7 that these
surfaces satisfy a quadratic isoperimetric inequality and then apply a theorem of
Bowditch to establish the existence of wide annuli.

In Section 5, we introduce two notions of hulls for finite sets in C(S): one arising
geometrically in C(S); the other defined using intersection number conditions. We
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give proofs of Propositions 5.2 and 5.5 assuming bounded diameter properties for
sets of curves satisfying certain bounded weighted intersection number conditions
(Lemma 5.1) —a key fact whose proof we defer to Section 8. In Section 6, we
utilize the results from Sections 3 and 5 to give proofs of the main theorems.

2. The curve complex

Let S = (S, ) denote a closed, orientable, connected surface of genus g > 0
together with a set 2 of m > 0 marked points. A curve on § is a continuous map
a:S'— §— Q. We will also write a for its image on S. A curve a is simple if
it is an embedded copy of S!. We call a curve trivial or peripheral if it is freely
homotopic to a curve bounding a disc or a disc with exactly one marked point,
respectively. A simple closed curve which is nontrivial and nonperipheral is called
essential. A multicurve on S is a finite collection of nonparallel essential simple
closed curves which can be realized disjointly simultaneously.

Let C°(S) denote the set of free homotopy classes of essential simple closed
curves on S. Unless explicitly stated otherwise, we will blur the distinction between
curves and their free homotopy classes. In this paper, we assume that S has
complexity £(S) := 3g — 3+ m at least 2; modifications to the following definition
are required for low-complexity cases but we shall not deal with them here. For an
introduction to the curve complex, see [Schleimer 2005].

Definition 2.1. The curve complex of S, denoted C(S), is a simplicial complex
whose vertex set is C°(S) and whose simplices are spanned by multicurves. In
particular, two distinct simple closed curves are connected by an edge in C(S) if
and only if they have disjoint representatives on S.

For our purposes, it suffices to study the 1-skeleton C!(S) of the curve complex,
known as the curve graph. Indeed C'(S) equipped with the induced path metric,
denoted dg, is naturally quasi-isometric to C(S) with the standard simplicial metric.
To simplify notation, we shall write C(S) in place of C!(S) and « € C(S) to denote
a curve (or multicurve).

A finite collection of curves fills S if their complement is a disjoint union of discs
each with at most one marked point. Note that a pair «, 8 € C(S) fill S if and only
if dg(o, B) > 3. Given free homotopy classes of curves o and 8, not necessarily
simple, define their (geometric) intersection number i (o, B) to be the minimal value
of |a N b| over all representatives a € « and b € 8 in general position on S.

Lemma 2.2 [Hempel 2001], [Schleimer 2005]. Suppose « and B are curves in
C(S). Then
ds(a, B) =2logyi(a, p)+2

whenever i(a, B) # 0.
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As an immediate corollary, we see that C(S) is connected (this was originally
observed by Harvey [1981]). The curve graph is also locally infinite and has
infinite diameter [Kobayashi 1988]. Masur and Minsky [1999] proved the following
celebrated theorem regarding the large scale geometry of the curve graph:

Theorem 2.3. Given any surface S with £(S) > 2, there exists 5 > 0 so that the
curve graph C(S) is 8-hyperbolic.

Bowditch [2006b] gives a combinatorial proof of hyperbolicity using intersection
numbers. We will be extending many of the results established in his paper in
Sections 4 and 5.

Theorem 2.4 [Bowditch 2014], [Aougab 2013], [Clay et al. 2014], [Hensel et al.
2015]. The constant § > 0 in Theorem 2.3 can be chosen independently of S.

Hensel, Przytycki and Webb in particular show that all geodesic triangles in C(S)
possess 17-centers.

3. Coarse geometry

We now recall some basic notions concerning Gromov hyperbolic spaces. Most of
the statements and results are either well known in the literature or are relatively
straightforward to deduce. We refer the reader to [Bridson and Haefliger 1999],
[Gromov 1987], [Alonso et al. 1991], and [Bowditch 2006a] for more background,
and to [Tang 2013] for most of the proofs.

3A. Notation. Let (X, d) be a metric space. Given any subset A C X’ and a point
x € X, we define d(x, A) :=inf{d(x,a) |a € A}. For r > 0, let

Ni(A) ={xeX|d(x,A) <r}
denote the r-neighborhood of A in X. For subsets A, B C X and r > 0, write
AC, B<= ACN,(B)

and
A~r, B<= AC,Band BC, A.

Define the Hausdorff distance between A and B to be
HausDist(A, B) =inf{r > 0| A =, B}.

To simplify notation, we will often write a € X’ in place of a singleton set {a} C X.
If a and b are real numbers then write

ar, b<|la—b|<r.
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The diameter of A C X is defined to be
diam(A) :=sup{d(x, y) | x,y € A}.
We will also abbreviate d(x, y) to xy if there is no chance of confusion.

3B. Geodesics, quasiconvexity and quasi-isometries. Let I C R be an interval.
A geodesicisamap y : [ — X sothat d(y(¢),y(s)) = |t —s| forall t,s € I.
A geodesic segment connecting points x and y in X is the image of a geodesic
y :10,d(x, y)] = X such that y(0) = x and y(d(x, y)) = y. A metric space X
is called a geodesic space if every pair of points can be connected by a geodesic
segment. A subset U C X is Q-quasiconvex if every geodesic segment connecting
any pair of points in U lies in Nq(U). We say a subset is quasiconvex if it is
Q-quasiconvex for some Q > 0.

A (one-to-many) map f : X — ) between metric spaces is a \-quasi-isometric
embedding if for all x;, x, € X and y; € f(x1), y2 € f(x2) we have

dy(y1, y2) < Ndx(x1,x2) +/N\ and  dx(x1, x2) < Ndy(y1, y2) + A

In addition, if Ny (f (X)) =) then f is called a A-quasi-isometry and we say that
X and Y are A-quasi-isometric. If X and ) are A\-quasi-isometric for some A > 1
then we may simply say that they are quasi-isometric.

3C. Gromov hyperbolic spaces. Throughout this paper, we shall use the thin tri-
angles definition of §-hyperbolicity which we now describe.

Let (X, d) be a geodesic space. Let T = [x, y]U [y, z] U [z, x] be a geodesic
triangle in X with corners at x, y,z € X. There exist unique internal points
ox €[y, zl, oy € [x,z], and o, € [x, y] such that xo, = x0,, yo, = yo,, and
zoy = zoy. The internal points cut 7" into three pairs of geodesic segments; each
pair consists of two segments of equal length emanating from the same corner of 7.
We say that T is §-thin if each pair of segments §-fellow travel: for all u € [x, o]
and v € [x, o,] satisfying xu = xv, we have uv < § (and similarly for the other two
pairs). We say X is §-hyperbolic if every geodesic triangle in X is é-thin.

We will also use some equivalent notions of Gromov hyperbolicity:

Lemma 3.1 (four point condition, [Bridson and Haefliger 1999] Proposition 1.22).
Let X be a geodesic space. If X is §-hyperbolic then

xy 4+ zw < max{xz + yw, xw + yz} + 24

forall x,y,z, w e X. Conversely, if this inequality holds for all points x, y, z and
w in X, then X is §'-hyperbolic for some 8’ > 0 depending only on 3.

Suppose k > 0. A k-center for a geodesic triangle 7 € X is a point in X which
lies within a distance k of each side of T.
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Lemma 3.2 [Bowditch 2006a, Proposition 6.13]. Any geodesic triangle in a §-
hyperbolic space possesses a §-center, namely, any of its internal points. Conversely,
if X is a geodesic space for which there is some k > 0 such that all geodesic triangles
in X possess k-centers then X is 5-hyperbolic for some § > 0 depending only on k.

3D. Nearest point projections to quasiconvex sets. Let X be a §-hyperbolic space,
and U C X be a closed, nonempty Q-quasiconvex subset. The set of nearest point
projections of a point x € X to U in X is

projy(x) :={peU |xp=d(x,U)}.
Since U is closed, proj;; (x) is nonempty.
Lemma 3.3. For all x € X, we have diam(proj; (x)) <26 4+ 2Q.
Lemma 3.4. Given x € X, let p € proj;; (x) be any nearest point projection. Then
forallu e U, [x, u] =5+q [x, plULp, u] and xu =542 xp + pu.

For r > 0, call g € U an r-entry point of x to U if for every u € U, all geodesics
from x to u intersect V;(g). Let entry;, (x, r) denote the set of such points.
Lemma 3.5. Let r > 0. Then for all x € X, we have entryy, (x, r) Ca, projy (x).
Furthermore, if r > 26 + Q then entry; (x, r) X, proj; (x).

We shall also need the fact that nearest point projections to quasiconvex sets are

well behaved under quasi-isometric embeddings.

Lemma 3.6. Let f : X — X' be a \-quasi-isometric embedding of geodesic spaces,
where X’ is 8'-hyperbolic. Let C be a Q-quasiconvex subset of X and let C' = f(C).
Given a point x € X, let x' be a point in f(x). Let p and q' be nearest point
projections of x to C and x' to C' respectively. Let g € X be a point satisfying
q' € f(q). Then p =~ q, where K depends only on &', \ and Q.

Proof. First, note that X is §-hyperbolic and C’ is Q'-quasiconvex in X” for some
constants § = §(A\, 8") and Q' = Q'(Q, A\, §). Let ¢ € X be a k-center for x, p and
q, where k = 8. Any point ¢’ € f(c) is then a k'-center for x’, p’ and ¢’, where
k'=K(k, A) and p’ € f(p). One can check that xp ~, xc+ cp. By quasiconvexity
of C, there is some point y € C satisfying cy < k+ Q. Since p is a nearest point
projection of x to C, we obtain

xc+cep—2k<xp<xy<xc+cy<xc+k+Q,

which implies cp < Q + 3k. Similarly, we can deduce ¢’q’ < Q"+ 3k’ Since f isa
A-quasi-isometric embedding, it follows that cqg < A x ¢’q’ + A\ and hence

pq < pc+cq <K,
where K = Q + 3k + A(Q’ + 3K)) + A. O
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3E. Hyperbolic hulls. Let X be a §-hyperbolic space and suppose U C X is
nonempty. The hyperbolic hull of U, denoted Hull(U ), is the union of all geodesic
segments in X’ connecting a pair of points in U.

Example 3.7. Let U be a finite subset of H”, where n > 1. Then Hull(U) is a
uniformly bounded Hausdorff distance away from the convex hull of U in H".

Lemma 3.8. The hyperbolic hull Hull(U) is 28-quasiconvex. Furthermore, if
C C X is a Q-quasiconvex set which contains U then Hull(U) Cq C.

In fact, these properties characterize Hull(U) up to finite Hausdorff distance.

Corollary 3.9. Let C C X be a Q-quasiconvex set containing U with the following
property: for any Q'-quasiconvex set C' C X also containing U, we have C C, C’
for some r =r(Q, Q") > 0. Then HausDist(C, Hull(U)) < max{Q, r(Q, 28)}.

3F. Circumcenters. Let U be a nonempty finite subset of a §-hyperbolic space X.
The radius of U is

rad(U) := min{r > 0 | there exists x € X, U C N, (x)}.

Call x € X a circumcenter of U if U C N, (x), where r =rad(U), and write circ(U)
for the set of circumcenters of U.

Lemma 3.10. Suppose x € X satisfies U C N, ¢(x), where r =rad(U) and € > 0.
Then for any c € circ(U), we have cx < 2§ 4 2¢€ and hence diam(circ(U)) < 26.

Lemma 3.11. Let x, y € U be points such that xy > diam(U) — 2¢, for some € > 0.
Let m be the midpoint of a geodesic segment [x, y]. Then ¢ X5 m, where c is any
circumcenter of U. Furthermore, we have diam(U) < 2rad(U) < diam(U) + 24.

We also give the following characterization of circumcenters of orbits under
finite group actions on §-hyperbolic spaces:

Lemma 3.12. Assume G is a finite group acting by isometries on a §-hyperbolic
space X. Fix a point xy € X and let ¢ be a circumcenter for Gxg. Given a point
7 € X, let p be any of its nearest point projection to Hull(Gxg). Then

pc <rad(Gz)+76

and hence
z¢ <rad(Gz) +d(z, Hull(Gxg)) + 76.

Proof. We first claim that p lies within a distance § of a geodesic segment [u, v],
where u, v € Gxg are points such that uv > diam(Gxp) — 25. Suppose p lies on
a geodesic segment [x, y] for some x and y in Gxg. There exist some x" and y’
in Gxg such that xx’ = yy’ = diam(Gxy). If x’ = y’ then the claim follows from
hyperbolicity. Now assume x’ # y. By Lemma 3.1, we have

2diam(Gxg) = xx’' 4+ yy' > max{xy +x'y’, xy' + x'y} > 2diam(Gx() — 25.
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If xy +x’y’ > 2diam(Gxg) — 28, then xy > diam(Gxg) — 28, which implies the
claim. If not, then xy’ > diam(Gxg) — 28. The claim then follows by considering a
geodesic triangle with x, y and y’ as its vertices.

Now suppose ¢ € [u, v] is a point such that pg < §. Then

d(z, [u,v]) <zq <zp+ pq <d(z, Hull(Gx¢)) + 6 < d(z, [u, v]) + 3.
By considering a geodesic triangle with vertices u, v, and z, one can show that
q =35 0, where o € [u, v] is the internal point opposite z. Observe that
d(z, xo) =d(gz, gxo) ~2p d(z, §X0)

for all g € G, where D :=rad(Gz) > %diam(Gz). Therefore zu ~,p zv which
implies uo ~,p ov. It follows that o ~p m, where m is the midpoint of [u, v].
Finally, applying Lemma 3.11 gives p &5 g X35 0 &p m ~35 ¢ and we are done. [J

3G. Almost fixed point sets. Let G be a finite group acting by isometries on a
8-hyperbolic space X. Given R > 0, let

Fixy (G, R) := {x € X | diam(Gx) <R}
be the set of R-almost fixed points of G in X.
Lemma 3.13. The set Fixy (G, 28) is nonempty. Moreover, if R > § then

Fixx (G, 2R) ~r4s Fixx (G, 29).

Proof. For any x € X, it is straightforward to check that Fixx (G, 28) contains
circ(Gx) # . Furthermore, if x € Fixy (G, 2R) then, by Lemma 3.11, we have

xc <rad(Gx) < § diam(Gx) +8 <R+3,

and hence Fixy (G, 2R) Crys Fixx (G, 25). The reverse inclusion is immediate. []

Thus, to understand the geometry of Fixx (G, 2R), for R > §, it suffices to study
that of Fixx (G, 28). One can also show that Fix v (G, 2R) is quasiconvex for R > §.

Lemma 3.14. Let R > §. For any point x € X, let ¢ be a circumcenter for its
G-orbit, and p be any nearest point projection to Fixy (G, 2R). Then cp < 2§ +4R.

Proof. For all g € G, we have
d(gx, p) <d(gx, gp)+d(gp, p) <d(x, p)+2R <d(x, c) +2R <rad(Gx) +2R.

Applying Lemma 3.10 completes the proof. ]

It is worth noting that when R < §, Lemmas 3.13 and 3.14 need not hold: it
is possible for Fixy (G, 2R) to lie very deeply inside Fixx (G, 25), as shown by
the example below. Recall that the point (r, 6, ¢) € [0, c0) x R x R in cylindrical
coordinates on R> represents (r cos@, rsin6, t) € R3 in Cartesian coordinates.
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Example 3.15 (Rocketship). A rocketship of length [ > 0 with n > 2 fins, denoted
R =%R(n, ), is the union of the following sets defined using cylindrical coordinates:

e the nose M={(t,0,t) |0 <t <1, 6 € R}, aright circular cone of height 1
and base radius 1;

e the shaft © = {(1,0,t) |1 <t <[+ 1, 8 € R}, aright circular cylinder of
height / and base radius 1; and

e the fins §, = {(1, 2k /n,t) |t > 1+ 1, k € Z}, a disjoint union of n closed
rays.

We endow R with the induced path metric from R* with the Euclidean metric. One
can show that R is quasi-isometric to a tree and hence §-hyperbolic for some & > 0;
this can be done by collapsing the radial component of the nose and shaft. Moreover,
8 > m /2 for [ sufficiently large. The group G = Z/nZ acts isometrically on R by
rotations about the #-axis through integral multiples of 2 /n. For any x € §,, the
circumcenters of Gx are points of the form (1, (4k 4+ 1) /2n, 1+ 1), where k € Z.
For R > 0 sufficiently small, Fix, (G, 2R) is contained in 1. Therefore, circ(Gx)
is at least a distance / away from Fixs (G, 2R). Furthermore, Fixp (G, 28) contains
both 91 and &, and so its Hausdorff distance from Fixg; (G, 2R) is at least /.

4. Singular Euclidean structures

We now generalize Bowditch’s [2006b] construction of singular Euclidean surfaces
which are used to estimate weighted intersection numbers. Suppose S = (S, 2) is
a closed surface of genus g with a set of m marked points €2 such that £(S) > 2.
Throughout this section, fix an n-tuple & = (1, .. ., o) of distinct multicurves in
C(S). Avectort=(ty,...,1t,) # 0 of nonnegative real numbers shall be referred to
as a weight vector. Write t - o for the formal sum ), #;;. For simplicity, assume
that « fills S and that all entries of t are positive. The appropriate modifications for
the nonfilling case shall be dealt with in Section 7A.

4A. Construction of S(t-a). Realize the multicurves «; on S so that they intersect
generally and pairwise minimally. The union of the ¢; is a connected 4-valent
graph Y on S. The closure of each component of S — Y is a polygon with at
most one marked point. The polygons together with Y give S the structure of a
2-dimensional cell complex. By taking the dual 2-cell structure, we obtain a tiling
of § by rectangles which are in bijection with the self-intersection points of ac. We
will insist that any marked point of S coincides with a vertex of this tiling.

Each rectangle R corresponding to an intersection of «; with «; is isometrically
identified with a Euclidean rectangle of side lengths 7; and 7; so that o; is transverse
to the two sides of length #;. Each vertex in this tiling meeting k # 4 corners of
rectangles becomes a singular point with cone angle k7 /2. This gives a singular
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Euclidean metric on S. We may arrange for each «; to be locally geodesic by
requiring o; N R to be a straight line connecting the midpoints of opposite sides
of R, for every rectangle R meeting «;. Thus, each component of «; is the core curve
of an annulus of width #; formed by taking the union of all rectangles R it meets.

The singular Euclidean surface defined above shall be denoted S(t- o). We
remark that the metric depends on the realization of & on S up to isotopy, however,
any such choice will work equally well for our purposes.

We will allow representatives of a curve y € C(S) to meet marked points to speak
of (locally) geodesic representatives. Say c is a representative of y if there exists
an embedded curve ¢’ representing y and a homotopy F : S' x [0, 1] — S such
that F(0,0) =¢'(0), F(0,1) =c(®) and F(S! x {t}) CS—Qforall0<t < 1. A
locally geodesic representative ¢ of ¥ on S(t-a) may not necessarily be embedded.
In these cases, there is a decomposition of the circle S' = UIj into a finite union of
closed intervals with disjoint interiors so that ¢ : § I S(t-«) sends each I; to a
straight line segment with endpoints at singular points or marked points.

By a geodesic representative of y, we mean a curve representing y attaining the
minimal length among all representatives of y. Geodesic representatives exist: there
is a lower bound on the injectivity radius and distance between singular points on
S(t-a), and therefore there are only finitely many locally geodesic representatives
of y with length less than any given constant. We will use /() to denote the length
of a geodesic representative of y on S(t- a).

For notational convenience, define a function on weight vectors by setting

tlle == vi(t-a),

i(ta) =Y tii (), )

Jj<k

where

is the self-intersection number of t- a. This serves as a rescaling factor for the
singular Euclidean surface S(t-a). We will extend intersection number linearly:

ita,y) =Y i, y).

Proposition 4.1. The singular Euclidean surface S(t- o) has the following proper-
ties:

(1) S(t-a) has area ||t||§ = Zj<k titei (o, o).
(2) For all curves y € C(S), we have
(y) <i(t-a.y) <V2©y).

(3) There exists an essential annulus on S(t- o) whose width is at least Wy ||t||,
where Wqy > 0 is a constant depending only on &(S).
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Here, the width of an annulus is the length of a shortest arc connecting its two
boundary components. The first claim is immediate from the construction. The
second claim shall be proven in Section 4B below; and the third in Section 7. It is
worth mentioning that the third claim holds for a larger class of metrics satisfying a
suitable isoperimetric inequality. The metric on S(t- &) can be approximated by a
nonsingular Riemannian metric but we shall not need to do so.

4B. A grid structure on S(t-«). A quarter-translation surface is a topological
surface S with a finite set of singularities ¢, together with an atlas of charts from
S — ¢ to R? whose transition maps are translations of R> possibly composed with
rotations through integral multiples of 7z/2. The singular points have cone angles
which are integral multiples of 7 /2 and at least .

Given a quarter-translation surface S, we may pull back the standard Euclidean
metric on R? to give a singular Euclidean metric on S. Geodesics which do not
meet any singular points or marked points with respect to this metric can only
self-intersect orthogonally. We can also define an L'-metric on S by pulling back
the metric given infinitesimally by |dx|+|dy| on R% We will work with the singular
Euclidean metric unless otherwise specified. The following is immediate:

Lemma 4.2. Let [?(n) and 1 (n) denote, respectively, the Euclidean and L'-lengths
of apathnon S. Then I*(n) <1'(n) < V212(n).

We may pull back the horizontal and vertical directions on R? to give a preferred
(unordered) pair of orthogonal directions on S defined away from the singular points.
These shall be referred to as the grid directions. Geodesics which run parallel to a
grid direction will be called grid arcs. Every nonsingular point on S has an open
rectangular neighborhood, with sides parallel to the grid directions, on which the
grid leaves restrict to give a pair of transverse foliations. Such a rectangle will be
called an open grid rectangle.

It is straightforward to check that S(t-«) is a quarter-translation surface. We will
assume that the grid directions on S(t-a) run parallel to the sides of the rectangles
used in its construction.

Lemma 4.3. Given a curve y € C(S), let ¢ be any of its geodesic representatives
on S(t-a) with respect to the Euclidean metric. Then1'(c) =i(t-a, y).

Proof. If ¢ is embedded then we can isotope it to another geodesic representative
meeting at least one singularity. Thus we can assume that S! decomposes as a finite
union of intervals Ul with disjoint interiors such that ¢ : § ' S(t-o) embeds
each I as a straight line segment connecting singularities or marked points.

We can homotope ¢ to a closed path ¢’ : S! — S(t- &) so that each ¢/(I}) is
an edge-path in the 1-skeleton of S(t- o) with the same endpoints as c(I;). The
homotopy can be performed in a way which preserves the /!-length of the path and
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without creating new intersection points with any of the ;. One can check that ¢
intersects each ¢; minimally and thus the same is also true of ¢’. Finally, we deduce
I'(c’(SY)) =i(t-a, y) by observing that every edge in the 1-skeleton of S(t - &)
transverse to o; has length ¢;. O

The second claim of Proposition 4.1 follows from the previous two lemmas.

5. Hulls in the curve complex

Let S = (S, 2) be a connected compact surface S without boundary with a finite
set of marked points €2 satisfying &£(S) > 2. Throughout this section, we will fix
an n-tuple a = («y, ..., o) of distinct multicurves in C(S), where n > 2. We will
assume that no pair «; and o; has a common component. We shall establish a
coarse equality between two subsets of C(S) determined by o — its hyperbolic hull
Hull(@), defined purely in terms of the geometry of C(S); and Short(e, L) which is
defined using only intersection numbers. We also give a combinatorial method of
approximating nearest point projections to Hull(e).

5A. Short curve sets. Leta = («y, ..., a,) be an n-tuple of distinct multicurves
inC%S),andt=(1,...,1,) bea weight vector. Given L > 0, define

short(t-a, L) :={y €C(S) |i(t-a, y) < L|t|l¢}.

If ||t]le = O then this set is contained in the 1-neighborhood of «. Note that
short(t - &, L) remains invariant under multiplying t by a positive scalar. When o«
fills S, the geodesic length of a curve y on S(t- «) approximates its intersection
number with t- a (Proposition 4.1). (The same is also true in the nonfilling case —
see Section 7A). Thus, we can view short(t - &, L) as the set of bounded length
curves on S(t-a) rescaled to have unit area.

Lemma 5.1. There exists a constant Ly > 0 depending only on &(S) such that, for
any L > Ly, the set short(t- o, L) is nonempty. Moreover,

diamg s (short(t - o, L)) < 4log, L + ko,
where kg is a constant depending only on &(S).

Consequently, up to bounded error, we can view short(t-o, L) as a single curve in
C(S) which has minimal intersection number with t-ac. The proof of this result will be
given in Section 8, and largely follows the proof of Lemma 4.1 in [Bowditch 2006b].

5B. A hull via intersection numbers. For L > 0, define the L-short curve hull of
o to be

Short(ee, L) := U short(t- e, L),
t
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where the union is taken over all weight vectors t € RZ (or, equivalently, by

choosing one representative from each projective class). Write Hull(e) € C(S) for
the hyperbolic hull of « considered as a set of vertices in C(S).

Proposition 5.2. Let L > Lg. Then for any n-tuple of multicurves o in C(S),
Short(e, L) ~, Hull(e),
where ki depends only on £(S), n and L.

This is essentially an extension of Bowditch’s coarse description of geodesics in
C(S) using intersection numbers, which we now reformulate:

Lemma 5.3 [Bowditch 2006b, Proposition 6.2]. Let &' = (a1, ) be a pair of
multicurves in C(S). Let [o1, o] denote any geodesic segment connecting o1 and
ap in C(S). Then for all L > Loy, we have

Short(e’, L) & [a1, 2],
where k| > 0 depends only £(S) and L.

Proof of Proposition 5.2. Applying Lemma 5.3 to all pairs of multicurves («;, «;)
ino = (ag,...,0,), we obtain the inclusion:

Hull() Sy, Short(e, L).
Lett= (¢, ...,1,) be a weight vector and assume, without loss of generality, that
the quantity ;i (o}, o) is maximized when {j, k} = {1, 2}. Let &’ = (@, o2) and

t' = (11, ). Since there are n(n — 1)/2 distinct unordered pairs of indices {J, k}, it
follows that

nn—1)

5 112

nn-—1
12 = Xitjrki(aj, ) < %mi(al, o) =
j<

Now let y be a curve in short(t- e, L). Then

i(t-a,y) <it-a,y) <Lltle <Ly mIIt’IIZf =< n—LIIt'IIau
=< =< =< > « =7

which implies

L
short(t-a, L) C short(t/ o, n_)
V2

Invoking Lemma 5.3, we have

nL
V2

where r > 0 is some constant depending on n, L and £(S). U

short<t/-a/, ) G, [a, 2] € Hull(e),
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We can describe the above proof in terms of the geometry of S(t-a). Assume
S(t- o) has unit area. One can obtain S(t’' - a’) by homotoping the annuli consisting
of rectangles traversed by «; to the core curve «; for each i # 1, 2. The maximality
assumption on «; and «, ensures that the total area of the remaining rectangles is at
least 2/(n(n — 1)). Scale S(t' - a’) by a factor of at most n/«/i to give it unit area.
This process scales the length of a curve y on S(t - a) by a factor of at most 1/+/2.

5C. Nearest point projections to hulls. In this section, we approximate nearest
point projections to short curve hulls using only intersection number conditions.

Definition 5.4. Let § € C(S) be a multicurve. A weight vector t = (¢1,...,1,)
satisfying

tjiaj, B) = ti(ox, P)
for all j, k is called a balance vector for 8 with respect to o.

If B intersects all «; then setting #; = i (a;, B)~! yields the unique balance vector
up to positive scale. If not, we can set t; = 1 whenever i(¢;, ) =0and ;, =0
otherwise to produce a balance vector. Let tg denote any balance vector for 8. We
also remark that the above definition is analogous to the notion of balance time for
quadratic differentials as described by Masur and Minsky [1999].

The proof of the following will be given at the end of this section.

Proposition 5.5. Assume L > Lg. Given a multicurve € C(S), let y be any nearest
point projection of B to Hull(at). Then

Y R, short(tg -, L),
where ky > 0 depends only on £(S), n and L.

As was the case with Proposition 5.2, this is an extension of a result of Bowditch.
His result was originally phrased in terms of centers for geodesic triangles; however,
our statement agrees with it up to uniformly bounded error.

Lemma 5.6 [Bowditch 2006b, Proposition 3.1 and Section 4]. Let o1, ap and B be
multicurves in C(S). Let t;s be a balance vector for B with respect to o' = (a1, o2).
Let y be a nearest point projection of B to a1, az). Then

y A, short(ty - o, L),
where K, depends only on £(S) and L.

If B is disjoint from some «; then Proposition 5.5 follows immediately from
Lemma 2.2. We will henceforth assume this is not the case. We reduce the problem
of finding a nearest point projection to a hyperbolic hull to that of projecting to a
suitable geodesic.
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Lemma 5.7. Let U be a subset of a §-hyperbolic space X. Fix a point w € X.
Assume there exist x, y € U and R > 0 such that

dx([x,yl, [z, w]) =R

forall z € U. Let p and q be nearest point projections of w to Hull(U) and [x, y]
respectively. Then

P~R(q,
where R’ depends only on R and §.

Proof. By Lemma 3.5, it suffices to show that for all u € Hull(U), any geodesic
[w, u] must pass within a bounded distance of ¢. If u lies on a geodesic segment
[z, '] for some z, 7’ € U then [w, u] must lie inside the 28-neighborhood of [w, z]
or [w, 7']. Hence, we only need to bound d(q, [w, z]) for all z € U in terms of §
and R. Recall that geodesic segments are 6-quasiconvex. Choose points v € [x, y]
and v’ € [z, w] so that vv’ = dx([x, y], [z, w]) < R. Then

q S35 [w, v] Crys [w, V'] S [w, 2],
where we have applied Lemma 3.4 for the first comparison. O
In order to exploit the above result, we recall yet another lemma of Bowditch:

Lemma 5.8 [Bowditch 2006b, Proposition 6.3]. Suppose a1, an, a3, aq € C(S) are
multicurves which satisfy

i(ar, o4)i(a, a3) <ri(og, ar)i(as, og)

for some r > 0. Then
ds([er, 2], [a3, a4]) <R,

where R > 0 depends only on r and £(S).

Proof of Proposition 5.5. Let tg be a balance vector for 8 with respect to a. To
simplify notation, assume ?;#;i(«;, o) is maximized when {j, k} = {1, 2}. Then

btji(ar, aj) < tii(ay, a)

forany j=1,...,n. As B is assumed to intersect all the «;, we have t; =i (a;, B) !
(after rescaling) and so

i(ay, Bi(on, aj) <i(ay, w)i(aj, B).
Invoking Lemma 5.8 gives

ds([o1, a2], [, B]D) =R
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Let y12 and y be nearest point projections of 8 to [, ap] and Hull(e) respectively.
Applying Lemma 5.7 with U =&, x =1, y = ap, and w = 8 gives

ds(yi2,v) <R/,

where R" depends only on £(S).
Now suppose y' is a curve in short(tg - &, L). Using the same reasoning as for
the proof of Proposition 5.2, we see that

y' e short(tg - e, L) C short(t}j o ”_L)’

V2

where &' = (a1, o) and t:s = (11, t;). By Lemma 5.6, we deduce that

ds(y', y12) <k
for some k), depending only on n, L and £(S). The preceding inequalities give
ds(y',y) <R +kj,

which concludes the proof of the proposition. O

6. Covering maps

6A. Operations on curves arising from covering maps. We first recall some defi-
nitions and notation. Let P : ¥ — § be a finite degree covering map of surfaces.
The preimage P~!(a) of a simple closed curve @ on S under P is a multicurve
on X. This induces a one-to-many lifting map Il : C(S) — C(X) between curve
complexes by setting IT(a) := P~!(a). Recall the following theorem of Rafi and
Schleimer:

Theorem 1.1 [Rafi and Schleimer 2009]. Let P : ¥ — S be a finite degree cov-
ering map. Then the map T1 : C(S) — C(X) defined above is a \-quasi-isometric
embedding, where N\ depends only on §(X) and deg P.

It immediately follows that IT(C(S)) is quasiconvex in C(X). This naturally leads
to the question of understanding nearest point projections to I[T(C(S)). Define an
operation 77 : C(X) — I1(C(S)) as follows: given a curve o € C(X), let b € C(S) be a
curve which has minimal intersection number with P («) on S and set 7 (o) = I1(b).

Theorem 6.1. Let P : ¥ — S be a finite degree covering map, and let Il and
be as above. Given a curve a € C(X), let y be a nearest point projection of « to
IT(C(S)) in C(X). Then m(a) Xy, v, where k3 depends only on deg P and &(X).

Consequently, the operation « +— 7 («) is coarsely well defined. The above will
be proven in Section 6B, and the following in Section 6C.
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Proposition 6.2. Suppose further that P is regular, and let G be its group of deck
transformations. Let vy’ be a circumcenter of the G-orbit of a curve « in C(X). Then
(o) =y, y', where ky is some constant depending only on deg P and &(X).

Recall that the deck transformation group Deck(P) of a covering map P : ¥ — S
is the group of all homeomorphisms f € Homeo(X) satisfying P o f = P. In order
for the above statement to make sense, we must check that Deck(P) can be identified
with its image in the mapping class group Mod(X) = Homeo(X)/ Homeoy(X).

Lemma 6.3. Suppose S has negative Euler characteristic, and let P : ¥ — S be a
finite degree covering map. Then the natural map Deck(P) — Mod(X) is injective.

Proof. We will only give a sketch proof. Endow int(S) with a hyperbolic metric and
pull it back to int(X) via P. The group Deck(P) then acts on int(X) by isometries.
The result follows since any isometry of a hyperbolic surface isotopic to the identity
must in fact coincide with the identity. (I

Note, however, that this lemma does not hold for covers of the torus or annulus.

6B. Nearest point projections.

6B.1. Regular covers. We shall first deal with the case where P : ¥ — S is a
regular cover. Let G = Deck(P). Given a curve o € C(X), observe that the set
of lifts of P(«) to X via P is exactly Ga. Let @ = (ay, ..., «y) be an n-tuple of
curves whose entries are the lifts of P(«) in any order. Note that n > 1 is some
divisor of deg P. Let 1 denote the vector of length n with all entries equal to 1.

Lemma 6.4. Let o and o be as above. Then 7w (a) € short(1 - &, Lo|G|) where Ly is
a constant depending only on £(X).

Proof. Let b be a closed curve on S. Each point of b N P(«) on § lifts to exactly
|G| = deg P points of P~ (b)) NGa on X via P, hence

i(P~(b), @) =|Gli(b, P(e)).
By Lemma 5.1, there exists a curve y € C(X) such that
i(y, o) < Loll1]e

for some constant Lo = Lo(§(X)). Now assume b has minimal intersection with
P (@) out of all curves on S. It follows that

i(P(b), @) = |Gli(b, P(a)) < |Gli(P(y), P(@) =i(Gy,a) <|Gli(y, ).
Finally, by combining the preceding inequalities, we see that
i(T(a), @) =i(P~'(b), ) <|Gli(y, @) <|GILo[1]a-
Thus 7 («) € short(1- e, L) for L = Ly|G]|. U
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Lemma 6.5. Given y € T1(C(S)), let B be any of its nearest point projections to
Hull(e). Then ds (r(«), B) < ks, where ks depends only on deg P and £(X).

Proof. We may replace y with the multicurve Gy since their nearest point projec-
tions to Hull(et) are a uniformly bounded distance apart. Since G acts transitively
on Ga, it follows that i (Gy, a;) =i(Gy, «;) for all i, j. Thus, 1 serves as a balance
vector for Gy with respect to a. By Proposition 5.5, we deduce that

B ~, short(1- e, L),

where k; depends only on £(X), n and L > Ly. Applying the previous lemma
completes the proof. (]

Proof of Theorem 6.1 for regular covers. Let o and a be as above. Let y be any
curve in IT(C(S)). Since Hull(e) is quasiconvex, Lemmas 3.4 and 6.5 imply that
any geodesic connecting « to y in C(X) must pass within a distance r of 7 («),
where r depends only on deg P and £(X). Therefore m(«) is an r-entry point
of a to IT(C(S)). Since IT(C(S)) is also quasiconvex, Lemma 3.5 implies ()
is a uniformly bounded distance away from any nearest point projection of « to
I1(C(S)). O

6B.2. The general case. The main obstacle in proving Theorem 6.1 for a nonregular
cover P : X — § is the following: given a simple closed curve o € C(X) there may
be some lifts of P(«) to X which are not simple. To address this issue, we pass to
a suitable finite cover of X using a standard group theoretic argument.

Lemma 6.6. Let P : ¥ — S be a covering map of finite degree. Then there exists a
cover Q : ¥ — X such that F := P o Q is regular and deg F < (deg P)!.

Proof. Let H be the finite index subgroup of I' = m(S) corresponding to the
covering map P, and let Hy be the intersection of all I'-conjugates of H. It is
straightforward to check that Hy is exactly the kernel of the action of I" on the set
of left cosets of H by left multiplication. The desired result then follows. ([

The covering map F defined above is universal in the sense that any regular
cover of S which factors through P must also factor through F.

Lemma 6.7. Let P: X — Sand F : £ — S be as above. If « is a simple closed
curve on X then all lifts of P(«) to X via F are simple.

Proof. Any lift of « to T via Q is also a simple lift of P(«) via F. Since F is
regular, it follows that all other lifts of P(«) to X are simple. (]

Let ®:C(S) —> C(i) and WV :C(X) —» C(f) be the lifting maps induced by the
covering maps F and Q respectively. Let ¢ : C(X) — D(C(S)) be the projection
map associated to F as described in Section 6A. We may assume ¢ oW =W o .
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Proof of Theorem 6.1. Given « € C(X), let & be any of its lifts to S via 0. Note
that ¢ (&) = W (7 («)). Let 7 be a nearest point projection of & to ®(C(S)) in )
and let y = Q(p) € TI(C(S)). Since F is regular, we can apply Theorem 6.1 for
regular covers to deduce that

ds (¢ (&), P) < ks,

where ks depends only on deg F and & (f) which can in turn be bounded in terms
of deg P and £(X). By Theorem 1.1, WV is a /A-quasi-isometric embedding, where
N=/N\(deg F, £(X)), and so

ds (7w (@), y) < Nk3 +A.

By Lemma 3.6, y is a uniformly bounded distance away from any nearest point
projection of « to IT(C(S)) in C(X) and we are done. O

6C. Circumcenters for regular covers. Let P : ¥ — S be a regular cover, and G
its deck group. Given « € C(X), we show m(«) approximates circ(Ga) in C(X).

Proof of Proposition 6.2. Since m(«) is a G-invariant multicurve, we deduce that
rad(Gm(a)) < 1. Proposition 5.2 and Lemma 6.4 together give

ds (7 (), Hull(Ga)) < Kj,

where k, depends only on £(X) and deg P. Finally, combining the above with
Lemma 3.12 yields dx (7 (@), circ(Ga)) <k, +78 + 1 as desired. O

Observe that the vertices in Fix¢(x) (G, 1) coincide exactly with those of TT(C(S)).
An immediate corollary of Theorem 6.1 and Proposition 6.2 is the following:

Corollary 6.8. Any circumcenter for the G-orbit of a curve a € C(S) is within a
uniformly bounded distance of any nearest point projection of o to I1(C(S)).

Therefore Lemma 3.14 still holds for Fix¢(s) (G, 1), albeit with weaker control
over the constants. As Example 3.15 demonstrates, this cannot be proven using
purely synthetic methods assuming only §-hyperbolicity of C(X). In conclusion:
“There are no rocketships in the curve complex.”

7. An isoperimetric inequality on S(t- o)

7A. Constructing S(t - a) for nonfilling curves. We now generalize the construc-
tion of S(t- o) to encompass nonfilling curves. Assume o = (¢, ..., a,) is an
n-tuple of distinct multicurves and t = (1, . .., ;) # 0 is a weight vector satisfying
Itll¢ # 0. Realize & minimally on S to form a 4-valent graph Y on S.

Let ¥ C S be the (possibly disconnected) subsurface filled by Y. This can be
obtained by taking a closed regular neighborhood of YT on § and then attaching
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all complementary regions which are discs with at most one marked point. If «
fills S then ¥ = S. In general, ¥ will be a disjoint union of surfaces ¥; U...U X;.
Observe that s < £(S) since we can find a multicurve on S so that exactly one
component is contained in each X (by choosing a suitable subset of all curves
appearing in o, for example). Some of these components may be annuli — this
occurs precisely when a multicurve o; has a component disjoint from all other ;.
All other components will have genus at least one, or are spheres where the sum of
the number of marked points and boundary components is at least four.

We now define a 2-dimensional complex S(t-a) as a quotient of S. Suppose X
is an annular component of ¥ whose core curve is a component of «;. Identify X
with S! x [0, #;], then collapse the first coordinate to give a closed interval I; of
length #;. Next, collapse every complementary component of ¥ in S to a marked
point. These marked points will be called essential. We then apply the construction
from Section 4A to the image of each nonannular component of ¥ in the quotient
space. The resulting space is a finite collection of singular Euclidean surfaces and
closed intervals identified along appropriate essential marked points. Note that this
construction agrees with the one given in Section 4A for the case of filling curves.
For brevity, call the image of a component of ¥ a component of S(t- o).

Let ¢ be a representative of a curve y € C(S) on S. Its image ¢ on S(t- o) will
be a closed curve or a union of paths connecting essential marked points. Define
[(y) to be the minimal length of ¢ over all representatives c of y.

Proposition 7.1. Suppose o and t satisfy ||t||o > 0. Then the first two claims of
Proposition 4.1 hold for S(t- a).

The proof of the above proceeds in the same manner as for the case of filling
curves. It remains to prove an analogue of the third claim.

7B. An isoperimetric inequality. Let S = (S, Q) be a closed singular Riemannian
surface S with a finite set of marked points Q2. Let A be a closed disc and suppose
t: A — S is apiecewise smooth immersion which restricts to an embedding on its
interior. Let D denote the image ¢ (int(A)).

Definition 7.2. An open disc D arising in the above manner is called a trivial region
on S if it contains at most one marked point. The boundary dD is an embedded
Eulerian graph on S whose edges are piecewise smooth arcs. Define length(dD) to
be the sum of the lengths of these arcs using the metric on S.

Bowditch defines trivial regions as open discs on S containing at most one
marked point without any conditions concerning piecewise smooth embeddings.
Nevertheless, his proof of the following proposition still holds with our definition:

Proposition 7.3 [Bowditch 2006b]. Suppose f : [0, oo) — [0, c0) is a homeomor-
phism. Let p be a singular Riemannian metric on an orientable closed surface S
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with unit area. Let Q2 be a finite set of marked points on S. We will assume |Q2| > 5
whenever S is a 2-sphere. If area(D) < f (length(dD)) for any trivial region D then
there is an essential annulus A C S — Q such that width(A) > Wy, where Wy > 0
depends only on £(S) and f.

This section will be devoted to proving the following lemma which, together
with the above proposition, implies the third claim of Proposition 4.1:

Lemma 7.4. Suppose D is a trivial region on S(t-a). Then
area(D) < 4 length(dD)>.

Before launching into the details of the proof, we briefly outline our argument.
First, we reduce the problem to that of studying embedded closed discs on S(t- a)
whose boundary is a finite union of grid arcs. We then show that such a disc D
can be tiled by grid rectangles. This tiling is dual to a collection of arcs on D,
where each arc is parallel to a component of some «; N D. We call the union of
all rectangles meeting a given arc a band. The key step is to observe that any two
arcs in the collection intersect at most twice. Thus, the intersection of two distinct
bands is the union of at most two rectangles arising from the tiling. Conversely,
any rectangle from the tiling is contained in the intersection of two such bands. We
can then bound the area of the rectangles in terms of the length of aD.

7B.1. Technical adjustments. Let us first make a couple of observations to simplify
the problem.

Lemma 7.5. Any trivial region D on S(t-a) can be perturbed to a trivial region
D’ whose boundary is a finite union of grid leaves. Moreover, D' can be chosen so
that area(D’) > area(D) and length(3D') < +/2length(3D).

We will henceforth assume that the boundary of any trivial region on S(t- o) is
a finite union of grid leaves.

Let:: A — S(t-a) be a piecewise smooth immersion whose restriction to int(A)
is an embedding with image D. Observe that ¢ : A = S! — 3D is an immersion
of a circle which runs over each edge of dD at most twice. We will metrize A by
pulling back the metric on S(t-e) via .

Lemma 7.6. Suppose D and A are as given above. Then area(A) = area(D) and
length(0D) < length(d A) < 2length(dD).

7B.2. Tiling A by rectangles. The disc A inherits grid directions from S(t-a) via ¢
away from the preimage of the singular points. The boundary decomposes as a finite
union dA = Ul of closed grid arcs with disjoint interiors. We may assume that
this decomposition is minimal, that is, it cannot be obtained from any other such
decomposition by subdividing arcs. An endpoint of any grid arc [, will be called a
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corner point of dA. A corner point which does not coincide with a singularity or a
marked point must be an orthogonal intersection point of two grid arcs.

It is worth noting that d A must contain at least two corner points and at least
three if D contains no marked points. To see this, recall that the grid leaves on
S(t-a) are parallel to some «;. Any of the forbidden cases will imply that some «;
is trivial, peripheral, self-intersects or does not intersect some c; minimally.

Let us refer to marked points, corner points and singularities collectively as bad
points. Let Z C A be the union of 9 A with all grid arcs in A which have a bad
point for at least one of their endpoints. Since there are finitely many bad points
in A, it follows that Z is a finite embedded graph on A. A vertex v € int AN Z has
valence k if and only if the cone angle at v is kr /2. If v is a vertex which lies on
0 A then it has valence k + 1 if and only if the cone angle at v inside A is k/2. It
follows that every vertex v of Z has valence at least 2, and at least 3 if v is not a
marked point.

Lemma 7.7. There exists a tiling of A by finitely many grid rectangles with Z as
its 1-skeleton.

Proof. First note that there are finitely many connected components of A — Z
since Z is a finite graph. Let R be such a component and let R be its completion
with respect to its induced path metric. Observe that R is a closed planar region
admitting a Euclidean metric with piecewise geodesic boundary, where the interior
angle between adjacent edges of dR is /2. By the Gauss—Bonnet formula, the
sum of its interior angles must equal 27 x (R). Since the frontier of R in A meets
at least one vertex of Z, the angle sum must be strictly positive. As R is planar, it
follows that x (R) = 1 and therefore R is a Euclidean rectangle. Also note that Z
is connected, for otherwise there would exist some component of A — Z with
disconnected frontier.

The inclusion R <> A can be extended continuously to a map R — A, sending
each edge of d R isometrically to an edge of Z meeting the frontier of R. Thus R
is a grid rectangle since the edges of Z, by construction, are parallel to the grid
directions. Finally, the closures of distinct rectangles R and R’ can only intersect
in a union of vertices and edges of Z. U

7B.3. Controlling the area. Let A be the set of maximal grid arcs in A which
intersect Z only at midpoints of edges of Z. This is a collection of arcs dual to the
rectangular tiling of A as described in Lemma 7.7. For any arc a € A, there is curve
a € o such that a can be properly isotoped in A to a component of (= (a N D)
without passing through any singular points or marked points. (There cannot be any
closed curves in A dual to the tiling as this would imply some «; is not essential.)
Let B = B(a) be the union of all rectangles in the tiling which meet a. We will
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call B a band and a a core arc of B. Define width(B) to be the length of any edge
of Z crossed by a. The set of bands in A is in bijection with A.

Lemma 7.8. The intersection of two distinct bands B and B’ is the union of at most
two rectangles whose side lengths are width(B) by width(B’). Conversely, each
rectangle in the tiling lies in the intersection of a unique pair of distinct bands.

Proof. Let a and a’ be core arcs of B and B’ respectively. If a and a’ intersect at least
3 times then they must bound a bigon in A containing no marked points. We can
properly isotope a and a’ in A to components of ! (;; N D) and L_I(Clj N D), for
some o; and «; respectively, without passing through any singular points or marked
points. Since any right-angled bigon on A must contain at least one singularity, it
follows that o; and «; also bound a bigon in D, contradicting minimality.

For the converse, simply take the bands corresponding to the unique pair of arcs
which have an intersection point inside the given rectangle. ]

We will refer to an edge of Z lying in d A simply as an edge of dA.

Lemma 7.9. Let A be as above. Then
area(A) < %length(aA)z.

Proof. By Lemma 7.8, A is a union of rectangles, each of which lies in the
intersection of a pair of distinct bands. Thus

area(A) = area( U BN B’) = Z area(BN B').
B#£B' B#£B’

Since the intersection of two distinct bands is the union of at most two rectangles
whose side lengths are equal to the widths of the bands, we have

area(B N B’) <2 width(B) x width(B’),
and hence
2
area(A) <2 Y width(B) x width(B') < 2(2 width(B)) .
B#B’ B

Finally, the desired result follows from observing that

length(9A) =2 ) " width(B),
B

where the sum is taken over all bands B in A. O

Combining this with Lemmas 7.5 and 7.6 completes the proof of Lemma 7.4.
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8. Proof of Lemma 5.1

Fix an n-tuple of distinct multicurves ¢ = («ay, ..., ®,) and a weight vector
t=(t1,...,t) #0. We show that for all L > Ly, where L is to be determined,

short(t-o, L) ={y € C(S) | i(t-a, y) < L|t]ls}

is nonempty and has uniformly bounded diameter in C(S). If ||t|, = O then
short(t - &, L) contains the «; and is contained in the 1-neighborhood of & in C(SS),
and we are done.

Assume ||t]|, > 0, and let Y be a component of S(t- ) with maximal area. Since
S(t-a) has at most £(S) components, we have area(Y) > ||t||§/§(S). Note that Y
cannot be an interval since ||t||, > 0. To simplify the exposition, we first prove
Lemma 5.1 when Y has genus at least 1, or at least 5 marked points — the case
where Y is a sphere with 4 marked points shall be dealt with in Section 8B.

8A. Case 1: Y has genus at least 1 or at least 5 marked points. By Proposition 7.3
and Lemma 7.4, there exists an essential annulus A on Y with

. Wol[tll«
width(A) > Wy+/area(Y) > ,
VE(S)
where Wy = Wy(€(Y)). Let y € C(S) be the core curve of A. Setting
. Wo(k)
W=W((S)) ;= min ,
€5 1<k<&(S) \/&(S)

we have width(A) > W||t||,. Applying the Besicovitch Lemma [1952] (see Lemma
4.5% in [Gromov 1999] for a proof), we have

width(A) x length(A) < area(A),

where length(A) is the length of a shortest core curve on A. Since area(A) is at
most area(S(t-a)) = ||t||§, it follows that /(y) < length(A) < ||t]|e/W.

Now let b be a geodesic representative of a curve 8 € C(S) on S(t- a). Each
essential intersection of b with A contributes at least width(A) to length(b), and so

width(A) x i(y, B) <length(b) =1(B).
Combining the above with Proposition 7.1, we deduce

V2|t . 1(B) it o, B)
W and (2P = TamA) = Wit

i(t-a,y)<V2(y) <
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Set Lg= \/E/W. The curve y satisfies i (t-a, ) < Lg||t]l, and so short(t-ea, L) # &
for all L > Ly. Furthermore, if 8 € short(t- e, L) then
it p) _ Lltlle _ L

i(y,p) < < =—_.
Wiltlle — Witlle W

Applying Lemma 2.2 and the triangle inequality gives
diam(short(t - &, L)) < 2[2 1og2(%) + 2] — 4log, L+ ko,
where kg is a constant depending only on &(S). ]

8B. Case 2: Y is a sphere with 4 marked points. For our purposes, it suffices to
find a wide annulus on a suitable double branched cover of Y. Identify Y with
the quotient of the torus T2 = R?/Z? under a hyperelliptic involution 4 : T> — T?
given by h(x, y) = (—x, —y) modulo 72, so that the marked points coincide with
the branch points. Metrize T? by pulling back the singular Euclidean metric on Y.
This metric can also be obtained by taking the preimages of the «; contained in
Y to T2 and then applying the construction as described in Section 4A. It follows
that T2 enjoys the isoperimetric inequality stated in Lemma 7.4, and so applying
Proposition 7.3 gives the following:

Lemma 8.1. There exists an essential annulus on T2 of width at least W’||t] o //E(S)
for some universal constant W' > 0.

Remark 8.2. By following the proof of Proposition 7.3 in [Bowditch 2006b] for
the case of the torus, one can take W' = #E

Observe that /() is homotopic to 7 for any simple closed curve 7 on T2 Thus,
any simple closed on T2 descends to a simple closed curve on Y (up to homotopy).

Lemma 8.3. Let A be an essential annulus on T* with core curve 7. Let y € C(S)
be the image of y on Y under the quotient map H : T> — Y. Then

2i(t-a, B)

(B = ~ama

forall B € C(S).

Proof. Recall that BNY is either a simple closed curve or a union of paths connecting
marked points of Y. The preimage H~'(B) is a finite union of (not necessarily
disjoint) essential curves on T2 By perturbing y to an embedded curve which
misses the marked points of Y, we see that each point of y N g lifts to exactly two
points on T2 under H, and so

i(H ' (y), H'(B))
2

i(y,B)= <i(y, H'(B)).
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By observing that each intersection of H~!(8) with A contributes at least width(A)
to its length, and applying Proposition 7.1, we deduce

width(A) x i(7, H~'(B)) <I(H™'(B)) =20(BNY) <2(B) <2i(t-a, p).
The result follows. O

We may use the previous lemmas and argue as in Case 1 to bound the diameter
of short(t- e, L). Finally, short(t- e, L) is nonempty since & does not fill S.
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THE LOCAL GINZBURG-RALLIS MODEL
OVER THE COMPLEX FIELD

CHEN WAN

We consider the local Ginzburg—Rallis model over the complex field. We
show that the multiplicity is always 1 for a majority of generic represen-
tations. We also have partial results on the real case for general generic
representations. This is a continuation of our previous work in which we
considered the p-adic case and the real case for tempered representations.

1. Introduction and main result

This paper is a continuation of [Wan 2016a; 2016b]. For an overview of the
Ginzburg—Rallis model, see Section 1 of [Wan 2016a]. We recall from there the
definition of the Ginzburg—Rallis models and conjectures.

Let F be a local field (p-adic or archimedean), D be the unique quaternion
algebra over F if F # C. Take P = P>, = MU to be the standard parabolic
subgroup of G = GL¢ whose Levi part M is isomorphic to GL, x GL; x GL,, and
whose unipotent radical U consists of elements of the form

L X Z
(1-1) u=u(X,Y,Z):=10 I, Y

00 I,
We define a character £ on U (F) by

(1-2) (X, Y, 2)) =y (tr(X) +tr(Y)),

where 1 is a nontrivial additive character on F. It’s clear that the stabilizer of £ is the
diagonal embedding of GL;(F) into M (F'), which is denoted by Hy(F). For a given
character x of F*, one induces a one dimensional representation w of Hy(F') given
by w(h) := x(det(h)). We can extend the character £ to the semidirect product

(1-3) H(F) := Hy(F) x U(F)

by making it trivial on Hy(F'). Similarly we can extend the character w to H (F). It
follows that the one dimensional representation w ® & of H (F') is well defined. The

MSC2010: 22ES0.
Keywords: representations of linear algebraic groups over archimedean local field, multiplicity one
on Vogan packet.
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pair (G, H) is the Ginzburg—Rallis model, introduced in [Ginzburg and Rallis 2000].
Let 7 be an irreducible admissible representation of G (F) with central character x2
we are interested in the Hom space Hompy (r) (7, @ ® &), the dimension of which
is denoted by m () and is called the multiplicity.

On the other hand, if F' # C, define Gp = GL3(D). Similarly we can define
Up, Ho,p and Hp. We also define the character wp ® §p on Hp(F) in the same
way except that the trace in the definition of & is replaced by the reduced trace of
the quaternion algebra D and the determinant in the definition of w is replaced by
the reduced norm of the quaternion algebra D. Then for an irreducible admissible
representation wp of Gp(F) with central character x 2 we can also talk about the
Hom space Homp,,(r)(7p, wp @ §p), whose dimension is denoted by m(7p).

The purpose of this paper is to study the multiplicity m(;r) and m(;p). First, it
was proved by C.-F. Nien [2006] over a p-adic local field, and by D. Jiang, B. Sun
and C. Zhu in [Jiang et al. 2011] for an archimedean local field that both multiplicities
are less than or equal to 1: m(;r), m(mwp) < 1. In other word, the pairs (G, H) and
(Gp, Hp) are Gelfand pairs. In this paper, we are interested in the relation between
m(m) and m (7t p) under the local Jacquet—Langlands correspondence established in
[Deligne et al. 1984]. The local conjecture has been expected since the work of
[Ginzburg and Rallis 2000], and was first discussed in detail by Jiang [2008].

Conjecture 1.1 [Jiang 2008]. For any irreducible admissible representation w of
GLg(F), let mp be the local Jacquet—Langlands correspondence of w to GL3(D) if
it exists, and zero otherwise. In particular, wp is always 0 if F = C. We still assume
that the central character of  is x° Then the following identity:

(1-4) m(m)+m(wp) =1
holds for all irreducible generic representations w of GLg(F).

Note that the assertion in Conjecture 1.1 can be formulated in terms of Vogan
packets and pure inner forms of PGLg. We refer to [Wan 2016a] for discussion.

Another aspect of the local conjecture is the epsilon dichotomy conjecture, which
relates the multiplicity to the central value of the exterior cube epsilon factors. It
can be stated as follows:

Conjecture 1.2. With the same assumptions as in Conjecture 1.1, assume that the
central character of  is trivial. Then we have

mm) =lee(, r, N) =1, m)=0=e(l, 7, N)=-1.

In this paper, we always fix a Haar measure dx on F and an additive character
Y such that the Haar measure is self-dual for Fourier transform with respect to .
We use such dx and v in the definition of the € factor. For simplicity, we will write
the epsilon factor as €(s, 7, p) instead of €(s, &, p, dx, V).
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Remark 1.3. Conjecture 1.2 can also be formulated for general representations
with nontrivial central character. To be specific, as in Conjecture 1.1, assume the
central character of 7 is x 2 Then the epsilon dichotomy conjecture for 7 becomes

mm =l r, Neox =1, mm=0=ecl,r,Noyx")=-1

Here, e(s, . N ® X_l) is the epsilon factor of (/\3¢,T) ® x ! (not A (D= ®x71),
where ¢, is the Langlands parameter of . The proof of the epsilon dichotomy
conjecture for representations with nontrivial central characters is the same as the
trivial central character case. Hence for simplicity, in this paper, we will only
consider the trivial central character case for the epsilon dichotomy conjecture. All
our results can be easily extended to the nontrivial central character case.

In the previous papers [Wan 2016a; 2016b], we prove Conjecture 1.1 for the case
that F is a p-adic local field or R and 7 is an irreducible tempered representation of
GLg(F). In [Wan 2016b], we also prove Conjecture 1.2 for the case F =R and
is tempered, together with the case when F is p-adic and = is tempered but not a
discrete series or a parabolic induction of a discrete series of GL4(F) x GL,(F).

In this paper, we consider the case when F = C. In this case, by the Langlands
classification, any generic representation 7 is a principal series. In other words, let
B = MyU) be the Borel subgroup consisting of all the lower triangular matrices;
here My = (GL)® is just the diagonal matrix. Then 7 is of the form I BG (x), where
X = ®?:1 Xi is a character on My(F) and [ BG is the normalized parabolic induction.
For 1 <i <6, we can find a unitary character o; and some real number s; € R such
that x; = o;| - |*. Without loss of generality, we assume that s; < s; for any i > j.
Then if we combine those representations with the same exponents s;, we can find a
parabolic subgroup Q = LUy containing B with L = X le GL,,;, a representation
T= ®f:1 ;|- | of L(F), where t; are all tempered and the exponents #; are strictly
increasing (i.e., | <t < --- <) such that w = Ig(r). On the other hand, we can
also write 7 as IﬁG (7m9) with o = w1 ® m> ® 73, where 7; is the parab_olic induction
of x2i—1 ® x2i. Here we want the representation to be induced from P instead of P
because later in Sections 5 and 6, we would like to integrate the elements of the
induced representation over the unipotent subgroup U (F).

Theorem 1.4. Assume that F = C, with the same assumptions as in Conjecture 1.1
and with the notation above. Then we have the following:

(1) If P C Q, Conjectures 1.1 and 1.2 hold. In particular, both conjectures hold
for the tempered representations.

2) Ifo ¢ P and if mq satisfies the condition (40) in [Loke 2001], Conjectures 1.1
and 1.2 hold.
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There are two main ingredients in our proof. First we deal with the tempered
representations. The idea is to construct an explicit element inside the Hom space
given by integrating the matrix coefficient. Then we show that the nonvanishing
property of this element is invariant under parabolic induction, which allows us to
reduce to the torus case which is trivial. This idea already appears in [Wan 2016b]
for the case when F = R.

Then for general generic representations, we use the open orbit method to reduce
our problems to the tempered case or the trilinear GL, model case. To be specific,
if P C Q, by applying the open orbit method, we can reduce to the model related
to the Levi subgroup L. Then after twisting t by some characters, we only need to
deal with the tempered case which has already been proved. If Q C P, by applying
the open orbit method, we reduce ourselves to the trilinear GL, model case. Then
by applying the work of Loke [2001], we can prove our result. The extra condition
in part (2) of Theorem 1.4 also comes from the same work.

It is worth mentioning that in Theorem 1.4(2), the requirements we made for
the parabolic subgroup Q force some types of generalized Jacquet integrals to be
absolutely convergent; this allows us to apply the open orbit method. If one can
prove such integrals have holomorphic continuation, one can actually remove this
restraint. This will be discussed in Section 7.

Finally, the open orbit method we use here can also be applied to the case when
F = R; this will gives us partial results about Conjecture 1.1 and Conjecture 1.2
for general generic representations. To be specific, let 7 be an irreducible generic
representation of G (F) with central character x2 By the Langlands classification,
there is a parabolic subgroup Q = LU containing the lower Borel subgroup and an
essential tempered representation T = ®f‘: 1 Til-|% of L(F) with 7; tempered, s; € R
and 51 < 5 < --- < s such that & =Ig(t). We say Q is nice if Q C P or P C Q.

Theorem 1.5. Let the notation be as above.
(1) If tp =0 and Q is nice, then Conjectures 1.1 and 1.2 hold.
2) If tp #0, we have
m(mw)+m(np) = 1,

and if moreover if the central character of 7 is trivial (as in Conjecture 1.2),
we have

E(%»ﬂ', /\3)= l=>m(m)=1; m(ﬂ.’):o:}e(%’n’ /\3):_1.

As in the complex case, the assumption on Q can be removed if we can prove
the holomorphic continuation of certain generalized Jacquet integrals. This will
also be discussed in Section 7.

The paper is organized as follows: In Section 2, we review a well know result of
the intertwining operator which is due to Harish-Chandra. We will also give a brief
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overview of the open orbit method which will be used in later sections. In Section 3,
we show that for F = C, Conjecture 1.1 implies Conjecture 1.2. In Section 4, we
prove Theorem 1.4 for tempered representations. Then in Section 5, we prove it for
general cases. In Section 6, we discuss the case for F = R. In Section 7, we talk
about how to remove the assumptions on Q based on the results on the holomorphic
continuation of the generalized Jacquet integral due to Raul Gomez [> 2017].

2. Preliminaries

2A. The intertwining operator. For every connected reductive algebraic group G
defined over F, let Ag be the maximal split center of G and Zs be the center
of G. We denote by X(G) the group of F-rational characters of G. Define
ag = Hom(X (G), R), and let a; = X(G) ®z R be the dual of ag. We define a
homomorphism Hg : G(F) — ag by Hg(g)(x) =log(|x(g)|Fr) forevery g € G(F)
and x € X(G).

Given a parabolic subgroup P = MU of G and an admissible representation
(r, Vy) of M(F), let K be a maximal compact subgroup of G(F) in good posi-
tion with respect to M. Let (I ,E; (1), 1 19 (V7)) be the normalized parabolic induced
representation: / PG (V;) consists of smooth functions e : G(F) — V; such that

e(mug) =8p(m)"*t(m)e(g), meM(F), uecU(F), geG(F),

and the G (F)-action is just the right translation.
For A € a}, ®r C, let 7, be the unramified twist of 7, i.e.,

. (m) = exp(A(Hy (m)))T (m),

and let / 19 (1)) be the induced representation. By the Iwasawa decomposition, every
functione € I }? (1)) is determined by its restriction on K, and that space is invariant
under the unramified twist, i.e., for any A, we can realize the representation / ,S; ()
on the space I,fm p(Tx) which consists of functions ex : K — V; such that

e(mug) =8p(m)*t(m)e(g), me M(F)NK, ucU(F)NK, geckKk.

Here g is the restriction of the representation t to the group K.
Now we define the intertwining operator. For a Levi subgroup M of G, P = MU,
P'=MU' € P(M), and A € a}, ®g C, define the intertwining operator

Ipip(@)  IF (Vo) = I5 (Vo). Jpip(1)(e)(8) = / e(ug) du.
UENU(FO\U'(F)
In general, the integral above is not absolutely convergent. But it is absolutely
convergent when Re(}) lies inside a positive cone, and it is G (F')-equivariant. By
restricting to K, we can view Jp/p(7;) as a homomorphism from Ilfﬂ p (Vi) to
Ilfm p (Vo). In general, Jpp(7;) can be meromorphically continued to a function
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on aj, ®r C. Moreover, if we assume that 7 is tempered, we have the following
proposition which is due to Harish-Chandra. The proof of the proposition can be
found in Proposition IV.2.1 of [Waldspurger 2003].

Proposition 2.1. With the notation above, if T is tempered, then the intertwining
operator Jp/ p is absolutely convergent for all A € a}, ®r C with (Re(1), &) >0
foreverya € X(P)N S (P’). Here $(P) is the subset of the roots of Ay that are
positive with respect to P.

We will use this proposition in later sections to show some generalized Jacquet
integrals are absolutely convergent.

Finally, assume 7 is a unitary representation of G(F). Let End(wr) be the
space of continuous endomorphisms of 7. We define the norm on End(rr) to be
I T = sup,es, ¢|=1 |Te|. Then it becomes a Banach space. It is also a continuous
representation of G(F) x G(F) under the left and right translations. Let End(77)*°
be the subspace of smooth vectors. We can define a locally convex topology on
End(7r)®° via the seminorms

1Ty = lr@ T @), u,vel(g), T €End@m)™

Here U(g) is the universal enveloping algebra. This makes it a Fréchet space.

2B. The open orbit method. In this section we will give a brief overview of the
open orbit method. The purpose of this method is to study the distinction of induced
representations; it is an application of the geometric lemma due to Bernstein and
Zelevinsky [1977]. Let G be a connected reductive group defined over F, and
H C G be a closed subgroup such that X = H \ G is a spherical variety of G (i.e.,
the Borel subgroup has an open orbit). Let P = MU be a parabolic subgroup of G
and (t, V;) be an irreducible admissible representation of M (F). We want to study
the Hom space HomH(p)(IPG (t), x), where x is some character of H(F). We say
(77, Vz) = (IS (1), 1§ (Vp)) is (H, x)-distinguished (or just H-distinguished if x
is trivial) if the Hom space is nonzero. For simplicity, we assume that x is trivial.

The geometric lemma [Bernstein and Zelevinsky 1977]. There is an ordering
{P(F)y,-H(F)}{V | on the double coset H(F)\ G(F)/P(F) such that

Y, = P(F)yiH(F)
j=1

isopenin G(F) forany 1 <i <N.

With the filtration above, for 1 <i < N, define

Vi ={f € I§ (Vy) | supp(f) C Yi}.
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Then we have Vi C V, C --- C Vy = V; and V; is H(F)-invariant for all i. In
particular, this implies that if 119 (r) is H-distinguished, there exists i such that
Hompy ) (V;/ Vi—1, x) # 0 (here Vo = {0}). Moreover, for any 1 <i < N, it is easy
to see that the map

f€Vit>gp(h) = f(yih)

is an isomorphism between V;/V;_; and indZi (8}3/ 2y |H) (indZI, is the compact
induction). Here H; = H(F)Ny ' P(F)y; =y; ' P;y;, with P, = P(F)Ny; H(F)y; .
By applying the reciprocity law, we have a necessary condition for IPG (t) to be
H-distinguished.

Proposition 2.2. If' I ,9 (v) is H-distinguished, then there exists i such that T is
(P;,6p6 }3/ 2)-distinguished. Here we view t as a representation of P(F) by making
it trivial on U (F).

What we are interested is the opposite direction of the proposition above. In other
words, we want to have some sufficient conditions for / PG () to be H-distinguished
in terms of V;/V;_;. These are known as the open orbit method and the closed
orbit method. For our purposes, we only consider the open orbit method.

Assume that t is (P, 6 P15}3/ 2)—distinguished, we want to show that 7 is H-
distinguished. For simplicity, assume that H (F)P(F) is open in G(F) and y; = 1.
Choose a nonzero element /y in the Hom space for 7; it gives a nonzero element / in
Homp ) (V1, 1) by integrating [y over Hi(F)\ H (F). Then we would like to extend
this integral to V,, which will gives us a nonzero element in Homg (F)(Vy, 1).
However, the integral will not be absolutely convergent in general; one needs to show
that it has holomorphic continuation. In our case, the integral over H (F)/H; (F) will
be some generalized Jacquet integral. In Sections 5 and 6, we will use Proposition 2.1
to show that the integral is absolutely convergent for some 7 with positive exponents.
This will prove Theorem 1.4 and Theorem 1.5. Then in Section 7, we will talk
about how to remove the restraints on the exponents by applying R. Gomez’s result
on the holomorphic continuation of generalized Jacquet integrals.

3. The relation between Conjectures 1.1 and 1.2

The goal of this section is to prove the following proposition:
Proposition 3.1. If F = C, then Conjecture 1.1 implies Conjecture 1.2.

Proof. Since F = C, mp is always 0. Hence Conjecture 1.1 tells us that the
multiplicity m () is always 1. Therefore in order to prove Conjecture 1.2, it is
enough to show that the epsilon factor e(%, 7, /\3) equals 1 for any irreducible
generic representations 7w of GLg(F') with trivial central character.

By the Langlands classification, we can find a generic representation o = o1 ® o»
of GLs(F) x GL{(F) such that & is the parabolic induction of o. Let ¢ be the
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Langlands parameter of 7w and ¢; be the Langlands parameter of o; fori =1, 2.
We have ¢ = ¢; @ ¢,. This implies

N @) =N ®@d2) = N9 & (N(¢1) Q).

Since the central character of 7 is trivial, det(¢) = det(¢p;) ®det(¢,) = 1. Therefore
(N (@)Y = N (1) @ det(¢) ™' = N(¢1) @ det(¢) = N’ (¢1) ® ¢2, hence

(3,7, \) = detN (61)) (—1) = (det(@1)O(—1) = 1.

This finishes the proof of the proposition. O

4. The tempered case

In this section, we prove our main theorem for the tempered case; the method is
very similar to the case F = R we proved in [Wan 2016b]. Let 7= be a tempered
representation of G = GLg(F) with central character x2 Our goal is to show that
m(mw) = 1. Since we already know that m(;r) < 1, it is enough to show that

4-1) m(m) # 0.
For all T € End (), define

*

L (T) = / (e (h )T ® £(h) dh.
Zg(F)\H(F)

Here |. Z*H (F\H(F) is the normalized integral defined in Proposition 5.1 of [Wan

2016b]. Note the arguments in the loc. cit. is for the case when F = R, but they also

work for F = C. For details, see the proof of Proposition 6.1.1 of [Wan 2017]. By

Lemma 5.2 of [Wan 2016b] or Lemma 6.1.2 of [Wan 2017], for any h, h' € H(F),

(4-2) Lr(w(W)Tr(h) =w &)L (T).

Fore, ¢’ € r,define T, » € End(17)*° by eg € T > (e, €')e. Set L (e, €') =L (T, o).
Then .
Ly(e )= / (e, t(h)ew R E(h) dh.
Zg(F)\H(F)

If we fix ¢/, by (4-2), the map e € m — L (e, ¢’) belongs to Hompy (77, o ® ). Since
Span{T, . | e, ¢’ € 7} is dense in End(r)*, we have £, # 0 = m(w) # 0. Hence
in order to show the multiplicity m(;r) is nonzero, it is enough to show that the
operator L5 is nonzero.

Since we are in the complex case, only GL;(F) has discrete series; hence 7 is
a principal series. Let R = MrUg be a good minimal parabolic subgroup of G
in the sense that R H is Zariski open in G. The existence of such R is proved in
Proposition 4.2 of [Wan 2016b]. It is also proved in the same proposition that for
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all such R, we have Hy := H N R = Z;. Hence the reduced model associated to
R is just (Mg, Zg). Since 7 is a principal series, there is a unitary character t of
Mg (F) such that 7 = 11?(1). For Ty € End(7)°, define

L (To) = tr(Tp).

By Proposition 5.9 of [Wan 2016b], the nonvanishing property of £, is invariant
under the parabolic induction, hence we have £, # 0 <= £, # 0. Here the
arguments in the loc. cit. is for the case when F' = R, but they also work for F' =C.
Since L, is obviously nonzero, we have £, # 0. This proves m(7) # 0 and hence
finishes the proof of Theorem 1.4 for tempered representations.

5. The proof of Theorem 1.4

5A. The case when P c Q. In this section, we prove the first part of Theorem 1.4.
In other words, we assume that P C Q. Then there are four possibilities for Q:
type (6), type (4, 2), type (2, 4) or type (2, 2, 2). The idea is to first reduce our
problem to the reduced model (L, H N Q) by the open orbit method, then reduce it
to the tempered case which was considered in the previous section.

If QO = G is of type (6), by twisting = by some characters, we can assume that 7 is
tempered. Note that twisting by characters will not change the multiplicities. Then
by applying the result in the last section, we know that m(;r) # 0 and this proves
Theorem 1.4.

If Q is of type (4, 2), then L(F) =GL4(F) xGL2(F) and Hyp(F)=H(F)NQ(F)
is of the form

Hy(F) = Ho(F) x Up,o(F),

where

1 X0
UO,Q(F)={u=u(X) = (0 | O)‘XeMz(F)}.
00 1

The restriction of the character & on Uy o(F) is just §(u(X)) = ¥ (tr(X)) and
the character w on Hy(F) is defined as usual. The model (L, Hp) is the middle
model introduced in [Wan 2016a]; it can be understood as the model between the
Ginzburg—Rallis model and the trilinear GL,; model. By the definition of Q, 7 is
of the form IQG (t1] - 1" ® 12| - |"2), where 71, 1, are tempered and #; < f,. Hence any
element f €  is a smooth function f : G(F) — 7 =11| - |" ® 12| - |2 such that

(5-1) flug) =80\ *t() f(g)

foralll € L(F),u € Up(F) and g € G(F). Here we use the letters 7, o, T to denote
both the representations and the underlying vector spaces. Let Q = LUj be the
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opposite parabolic subgroup of Q. It is easy to see that Uy C U and U = Uz U, o.
For any f € m, define

(5-2) Jo(f) = F@éE () du.

Ug(F)

By Proposition 2.1 together with the assumption that #; < 5, the integral above is
absolutely convergent.

Proposition 5.1. (1) Forall f em,u e UQ(F) andl € Hyp(F), we have

(5-3) Jo((u) f) =&w)J(f)

and

(5-4) Jo () f)=tDJ(f).
(2) The function
Jo:m—1, f—Jo(f)
is surjective.

Proof. Part (1) follows from (5-1) and changing variables in the integral (5-2). For
part (2), fix a function ¢ € CSQ(UQ(F)) such that /UQ(F) ‘/’(“)W_l(”) du = 1. For
any v € 1, since Q(F)UQ(F) is open in G (F), the function

8o\ Pr(p)v if g =u'lu withl € L(F),u € Uz(F), u’ € Up(F),
0 else

f(g)={

lies inside 7r. Then we have
Jo(f) = /

Us

This proves (2). O

Fa¥ " ) du = /
(F)

(p(u)g//_l(u)v du =v.
Ug(F)

We consider the Hom space Homp,,(r) (7, (0 ® §) |, (F)) and let m(z) be the
dimension of that space. The following proposition tells us the relation between
m(m) and m(t):

Proposition 5.2. m(t) #0=m(mw) #0.

Proof. It m(7) #0, choose 0 #lp € Homp, () (7, (0 ®§) |1, (F))- Define an operator
[ on 7 to be

I(f) =1o(Jo(f)).

Since Iy # 0 and Jp is surjective, we have [ # 0. Hence we only need to show that
l e HOIIlH(F)(JT, a)®§)
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For h € H(F), we can write h = hju; with hy € Ho(F) and u; € UQ(F). By
(5-3) and (5-4), we have

[ (h) f) = lo(Jo(w (hyu1) f)) = lo(t(h1)Jo (7 (u1) f))
=w®&Mh)lo(Jo( ) f)) =0 ®@&h)lo(E ) Jo(f))
=w®&M)(Jo(f)) =w®&EMI(f).

This implies | € Hompy r) (7, @ ® §) and finishes the proof of the proposition. [

By the proposition above, we only need to show that m(7) # 0. It is easy to see
that the multiplicity m(t) is invariant under the unramified twist, hence we may
assume that 7 is tempered (note that originally 7 is of the form ;|- | ® 15| - |
with 7; and 1, being tempered). Then by applying the argument in the previous
section to the middle model case, we can show that the multiplicity m(t) is always
nonzero for all tempered representations t. This proves Theorem 1.4.

If Q is of type (2, 4), the argument is the same as the (4, 2) case; we skip it here.

If Q is of type (2, 2, 2), the argument is still similar to the (4, 2) case: we first
reduce to the trilinear GL, model case by the open orbit method. Then after twisting
by some characters we only need to consider the tempered case. Finally, by applying
the argument in the previous section to the trilinear GL, model case, we can show
that the multiplicity is nonzero and this proves Theorem 1.4. We skip the details
here.

Now the proof of Theorem 1.4(1) is complete.

5B. The case when Q C P. In this section, we prove part (2) of Theorem 1.4.
Recall that in Section 1 we assume that 7 = IS (®?:1 Xi), where B is the lower
Borel subgroup, x; = o;| - |%, o; are unitary characters, and s; are real numbers with
51 <sp <---<s¢. By the assumption Q C P, we have s, < s3 and s4 < s5. Also as
in Section 1, we write w = IPG (7rp), with g = 1 ® mp ® 3 and 71; be the parabolic
induction of x2;—1 ® x2;. Then  consists of smooth functions f — m( such that

(5-5) f(mug) =85(m)"*mo(m) f (g)

forall m € M(F),u € U(F) and g € G(F). We still want to apply the open orbit
method. For f € m, define

(5-6) J(f)= fug)e () du.
U(F)

By Proposition 2.1 together with the assumption on the exponents s;, the integral
above is absolutely convergent. Similarly as in the previous section, we can show

(5-7) m(mo) # 0= m(m) £ 0.
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Here m(rp) is the multiplicity for the trilinear GL, model. In fact, for 0 # [y €
Homp,r) (70, ). By a similar argument as in Proposition 5.2, we know that

I(f) :=1(J ()

is a nonzero element in Hompg r) (7, @ ® §). This proves (5-7). Now by our
assumption on g together with the work by Loke [2001] for the trilinear GL,
model, we know that m(rg) # 0. This implies m (;r) # 0 and finishes the proof of
Theorem 1.4.

Remark 5.3. The assumption Q C P is only used to make the generalized Jacquet
integral J (/) be absolutely convergent. Hence in general, if one can prove the holo-
morphic continuation of the generalized Jacquet integral J ( f), then the assumption
0C P in Theorem 1.4(2) can be removed. This will be discussed in Section 7.

6. The proof of Theorem 1.5

In this section, by applying the open orbit method to the case when F = R, we
prove Theorem 1.5. Let 7 be an irreducible generic representation of G (F) with
central character x 2 With the notation as in Section 1, there is a parabolic subgroup
O = LUy containing the lower Borel subgroup and an essential tempered represen-
tation T = ®f:1 7;| - |’ of L(F) with 7; tempered, s; e Rand s; < sy <--- < 8¢
such that 7 = Ig(r).

6A. The case when wp = 0. In this section we assume that wp = 0. Then by our
assumptions in Theorem 1.5, Q is nice. If Q C P, let my = IQA’% 1 (7). Itis a generic
representation of M (F) and we have 7 = IPG (mp). By the same argument as in
Section 5B, we can show that

(6-1) m(mo) # 0 = m(w) #0,

where m(mp) is the multiplicity of the trilinear GL, model. Since mp = 0, the
Jacquet-Langlands correspondence of mp from M (F) = (GLo(F )3 to (GL(D))?
is zero. By applying the result for the trilinear GL, model in [Prasad 1990] and
[Loke 2001], we have m(mg) = 1. Combining with (6-1), we know m () # 0.
Hence m(;r) = 1, since we already know m(;r) < 1. Therefore

m(m)+m@mp)=m(mr)=1.

This proves Conjecture 1.1. For Conjecture 1.2, we only need to show that when
mp = 0, the epsilon factor e(%, T, /\3) is always 1. Since mp = 0, by the local
Jacquet-Langlands correspondence in [Deligne et al. 1984], 7r¢ is not an essential
discrete series (i.e., discrete series twisted by characters), hence at least one of the
m; (i =1,2,3) is a principal series. Therefore we can find a generic representation
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o =01 Q07 of GL5(F) x GL{(F) such that  is the parabolic induction of o. Then
by the same argument as in Section 3, we can show that

e(%,n, /\3) =1.

This finishes the proof of Conjecture 1.2.

If P C Q, there are only four possibilities for Q: type (6), (4,2), (2,4) and
(2,2,2). If Q is type (6), by twisting 7w by some characters we can assume that
is tempered. Then both Conjectures 1.1 and 1.2 are proved in [Wan 2016b]. If Q is
type (4, 2) or (2, 4), by the same argument as in Section 5A, we can reduce to the
middle model case by the open orbit method. Then by twisting some characters,
we only need to consider the tempered case which has already been proved in [Wan
2016b]. If Q is type (2, 2, 2), the argument is similar except replacing the middle
model by the trilinear GL; model.

Now the proof of Theorem 1.5(1) is complete.

6B. The case when ntp # 0. In this section we assume that 7p 7% 0. As a result,
T = I;? (7rp) is the parabolic induction of some essential discrete series

mo=m|-|" @ma| - [? @ms| - |7

of M(F), where the m; are discrete series of GL,(F) and s; are real numbers. As
usual, we assume that s; < 5o < s3. We can write 7rp in the form 1136 P (mo.p), where
mo.p =71, p|- "' ®@ma,p|- "2 ®@m3,p|-|* is the Jacquet-Langlands correspondence
of mp from M (F) to Mp(F). Let m(mp) (resp. m(mwo, p)) be the multiplicity of the
trilinear GL, (F) (resp. GL; (D)) model.

Proposition 6.1. With the notation above, in order to prove Theorem 1.5(2), it is
enough to show that

(6-2) m(mo) #0=m(mw) #0; m(mo,p) #0=m(wp) #0.

Proof. By Prasad’s result for the trilinear GL; model, we have

(6-3) m(mo) +m(mwo,p) = 1.

Moreover, if we assume the central character of 7 is trivial on Hy(F), we have
(6-4) m(m) =1 €(3,m0)=1; m@) =0 e(3,m)=—1.

Combining (6-2) and (6-3), we have m () + m(mwp) > 1; this proves the first
part of Theorem 1.5(2). For the second part, assume that the central character of &
is trivial. In Section 6.2 of [Wan 2016b], we proved that

(6-5) (3.7, /\3) = (%, 7).
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Now if e(%, T, /\3) =1, by (6-5), we have e(%, 710) = 1. Combining with (6-4), we
have m(mg) = 1, therefore m () = 1 by (6-2). On the other hand, if m(r) =0, by
(6-2), we have m(;rg) = 0. Combining with (6-4), we have € (%, 710) = —1, therefore
(3., /\3) = —1 by (6-5). This finishes the proof of Theorem 1.5(2). O

By the proposition above, it is enough to prove (6-2). If s; = sp = s3, by
twisting 7 by some characters, we may assume that 7 is tempered (note that the
multiplicities for both the Ginzburg—Rallis model and the trilinear GL; model are
invariant under twisting by characters). Then the relation (6-2) has already been
proved in Corollary 5.13 of [Wan 2016b]. In fact, in this case, we even have
m(mw) = m(mo) and m(7wp) = m (7o, p).

If 51 < 52 = 53, let my 3 be the parabolic induction of 7, & m3; it is a tempered
representation of GL4(F). We also know that = will be the parabolic induction of
7' =m|- "' @ m3l - |*2 Let m(x’) be the multiplicity for the middle model. By
applying the open orbit method as in Section 5A, we have

m(r') #0 = m(m) #0.

Hence in order to prove m(my) # 0 = m(w) # 0, it is enough to show that
m(my) # 0 = m(x') # 0. Again by twisting 7’ by some characters, we may
assume that 77’ is tempered. Then by Corollary 5.13 of [Wan 2016b], we have
m () =m ("), which implies m (o) # 0= m(7r) #0. The proof of the quaternion
version is similar. This proves (6-2).

If s;1 = 52 < s3, the argument is the same as the case above; we skip it here.

If 51 < 573 < 53, (6-2) follows directly from the open orbit method as in Section SA.

Now the proof of Theorem 1.5(2) is complete.

7. Holomorphic continuation of the generalized Jacquet integral

In the previous sections, we have already seen that the extra conditions on Q in
Theorem 1.4(2) and Theorem 1.5(1) can be removed if the generalized Jacquet
integral J(f) defined in (5-6) has holomorphic continuation. In this section, we
are going to remove the condition on Q based on the following hypothesis:

Hypothesis: The generalized Jacquet integrals have holomorphic continuation for
all parabolic subgroups whose unipotent radical is abelian.

The hypothesis has been proved by Gomez and Wallach [2012] for the case when
the stabilizer of the unipotent character is compact, and proved by Gomez [> 2017]
for the general case. The second paper is still in preparation; this is why we write it
as a hypothesis.

Let F be R or C and 7 be a generic representation of GLg(F) of the form
T = If(f () for some generic representation g of M(F) = (GLy(F )3, By the
discussion in Section 5B and 6A, we know that in order to prove Theorem 1.4(2)
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and Theorem 1.5(1) for m, it is enough to show that
(7-1) m(my) # 0= m(xw) #0,

where m (7o) is the multiplicity for the trilinear GL, model.
Let Q4.2 = L4,Uy 5 be the parabolic subgroup of GLg(F) containing P of type

(4,2),and letry =1 p?{; 2(710). Then in order to prove (7-1), it is enough to show

(7-2) m(mo) #0=m(m) #0, m(m) #0=m(w) #0,

where m (1) is the multiplicity for the middle model defined in Section SA. Note
that the unipotent radicals of Q4> and PN Ly are all abelian. Therefore by the
hypothesis, the generalized Jacquet integrals associated to Q4 and P N Ly > have
holomorphic continuation. This allows us to apply the open orbit method as in
Sections 5 and 6, which give the relations in (7-2). This proves (7-1), and finishes
the proof of Theorem 1.4(2) and Theorem 1.5(1) without the assumptions on Q.
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