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THE BOGOMOLOV-BEAUVILLE-YAU DECOMPOSITION
FOR KLT PROJECTIVE VARIETIES WITH TRIVIAL
FIRST CHERN CLASS - WITHOUT TEARS

BY FREDERIC CAMPANA

ABSTRACT. — We give a simplified proof (in characteristic zero) of the decomposition
theorem for connected complex projective varieties with klt singularities and a numer-
ically trivial canonical bundle. The proof mainly consists in reorganizing some of the
partial results obtained by many authors and used in the previous proof but avoids
those in positive characteristic by S. Druel. The single, to some extent new, contribu-
tion is an algebraicity and bimeromorphic splitting result for generically locally trivial
fibrations with fibers without holomorphic vector fields. We first give the proof in the
easier smooth case, following the same steps as in the general case, treated next. The
last two words of the title are plagiarized from [4].

RESUME (La décomposition de Bogomolov-Beauville-Yau des variétés projectives kit d
premiére classe de Chern triviale — sans larmes). — Nous donnons une preuve sim-
plifiée (en caractéristique zéro) du théoréme de décomposition des variétés connexes et
projectives complexes a singularités klt et fibré canonique numériquement trivial.Cette
preuve consiste essentiellement en une réorganisation de la preuve originale basée sur
des résultats partiels obtenus par divers auteurs, mais évite d’utiliser ceux de carac-
téristique positive obtenus par S. Druel. Le seul résultat nouveau, dans une certaine
mesure, établit I'algébricité et le scindage méromorphe pour les fibrations générique-
ment localement triviales dont les fibres n’ont pas de champ de vecteur holomorphe
non nul. Nous donnons tout d’abord la preuve dans le cas lisse, plus simple, suivant
les mémes étapes que dans le cas général, traité ensuite. Les deux derniers mots du
titre plagient [4].
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2 F. CAMPANA

1. Introduction

When X is smooth, connected, compact Kéhler, with ¢;(X) = 0, the classi-
cal, metric, proof of the Bogomolov—Beauville-(Yau) decomposition theorem,
given in [2] (the arguments of [6] being Hodge-theoretic), starts with a Ricci-
flat Kéhler metric ([26]) and then decomposes the universal cover X’ of X ac-
cording to De Rham theorem, in its holonomy factors. The Cheeger—Gromoll
theorem then distinguishes the flat Euclidian factor C* of X’ from the (simply-
connected) product P of the others (which are compact and with holonomy
either SU(m) or Sp(k)). The compactness of P combined with Bieberbach’s
theorem now imply that a finite étale cover of X is the product of a complex
torus C*/I" with P.

We shall first give a different proof, but only for X smooth projective, of this
product decomposition, weaker in the sense that P is not shown to be simply
connected (see Theorem 2.1 below). Indeed, the proof does not go through
the universal cover and uses neither the De Rham nor the Cheeger—Gromoll
theorems.

This allows for its extension (given next) to the singular case obtained in
[21], which uses many other partial results, among which are those of [18] and
[14] (which plays a role analogous to that played by the Cheeger—Gromoll the-
orem). Our proof makes the step involving the delicate positive characteristic
arguments of [14] superfluous. We, indeed, deduce the algebraicity of the fo-
liation given by the flat factor of the holonomy from the splitting result (see
Theorem 3.4) below, instead of using the Albanese map. This splitting result
can be applied once the algebraicity of the leaves of the foliations given by the
nonflat factors of the holonomy have been shown to be algebraic and without
nonzero vector fields.

The author thanks Benoit Claudon and Mihai Paun for their help in reading
the text and several discussions. After this text was posted on arXiv, the author
received useful comments by S. Druel and H. Guenancia and thanks both of
them too. He also thanks the referee for his careful reading and suggestions for
making some statements more precise.

2. The smooth case

We treat this case first in order to show the steps in the general case in a
simpler context.

THEOREM 2.1. — Let X be a smooth connected complex projective manifold
with ¢1(X) = 0. There exists a finite étale cover of X, which is a product of an

abelian variety with projective manifolds that are either irreducible symplectic
or Calabi-Yau.

TOME 149 — 2021 — N© 1



SINGULAR BOGOMOLOV-BEAUVILLE-YAU DECOMPOSITION 3

REMARK 2.2. — The notions of irreducible symplectic and Calabi—Yau man-
ifolds are defined as in [2]: either by the values of hP"°, or by the holonomy
of any Ricci-flat Kéhler metric. We need the projectivity of X, because the
Kéhler version of [13] is not known. Our proof also does not show the finiteness
of the fundamental groups of symplectic or Calabi—Yau manifolds. A partial
solution to this finiteness property is given in Proposition 2.7 below, based on
more general L2-methods. A complete solution is also given in Proposition 2.9,
but it does not (in an obvious way) extend to the singular case.

Proof of Theorem 2.1. — We equip X with any Ricci-flat Kéhler metric ([26]).
Let Hol® (or Hol) be its restricted holonomy (or holonomy) representation
and Tx = F @ (@, T;) be a (local near any given point of X) splitting of
the tangent bundle of X into factors that are irreducible for the action of
Hol®. These local factors also correspond to a local splitting of X into a direct
product of Kédhler submanifolds. In particular, these local products are regular
holomorphic foliations. Here, F' is the “flat” factor consisting of restricted
holonomy-invariant tangent vectors. Now, Hol® is a normal subgroup of Hol,
and Hol/Hol° acts by permutation on the factors of the restricted holonomy
decomposition. Because the action of Hol/Hol® is induced by a representation
71(X) — Hol/Hol°, the local holonomy decomposition of T above holds
globally on a suitable finite étale cover of X.

We now replace X by such a finite étale cover and obtain a global prod-
uct decomposition Tx = F & (€P, T;) by regular holomorphic foliations, the
restricted holonomy of F' being trivial, while the ones of T; are irreducible and
of the form SU(m;) or Sp(k;).

LEMMA 2.3. — Let Tx = @j E; be a direct sum decomposition by foliations
E;, with ¢1(X) = 0. Then, c:(E;) =0,Vj.

Proof. — Assume not and let H be a polarization on X, with n := dim(X).
Then, ¢;(E;).H"™ ' # 0, for some j. Since > c1(E;).H"™ ! = 0, we get
c1(Ep).H"1 > 0 for some h. It then follows from [13], Lemma 4.10, that
E}, contains a subfoliation G with g min(G) > 0 and by [13], Theorem 4.1,
that Kx is not pseudo-effective, contrary to the hypothesis ¢; (Tx) = 0.

A second, shorter, proof (suggested by the referee) consists in invoking the
semistability of T'x with respect to any polarization, so that ¢i(E;).H -l <
0,Vj. |

From the preceding Lemma 2.3, if Tx = F' @ (€, T;) is the holonomy de-
composition of Tx considered above for X smooth projective with ¢;(X) = 0,
we get that ¢y (F) = ¢1(T;) = 0, Vi.

LEMMA 2.4. — The dual T} of each T; is not pseudo-effective (which means
that for any polarization H and any given k > 0, h%(X, Sym™(TF)® H*) = {0}
for m > m(k)).

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



4 F. CAMPANA

Proof. — We proceed in two steps. From [17], §15.3, and Proposition 24.22, it
follows that Sym™(T;),Vi,¥m > 0 is an irreducible representation and, hence,
stable. Next, [11], Theorem 1.3 (or alternatively [21], Theorem 1.1) implies
that T} is not pseudo-effective for each i. O

From [13], Theorem 4.2, Lemma 4.6, we now get the first claim of the next
result!

LEMMA 2.5. — Fach of the foliations T; has algebraic leaves, which are com-
pact®, since T; is everywhere regular, and X is smooth. Thus, T; defines a
smooth (proper) fibration f; : X — B; on a smooth projective base B;. Each of
these fibrations is locally trivial with fiber F; and becomes a product X' = F;x B]
after a suitable finite étale base-change B — B;.

Proof. — Second claim: let C; := F@(G}# T;) be the complement in T'x of T;.
This defines a regular holomorphic foliation locally over B;, which is transversal
to f;, and thus shows that f; is locally isotrivial over B;. Third claim: it is
sufficient to know that Aut(F;) is discrete or that h°(F;, Tr,) = 0. However,
this is easy, since F; is a projective manifold with ¢; = 0 and irreducible
nontrivial holonomy, which thus does not leave any tangent vector invariant,
which implies the claimed vanishing by the Bochner principle. O

Consider any one of the projections f; : F; x B; — B; (after a suitable
finite étale cover). Then, ¢1(B;) = 0 and its holonomy decomposition is F' &
(b it T;). Proceeding inductively on dim(X), we obtain a decomposition in
a product X = (x;F;) x B, where B is smooth projective with ¢;(B) = 0 and
trivial holonomy F'.

The next lemma then concludes the proof of Theorem 2.1. O

LEMMA 2.6. — ([5]) Let X be a connected compact Kéihler manifold with
¢1(X) = 0 and with trivial restricted holonomy representation (relative to some
Ricci-flat Kihler metric). Then, X is covered by a torus.

The symplectic and the even-dimensional Calabi—Yau manifolds can be
shown to have a finite fundamental group by L2-methods that extend to the
singular case. Another approach is given right after this first proof, which works
more generally, for compact Riemannian manifolds with nonnegative Ricci cur-
vature and maximal b; vanishing, but does not extend in any obvious way to
the singular case.

1. Although not explicitly stated in [13], this is a main step of the proof of 4.2 and is
suggested by the proof of Lemma 4.6 there. The explicit formulation was first given in
[14], §8. Since only the particular case of a polarization H™ 1 is used here, one could even
alternatively apply [7].

2. By contradiction: if not, the leaf through a regular point of the boundary of the closure
of a leaf should be contained in this boundary, and of the same dimension. In the singular
case, this compactness fails, and more delicate arguments are required.

TOME 149 — 2021 — N© 1



SINGULAR BOGOMOLOV-BEAUVILLE-YAU DECOMPOSITION 5

ProPOSITION 2.7. — Let X be a connected compact Kdihler manifold with
c1(X) =0 and x(Ox) # 0. Then, m1(X) is finite.

Proof. — We give two proofs, both relying on [1].

First proof. This is the proof given in [10], Corollary 5.3, and Remark
5.5. By [10], Theorem 4.1, it is sufficient to show that x™(X) < 0, that is,
k(X,det(F)) < 0, for any subsheaf FF C QX ,Vp > 0. This follows from the
semistability of A"Q%,Vr,p > 0. Indeed, since Ky is trivial, Q% = (Q% ),
and so any saturated subsheaf D := det(F) of rank 1 of A"Q% is numeri-
cally trivial, since both D and D* = det(Q?/F) C (A" QP)* = A" Q" P, have
nonpositive slope with respect to any polarization.

Second proof. If X’ — X is the universal cover, and h an L?-holomorphic
p-form on X', then h is parallel (because the Laplacian of its squared norm
equals the square norm of its covariant derivative, and so is nonnegative ev-
erywhere. Gaffney’s integration trick implies that the Laplacian identically
vanishes, since h is L2, and X' is complete). Thus, h comes from X and van-
ishes, if X’ is noncompact. By [1], one gets 0 = Zpe{o’n}(—l)ph?z)(X’, 0% =
X2) (X', Ox/) = x(X,Ox) # 0, which is a contradiction. O

COROLLARY 2.8. — If X is a compact Kihler manifold of dimension n, and
irreducible symplectic (or Calabi-Yau of even dimension), then w1 (X) is finite,
of cardinality dividing (5 + 1) (resp. 2).

Proof. — Let X' — X be the (compact) universal cover of X, of degree d. We
then have x(Ox/) = d.x(Ox). On the other hand, X’ is still irreducible sym-

plectic (or Calabi—Yau), and so we have: x(Ox/) = Zzzo% (—1)2PhO(X7, Q%?,) =

241 (or X(Ox7) = X e o (—DPRO(X7, Q%) = 2). O

The following result applies to any Calabi—Yau manifold but does not im-
mediately extend to the singular case.

PROPOSITION 2.9. — Let M be a compact connected Riemannian manifold
with nonnegative Ricci curvature, such that by(M’) = 0, for any finite étale
cover M’ of M. The fundamental group of M 1is finite.

Proof. — By [24], the growth of 7y (M) is polynomial (of degree bounded by
the dimension of M). From [20], w1 (M) is virtually nilpotent. Thus, m1(M’) is
nilpotent and torsion free for some finite étale cover M’ of M. Thus, m (M’)
is either trivial or has an abelianization of positive rank. Since by (M’) = 0,
m1(M') = {1}, hence the claim. O

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



6 F. CAMPANA

3. The singular version

Let X be a complex projective variety with klt singularities whose first Chern
class is zero, i.e. ¢1(X) = 0. By [25], Chap. V, Corollary 4.9, the condition
Kx = 0 implies that Kx is Q-trivial. We may, and shall, assume, by passing
to an index-one cover, that the singularities of X are canonical, and that Kx
is trivial. (Instead of [25], when the singularities are canonical, one could use
either [22], Thm. 8.2, or [12], Thm. 3.1 applied to a resolution of X).

REMARK 3.1. — Notice that passing to the index-one cover eliminates exam-
ples of rationally connected varieties with klt singularities and torsion canonical
bundle, such as the Ueno surface, the quotient of £ x E by Z, acting diagonally
by complex multiplication by v/—1 on each factor, where F is the elliptic curve
with this complex multiplication.

We denote by w the unique Ricci-flat metric of X that belongs to a given
Kéhler class ([16]). We will see now that the steps of the previous proof extend
to the singular context, using the results from [18], §8, 9 and [14], Prop. 4.10
and Prop. 3.13. The single new input here is the algebraicity criterion for
foliations in Theorem 3.4 below, which makes superfluous the characteristic
p > 0 methods and results by several authors used in [14]. The results of [22]
used in [14] are also no longer needed.

THEOREM 3.2 ([21]). — Let X be a normal complex variety with kit singu-
larities and with ¢1(Tx) = 0. There exists a quasi étale cover f : X 5 X
with canonical singularities, which is a product X = IL;Y; x A, where A is
an abelian variety, and Yj’s are varieties with canonical singularities, trivial
canonical bundle, and irreducible restricted holonomy either Sp(k;), or SU(m;)
(see §3.1 below). The Yj’ respectively are said to be irreducible symplectic (or
Calabi-Yau,).

Since, by 18], there always exists a finite quasi étale cover with full holonomy
either Sp(k;) or SU(m;), these notions coincide with the usual ones up to such
a cover.

3.1. Restricted holonomy cover. — We consider w the “EGZ” Ricci-flat metric
on X constructed in [16]. As shown® in [18], Prop. 7.3, after a quasi étale
cover, obtained from the permutation representation of the holonomy on the
factors of the restricted holonomy, the tangent sheaf Tx of X decomposes as
follows:

(1) TX:}‘@<@&),

3. In the first version, Prop. 7.9 was quoted, instead of Prop. 7.3, which is sufficient for
our purposes, as pointed out by S. Druel and H. Guenancia, whom the author thanks for
this observation.
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SINGULAR BOGOMOLOV-BEAUVILLE-YAU DECOMPOSITION 7

where the restricted holonomy of F is trivial, and the other ones are either
SU(n;) or Sp(k;). The other properties of &; used here are:

(i) The sheaf &; defines a nonsingular foliation of rank either n; or 2k;. on
KXreg-

(ii) The first Chern classes of &;, F are zero.

(iii) All the symmetric powers of & and their duals are irreducible represen-
tations of the holonomy factors and are stable, for any polarization on
X. The first property follows from standard representation theory, given
the structure of the holonomy group. The stability is [18], Theorem 8.1,
see also claim 9.17.

(iv) In particular, we have h®(X,&;) = 0,Vi, by stability.

(v) The preceding properties still hold for any finite quasi étale cover of X.
Indeed, the Ricci-flat metric on X lifts to such covers, and the restricted
holonomy decomposition lifts there too.

(vi) The holonomy factors and their holonomy groups do not depend on the
Ricci-flat Kéhler metric chosen.

3.2. Algebraic foliations. — Recall that a foliation on X is said to be algebraic
if its leaves are so.

In the decomposition (1), the foliations &; are algebraic. Indeed, by either
[21] (or [11], Theorem 3.1) none of the &/s is pseudo-effective*. We can, thus,
apply [13], Theorem 4.2, Lemma 4.6, which implies that they are algebraic.

Our goal now is to show that F too is algebraic. This is true, if Tx = F.
We, thus, assume that some nonzero factor &; appears in (1), and so:

(2) Tx =G6¢,

where £ has positive rank, and the properties (i)—(v) are satisfied. So, here we
assume implicitly that £ is one of the factors &; in (1), and G is the sum of
the other factors. Observe that G is a foliation, since the decomposition (1)
is induced by the local holonomy splitting of X,es (in general, the sum of two
foliations need not be integrable).

LEMMA 3.3. — Let X be an algebraic variety with canonical singularities and
trivial first Chern class. Let w be the Ricci-flat metric in some Kdhler class
on X, and Tx = GHE a corresponding decomposition as in the preceding lines.
Assume that the foliation G is algebraic. Then:

There exists a quasi étale cover f : X = X, where X has canonical singular-
ities, and a product decomposition X = F X Y, which coincides at the tangent
level with the decomposition Ty = e @ fHgG.

4. The result of [11] can, indeed, be applied on a resolution of the singularities of X, by
lifting both the foliation and an ample class, since its argument deals with the general point
of X only.

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



8 F. CAMPANA

Proof. — The claim follows directly from [14], Prop. 4.10 (notice that the
assumption G(X) = 0 there can be weakened to ¢(F') = 0, if F' is the closure
of a generic leaf of £. The property ¢(X) = 0 is, indeed, used only to apply
Prop. 4.8 of loc. cit., but 4.8 requires only the vanishing of ¢ for the fibers of
€). Now, ¢(F) = 0 follows from the properties (iii) and (v) of the holonomy
factors quoted above. O

The algebraicity of G follows from Theorem 3.4 below, which, in fact, implies
more: the bimeromorphic decomposition of X as a product, birationally, after
a finite cover®. We may, and shall, assume that X has Q-factorial terminal
singularities by step 1 of the proof of Prop. 4.10 of [14]. By Prop. 3.13 of
loc. cit, there is a Zariski open subset® X° of X, and a projective morphism
@ : X9 — YO which is a locally trivial fibration in the analytic topology, its
fibers being isomorphic to some F with G(F) = 0,by the properties (iv) and
(v) of the holonomy factors quoted in §3.1 above. The conclusion then follows
from the next algebraicity criterion for foliations.

THEOREM 3.4. — Let X andY be two Kihler” normal spaces and let f : X —
Y be a surjective and proper holomorphic map with connected fibers. We denote
by & :=Txy the foliation on X induced by f. We assume that:

(1) f is a trivial fibration, locally in the analytic topology, with fiber F over
some nonempty Zariski open set Yy of Y.

(2) RY(F,Tr) =0, and so the automorphism group of F is discrete.

Then, there is a finite map ¥ : V — Y, étale over Yy, such that base-changing
f X = Y and normalizing the fiber-product Xy = X Xy V, we have a
birational decomposition § : Xy --» F x V, isomorphic over Yj.

Moreover, if G is any distribution on X , such thatTx =Tx;y &G over Y,
for some nonempty analytically open U C Yy, then: 6,((idx x 9)*(G)) = H,
where H := Tx,,/p C Tx, 1is the horizontal foliation defined by the product
decomposition of Trxyv. In particular, G is an algebraic foliation, and is the
unique distribution on X, which is everywhere transversal to T'x;y over some
open subset U C Yy as above.

REMARK 3.5. — 1. The birational splitting after a generically finite base-
change V' — Y (but not necessarily étale over Yp) always exists if X
is projective (or Moishezon) under the single hypothesis (1) of Theo-
rem 3.4. However, the algebraicity of G requires the hypothesis (2) as
seen, for example, when f : X — Y is a morphism of Abelian varieties

5. S. Druel informed the author that one could also apply his Theorem 1.5 in [15]. Since
the hypothesis, scope, and proofs of both results are different, it seems worth stating and
proving Theorem 3.4.

6. Up to a finite étale cover of X0, by shrinking the open set Y© of the proof.

7. Or in the class C.
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SINGULAR BOGOMOLOV-BEAUVILLE-YAU DECOMPOSITION 9

with positive-dimensional fibers, which has many horizontal nonalge-
braic foliations.

2. There is certainly a bimeromorphic version of Theorem 3.4, where the
generic fibers of f are assumed to be bimeromorphically equivalent, by
similar arguments.

3. A global Kéhler condition is required for the algebraicity of G to hold,
as the following simple example shows. Let F' be a projective K3 sur-
face with an infinite and finitely generated group of automorphisms
G C Aut(F). Let C = C'/m1(C) be a curve of genus g > 1 with
universal cover C’, such that 71 (C) admits a surjective group morphism
p:m(C) — G. Such a C exists when g > m, is the cardinality of some
set of generators of G. One can choose g = 1 if and only if G is abelian,
generated by at most 2 elements. Let X := (C' x F)/m1(C), where
p € m1(C) acts on the right on (C'x F) by: (c/, f).p:= (p~t.c/,p(p~1).f).
The foliation G’ with leaves C’ x {f} on X’ induces a foliation G on X,
which is not algebraic. In this case, Iso(Z, X/C) = Iso*(Z,X/C) is ir-
reducible, noncompact, isomorphic to C” := C’/Kerp, the Galois cover
of C' with group G. The leaves of G are isomorphic to C”.

Proof. — Let p: Z:=F xY =Y, ¢: FxY — F be the projections onto the
second (resp. first) factor. As in [8], §8, we define:

(3) Is0*(Z,X/Y) C C(Z xy X/Y)

to be the subset of the relative Chow variety of Z xy X over Y parameterizing
the graphs of isomorphisms of F-seen as a fiber of ¢ over a point y € Yy- to X,
the fiber of f over y. According to [8], §8, Iso*(Z, F') is a Zariski open subset
(with countably many components if Aut(F'), which is here discrete, infinite)
of the relative Chow scheme of (Z xy X/Y'), which consists of cycles contained
in one of the fibers of the fiber product over Y.

Let Iso(Z, X/Y) be the topological (i.e., Zariski here) closure of Iso*(Z, X/Y)
in C(Z xy X/Y). It consists of the union of the closures of the components of
Iso*(Z,X/Y), all of these closures being proper over Y, and irreducible com-
ponents of the Chow—Barlet scheme of (Z xy X/Y). It is equipped with a
projection to Y, by restriction of the one on C(Z xy X/Y'). Since f is locally
trivial over Yp, the projection Iso*(Z, X/Y) — Y is open over Y. This pro-
jection is proper on each component of Iso*(Z, X/Y), since these irreducible
components of Iso(Z, X/Y) are compact (essentially by a general result, [23])
of D. Lieberman, based on E. Bishop’s theorem). Moreover, by the assumption
(2) of Theorem 3.4, the fibers of Iso(Z, X/Y) to Y are discrete over Y. If V
is an irreducible component of Iso(Z, X/Y), its projection ¢ : V' — Y is, thus,
onto, and finite étale over, Yy. Indeed, if Y/ C Yy is any small analytic open
subset over which Xy := f~1(Y’) 2 Y’ x F is given, Is0*(Z, X/Y) identifies
naturally with Y/ x Aut(F') over Y’ and shows that ¢ : V' — Y is étale over Yj.
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We, thus, get a fiber product Xy := X Xy V, with the obvious projections
fv:Xv = V,g: Xy — X. Let Vg :=971(Yy). Any v € Vj is, thus, equipped
naturally with an isomorphism ev, : F' = X,y := ¢¥(v). This evaluation map
extends (see [8], §8, Prop. 1) meromorphically to ev : F x V — Xy, which is,
thus, bimeromorphic and isomorphic over Vj.

In order to simplify notation, we replace X,Y, f by Xv,V, fi, respectively,
and identify via ev Xy with F x V = F x Y (recall that ev is isomorphic
over Vo = Yp), and all the assumptions of Theorem 3.4 are preserved. The
projections of X = F' x Y onto its second (or first) factor are denoted f = ¢
and .

To establish the last claim of Theorem 3.4, we only have to check that G co-
incides over Yy with the sheaf T'x,r := H, which will also prove the algebraicity
of G.

We restrict everything over the open set U C Y appearing in the last as-
sumption of Theorem 3.4, so we assume that Xy := f~}(U) = F x U and,
thus, have a first decomposition Tx,, = ¥*(Tr) ® H, where H is the kernel of
the map dvp : Tx, — ¢¥*(Tr).

The second decomposition T'x,, = ¢¥*(Tr) ® G gives equivalently an isomor-
phism dfig : G — f*(Ty) over Xy. Let (dfig)~" : f*(Ty) — G be its inverse.
Let v :=dy o (dfig) " : f*(Ty) — ¢*(Tr) be the composite map, seen as an
element v € H(Xy, f*(;) ® ¥*(Tr)). We have the following equalities:

H(Xy, [*(Q) ® 6" (Tr)) = (U, ® f.(4" (Tr)))
— H°(U.2} ® {0}) = {0}.

The last two equalities follow from assumption (2) of Theorem 3.4, which im-
plies that f.(¢*(Tr)) = {0}. This shows that G = H = Tz, over Xy and so
everywhere by analytic continuation. (|

We can now conclude the proof of Theorem 3.2 by induction on dim(X),
since we now know that (up to quasi étale covers) X =Y x Z, in which Y is
a product of varieties with canonical singularities, ¢; = 0, restricted holonomy
either SU or Sp, and Z is in the same class of varieties but with trivial restricted
holonomy (i.e., Tz = F). Theorem 3.2 then follows from:

3.3. A singular Bieberbach theorem. — Assume now that only the factor F
appears in the decomposition (1). We are reduced to showing that if Z has
canonical singularities, trivial first Chern class, and a trivial restricted holo-
nomy group, it is covered by an abelian variety. However, this is just Corol-
lary 1.16 in [19].

3.4. The fundamental group. — Let X be a complex projective variety with
klt singularities and Kx = 0. Recall that X is said to be irreducible symplectic
(or Calabi—Yau) if its restricted holonomy representation for any, or some, EGZ
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Ricci-flat Kéahler metric is irreducible and of the form Sp(m) (or SU(n)). In
this situation, we have the following result, which is entirely similar to the
smooth case:

THEOREM 3.6. — (See [18], 15.1) If x(Ox) # 0, then m(X') is finite, if
p: X' — X is any resolution. This applies to irreducible symplectic varieties
and to even-dimensional Calabi-Yau varieties: the cardinality of m1(X') lies in
(1,5 + 1] in the first case (or in [1,2] in the second case).

Since the map p«(m1 (X)) = m(X) is surjective (by [9], Proposition 1.3),
this implies the same statement for m (X').

Proof. — We apply [10], which says that 71 (X’) is finite if k(X' det(F)) <0
for any F C QF,),Vp > 0. Since the sections of det(F)®™ are sections of
Sym™(QF,), and the restrictions of these are reflexive sections, hence parallel
over the regular locus of X by [18], Theorem 8.2, these sections are determined
by their value in one single point of X,.,. Thus, x(X', det(F)) < 0.

One could also argue as in the first proof of Proposition 2.7.

The invariant x(Ox) behaves as in the smooth case when X has klt and,
thus, rational singularities. It is, in particular, multiplicative under finite étale
covers.

If X is irreducible symplectic (or even-dimensional Calabi-Yau) and n-
dimensional, we have: h°(X, Q[)I;]) < hyp, where hy, = 0 for p odd, and
hnp =1 for p < n even (or h,, = 0 for p # 0,n, and h, , = 1 for p = 0,n),
and so x(Ox) lies in [1, % 4+ 1] (or in [1,2]). This shows the claim, since these
inequalities still hold on the universal cover X” of X, and x(Ox») = d.x(Ox),
where d is the degree of X” over X and also the cardinality of m (X). O

REMARK 3.7. — Our proof of Theorem 3.6 differs slightly from the one in [18§],
13.1, both relying on [10], and thus on [1]. See [10], §.5 for further remarks on
this topic.
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16 L. GASSOT

RESUME (Autour de la stabilité orbitale d’une famille d’ondes progressives pour l’équa-
tion de Schrédinger cubique sur le groupe de Heisenberg). — On considére ’équation
de Schrodinger énergie-critique sur le groupe de Heisenberg dans le cas radial

1
0 — Agnu = |ul?u, Agp = Z(ag% +02) + (2® + %92, (t,z,y,s) ERxH,

qui est un modele d’équation d’évolution non dispersive. Pour cette équation, dans
I’espace d’énergie, ’existence globale de solutions régulieres et 1’unicité de solutions
faibles sont des problémes ouverts. On s’intéresse & une famille d’ondes progressives
minimisantes paramétrées par leur vitesse dans |—1, 1[. On montre que les ondes pro-
gressives dont la vitesse est proche de 1 possédent des propriétés de stabilité orbitale
au sens suivant. Pour toute donnée initiale radiale suffisamment proche d’une onde
progressive, alors il existe une solution faible globale associée a cette donnée initiale
qui reste proche de ’orbite de 'onde progressive en tout temps. Un résultat similaire
est montré pour le systéme limite associé a cette équation.

1. Introduction

1.1. Motivation. — We are interested in the Schrédinger equation on the Hei-
senberg group

i0u — Amu = |ul?u

. (t,z,y,s) € R x H.
u(t =0) = ug (t:,y,5)

(1)
The operator Ag: denotes the sub-Laplacian on the Heisenberg group. When
the solution is radial, in the sense that it only depends on ¢, |z + iy| and s, the
sub-Laplacian writes as

Am = i(aﬁ +02) + (2 +y?)oz.

The Heisenberg group is a typical case of sub-Riemannian geometry where dis-
persive properties of the Schrodinger equation disappear (see Bahouri, Gérard
and Xu [3]). To take it further, Del Hierro [12] proved sharp decay estimates
for the Schrodinger equation on H-type groups, depending on the dimension of
the center of the group. More generally, Bahouri, Fermanian and Gallagher [2]
proved optimal dispersive estimates on stratified Lie groups of step 2 under
some property of the canonical skew-symmetric form. In contrast, they also
gave a class of groups without this property displaying a total lack of dispersion,
which includes the Heisenberg group.

Dispersion impacts the way one can address the Cauchy problem for the
Schrodinger equation. Indeed (see Burq, Gérard and Tzvetkov [7], Remark 2.12),
the existence of a smooth local in the time-flow map defined on some Sobolev
space H¥(M) for the Schrédinger equation on a Riemannian manifold M with
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the Laplace—Beltrami operator A

i0u — Au = |ul?u
u(t=0) = ug

implies the following Strichartz estimate

€2 Fll aoyxan < CIFN

The argument also applies for the Heisenberg group with the homogeneous
Sobolev spaces H*(H!), for which the inequality holds if and only if & > 2 [9].
In particular, without a conservation law controlling the H2-norm, there is no
existence result of global smooth solutions. Moreover, existence and uniqueness
of weak solutions in the energy space H L(H") is an open problem, even if con-
structing global weak solutions to the Schrodinger equation on the Heisenberg
group would still possible in the defocusing case through a compactness argu-
ment. Note that for weak solutions the energy of the solution is only bounded
above by the initial energy. Therefore, the cancellation of the energy of the
solution at some time may not imply that the solution is identically zero and
does not exclude the possibility of non-uniqueness of weak solutions, as in the
2D incompressible Euler equation [15].

The aim of this paper is to construct some global weak solutions with a
prescribed behaviour. More precisely, given initial data close to some ground-
state travelling wave solution for the Schrodinger equation on the Heisenberg
group, we want to construct a global weak solution that stays close to the orbit
of the traveling wave at all times. Combined with a uniqueness result, this
would lead to the orbital stability of this ground-state traveling wave.

HE (M)

1.2. Main results. — We consider a family of traveling waves with speed 8 €
(—1,1) in the form

ug(t,z,y,s) = /1 —BQs(z,y,s + Bt).
The profile Qs satisfies the following stationary hypoelliptic equation (with
= —i0s)
A]Hp —+ ﬁD
1-p
Because of the scaling invariance, it would have been equivalent in the rest of
the study to define ug as

Qs = QsI*Qp-

ug(t,r,y,s) = (ﬁ \/13/? itﬁt)

From [8], we know that as § tends to 1, the ground-state solutions of speed
converge up to symmetries in H*(H!) to some profile Q. Moreover, Q is the
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solution to a limiting equation

(2) D,Q =117 (|1QI*Q),

for which the ground-state solution is unique up to symmetries equal to
iv?2

s+i(z2+y?) +i

Q(xvya S) =

The operator II{ is an orthogonal projector onto a relevant space for our anal-
ysis denoted by Vo+- For more details, see Section 2.

We first prove a mild form of orbital stability for the ground state @ in the
limiting equation and then focus on the orbital stability of the ground states
Qs in the Schrodinger equation on the Heisenberg group when /S is close to 1.

DEFINITION 1.1. — For u € H'(H') and X = (s0,6,@) € R x T x RY, we
denote by T'xu the element of H!(H') satisfying
Txu(z,y,s) = ePaulaz, ay, (s — s0)), (z,y,s) € H.
Let M be the orbit of @
M={TxQ | X e RxTxRL},
then the distance of u to M is defined as
d(u, M) = inf

XERXTxRY}
Similarly, denote by Qg the orbit of Qs

Qs ={TxQp| X e RxT xR},
then the distance of u to /1 — fQp is

d(u,/1— BQs) = inf

XE]R><’]1‘><]Rjr

u—Tx Q| 1 ry-

u— /1= BTxQpll g1 ary-

Our first result is an orbital stability result for the profile Q) associated the
evolution problem linked to the limiting equation

i0pu = 115 (Ju|?u)
u(t =0) = wuyg .

(3)
THEOREM 1.2 (Orbital stability for Q). — There exist co > 0 and ro > 0, such
that the following holds. Let r < rq and uo € H*(H') NV,", such that

(4) l[uo = Qll g1y < r?.

Then there exists a weak solution u € C(R, H'(H")) (with the weak topology)
to equation (3), such that for allt € R,

d(u(t), M) < cor.
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Using the links between the limiting equation and the Schréodinger equation,
we deduce our second result: an orbital stability result for the profiles 4 for
the Schrodinger equation when f is close to 1 in the radial case.

THEOREM 1.3 (Orbital stability for Qg). — There exist co > 0 and ro > 0,
such that the following holds. Let r € (0,1¢). Then there exists By € (0,1),
such that if B € (B«,1), and if ug € H*(H') is radial and satisfies

e ifug € HY(H) NV,

(5) ”uO - MQﬂHHl(Hl) < MTZ

e in the general case:
(6) lluo — /1 = BQall g1y < (1 = B)r,

then there exists a weak radial solution u € C(R, H'(H")) (with the weak topol-
ogy) to the Schriodinger equation on the Heisenberg group (1)

i0yu — Apru = |ul?u
u(t =0) = ug

such that for allt € R, ul(t) is close to the orbit of Qg:

d (u(t), Vi- 59[3) < cor/T— Br.

Note that, unlike the weak solutions discussed in the first part 1.1, the
energy of the weak solutions from Theorem 1.2 (or Theorem 1.3) is controlled,
indeed, this energy is very close to the one of the ground state @ (or 1 — Qg).
Furthermore, these two theorems would imply the orbital stability of @@ and
Qs in the radial case in both situations if we had a uniqueness result for the
solutions.

The assumption required on a general initial condition for the Schrédinger
equation (6) is stronger than the assumption on an initial data already in
V(fL (5). Indeed, for r fixed, and general initial data ug, we will choose S,
sufficiently close to 1, so that the projection II{ (ug) of uy onto V" satisfies
(T (ug) — VI = BQsll g1y < CVI— Br? (and so that the remainder term
(Id — TI{ ) (uo) is also bounded). Note that thanks to the convergence of Qg to
Q@ with a rate o(v/1 — ) (see Appendix A), assumption (5) is comparable to

assumption (4), up to a change of function u ~» \/f_iﬁu(x, y, s — ft).

The key point in both proofs is the following local stability estimate for @,
which comes from the invertibility of the linearized operator around @ for the
limiting equation (2) on a subspace of V" of finite co-dimension.

B
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DEFINITION 1.4. — For u € H*(H")NV;", we denote by P(u) (or, respectively,
&(u)) the momentum (or, respectively, the energy) for the limiting equation (3)

Pw) =l g
or, respectively,
E(u) := [lullzagn),
then define
6(u) := [P(u) = P(Q)| + [E(u) — E(Q)].
PROPOSITION 1.5. — [8] There exist 69 > 0 and C > 0, such that for all

we H'(HY) N V', if 6(u) < 6o, then
d(u, M)* < Cé(u).

In order to prove Theorem 1.2, we construct the weak solution for the limit-
ing initial value problem (3) as a limit of smooth functions. The approximating
functions solve slightly modified equations, where we have restricted frequen-
cies, so that the Cauchy problem is globally well posed. We show that we can
control their distance to the orbit of the ground state @) using Proposition 1.5.
Finally, we build modulation parameters that stay bounded on finite time in-
tervals for the approximate solutions, and, through a compactness argument,
we control the distance of the weak solution to the orbit of ) when passing to
the limit.

For Theorem 1.3, the idea for the construction is the same, however we only
have at our disposal the information on the limiting equation from Proposi-
tion 1.5. Therefore, we need to take advantage of the fact that () is close to
Q@ when [ is close to 1. In this spirit, in order to tackle Theorem 1.3 for the
speed 3, we first introduce Cauchy problems for the Schrodinger equation (1)
with a parameter v increasing from 8 to 1. We display some continuity be-
tween the Cauchy problems, therefore it is possible to show their convergence
to a Cauchy problem for the limiting equation as 7 tends to 1. In the proof,
we combine this strategy with the above method: we approximate by smooth
functions the weak solutions to the Cauchy problems with parameter v by re-
stricting frequencies. Finally, we are able to get back to the problem with speed
[ by continuity and conclude in the same way as the proof of Theorem 1.2, by
constructing bounded modulation parameters for the approximate solutions.

1.3. Comparison with other equations. — Concerning the focusing energy-
critical Schrédinger equation on the Euclidean plane RV

i0pu — Au = |ulPe ",
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where N > 3 and p. = %— there exists an explicit stationary solution

1

= N—2*
(1+ N(‘Nl 2)) 2
The orbit {z — CW (2520 | (C,z0, ) € RxRxR%} of W is the set of minimiz-
ers for the Sobolev embedding H'(RN) < L2 (RN) (see the work of Talenti[19]
and Aubin [1]). The energy E(W) = [[W| g1 @ny — 527 |W llres1 @) and
the H! norm ||W|| A1 g~y Play an important role in the dynamical behaviour
of the solutions. Kenig and Merle [13] proved in the radial case that if N €
{3,4,5} and the initial condition ug € H'(RY) satisfies E(ug) < E(W) and
l[uwoll g1 gy < [[Wl g ravy, then the solution is global and scatters in HY(RVM),
whereas if E(uo) < E(W) and |uoll g1~y > [[W| g1 (rxy, then the solution
must blow up in finite time.

The situation is different for the Schrodinger equation on the Heisenberg

group. Indeed, from the equation satisfied by 3, one can see that the traveling
waves

W(zx) =

ug(t,z,y,s) = /11— BQs(z,y,s + ft)
have a vanishing energy as 3 tends to 1:

2

1 1 ™
Blus(0)) = 3 lus() 3oy — 7lsOlldsany ~ (01 = )5 = 0,

and, therefore, there exist solutions that do not scatter with arbitrary small
energy.

A better parallel would be the mass-critical focusing half-wave equation on
the real line

(7) i0su + |Dlu = |[u|®*u, (t,z) € R xR,

where D = —i0,, m(f) =[¢ \f(f) The half-wave equation in one dimension
also presents some lack of dispersion and admits traveling waves with speed
B € (—1,1) (see Krieger, Lenzmann and Raphaél [14])

utoa) = Qs (T e

where the profile ()g is a solution to
D] -
1- ﬁ
The profiles Qs in the half-wave equation converge [10] as S tends to 1 in

Qﬁ +Qp = Qp*Qs.

H?z(R) to a ground-state solution @ to some limiting equation
DQ+Q =1(QFQ),
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where II is the Szeg8 projector from L?*(R) onto the space L3 (R) = {u €
L?*(R) | Supp(@) C Ry} of L? functions with nonnegative Fourier frequencies.
From @, we recover a traveling wave solution to the cubic Szeg6 equation

(8) i0pu = TI(Jul*u)

by setting u(t,x) = Q(x — t)e~*. Moreover, the linearized operator around Q
is coercive [17]. One can deduce a similar estimate to Proposition 1.5, implying
that the Szegé profile is orbitally stable in the relevant space for @

H?(R) = {u € H¥(R) | Supp(@) C R, }.

The following theorem comes from a graduate course given by P. Gérard and
F. Rousset [11], for which no online notes are available (see Pocovnicu [16],
Theorem 1.3, for a non-quantitative version, and [17], Proposition 6.3 applied
to a zero Toeplitz potential, for a similar result with finite times).

THEOREM 1.6 (Orbital stability of @ for the Szegd equation). — There exist
g0 > 0 and C > 0 such that for all solution u of the Szegd equation (8) with

1
initial condition ug € H? (R), if
0~ @l gy < <0
then

su inf e Mt 2
teﬂlﬁ{}(%y)eTlel (t,-—y) — QIIHZ(R)f

Clluo = @ll 3

Gérard, Lenzmann, Pocovnicu and Raphaél [10] deduced the invertibility of
the linearized operator for the half-wave equation around the profiles ()3 when
[ is close enough to 1. Their estimates imply the orbital stability of these
profiles [11] indeed, one can prove a result similar to Proposition 1.5 for the
profile Qg with an adapted gap dg. However, this strategy does not work for
the Schrédinger equation, as we will see at the beginning of Section 4.

THEOREM 1.7 (Orbital stability of Qg for the half-wave equation). — There
exists By € (0,1), such that the following holds. Let 8 € (Bs«,1). Then there
exist €o(B8) > 0 and C(B) > 0, such that for all solution u of the half-wave
equation (7) with initial condition ug € Hz (R), if

o = Qs(T =5l 4 ) < 0(B);

then
inf “ C : :
sup - dnf e et — )~ Qs(g 5)||H2(R) < Cllwo = Qa(7=3) 3 )

In higher dimensions d > 2, traveling waves for the half-wave equation on R?

0w+ vV—Au = |[ulP" u, (t,r) € R x RY,
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are also orbitally stable in the radial case for mass-sub-critical non-linearities
l<p<1l+ %, but orbitally unstable in the mass-supercritical regime 1 +
% <p<l1l+ % [6]. Moreover, in the energy-critical and sub-critical case,
Bellazzini, Georgiev, Lenzmann and Visciglia [5] proved that there can be no
small data scattering in the energy space because of the existence of traveling
waves with arbitrary small energy.

As we will see in this paper, we cannot directly adapt the proofs for the half-
wave equation because we lack information on the Cauchy problem. A second
complication arising in comparison to the half-wave equation is the fact that
only two conservation laws are available (energy and momentum), because the
masses of the ground states may be infinite (this fact is easy to check for @, for
instance). The method both for the Schrédinger equation on the Heisenberg
group and for its limiting system is the construction of some weak solutions as
a limit of smooth functions, and show that we can pass to the limit on their
stability properties.

The paper is organized as follows. We first prove the orbital stability of @ for
the limiting equation in Section 3. Then, we assess how close the solutions are
to the limiting equation as 8 tends to 1 in order to study the orbital stability
of @3 for the Schrédinger equation in Section 4.

2. Notation

2.1. The Heisenberg group. — Let us now recall some facts about the Heisen-
berg group. We use coordinates and identify the Heisenberg group H! with R3.
The group multiplication is given by

(I7yv5) : (x/7y/75/) = (:l? + l‘/,y +y/a5 + s’ + 2($/y - CCy/))

The Lie algebra of left-invariant vector fields on H' is spanned by the vector
fields X = 0, +2y0,, Y = 0y —220, and T = 0, = i[Y, X]. The sub-Laplacian
is defined as

1 1
Lo:i= (X2 +Y?) = (07 +0)) + (2 +y")0; + (y0s — 20,)0s.
When the function is radial, the sub-Laplacian coincides with the operator
1
App = i(ai +05) + (2° + y°)0%.

The space H! is endowed with a smooth left-invariant measure, the Haar
measure, which in the coordinate system (z,y,s) is the Lebesgue measure
d)3(z,y,s). Sobolev spaces of positive order can then be constructed on H*
from powers of the operator —Ag, for example, H'(H') is the completion of
the Schwarz space .#(H!) for the norm

1
||UHH1(H1) = H(—AHI)ZUHB(W)-
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2.2. Decomposition along the Hermite functions. — In order to study radial
functions defined on the Heisenberg group H! it is convenient to use their
decomposition along Hermite-type functions (see, for example, [18], Chapters
12 and 13). The Hermite functions

N pp—

772
m(_l)me‘?a‘?(e_’”z), reRmeN

form an orthonormal basis of L?(R). In L?(R?), the family of products of two
Hermite functions (hy,(2)hp(y))m pen diagonalises the two-dimensional har-
monic oscillator: for all m,p € N,

(—Auy + 2% + Y hn(2)hy(y) = 2(m + p + 1) hum () R (y).

Given u € . (H'), we will denote by @ its usual Fourier transform under the s
variable, with corresponding variable o

u(z,y,0) \/ﬁ/ e "u(z,y,s)ds.

For m,p € N, set i;n\,p(x,y,a) = hy(V/2|o]2)hy(1/2]0ly). Then, the family
(hum.p)m,pen diagonalises the sub-Laplacian:

Agihmp = —(m+ p+ 1)|0|im.p.

Let k € {—1,0,1} and denote by H*(H')NV,* the subspace of H*(H!) spanned
by {hm,p | m,p € N,m +p =n} in the following sense.

DEFINITION 2.1. — Some u € H*(H') belongs to H*(H")NV,E if there exists
a family (fE p)wz+p n, Such that

/\

l’ Y,o E f:t,p 7P('/I;7y?o-)]l(720~
m,peN;
m-+p=n

For ur € H*(H') N V;*, the H*-norm of u;" writes as

46 ey = | (o Dl® [ 10 o) dwdy o
+

do
-y / (n+ DI 115 o) P

m,peN;
m-4+p=n

Any function u € .H ¥(H') admits a decomposition along the orthogonal surn
of the subspaces H*(H') N V,F. Let us write u = >, > where ut €
H*(H") NV for all (n,=). Then

H“H%k(Hl) = Z Z ||U7:5||?ﬁ]k(H1)~

+ neN

neN n’
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For k = 0, we get an orthogonal decomposition of the space L?(H!) and denote
by II* the associated orthogonal projectors.

The particular space H* (HY) N VOJr is spanned by a unique radial function
he, satisfying

_— 1 _ 224020
hg((ﬂ,y,d) = ﬁe (@ +y7) ]]-UZO~

Set u € H*(H') N V", then there exists f, such that

u(z,y,0) = f(o)hg (2,y,0),
and
5 do

2 _
Il = | G-

3. Orbital stability for the ground state @ in the limiting equation

In this section, we prove Theorem 1.2 on the orbital stability for the ground
state @ in the limiting equation (3)
1O = H+ 2
toru o (Jul u)'l . i (t,z,y,5) € R x H.
u(t=0)=wuo € H'H") NV,
For convenience, in this part, we replace the elements v € H¥(H!) N Vot
k € {-1,0,1} with the corresponding function on the complex upper half-
plane F,, defined as

Fu(s+i(z? +y?) = u(x,y,s).

Due to the equality of Sobolev norms (10) below, we will see that for k €
{=1,0,1}, u belongs to H*(H") N V" if and only if F, belongs to the space
of holomorphic functions H%(C,) N Hol(C,). Moreover, the Paley—Wiener
theorem 3.2 enables us to identify the orthogonal projector II§ from L2(H?')
onto its closed subspace L?(H') N V;" with the orthogonal projector Py from
L?(C,) onto the Bergman space A? = L?(C,)NHol(C,). The projector P is
then a Bergman projector, which will be defined in equality (15). This change
of functions then transforms the Cauchy problem for u into a Cauchy problem
for F,, written as

{i@tu = Po(|ulu)

(9) u(t = 0) = up € H¥(C,) NHol(C, )’

(t,Z) e R x (C+.

We establish the correspondence between u and F, in Section 3.1. Then we
construct some smooth functions approximating a weak solution of equation (9)
in Section 3.2, prove their weak convergence in Section 3.3, and deduce from
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their distance to the orbit of () an upper bound on the distance of the weak
limit to this orbit in Section 3.4.

3.1. Weighted Bergman spaces. — Letting u € H*(H') N V;" we first note

that F, € H5(C,) N Hol(Cy). Indeed, the Fourier transform of u along
the s variable corresponds to a function in L?(R,,o* 1 do); there exists f €

—

L*(R,, 0% 1do), such that u(z,y,0) = f(o)hg (x,y,0). Therefore, we have

1 [,
F.(z) = — e*? (o) do,
(=== [ o
so that F, is holomorphic. Moreover, the Sobolev norms of u and F}, are linked
by
(10)

1

+oo
2 s = | Full? — 7|(—id,) % F, |2 :,/ 20k-1 4.
ol = TN o = N0 Ry = 3 [ 1700 do

For k < 1, F,, belongs to the weighted Bergman space A7_,.

DEFINITION 3.1 (Weighted Bergman spaces). — Given k < 1, the weighted
Bergman space A? , is the subspace of L7 , := L*(C,,Im(z)"%d\(2)) com-
posed of holomorphic functions of the complex upper half-plane C, :

teo ‘ dt
A3, = {F € Hol(Cy) | ||F||2L§_k ::/0 /R|F(s+zt)|2dst—k < +oo}.

Indeed, recall the Paley—Wiener theorem for Bergman spaces [4].
THEOREM 3.2 (Paley-Wiener). — For every f € L?>(Ry, 08 1do), k < 1, the
following integral is absolutely convergent on C,

1 +oo
11 F(z)= — e'?? f(o) do,
(1) @)= = [ e
and defines a function F' € Af,;g, which satisfies

r(1—k) [T _
(12 IFIE: =g [ If0)Pot o

Conversely, for every F € A2_,, there exists f € L*(Ry,0""1do), such
that (11) and (12) hold.

For k = 1, F, belongs to the Hardy space H?(C).

DEFINITION 3.3. — The Hardy space H?(C,.) of holomorphic functions of the
upper half-plane C, such that the following norm is finite:

1Py =sup [ 1F(s+ it ds < +cc.
t>0 JR
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THEOREM 3.4 (Paley—Weiner). — For every f € L*(R,), the following integral
is absolutely convergent on C

+oo
(13) F(z) = \/% /0 6% f(o) do

and defines a function F in the Hardy space H?(C.), which satisfies

+oo
(14) IF 2o, = / (o) do

Conversely, for every F € H?(C,), there exists f € L*(Ry), such that (13)
and (14) hold.

In the following, we will work with the holomorphic representations, the
solutions being valued in the Hardy space H2(C,) = H?(C,) N Hol(C.).

3.2. Construction of approximate solutions. — Given an initial data ug €
H2(C,) = H=(C,) N Hol(C,) close enough to the ground state

Q)= 2.

we want to construct a global solution to the Cauchy problem (9)

i0u = Py(|ul*u), (t,2) eRxCy
u(t =0) = ug

)

which stays close to @ (up to symmetries) at all times. The Bergman projection
Py from L?(Cy) to A? writes as (see, e.g. [4])

(15) Py(u)(z) = f%/R /R(z—sl—&—it)gu(s +it)dsdt, zeC,.

We approximate u by functions with higher regularity, satisfying equations
for which we can use a classical global well-posedness result.

Construction of smoothing projectors ]SEM :For e, M > 0, we define the pro-
jector P: p as follows. Write u € H*(C4) NHol(Cy), k < & (or u € H¥(Cy)N
Hol(C4), k > 0) as

1 oo 20
u(z) = E/o e*? f(o)do

and then

P pr(u)(2) = Nor / e fo

This projector removes the high and low frequencies of u in order to add some
regularity in the solutions. It defines a bounded projector from H*(C,) N
Hol(C4) to itself for k < 3 and from H*(C,) N Hol(Cy) to itself for k > 0.
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Construction of a sequence of approximate solutions (u,),: We consider f €

L2(R,), such that for all z € C.,

1 +oo
— 1z0 d
uo(z) Nor A €*? f(o)do,

which satisfies

luoll?, 5

L2
LI §”fHL2(R+)'

Let us fix a sequence of positive numbers (&,), going to zero and consider the
following initial data belonging to H2(C )N Hol(Cy)

1 I/En .
ug(z) == P, 1 ug(z) = \/ﬂ/ e*? f(o) do.

o

n

We denote by H2(C,)NHol(C) the space of functions u € H?(C,)NHol(C,)
satisfying P, 1 (u) = u. On this space, the HF¥-norms, k > 0, are equivalent:

1 [V, 1
e ulZaey) < Mulee, = 5/ o) do < g llullzace,y:
I

Define the projection F§ as

P(;Z:P 1 OP().

Enror

We consider the following Cauchy problem

{i@tun = P (|up[un)

(16) un(t = 0) = ugy

)

which is globally well posed in HZ (C4)NHol(Cy).

PROPOSITION 3.5. — Letuj € H? (C4)NHol(C). Then there exists a unique
solution u, € C*(R,H2 (C4) NHol(Cy)) of (16) in the distribution sense.

Proof. — The local existence comes from the Cauchy-Lipschitz theory for
ODEs. Indeed, Py defines a bounded projector from H?(C,) onto H2(C4) N
Hol(C, ), and, therefore, PJ' defines a bounded projector from H?(Cy) onto
H? (Cy) NHol(Cy). Let r := |lug| gz(c,) and denote by B(ug,r) the ball
centered at ug of radius r in H2 (C4) NHol(Cy). Since H?*(Cy.) is an algebra,
we deduce that there exists T' = T'(r), such that the map

C([-T,T), B(ug,r)) = C([-T,T), B(ug,))
U (t — v + %/0 P ([v]*v)(7) dT>

defines a contraction mapping from C([-T,T], B(ug,r)) to itself. We conclude
the local well-posedness of equation (16). Moreover, the time of existence of
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the solution is bounded below by some constant which only depends on the
norm of the initial data in H?(C).

In order to prove that local solutions extend globally in time, we show that
there is no blow-up of the H? norm in finite time. Due to the equivalence of
the 1 norm and the H? norm in H2 (C;) N Hol(Cy), it is enough to prove
that equation (16) has conserved momentum

P() = =)y = Il y

However, using the equation a solution u satisfies
d
aP(u) =2 Re(atu, —iazu)Lz(C+)
= 2RG(P51(|U|2U>75zU)L2(<c+)
= 2Re(|ul*u, —i0,u) 12(C, )

By integration by parts, one knows that the complex scalar product
(Ju|?u, —i0,u)r2(c,y is imaginary, leading to the conservation of momentum.

O

Similarly, one can show that the energy £(u) = Hu||‘i4(c+) is also conserved,
using the equation,

< £(u) = 2Re(@y, Julu) 2,
= 2Re(~iP§ (juf*w), [uPu) 2 cc, )
= 2Re(—i P (|[ul*u), P§'(Jul*u))r2(c, )
= 0.
We now show that u,(t) is close to the orbit M of the ground state ). Dues

to Proposition 1.5, it is enough to focus on §(u,(t)). However, using the con-
servation laws, we know that for all ¢t € R,

S(un(t)) = 6(ug)-
Moreover, by construction of ufj, we know that ||ufy — UOHH% ) tends to 0 as
+

n tends to +o00, and, therefore, §(uf) tends to d(ug). Assume that d(ug) < do,
then d(uf) < ¢ after some rank N. Due to Proposition 1.5, we deduce that
foralln > N and t € R,

(17) d(un(t), M)* < CO(ug).
3.3. Weak convergence. — In this section, we show that the sequence (uy)n
has a weak limit u, which is a weak solution to equation (9). In order to do so,

we first prove that ¢ — dyu,(t) is uniformly bounded in H~2(C,) and then
use Ascoli’s theorem.
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Because of the conservation of the momentum and the fact that P(uf) <
P(ug), for all n € N, we know that for all n € N and ¢ € R,

Using the equation satisfied by w,,, we also know that
190 (Ol -3 e, < 1B QanPun) Dl -

By the dual Sobolev embedding L3 (C,) < H~2(C,) and the fact that Py
extends to a bounded projector from LP(C. ) to itself as soon as 1 < p < 400
(see, for instance, [4], Theorem 1.34), we can estimate that

1B nPua) Ol -3 ., < WPl Pu) O] - e
< CIPy(fun Pun) (1)

< C|lfun|*un t)

I3,

( +)

Since wuy,(t) is uniformly bounded in H2(C,) and, therefore, in L*(C,), we

conclude that the term ||8tun(t)|\H,%(C+) is also uniformly bounded.
We now prove that for all 7' > 0, up to a subsequence (u,,), converges in

C([-T,T), Hz(C4)N Hol((C+)) (with the weak topology) to a function w.

We know that H~2(C,) N Hol(C,) is separable, since it is isometric to
L?(R,). Moreover, by removing the high frequencies of the Fourier function
f at infinity, one can see that H~2(C,) N H2(C,) N Hol(C,) is dense in
H’% (C4)NHol(C,). We can, therefore, consider a countable sequence (pr)k in

~3(C4)NH?2(C4)NHol(C, ), such that every function in H 2 (C,)NHol(C..)
can be approximated by a subsequence of (¢y)j for the H~3%-norm.

Fix k € N. Since (t = Opun(t))n and (t — u,(t))y are uniformly bounded in
H~2(C,) and in Hz(C,), respectively, the sequence £, (-, 1) : t € [=T,T] —
(un(t), vk ) is equicontinuous and equibounded, for all n and ¢,

Buta(t, 21)] = @run(t), 2)] < 100l -3 o Ikl 3
and
a(t00)] = (), 00| < lun Ol 3 e I8l -3 -

Applying Ascoli’s theorem, for every k € N, there is a subsequence (np)p,
such that (£, (-, ¢r))p converges in C([—T,T],C) to some continuous function
£(-, o) as p tends to +00. By a diagonal argument, we can use the same subse-
quence for all £ € N. Using a second diagonal argument on a sequence of times
(T})n going to 400, we can assume that for all k, there exists £(-, p1) € C(R,C),
such that for all T' > 0, the sequence (£, (-, ¥x)), converges in C([-T,T],C) to

£y o8| —7.17-
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By density, ¢ extends to a bounded linecar map ¢ € C(R,(H 2(Cy) N
Hol(C4))*) (with weak topology). Now, by duality, £ can be represented by
u e C(R, H2(C,) NHol(Cy)), for all ¢ € H~2(C,) N Hol(Cy),

€, ¢) = (u(t), ).
To conclude, by construction, for all 7' > 0, the sequence (£, |7 7)), converges
weakly to £|[_r 7 in the space C([-T,T], (H—2(C,) N Hol(C,))*); therefore,
(tn)n converges weakly to u in C([—T,T], Hz(C,) N Hol(C,)). Passing to the
limit we conclude that u is a global solution to the original equation (9) in the

distribution sense.
We deduce that

d(u(t), M)? = nf u(t) — Tx Q| 4

i
XERXTxR?, HZ(Cy)

< inf  liminf - TxQ|? .
S xenih g Bminfllun(®) = Tx@lls ¢

Since X is not compact, this inequality is not sufficient if we want to apply
inequality (17) to estimate d(u(t),M). In the following part, we construct
a map t — X,(t), such that for all ¢ € R, u,(t) is close to T, )@, and
(X (t))nen stays bounded, then use a compactness argument.

3.4. Modulation. — Recall the notations in the Introduction. Fixing u €
H2(C4) = H2(C4)NHol(Cy) and X = (s,0,0) € R x T x R?, we denote
by Txu the element of H2(C, ) satisfying

Txu(z) := e’au(a®(z — 5)), z€C,.
We write X ! = (—s,—60,a71) and
1] = Js] + 6] + | Tog(a).
We have also defined the orbit of @ as
M={TxQ | X cRxTxR},
and the distance of u to M as
d(u, M) = inf

X=(s,0,0) ERXTXRY

Txu=CQlg e,y

We choose 0 < r < 1 and assume that ||ug < r?. Given K >

- Q” HE ()
0, for n > N large enough, the regularized initial data u{ satisfies d(ug) <
Kr?. Using the conservation of energy and momentum and Proposition 1.5,
we deduce that there exist ¢g > 0 and rg > 0, such that if 0 < r < rq, then
d(un(t), M) < cor for all ¢t € R.

We start from the observation that around time ¢t = 0, we can choose X, (t) =
(0,0,1) for all n > N, since ||uf — QHH%(C” < cor. By continuity, we know

that ||uy,(t) < (1 4 €)epr on some small time interval, which can
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be taken independently of n. Indeed, using the conservation of momentum, we
have

—0l? — 2 2 X
lun(®) = QIS y ) = Nun (34 o 1R 2<un<t>,c2>m(@+)
_ 2 2
= g1 3 o, + QU2 3 ) — 2un(t). =iQ:) 2

and, therefore, the derivative of |lu,(t) — Q||% 1 is bounded by
H2(Cy)

d 2 .
&”un(t) - Q”H%(@) = [2(8pun(t), —iQ=) L2(cy)|

< 200pn ()] -4 119 3

H 2

However, we have already seen that |dpu,(t) is bounded indepen-

i3,
dently of ¢t and n, and, therefore, there exists K > 0, such that for n > N and
teR

_ 2 < n _ 2
fun) = QI ) <l = Q12+ K
< (cor)* + K|t|.
For fixed € > 0, we conclude that the inequality ||u, (t) < (14-¢€)cor
2
holds as long as [t| < %(cm‘)?.

Set € > 0 and t; M(COT)Q. Assume that at time ¢y, there exists
a bounded sequence (Xo)n in R x T x R%, such that for all n, |lu,(to) —
TXOQ”H?((C ) < cor. By the above method one can show that |lu,(t) —
" +

TX2Q||H%((C+) < (1 +¢€)cor on [tg — t1,to + t1]. Indeed, let v, = T(x0)-1up.

The equation satisfied by u,, is not invariant by scaling, but we can write down
the equation satisfied by v,. Recall that if

1 oo iZ0
u(z) = \/—2?/0 e’ f(o)do

then
ﬁs ]\/[U \/E / TZU'f
Write (X9) =: (s2,62,a%) and P” =P cn 0P, Then v, = T{xo0)-1u,
@O el "
satisfies ||vy, (to) — Q”H%(C ) <o, and
+

1040y, = PP {(|vn]?vn).
Like equation (16), this equation conserves the energy ||Un(t)||4L4(<c+) and
2
e, .
the expression (10) of the Sobolev norms that the projector P: s satisfies

the momentum ||vy, (t) . However, for all ¢ and M, one can see from
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| Pe s - Therefore, we have the same inequalities
&g, H 9

by S Mllg-ye,)
as above

18a g4 ., < I (o) 1))
< ||PO(|vn|27)n)(t)HH7%(C+)
< ClIPo(lonl*on) D) 4 ¢

< C'|[[on]vn(t)

H3(Cy)

”L%au)
< O/||Un(t)||i4(c+)'
Since [lvn ()l zac.) = llun(t)|lLa(c,) is uniformly bounded by conservation of
the L*-norm, we conclude that |[v,(t) — Q|| .1 = Jlun(t) = Txo Q||
H2(Cy)
(14 ¢€)cor, as long as [t — to| < ;.

We construct X, as a piecewise C! functional on R as follows. For k € Z, X,
is constant on [ktl, (k+1)t1[, equal to some X* € Rx T x R% to be chosen. We
first set X,; ' = X2 = (0,0,1). Then, at time ¢, = kt1, k > 1, we use the fact
that d(un(tk),./\/l) < r and choose Xk such that |Ju,(tx) — TXkQ”

no
cor. Then from the above paragraph, |lun(t) — Tx: @l ;1

<
H2(C)—

Hz((C ) <

) = < (1 +¢€)cor on
.
[tk,tr + t1]. We do a similar construction for negative times. The map X,

satisfies
l[uan (t) — Txn(t)QHH%(C” <(+e)er, teR

It remains to show that X, is bounded independently of n on bounded intervals.
In order to do so, it is enough to control the gap between X*~! and X*. By
construction, at time g,

()~ Tg 1@l g ., < (4 E)eor
and
llwn (tr) — Tku||H2(C ) < cor
and, therefore,
ITys1@ ~ Ts @l o, < 2+ heor:

Using the following Lemma, we conclude that if r is chosen small enough, then
there exists a constant ¢; > 0, such that for all n > N and k € Z,

XX T < e

LEMMA 3.6. — There exist ¢y > 0 and r1 > 0, such that the following holds.
Let X € Rx T x RY, such that

1TxQ — QHH2 ( )_T1~
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Then
|X| S Cy.

Proof. — Due to the invariance of the H?-norm by symmetries, one can as-
sume that X = (s,6,a) with o > 1 up to exchanging X and X ~!. We expand

ITxQ - QIR . = ITxQI s . +IQE, . —2TxQQ)y

a3 () A3 (Cy) HE(Cy)
=2m - 2(TxQ,Q), i
Now, recall that

_\/i_i e iz0
wwﬁrmﬁeﬂMa

with
flo) = =2ivme™,
and
2 1 2
Qs e, =5 ) f@F o=
With this notation, the function corresponding to Tx @ is

o 1
( ):—2Zf619 —150’ *§§7

and, therefore,

+oo
X X - 1
2 _ 0 —iso —-% —0
HTXQ*QHH%(C” =21 — 4w Re (/0 e "% a2 Pk da)

AR €i9
=27 — 4w Re W .

Set @« =1+ 8 with > 0. We want to bound s and 8. By assumption,

Re
WEEGE 2
18—5— +1+5+ a5

6 . .
Denote z := m. The fact |Re(z) — 1| < §; implies that |z| >

Re(z) > 1 — 4y, and if §; < 1, that

2
—1 <271:'51.

1 . (1+p)? 2 1
1 [l
Ei S s ey
On the one hand, taking the real part,
2 1
1 [l
+ ﬂ * 2 = 1 — (51
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Since f € Ry — 1+ 5+ ﬁ—; is strictly increasing and going to 400 as 8 goes
to 400, there exists some constant ¢ > 0, such that 5 < ¢, or, in other terms,
0 < loga < log(l + ¢). On the other hand, since 8 > 0, the bound on the
imaginary part implies that

2
|s] <
1—461°
Using the Lemma, assume that 3cor < r; and fix ¢t € R. We now know
that (X, (t)), takes values in a compact set; up to extraction, one can assume
that (X, (t)), converges to some X (t). Moreover, for all ¢ € R and n € N,
[un(t) = Tx, @l ;1 ) = < (14 ¢)cor, and, therefore, passing to the weak

limit n — +o0 we conclude that ||u(t) — TX(t)QHH2 ) = < (14 ¢€)cor. Since

]

€ > 0 can be taken arbitrarily small, we have proven the followmg reformulation
of Theorem 1.2.

THEOREM 3.7. — There exist co > 0 and ro > 0, such that the following holds.
Let r < 1o and ug € Hz(C,) N Hol(Cy), such that |lug — Q”H%(c ) < r2,
+

Then there exists a weak solution u € C(R, Hz(Cy)NHol(Cy)) (with the weak
topology) to equation (9)
i0yu = Po(|ul*u)
u(t =0) = ug
such that for all t € R,

s (t,Z)GRX(C+

d(u(t), M) < cor.

4. Orbital stability for the ground states Qg in the Schrodinger equation
We now consider the Schrédinger equation on the Heisenberg group (1)

{i&‘tu — Agiu = |ul?u

. (t,z,y,s) € R x H.
u(t =0) = ug (t,2.9,5)

For 8 € (B, 1), we are interested in solutions with initial data uo € H'(H")

satisfying
[uo — V1= BQsll gy < (1= B)r.

Let u be an eventual solution and set

u(t,z,y,s) =+/1—BU((1 - B)t,z,y,s + ft),
so that U is a solution to
AHl +ﬂDs

(18) 0 — =5

U=|U]PU, (t,z,y,s)€RxH.
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The initial data Uy satisfies

100 = Qsll grogany < V1 - Br.

There are two relevant conserved quantities for this equation: the energy
1, Am + 8D;

E(V) = 5 (-1

1
5 V,V)Le@n) — Z|\V\|i4(ml)7

and the momentum
P(V) = (DV,V) 2@y, V€ H'(H).

Theorem 1.3 is equivalent to prove that if 3 is large, then one can construct a
global weak solution U to equation (18), which stays close to the orbit of Qg
at all times, which leads to the following reformulation.

THEOREM 4.1. — There exist some constants co > 0 and rg > 0, such that for
all r € (0,7r9), there exists a parameter B*(r) € (0,1), such that the following
holds. Let B € (B*(r),1) and Uy € H'(H') satisfying

o ifUpc H'(H) NV, :
100 = Qsll 1y < 7°
e in the general case:
100 — Qall gy < V1= Br.
Then there exists a global weak solution Us € C(R, H'(H')) (with the weak
topology) to equation (18)

1-5
Us(t =0) =Uo

such that for all t € R, Ug(t) is close to the orbit Qg = {TxQp | X € R x
T x R%} of Qp:

{iatUﬁ — 2523250 = Us|Us

d(Us(t), Qs) < cor-
Contrary to the strategy deployed for the half-wave equation [11], the gap
3s(V) = €5(V) = E5(Qp)| + [P(V) = P(Qp)|, V€ H'(H"),

does not here directly control the distance of V' to Qg, so Proposition 1.5
does not hold for Qs and dg. Indeed, even the fact that d5(V) = 0 does not
imply that V' belongs to Q. This is due to the fact that we can only use
two conservation laws (energy and momentum) here, whereas an additional
conservation law was available for the half-wave equation: the mass of the
solution.
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However, using that Q3 tends to @ as 3 tends to 1, one can instead show
that the component of the solution along the space VOJr is close to @) and control
the rest separately. More precisely, decompose

U(t) =U"(t)+W(t),

where Ut (t) € H'(H') N V;" and W(t) € Do 1)204) HY(HY) NVE. If we
know that W (¢) is small enough, then dg(U(t)) ~ (U™ (¢)). This enables us
to estimate the distance d(U™(t), M) of UT(t) to the orbit of Q, and therefore
the distance of U(t) to the orbit of Qg for § close to 1.

The plan of the proof is as follows. Fix 5 € (0,1). We approximate the initial
data and the equation by global smooth functions (U n)yc(s,1),nen valued in
H?(H') in Section 4.1. We then decompose

Uy a(t) = U () + W (0),

where U, (t) € HY(HY) N V" and W, ,.(t) € @(ki#(ojﬂ H'(H"Y) N Vki, In
Section 4.2, we fix n € N and study the limit v+ — 1. We prove by using
the conservation laws that W, ,(t) stays small and that the gap 6(U,, (1)) is

controlled as 6(U,(t)) < r* for v > *(n, t), which leads to an upper bound

(19) AUy n(t),M) < cor, teR,vye [max(*(n,t),H),1).

Then, we show that the lower bound §*(n,t) can be taken independently of n
and t. Finally, in Section 4.3, we fix § > S, and use the same method as for
the limiting equation to find an upper bound on the modulation parameters
(X3,n(t))nen in order to pass to the limit n — +oco in the above inequality (19).

4.1. Construction of approximate solutions. —

Construction of a sequence of smoothing projectors II™) : We define a sequence
of projectors II(™ close to identity, mapping elements of H*(H') (s = 1) to
smoother functions, by removing the high and low Fourier frequencies and the
high Hermite modes in the decomposition

o) =P i H') nVE.
keN =+

Using these projectors, we consider a sequence of equations approximating (18)
for which the Cauchy problem is globally well posed.

Let u € H*(H'), s = +1, which we decompose as a series of elements of
H*(H') NV for (k,+) € (N, £). Write

+o00
u = Z Z Hk,i(u)a

k=0 £
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where for all (k,+) € (N, %), Iy, 1 (u) € H*(H') N V5. Then

ol = 323 [ (el [ ) oy

keN =+

Let n € N. We define IT) (u) as follows. We take the n-th partial sum and
remove the high and low frequencies |o| — +o00 and |o| — 0:

(20) (n) ‘T 'Y, 0 Zznki I‘ yao-)]]-%§|0'|§n'

Consequently,

I ) By = >3 [ ((k +1)lo])
k=0 £ “{

UER:{:}O{%S|J|S,’L}
- / e+ (u) (2, y, 0)[* dz dy do
R2

converges to as n goes to +oo.

el g
Moreover, if u € H'(H"), then I1( (u) belongs to H?(H'). Indeed,

I () 2y = 33 / 1+ (k +1)?o])
k=0 =+

{oeR}N{L<|o|<n}

n—

X /R2 \Hk’i(u)(x,y,a)Fdx dy do,
but on the set {1 < |o| < n}, and for k < n,
(14 (k+1)*|o]’) < (nlo]+ (n+1)*(k+1)n?lo]) < n(1+n(n+1)%)(k+1)|o],
and, therefore, ||[II™) (u)| fs ) is finite.
Construction of a sequence of approzimate solutions (Uy n)ye[s,1)nen: Fix g €
(0,1), r > 0 and Uy € H*(H'), such that
e cither Uy € H'(H') N V,;" and
100 — Qall gy < r?;
e either
100 — Qall gy < V1-pr.
We want to construct a global solution to (18)
{iatUﬁ — 2P 17y = |Us[2U
Us(t = 0) = Uo 7
such that for all ¢t € R,
d(Ug(t), Qp) < cor-
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By approximation, the idea would be to consider a sequence of equations

. A + DS
(21) {latUﬂ,n — SRy = T ([Ug i [2Usn)

" , neN,
Upg.n(t =0) = UP™ =TI (Uy)

for which one can show that for all n large, there exists 8*(n), such that if
B > B*(n), then

d(Upn(t),Qp) <cor, teR.

In order to get a lower bound * independent of n, we rather construct a set
of initial data (Uj"™),e(,1),nen and equations

‘ _ daDegr (g 2
(22) {z@th,n T—v U’Ya" (‘U’y,n| U%n) , ne N,'Y S [ﬂa ]-)7

Uyn(t = 0) = U™ = 1™ (Ug)
and then use a continuity argument.
For v € [B,1), the initial data Uy is defined as follows:
o if Uy € H'(H") N V5", we choose Uy constant equal to Up;
e otherwise, we choose
1—~ Y-8
UJ == Ui .
0= 75 Tz BQ
We make this choice in the general case because we need the initial data
Uy to go to HY(H') NV," as v tends to 1.

LEMMA 4.2. — Letr > 0 and Uy € H'(H'). There exist Cy > 0, B.(r) € (0,1)
and N(r,Uy) € N, such that the following holds. Let 8 € (8+(r),1) and assume
that Uy satisfies

e cither Uy € H'(H') N V" and
100 — @all gy < r?;
o cither
100 — Qs g1 any < V/1— B
Then for alln > N(r,Upy) and for all v € [8,1),
€5(Ug"™) = E@)| + [P(UG"") = P(Q)] < Cor®.

Proof. — We use the following convergence rate of (Qg)g to @ as § tends to 1
(proved in Appendix A):

1Qs = Qll g1y = o(v/1 = B).
If Uy € H'(H") N V" and ||Up — Qpll g1y < 72, we have chosen Uj constant
equal to Up, and it is enough to use that HH(”)(UO)—UOHHl(Hl) — 0asn — +oo.
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We now treat the case [Uo — Qg g1y < /1 — Br. By convergence of Q3
to @, there exists S, = B.(r) € (0,1), such that for all 8 € (54, 1),

1Qs — Qll gy < V1 —Br

We decompose

Qp = Qf + Rg
and

Up = Uy + W,
where QF,Us € H'(H') N Vg" and Rg, Wo € @Dy, +)4(0.4) H'(H) N V" In
the same way, we decompose U as

Ug = (Ug)" + Wy
and UJ" = I (UY) as
UP™ = (U3 + Wy,
where (Ug)*, (Ug™)te H(HY)NVy  and W, W™ € @ . 4y 0.4y H (H)NV,E.
Since
[Wo — Rall gy < [[Uo — Qpll ey < V1= Br,
W, satisfies
[Woll gy < IWo — Rall gy + 1Bl 0

< 24/1-—pr.
Therefore, W = t—gWO satisfies
|
Wl gy < 2——==7

Vg

which implies that for all n € N|

L—n
v
||W0 ||H1(IHI1) S2mr
In particular,
A]HI1 +,YDS n n n n
G Eraa AR W B [CX R T Pen)
v L2(HY)

Ly 5 (1=9),
<8—— 44—
_81—5T + 1= 5 r
<1272,

and
[Wo™

‘L4(H1) < C”WJ’”HHI(HI) <2C+/1 - pr,
which is bounded by 72 if 8 > B.(r) is large enough.
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Given the form of the energy

n 1 AHl +7D9 n n
&™) =5 <1_Wo’ Wy )
v L2(H)
1 n n 1 \n \n
+ S DUUP™ L UF™) ) aam) = ZIOT™ + W Ny

and given that all the terms involving W™ are bounded by some Cor?, it is
now enough to prove an estimate of the form [|(Ug")* = Q|| g1y < Cor*.
However,

1- i n
U™ )" = (UG) g any < ﬁl\ﬂ( "(U0)) = Udf Il e

Y =B
+ m”n( (@) = Qlli

< I (o)) = Ug Il oy + IT™(@Q) = QU

which converges to zero as n goes to +oco independently of v and 3. Moreover,

-9
1) = Q) = 751106 = Qi

-y

< 75100 = Qsllis oy + 1Woll s ony+ 12 = Qs )
1—

< a1 Br
1-p

<4,

for g > B.(r) large enough.
To conclude, there exist Cy > 0, rg > 0 and N € N, such that for all n > N,
r € (0,r0) and v € [5,1),

1E,(U"™) = Q)+ [PUY™) = P(Q)] < Cor®. O
From now on, we assume that 8 > B.(r) and n > N(r).

As in Proposition 3.5 for the limiting equation, equation (22) admits a unique
global solution in H2(H') := 1™ (H3(H')).
PROPOSITION 4.3. — Let UJ"" € H3(H') and v € [0,1). Then there ex-
ists a unique U, , € C®(R,H3(H")), such that (22) is satisfied in the dis-
tributional sense. Moreover, the solution map is continuous from H32(H') to
C®(R, H3(H')).

Proof. — Local well-posedness comes from the Cauchy—Lipschitz theory from
ODEs. Indeed, H3(H') is an algebra, and, moreover, the Hermite modes k
are restricted to k£ > n, and the frequencies o are restricted to the set {% <

|| < n}. Therefore, the map V — AH%;YD“’V + O™ (|V|2V) is well defined
and locally Lipschitz from the Banach space H3(H!) to itself.
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In order to show that the local maximal solutions are global, we prove that
there is no blow-up in finite time due to the conservation of the momentum

P(V) = (DV,V) 2@y,

and the following inequality valid for V € H3(H'):
(DsV, V)Lz(Hl) < ||V||%I3(H1) <(n+Mn+ 1)3n2)(DSV, V)LZ(HI). O
4.2. Limit v — 1 for the n-th partial sum. — In this section, we use the con-
servation of energy and momentum to recover an upper bound on d(U, (t), M)
for v > *(n,t) close to 1. Then, we prove that the lower bound for v can be

chosen independently of n and t.
For t € R, we decompose Uy ,(t) as

Uy in(t) = UL (1) + Wan(t),
where
U a(t) = 0§ (Uy (1) € HY(HY) NV
and, therefore,

Won() = (1d-1)(Uyn®) e P HEHNVS
(k,£)#(0,4)
(see Definition 2.1 for the definition of the spaces in the orthogonal sum Vki).
In what follows, we show that U, (t) is the main part for which we control
S(UT, (1), and W, ,,(t) is a remainder term that vanishes in the limit v — 1.
First, since P(Uyn(t)) = (DsUyn(t), Uy n(t)) 2@y is conserved, bounded
by Cor? +P(Q) for all v € [8,1) and equivalent to ||U. 7n(t)||%1(Hl) in H2(H),

there exists some constant C'(n) > 0, such that for all t € R and v € [8,1),
(23) 105 Ol g1 sy < C ().

However, such a bound on [|Uy »(¢) | g1 1) and the conservation of energy imply
that W, ,,(¢) must vanish in A (H") as  tends to 1 due to the following lemma.

LEMMA 44. — Let r > 0, 8 € (B«(r),1), n > N(r) and assume that Uy
satisfies
e cither Uy € H'(H") N V" and

100 = Qall gy < r?;
e cither
100 = Qsll grogany < V1 - Br,

There exists Cq > 0, such that if there exists C > 0 (possibly depending on n),
teR and vy € [8,1), such that [|Uy,n(t)||l g2y < C, then

”W%n(t)”}i[l(ﬂl) <Ci(1+ CQ)M_
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Proof. — We use the conservation of energy

1

Apt + ’)/DS
&0t = 5 (-2

1—7 Won(2), W%n(t))

L2(H1)

1 1
+ S (DU 0, U (0) 2y = £ 1Usn (Ol

then apply Lemma 4.2 to get
[€5(Ug"™) = E(Q)] < Cor.
Due to the embedding AH*(H') < L*(H'), we know that
10 Oty < KX N0 (O s gy = KAC

Moreover, recall the equivalence of norms

1
§||w||ill(H1) < (_(AHl +7Ds)waw)L2(H1) < 2||w||ill(H1)’

w e @ HY(HY) N ViE.

(k,2)#(0,+)
We conclude that
1

1
2 2 44
m”ww(t)”mml) <E(Q)+ Cor? + —K*C*,

4

which implies the lemma. O

Applying Lemma 4.4 and inequality (23), we know that for all ¢ € R and
v € [8,1),

IWa @)l 1.y < CLL+ C()*) /1 =7,

which vanishes as v tends to 1.

Fix t € R. We establish in Lemma 4.5 below that v € [3,1) — W, ,(t) is
continuous, so that we can define 5y(n,t) > /5 as the minimal element in [3,1)
satisfying:

VFY € [ﬂo(ﬂ,t), 1)7 HW%"(t)HHl(Hl) < T2'
LEMMA 4.5. — Fort € R, v € [3,1) = W, ,.(t) € H*(H') is continuous.

Proof. — Fix t € R. One knows that the orthogonal projection (Id — II{)
onto the space @, 4y, +) H'(H') N V,* is continuous, since it satisfies the
inequality ||(Id — TI5) (V)| g1y < IV | g2 gy for all Ve H'(H'). However,
by definition, W, ,,(t) = (Id — IIJ ) (U, . (t)), and, therefore, it is enough show
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that the map v € [8,1) — U, ,(t) € H'(H') is continuous. Let y1,72 € [3,1)
and set R :=U,, », — Uy, »n. Then R is a solution to

1O R —

Aw +n1Ds (Aml +nDs  Ap +72Ds)
1—-m 1-—m L= o
= H(n)(lUw,lele,n) - H(n)(|U72,n|2U”/2an)'

We bound [|0;R(t)]| g1 (1), Which is equivalent to controlling (|0, R(£)|| g1 1),

since 0, R(t) € TI™ (H'(H')). We treat each term in the equation separately.
First,

AHl"”les H 2
TTyo,, Al < ——|-Aw R(t)|| -
H 1 - N ( ) H_l(]HIl) - 1—’}/1 || H ( )HH L(H!)
2
N I .
< T IR s
Then,
Agn + 71D Apt + o Dy
(G e )
]' ’Yl ]. ")/2 H*I(Hl)
|72 — 71l
< ————F—— IFAm Uy n Ol -1y + 1PsUnon (Ol g-1
(1_,71)(1_72)(” HUnps, ()HH (H1) ” V2, ()HH (H))

|72—71|
ST — )

Finally, note that in the image H'(H") of H—'(H") by II1(™), all the Sobolev
norms are equivalent. Indeed, by definition of II(™ (see equation (20)), the
frequencies are restricted to the set {% < |o] < n}, and the Hermite modes are
bounded by n. Therefore, there exists C7(n) > 0, such that

2C(n).

HH(n)(‘UM,n‘QUw,n(t)) - H(n)(|UV2,n|2Uvz,n(t))HH*l(Hl)
< C1 )T (|Usy 0P Usy (1) = T (U

U (0) |l 3 1)
Using the algebra property of H3(H!), we get

T ([T 0P Usy 0 (8) = T (U P () 1. azr) < C3 ()[R 112 )
and again using the equivalence between H' and H? norms, we deduce

I ([T, 0P Usy 0 (8)) = T (U P U (D) 1 a1y < Co ()[R 1 -
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We now define f(t) := | R(t)]|?
C"(n) > 0, such that
F(t) < 200 R g gy 1RO | 1 (g
< C" (0RO -1 gy 1RO | 1 g

< C’”(n)((l _2% + Cg(n)) IR

72 — 1l .
+ 2RO )

< CH(”)((12,}/1 + Cé(n) + mo(n)> ||R(t)||%I1(H1)

|’72—71| n
T2 )>'

Therefore, f(t) satisfies a Gronwall-type inequality

Fr (E1) for t € R. Then there exists some constant

0 < Kol (0) + Kl 2

with

— " (n 2 '(n |72_'71| n
) = €0 (25 €t + Lo ),

and
Ks(n) = C"(n)C(n).
This inequality implies that for all ¢ € R,

n _
f0) < flojer o 4 22 TR iiml )
with
£0) = [T (U = U3 -
Fixt € Rand v; € [8,1), we see that if 75 tends to 1, then f(¢) tends to 0. O
LEMMA 4.6. — Let r > 0, 5 € (B«(r),1) and n > N(r). There exists some

constant f*(r) € (0,1), such that if B > B*(r), then the solution Ug,, to
equation (21)

1-p
Us.n(t =0)=Up =T (1)

satisfies for allt € R

)

{iathg)n — MU[}J‘L = H(n)(|Uﬁ,n‘2Uﬁ,n)

IWa.n (Ol i1y < 7%,
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and
1UZ )l gy < (P(Q) + Cor®)*.
Proof. — Fix 8 € (0,1) and recall that So(n,t) > § is the minimal element in
[8,1) satisfying:
vy € [Bo(n, 1), 1), [Wan ()l ey <772,

and assume that 5 < Bo(n,t) =: Bo. We find an upper bound for Sy in [3,1)
independent of n and ¢. The continuity of v — W, ,,(¢) implies that

||W60,n(t)||y1(H1) = 7"2.

The projection of Ug, ,(t) on VOJr is bounded by
U4 O gy < PUgo,n (1))
S P(Q) + 007"2,

and, therefore,

1Us0n O gy < C,
where C = r?2 4+ (P(Q) + C’orz)% no longer depends n or t. Lemma 4.4 now
implies

W (Ol gy < C1(1 + C?)/1 = fo.

We conclude that

r* < Ci(1+ C?)\/1 - B,

which means

’I”2

T !

and, therefore, 8 < f*(r). Taking the converse, we have proven that if § >
B*(r), then fio = . 0

We now show that Up ,(t) is close to the orbit M of @ for t € R and
B = pB(r).

PROPOSITION 4.7. — There exist ro > 0 and cg > 0, such that if r < 1o,
B € [B*(r),1) and n > N(r), then for allt € R,

d(Ugn(t), M) < cor-

Proof. — Fix t € R. It suffices to estimate 6(U;n(t)) and apply Proposi-
tion 1.5.
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On the one hand, since (DsWp ,(t), W n(t)) L2(m1) < ”Wﬂ’”(t)”?’{l(]}nl) <12,

the conservation of momentum and Lemma 4.2 lead to
(24) (DsUS,(8), Ug () L2y — (D@, Q) L2 qaay)| < (Co + 1)r?

On the other hand, we estimate ||\U;n(t)H‘z4(H1) - ||Q||‘£4(H1)| via the conser-
vation of energy. We know that

U171y = 104 Ol @]
< Wan ()l L2y (U ()l sy + U, (Ol o))

Since [|Ug,n(t)|l g1 ) is bounded due to Lemma 4.6, there exists C1 > 0, such
that

25) Ul Zaqur) — 105, O 7| < CrlWsn @)l 2.y < Crr®.

Therefore, from (24) and (25), we get

24)
Es(Up n( _ 1 ( Am + BD Wg,n(t),Wﬁ’n(t)>
2 L2(H1)

1
DU*UUMUhmm—ﬂ%Ammm>

L

2
CO+1 Cl

> 30,0 Q) - 10Ol ~ (5 + ) 7%

+

[\:)M—l

However, due to the conservation of energy and Lemma 4.2, we have

[t

n 1
Es(Upn(t) = Ep(Ug) < 5(DsQ, Q) 2y — ZHQ”%‘l(Hl) + Cor?,

[\)

and, therefore,

1 1 300 +1 Cl
HIUE Ol = 1@y — (252 + S ) 2

For the reverse inequality, recall the link between @ and the best constant in
the embedding H'(H') N V" — LA(H): if

(Dgu,u)}
i Py
uGHl(Hl)ﬁVDJr Hu||L4(H1)

then
(DsQaQ)L2(H1) = HQ”%‘*(HI) = I+ =72,
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This leads to

1
10z Ol 7y < H(DsUgn(t) U ()32
1
< I+ —((DsQ, Q) r2amy + (Co + 1)r?)?
< i (I++(Co+1) 22
+
< HQ||L4 (H1) + (2-’+(CO + 1) + (Co + 1)r?)r?

In the end, we have proven that if r < 1, then there exists Cy > 0, such that
S(U (1)) < Cor®,
and Proposition 1.5 immediately implies that for r small enough,
AU, (), M)* < CCyr®.
Since |[[Wp,n(t)|| g1 g1y < 2, we get the Proposition. O
4.3. Weak convergence. — We now know that if 8 > 5.(r), then for alln > N
and t € R,
(26) d(Ugn(t), M) < cor.
The aim is now to pass to the limit n — +o0 in equation (21)
10U — =557 Upn = 1 (|Up 0 *Up.n)
Usn(t = 0) = Ug' = I (Uy)
and in inequality (26) in order to get a weak solution Ug to equation (18)

{zatUB — 2 PPy = |UB[2U

Us(t =0) =Uo
which satisfies
d(Ugs(t), M) < cor, teR.

The method is identical to Sections 3.3 and 3.4 for the limiting equation: we
use a uniform bound on |[0:Us,n(t)|l -1 ). Due to Ascoli’s theorem, the
sequence (Ug n)nen admits a weak limit Ug, which is a weak solution to (18).
Then, we construct bounded modulation parameters Xg ,,(¢) in order to control
the distance between Ug and M.

LEMMA 4.8. — There exists cg > 0, such that for alln > N, t € R and
XeRxTxRY,

10:(Tx Up,n ) (D) -1 a1 < €5
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Proof. — We know from Lemma 4.6 that there exists some constant C; > 0,
such that for all n > N and t € R,

10Ul 111y < Chr-

Set Vg, :=TxUg, . By symmetry invariance, Vg, satisfies that for all n > N
and t € R,

||Vﬂ7n(t)||H1(H1) < Ch.

Moreover, V3, is a solution to some equation

1-8

Z.5‘15‘/6,n - MV B,n — ﬁ(n)(|vﬁ7n|2vﬁ7n)
Vi (t =0) = V@ = I (Uy) '

The projector I1(™ is defined as follows. Write X = (s,6,a). For u € H~1(H'),
we decompose

w=>Y Y T (u)

keN =+
with Iy, + (u) € H-Y(H") N V;F for (k,4) € N x {£}. Then

L —

™) (u) (2, y,0 ZZHH (@9, 0) a2 (1< a2n:

k=0 £

Due to the fact that II(™ is a projector and the embeddings L3 (H') <
H-(HY) and B (H') — L4(H1),

||8tv,6’ n(t )HH L(HY) S -—= 1— H_(AHl + BDs )VB n“H L(HY)

+ ||H (Vo Vo)l -1

\ N

7\\—AH1V13 nll g1y + 1V n *Vanll -1

2

P

1.5
2

<

<15

20,
-5

1V, ll gy + K1 |[|Vs.nl? Li @)

HV&”HHI(IHP) + KZHVﬁ,nHip(HU

IN

+ KyC5. O

We deduce the weak convergence of (Ug ,)nen, for which the proof is iden-
tical to that in Section 3.3 and is based on Ascoli’s theorem.
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LEMMA 4.9. — Up to a subsequence, (Ug,)n converges weakly to a solution
Ug € C(R, HY(H')) (with the weak topology) to (18)

, A D,

iUy — 28EEP 1y = U |2Uy _

Us(t =0) =Uo

Moreover, one can see that for all X € R x T x R} and tg,t € R, setting
Van i=Tx-1Ugp,

d
(0 = T @l | = [V 0) ~ @l

Due to the conservation of the momentum for equation (18), we have
- |2(8tV5’n(t), DSQ)LQ(HI) |

< 2[0:Van Ol g1y 1D @l g1y
which implies that there exists cg > 0, such that for all ¢yt € R,

HUﬁ,n(t) - TXQ”?ﬁp(Hl) < HUB,n(tO) - TXQH?’{l(Hl) + Cﬁ|t - t0|~

d
'dt”Uﬁyn(t) - TXQHi'[l(Hl)

Set e € (0,1) and define ¢; := M(COT)Q. Note that ¢; may depend

C
on (3, but this is not important becausﬁe in this section, the varying parameter
is n, whereas f is fixed. The construction of Xz, as a piecewise constant
functional is now the same as for the limiting system. For k& € Z, X3, is
constant on [kt1, (k + 1)t1[, equal to some Xé,n € R x T x R% to be chosen.

We first set X;;i = Xgm = (0,0,1). Then, at time t; = kt1, k > 1, we use
the fact that d(Us,(tx), M) < cor and choose Xgn, such that ||Ug,(tx) —
TXk Q||H1 @1y < cor. By definition of ¢y, for all k > 0 and ¢ € [tg, tx + 1],

||Uﬁ n( )— Txk Q||H1(H1) (14-¢€)cor. We do a similar construction for negative
times. The map X3, satisfies

(27) 1Usn () = Txs )@l gy < (1 +€)cor, ¢ € R.

It remains to show that Xg , is bounded independently of n on bounded in-
tervals. In order to do so, it is enough to control the gap between Xg;bl and
Xg’n. By construction, at time tg,

1Us,n(tk) — TXE;lIQHHl(Hl) < (1+¢)cor
and
1Us,n(tk) — TXE’HQHI_'Il(Hl) < cor,
and, therefore,

||TX7’§*1Q - TX’;QHHI(Hl) < (2+¢)cor
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Using Lemma 3.6 we conclude that if » < rg is small enough (for example, if
3corp < 4/7r1), then

XX T < e

Now, for fixed ¢ € R, the sequence (Xg ,(t))nen is bounded, and, therefore,
up to extraction, this sequence converges to some Xg(t) € R x T x R*, and
passing to the weak limit in (27),

[Us(t) — TXB(t)Q”Hl(]Hll) < (1+4¢€)cor.

Appendix A. Rate of convergence of Qg to Q

In order to conclude the proof of Theorem 4.1 it only remains to make precise
the convergence rate of (Qg)s to @ as 5 tends to 1. Decompose

Qp = Q} + R,

where QF € H'(H") N'V;" and R € D o204 H'(H") N V;E. We improve
the bound from [8]

S(@QE) + 1Rsll iy = O((1 = §)%).
PRrROPOSITION A.1. — Let e > 0. Then, as B tends to 1,

3(Q5) + I1Rsl| gy = O((1 = B)* ™),
which implies that
1Q5 = QUi sy = O((1 = B)'75).

Proof. — Assume that we have proven that

3(@F) + 1Rl gy = O((1 = B)”)

for some exponent v > 0 (for example, we already know that it is true for
v = 3, see [8]), and, therefore,

~y

1Qs = Qllg1 gy = O((1 = B)2).
We increase the exponent v by showing that actually
3(QF) + IRsll g1 any = O((1 = B)' 7).
1

Then, we conclude by iteration, since the sequence v, 11 = 14 % with v = 3
is convergent to 2.

Since Ry € @By )01 H'(H)NV,", the norms || Ry || g1 1) and || —(Ag +
BDs)Rg|| g1y are equivalent

[1Rsll gy < 20— (Am + BDs) Rpll g sy
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Projecting the equation satisfied by Qg

AHl —+ ﬂD
1-p
on B, 1)£0,4) H'(H") N V;E, we deduce that

1Rs |l ey < 2(1 = B)II(Ad — o+ ) (1Q5 Q) -1 a1y

Since |Q?Q = D,Q € H-'(H") N V,", one can make this term appear in the
right-hand side term of the inequality:

1Rl iy < 201 = B)11(1d = Mo 1) (1Q512Q — 1Q12Q) 1 sy
< 2K(1— )| (1d — Ty, ) (1Q5°Q5 — QP 3 1,

Qs =1QsI*Qp

Now, since (Id — Ily 4+) defines a bounded operator on L3 (HY), there exist
C1,Cy > 0, such that

1Rl ) < Ca(1 = DIIQsPPQs — QPRI 3 4,
< Co(1 - B)I1Qs — Qi vy (1@l sy + 1@ s aon))

However, since (Qg)s is bounded in H'(H'), we get that there exists C3 > 0,
such that

[Rsll gy < C3(1 = B)1Qs — Qll g s
=0((1-pB)'*?).
Therefore,
QS 1 ety — 198 3 sy | < 2Rl sy (1R s ey + 1Ql s )
=0((1-p)'*3)
and
|||QE||%4(H1) - HQﬁH%‘l(Hl)‘ S ||RB||L4(H1)(||Rﬁ||L4(]HI1) + ||Qﬁ||L4(]HI1))3
=0((1-B)'*?),
which means that
5(QF) =0((1-p)'t?).

It now remains to consider the sequence v,41 = 14 %, 79 = 5, which is
convergent to 2. (|

1

N
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SPACES OF ALGEBRAIC MEASURE TREES
AND TRIANGULATIONS OF THE CIRCLE

BY WOLFGANG LOHR & ANITA WINTER

ABSTRACT. — In this paper, we present with algebraic trees, a novel notion of (contin-
uum) trees that generalizes countable graph-theoretic trees to (potentially) uncount-
able structures. For this purpose, we focus on the tree structure given by the branch-
point map, which assigns to each triple of points their branch point. We give an
axiomatic definition of algebraic trees, define a natural topology, and equip them with
a probability measure on the Borel-o-field. Under an order-separability condition,
algebraic (measure) trees can be considered as tree structure equivalence classes of
metric (measure) trees (i.e., subtrees of R-trees). Using Gromov-weak convergence
(i.e., sample distance convergence) of the particular representatives given by the met-
ric arising from the distribution of branch points, we define a metrizable topology on
the space of equivalence classes of algebraic measure trees.

In many applications, binary trees are of particular interest. We introduce on
that subspace with the sample shape and the sample subtree mass convergence two
additional, natural topologies. Relying on the connection to triangulations of the
circle, we show that all three topologies are actually the same, and the space of binary
algebraic measure trees is compact. To this end, we provide a formal definition of
triangulations of the circle and show that the coding map that sends a triangulation
to an algebraic measure tree is a continuous surjection onto the subspace of binary
algebraic nonatomic measure trees.
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RESUME (Espaces d’arbres algébriques mesurés et triangulations du cercle). — Nous
présentons dans cet article une nouvelle notion d’arbres (continus), appelés arbres al-
gébriques, qui généralise celle des arbres dénombrables (en théorie des graphes) a des
structures (potentiellement) indénombrables. Pour cela, nous nous intéressons unique-
ment a la structure d’arbre donnée par la fonction de branchement, qui a chaque triplet
de points associe leur point de branchement. Nous définissons les arbres algébriques
de maniére axiomatique et les munissons d’une topologie naturelle ainsi que d’une
mesure de probabilité sur la tribu borélienne. Sous une condition de séparabilité de la
structure d’ordre, les arbres algébriques mesurés peuvent étre considérés comme des
classes d’équivalence d’arbres métriques mesurés (i.e. des sous-arbres de R-arbres). A
chaque arbre algébrique mesuré on peut associer un arbre métrique en considérant la
distance générée par la distribution des points de branchement. En utilisant la conver-
gence Gromov-faible (i.e. la convergence des distances échantillonnées) de ces arbres
métriques mesurés associés, nous définissons une topologie métrisable sur ’espace des
classes d’équivalence d’arbres algébriques mesurés.

Le cas des arbres binaires est particulierement intéressant en termes d’applications.
Nous introduisons sur ce sous-espace deux autres topologies naturelles, la convergence
des cladogrammes engendrés par un échantillon de points de ’arbre et la convergence
des masses des sous-arbres associés a un échantillon. En utilisant le lien avec les tri-
angulations du cercle, nous montrons que ces trois topologies sont identiques, et que
I’espace des arbres algébriques mesurés binaires est compact. Nous donnons pour cela
une définition formelle des triangulations du cercle, et nous montrons que la fonction
de codage qui & une triangulation associe un arbre algébrique mesuré est une surjec-
tion continue sur le sous-espace des arbres algébriques binaires munis d’une mesure
diffuse.

1. Introduction

Graph-theoretic trees are abundant in mathematics and its applications,
from computer science to theoretical biology. A natural question is how to
define limits and limit objects as the size of the trees tends to infinity. On
the one hand, there are local approaches yielding countably infinite graphs
or generalized so-called graphings with a Benjamini—Schramm-type approach
(going back to [10], see [49, Part 4]). On the other hand, if one takes a more
global point of view, as we are doing here, the predominant approach is to
consider graph-theoretic trees as metric spaces equipped with the (rescaled)
graph distance. Then the limit objects are certain “tree-like” metric spaces,
most prominently the so-called R-trees introduced in [56]. They are also of
independent interest, e.g., to study isometry groups of hyperbolic space ([52])
or as generalized universal covering spaces in the study of the fundamental
groups of one-dimensional spaces ([30]). The characterization of the topological
structures induced by R-trees has received considerable attention ([51, 50, 28]).
Here, instead of the topological structures, we are more interested in the “tree
structures” induced by R-trees. We formalize the tree structure with a branch
point map and call the resulting axiomatically defined objects algebraic trees.
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While, unlike for metric spaces, we do not know any useful notion of conver-
gence for topological spaces or topological measure spaces, it is essential for us
that we can define a very useful convergence of algebraic measure trees.

Our main motivation lies in suitable state spaces for tree-valued stochastic
processes. The construction and investigation of scaling limits of tree-valued
Markov chains within a metric space setup started with the continuum ana-
logues of the Aldous—Broder algorithm for sampling a uniform spanning tree
from the complete graph ([26]) and of the tree-valued subtree-prune and re-
graft Markov chain used in the reconstruction of phylogenetic trees ([27]). It
continued with the construction of evolving genealogies of infinite size popula-
tions in population genetics ([37, 20, 44, 54, 38]) and in population dynamics
([35, 45]). Moreover, continuum analogues of pruning procedures were con-
structed ([2, 1, 48, 42, 43]). All these constructions have in common that
they encode trees as metric (measure) spaces or bimeasure R-trees, and equip
the respective space of trees with the Gromov—Hausdorft ([39]), Gromov-weak
([34, 36, 46]), Gromov-Hausdorff-weak ([58, 8]), or leaf-sampling weak-vague
topology ([48]).

In the present paper, we shift the focus from the metric to the tree structure
for several reasons. First, checking compactness or tightness criteria for (ran-
dom) metric (measure) spaces is not always easy, and some natural sequences
of trees do not converge as metric (measure) spaces with a uniform rescaling of
edge lengths. At least for the subspace of binary algebraic measure trees that
we introduce, the situation is much more favorable, because it turns out to be
compact. Second, the metric is often less canonical than the tree structure in
situations where it is not clear that every edge should have the same length,
e.g., in a phylogenetic tree, where edges might correspond to very different
evolutionary time spans. Third, one might want to preserve certain functionals
of the tree structure in the limit. For instance, the limit of binary trees is not
always binary in the metric space setup, while this will be the case for our al-
gebraic measure trees. Also, the centroid function used in [7] is not continuous
on spaces of metric measure trees, but it is continuous on our space.

The starting point of our construction is the notion of an R-tree (see [56, 22,
13, 24]). There are many equivalent definitions, but the following one is the
most convenient for us:

DEFINITION 1.1 (R-trees). — A metric space (T, ) is an R-tree iff it satisfies
the following;:

(RT1) (T,r) satisfies the so-called 4-point condition, i.e.,
(1) r(x1,29) + r(rs,z4) < max {r(xl, x3) + r(ze, 24), r(x1,24) + r(xz,xg)}

for all z1, 20, 23,24 € T
(RT2) (T,r) is a connected metric space.
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FIGURE 1.1. The only possible tree shape spanned by four
points separates them into two pairs. Here, r(z1,z2) +
r(xs, xq) < max{r(zy,xzs) + r(ze,z4), r(x1,24) + r(x2,23)},
while any other permutation yields equality. Furthermore,
a1 = c(x1,22,23) = c(x1,T2,24) and c2 = c(x1,x3,T4) =
c(x2,x3,24).

Note that any metric space (T,r) satisfying (RT1) and (RT2) admits a
branch-point map c: T®> — T, i.e., for all 21, x2, 25 € T there exists a unique
point ¢(x1,xe,x3) € T, such that

(2) {c(xl,xQ,xg)} = [z1, 22] N [z, 23] N [X2, 23],

where for x,y € T the interval [x,y] is defined as

(3) [z,y] ={z €T : r(z,2) +r(zy) =r(z,y)}.
Given the branch-point map ¢, we can recover the intervals via the identity
(4) [z,y] = {z eT: clx,y,z) = z}

While condition (RT1) is crucial for trees, as it reflects the fact that there is
only one possible shape for the subtree spanned by four points (as shown in
Figure 1.1), the assumption of connectedness can be relaxed. In [9], the notion
of a metric tree was introduced to allow for a unified setup in discrete and
continuous situations. A metric tree (T, ) is defined as a metric space which
can be embedded isometrically into an R-tree, such that it contains all branch
points ¢(x1, T2, x3), 1, T2, x5 € T, as defined by (2). To exclude nontree graphs
satisfying the 4-point condition (see Figure 1.2) we have to require the property
of containing the branch points explicitly.

DEFINITION 1.2 (metric trees). — A metric space (T, r) is a metric tree if the
following holds:

(MT1) (T,r) satisfies the 4-point condition (RT1).
(MT2) (T,r) admits all branch points, i.e., for all z1,x2, 23 € T, there exists
a (necessarily unique) c(z1,x2,x3) € T, such that

(5) (i, c(wy, x2, x3)) +r(c(x1, T2, 23), 7;) = (25, 75)

for all ¢,5 € {1,2,3}, i # j.
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VAN

FiGurE 1.2. The graph shown here is not a tree, but the
vertices satisfy the 4-point condition with respect to the graph-
distance. Condition (MT2) fails.

Our main goal is to forget the metric while keeping the tree structure encoded
by the branch-point map. To axiomatize the latter, note that for metric trees,
the branch-point map satisfies the following obvious properties:

(BPM1) The map c: T2 — T is symmetric.
(BPM2) The map c: T2 — T satisfies the 2-point condition that

(6) c(z,y,y) = y.

for all z,y € T.
(BPM3) The map c: T® — T satisfies the 3-point condition that

(7) c(m,y, c(x,y,z)) =c(x,y, 2).

for all z,y,z € T.
(BPM4) The map c: T? — T satisfies the 4-point condition that

(8) c(x1,x2,73) € {0(961,9027334)7 c(x1, 3, 24), C($2,$37$4)}

for all x1,x9,x3,24 €T.

DEFINITION 1.3 (algebraic tree). — An algebraic tree (T, c) consists of a set
T # () and a branch-point map c: T° — T satisfying (BPM1)-(BPM4).

We define a natural topology on an algebraic tree (T, c¢) as follows. For
each z € T, we define an equivalence relation ~, on 7'\ {z}, such that for all
y,z € T\ {z}, y ~y z iff ¢(x,y, 2) # x. For y € T\ {z}, we denote by

(9) Se(y) ={2€T: 2z~ y}

the equivalence class with respect to ~,, which contains y. S.(y) should be
thought of as a subtree rooted at (but not containing) x. We consider the
topology generated by sets of the form (9) with 2 # y and denote by B(T,c)
the corresponding Borel o-algebra.

Our first main result (Theorem 2.27) relates metric trees with algebraic trees.
On the one hand, if (T, r) is a metric tree, then it is clear that T together with
the map ¢ from (MT2) yields an algebraic tree. On the other hand, we show
that every order separable algebraic tree (Definition 2.21) is induced by a metric
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tree in this way. More concretely, if v is a measure on B(T, ¢), which is finite
and nonzero on nondegenerate intervals, i.e., on sets of the form

(10) [,y ={z€T: c(z,y,2) = 2},
for x,y € T, x # y, then a metric representation of (T, ¢c) is given by

(11> ru(xay) = V([Q?,y]) - %U({LL’}) - %V({y})

Next, we equip an algebraic tree (T, ¢) with a sampling probability measure
won B(T,c) and call the resulting triple a (T, ¢, u) algebraic measure tree. Two
algebraic measure trees (T,c,p) and (T7,¢, ') are equivalent (compare this
with Definition 3.2), if there are A C T, A’ C T and a bijection ¢: A — A’
such that the following holds:

o u(A)=p/(A) =1, c(A%) C Aand /((A")3) C A
e ¢ is measure preserving, and ¢/ (¢(z), d(y), ¢(2)) = ¢(c(x,y, 2)) for all
z,y,z€T.

Denote by T the space of all equivalence classes of order separable algebraic
measure trees. We equip T with a topology based on Gromov-weak topology
(introduced in [36] and shown in [46] to be equivalent to Gromov’s [J;-topology
from [39]). For that purpose, we introduce a particular metric representation of
an algebraic measure tree. As metric representations are far from being unique,
we will consider the intrinsic metric 7, which comes from the branch-point
distribution, i.e., the image measure v = c,u®? of 4®3 under the branch-point
map c. We declare that

(12) (Tn7cn7,un) T> (T7 C, M) iff

(T, T(cn)*;@Sv/‘n) — (T, re, @3, 1) Gromov-weakly,

or equivalently, ®((T},, cn, tin)) —— ®((T, ¢, p)) for all test functions of the
n—oo

form
(13) (I)(Tv & :u) = (I)n7¢(Ta c, /1') = /n ¢((rc*u®3 (miﬂ xj))lﬁiyjﬁn) /~L®n(d§)7

wheren € Nand ¢ € Cp(R"*™). We refer to this convergence as the branch-point
distribution distance Gromov-weak convergence, or shortly, bpdd-Gromov-weak
convergence. It is important to keep in mind that—even though bpdd-Gromov-
weak convergence is defined via the Gromov-weak convergence of particular
metric representations—Gromov-weak convergence of a sequence (T, Ty, fin ) neN
of metric measure trees does not imply bpdd-Gromov-weak convergence of the
corresponding sequence of algebraic measure trees. For instance, if the diame-
ters sup, e, rn(x,y) converge to zero, the sequence of metric measure trees
converges to the trivial (one-point) tree, while the corresponding sequence of
algebraic measure trees might, or might not, converge to the same or a different
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FI1GURE 1.3. A triangulation of the 12-gon and the tree coded
by it.

limit. The same reasoning also applies to the stronger Gromov-Hausdorfl-weak
topology.

A particular subclass of interest is the space of binary algebraic measure
trees. Similarly to encoding compact R-trees by a continuous excursion on
the unit interval, binary algebraic trees can be encoded by subtriangulations of
the circle (see Figure 1.3), where a subtriangulation of the circle S is a closed,
nonempty subset C of D satisfying the following two conditions:

(Tril) The complement of the convex hull of C consists of open interiors of
triangles.

(Tri2) C is the union of noncrossing (nonintersecting except at endpoints),
possibly degenerate closed straight line segments with endpoints in S.

Such an encoding was introduced by David Aldous in [4, 5], and there has since
then been an increasing amount of research in the random tree community using
this approach (e.g., [18, 12, 17]). Also more general -angulations and dissections
have been considered, which allow for encoding not necessarily binary trees
([14, 15]). Note, however, that the relation between triangulations and trees
has never been made explicit, except for the finite case, where the tree is the
dual graph.

Aldous originally defines a triangulation of the circle as a closed subset of
the disc, the complement of which is a disjoint union of open triangles with ver-
tices on the circle ([5, Definition 1]). We modify his definition in two respects.
First, we add Condition (Tri2), which enforces the existence of branch points,
and under which triangulations of the circle are precisely the Hausdorff-metric
limits of triangulations of n-gons as n — oco. Second, we extend the defini-
tions to subtriangulation of the circle (triangulations of a subset of the circle),
which allow for encoding algebraic measure trees with point masses on leaves.
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In fact, triangulations of the whole circle encode binary trees with nonatomic
measures, which is relevant in the case of Aldous’s CRT. We formally con-
struct the coding map that associates to a subtriangulation of the circle the
corresponding binary algebraic measure tree with point masses restricted to the
leaves. Furthermore, we show that—similarly to the case of coding compact
R-trees by continuous excursions—the coding map is surjective and continuous
when the set of subtriangulations is equipped with the Hausdorff metric topol-
ogy and the set of binary algebraic measure trees with our bpdd-Gromov-weak
topology (Theorem 4.8).

We also analyze the subspace of binary algebraic measure trees with point
masses restricted to the leaves in more detail. Our third main result (Theo-
rem 5.19) states that this space in the bpdd-Gromov-weak topology is topo-
logically as nice as it gets, namely a compact, metrizable space. We also give
two more notions of convergence, which turn out to be equivalent to bpdd-
Gromov-weak convergence on this subspace. One is of combinatorial nature
and is based on the weak convergence of test functions of the form

(14)  @(T,c,p) = 2™ (T, c, p)
= u({(ul, con ) €T sy (UL, -y Un) = t}),

where t is an n-cladogram (a binary graph-theoretic tree with n leaves), and
s(7,¢) denotes the shape spanned by a finite sample in (7', c) (Definitions 5.1
and 5.2). The other one is more in the spirit of stochastic analysis and is based
on weak convergence of the tensor of subtree masses read off the algebraic mea-
sure subtree spanned by a finite sample (see Definition 5.12). This equivalence
allows to switch between different perspectives and turns out to be very useful
for the following reasons:

e Using convergence of sample bpd-distance matrices allows us to exploit
well-known results about Gromov-weak convergence.

e Showing convergence of graph theoretic tree-valued Markov chains as
the number of vertices tends to infinity is, due to the combinatorial
nature of the Markov chains, often easiest by showing convergence of
the sample shape distributions. This was recently successfully applied
in the construction of the conjectured continuum limit of the Aldous
chain ([7]) in [47] and of the continuum limit of the o = 1-Ford chain
([31]) in [53].

e The convergence of sample subtree-mass tensor distributions allows
us to analyze the limit process with stochastic analysis methods and
gives more insight into the global structure of the evolving random
trees.

Related work. — As an alternative with better compactness properties to
Gromov—Hausdorff convergence of discrete trees, in [14] Curien suggested look-
ing at convergence of coding triangulations (in Hausdorff metric topology). He
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also proposed reading off a measured, ordered, topological tree from the limit
triangulation and sketched the construction as the quotient with respect to
some equivalence relation in the special case of the Brownian triangulation.
Note, however, that the topological information cannot be completely encoded
by the triangulation, because the latter only encodes the algebraic measure tree
by Theorem 4.8, and the algebraic structure does not determine the topologi-
cal structure uniquely (see Example 2.37). Therefore, Curien did not obtain a
general map from the space of triangulations to a space of trees.

In order to turn the set of valuations on the ring C[z,y] into the so-called
valuative tree, in [29] Favre and Jonsson use partial orders to define the tree
structure. Using partial orders is essentially equivalent to using branch-point
maps, and under some additional assumptions (separability, order completeness
and edge freeness), their nonmetric trees are equivalent to our algebraic trees.
We want to stress, however, that for our theory, the branch-point map plays
a much more crucial role than the partial order. The relation between partial
orders and algebraic trees is discussed further in Section 2.

The random exchangeable didendritic systems recently introduced by Evans,
Griibel, and Wakolbinger in [25] can be considered as rooted, ordered versions
of binary algebraic measure trees with diffuse measure on the set of leaves.
A didendritic system is an equivalence relation on N x N together with two
partial orders on the set of equivalence classes. An exchangeable didendritic
system is similar to our sequence of sample-shape distributions. The authors
also introduce a particular metric representation as an R-tree. Even though it
is implicit in their work that they think of the set of exchangeable didendritic
systems as being equipped with a kind of sample shape convergence, they do
not define it explicitly and do not analyze the resulting topological space.

Close relatives of algebraic measure trees were recently studied indepen-
dently by Forman in [32]. He uses ideas from [33] to represent rooted trees
by so-called hierarchies (certain sets of subsets) on N, which are similar to the
didendritic systems in [25], but unordered. Thus, exchangeable random hierar-
chies can be thought of as rooted versions of algebraic measure trees. Forman
shows that the resulting equivalence classes of rooted measure R-trees coincide
with the so-called mass-structural equivalence classes, which he defines by bi-
jections preserving intervals, as well as masses of points, intervals, and certain
subtrees. He also singles out a particular representative, which he calls an in-
terval partition tree, with the essentially same metric as in [25] (not restricted
to the binary case). This metric follows a similar idea to, but is different from,
our r,. Note that [32] does not talk about convergence of trees or introduce
the notion of a “continuum tree” without a measure.

Outline. — The rest of the paper is organized as follows. In Section 2, we
introduce our concept of algebraic trees by formalizing the branch-point map
as a tertiary operation on the tree. We also introduce an intrinsic Hausdorff
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topology and characterize compactness (Proposition 2.19) and second count-
ability (Proposition 2.20). We show that under a separability constraint, alge-
braic trees can be seen as metric trees (subtrees of R-trees), where the metric
structure has been “forgotten” (Theorem 2.27), and give an example that the
separability condition cannot be dropped without replacement.

In Section 3, we introduce the space of (equivalence classes of) order-separable
algebraic measure trees and equip it with the Gromov-weak topology with re-
spect to the metric associated with the branch-point distribution. We show
that the resulting space is separable and metrizable (Corollary 3.9). Further-
more, we prove a Carathéodory-type extension theorem, which is helpful for
constructing algebraic measure trees (Propositions 3.12 and 3.13).

In Section 4, we give a definition of triangulations of the circle and show
that they are precisely the limits of triangulations of n-gons (Proposition 4.3).
We also formalize the notion of the algebraic measure tree associated with a
given triangulation of the circle. This correspondence has been alluded to in
the literature, but it has never been made precise (except for finite trees). We
show that the resulting coding map (mapping triangulations to trees) is well
defined and surjective onto the space of binary algebraic measure trees with
nonatomic measure. Furthermore, the coding map is continuous, if the space
of triangulation is equipped with the Hausdorff-metric topology and the space
of trees with the bpdd-Gromov-weak topology (Theorem 4.8).

In Section 5, we consider the subspace of binary algebraic measure trees and
introduce two other natural notions of convergence. We use the construction
of the coding map from Section 4 to show that on this subspace, all three
notions of convergence are actually equivalent and define the same topology
(Theorem 5.19). This topology turns the subspace of binary algebraic measure
trees into a compact, metrizable space, which in particular implies that it is a
closed subset of the space of algebraic measure trees. In this section, we also
finish the proof of Theorem 4.8 by showing continuity of the coding map.

In Section 6, we consider the example of the continuum limits of sampling
consistent families of random trees and illustrate it with the example of so-called
B-splitting trees introduced in [6]. This family includes the uniform binary tree
(converging to the Brownian CRT) and the Yule tree (aka Kingman tree or
random binary search tree).

2. Algebraic trees

In this section, we introduce algebraic trees. In Section 2.1, we formalize
the “tree structure” common to both graph-theoretic trees and metric trees by
a function that maps every triplet of points in the tree to the corresponding
branch point. We show that the set of defining properties is rich enough to
obtain known concepts, such as leaves, branch points, degree, edges, intervals,
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subtrees spanned by a set, discrete and continuum trees, etc. In Section 2.2,
we introduce the notion of structure-preserving morphisms. In Section 2.3, we
equip algebraic trees with a canonical Hausdorff topology. We also characterize
compactness and a concept that we call order separability, which is closely
related to second countability of the topology. Finally, in Section 2.4, we show
that any order-separable algebraic tree is induced by a metric tree (which is
not true without order separability) and establish the condition under which
this metric tree can be chosen to be a compact R-tree.

2.1. The branch-point map. — In this section, we introduce algebraic trees.
Recall from Definition 1.2 the definition of a metric tree and the properties
(BPM1)-(BPM4) of the map that sends a triplet of three points in a metric
tree to its branch point.

DEFINITION 2.1 (algebraic trees). — An algebraic tree (T,c) consists of a set
T # () and a branch-point map c: 7% — T satisfying (BPM1)-(BPM4).

The following useful property reflects the fact that any four points in an
algebraic tree can be associated with a shape as illustrated in Figure 1.1.

LEMMA 2.2 (a consequence of (BPM4)). — Let (T,c) be an algebraic tree.
Then, for all x1,x9,x3,x4 €T, the following hold:
(1) If c(x1,x2,23) = c(x1, 22, 24),
then c(x1,x3,24) = c(x2,T3,24).
(i) If e(x1,z2,23) = c(x1, 22, 24),
then c(x1, e, x3) = c(x1, 2, (X1, T3, 24)).

Proof. — Let x1,29,23,24 € T with ¢1 = c(x1,22,23) = c(x1,22,24), and
co = c(x1,x3,24).

(i) Condition (BPM4) implies that
(15) 2 € {1 = c(z1, 23, 22), (22,23, 24), €1 = c(T1,22,34) }.
Thus, ¢1 = ¢3 or ¢a = ¢(x2,x3,24). The second case is the claim. In the first
case, we apply Condition (BPM4) once more to find that
(16) C($2,I3,I4) S {Cl = C(.’El,l‘27l’3), Cy = C(1171,2133,$4), c1 = C($1,I’2,I‘4)}

= {c1,c2} = {e2},

so that the claim also holds in this case.
(7i) Condition (BPM3) implies that

(17) c(z1, w3, 02) = (w1, @3, c(w1, 3, 24)) = (1, 3, T4) = C2,
and similarly also c(zo,x3,c2) = c¢(xa,23,24) = co. Now part (i) with x4
replaced by co yields ¢(z1, 2, x3) = c(x1, x2, c2), as claimed. |
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We have seen that the four axiomatizing properties of the branch-point map
are necessary. In many respects, they are also sufficient to capture the tree
structure. For example, in analogy to (3) we can define for each z,y € T the
interval [z,y] by

(18) [z,y] ={weT: c(z,y,w) =w}.

We also use the notation (x,y) = [z,y]\ {z, y}, and similarly (z,y], [,y). The
following properties of intervals are known to hold in R-trees (see, e.g., [13,
Chapter 2] or [24, Chapter 3]):

LEMMA 2.3 (properties of intervals). — Let (T, c) be an algebraic tree. Then
the following hold:

(i) If z,v,w,z € T are such that w € [z, 2] and v € [z,w], then v € [z, 2].
(ii) If z,y,z € T, then

(19) [I,y} N [ya Z] = [C(Ivya Z)v y]
In particular,
(20) [33, c(x,y,z)] n [c(az,y,z), z] = {c(w,y,z)}.
(iii) If z,y,z € T, then
(21) [z, 9] ULy, 2] = [z, 2] ¥ (c(x,y, 2), y]-
In particular,
(22) [z, y] Uly,2] = [z,2] iff y€[z,2].
(iv) For allxz,y,z €T,
(23) [z, 9] N [y, 2] N [z,2] = {c(,y,2)}
Proof. — (i) Let z,v,w,z € T with w = ¢(x,w, z) and v = ¢(z,v,w). Then
by Condition (BPM4),
(24) c(z,v,2) € {c(z,v,w), w=c(z,w,z), c(v,w,2)}.

We discuss the three cases separately.

If ¢(z,v,2) = ¢(x,v,w), then c(v,w, z) = ¢(x,w, z) = w by Lemma 2.2(i). It
then follows that c(x, v, 2) = ¢(z, v, c(z, w, 2)) = ¢(x,v,w) = v by Lemma 2.2(ii),
which proves the claim in this case.

If ¢(x,v,2) = w, then v = ¢(v,w, x) = ¢(v, w, z) by Lemma 2.2(i). It then fol-
lows that ¢(z,v, z) = ¢(x, z,¢(z, w,v)) = c(z,v,v) = v by Lemma 2.2(ii), which
proves the claim in this case.

Ife(x,v, z) = e(v,w, z), thenv = ¢(x,w,v) = ¢(z,w, z) = w by Lemma 2.2(i).
Thus, v = w € [z, 2], and the claim holds also in this case.
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(it) Let xz,y,z € T, and v € [z,y] N [y,2]. That is, v = c(z,v,y) =
c(y,v,z). It follows from Lemma 2.2(i) that c¢(z,z,v) = ¢(z,2z,y), and then
from Lemma 2.2(ii) together with Condition (BPM2) that

(25) v=c(z,v,y) = c(v,y, ey, x, z))

Equivalently, v € [c¢(x,y,z),y]. This proves the inclusion [z,y] N [y,z] C
[c(z,y,2),y]. The other inclusion follows from (i).

Note that (20) follows from (19) with the special choice y = ¢(z,y, 2).

(7ii) Note first that it follows immediately from (i) that the union on the
right-hand side is disjoint. We claim that

(26) [,2] C [z,y] Uy, 2].
Indeed, let v € [z, 2], i.e., ¢(x, z,v) = v. Then, by (BPM4) applied to {v, z, y, 2},
(27) v = c(x,z,0) € {e(z,y,v), c(x,y,2), c(y, 2,v)},

which implies that v € [z,y] (if v = c(z,y,v)) or v € [z, 2] N [z,y] (if v =
c(x,y,2)) or v € [y,2] (if v = ¢(y,2,v)). Second, we claim that for all
z,y,2 €T,

(28) [2,2]U [e(x,y,2), y] € [2,5] Uy, 2].

To see this, recall from (ii) that [c(z,y,2),y] = [z,y] N [z,y] C [z,y] N [z,y].
As [z, c(z,y,2)] € [z,y] by (i), we have [z,y] C [z, c(z,y, 2)] U [c(z,y,2),y] €
[z, y]W(c(x,y, 2),y]. The corresponding inclusion for [y, z] is shown in the same
way, and we have proven Equation (21).

(iv) This follows immediately from (ii). O

We say that {z,y} C T with x # y is an edge of (T, c), if and only if there
is “nothing in between”, i.e., [z,y] = {x,y}, and denote by

(29) edge(T,c) == {{x,y} ST : x #y, [x,y] = {z,y}}

the set of edges. The following example explains that there is no need to
distinguish between finite algebraic trees and graph-theoretical trees and that
the definitions of edges are consistent.

EXAMPLE 2.4 (finite algebraic trees correspond to graph-theoretic trees). —
Finite algebraic trees are in one-to-one correspondence with finite (undirected)
graph-theoretic trees. Let (T, E) be a graph-theoretic tree with vertex set T
and edge set E. Then, (T, E) corresponds to the algebraic tree (T,cg) with
cg(u,v,w) defined as the unique vertex that is on the (graph-theoretic) path
between any two of u,v,w. Conversely, if (T,c) is an algebraic tree with T
finite, then (T, c) corresponds to the graph-theoretic tree (T, E.) with E. =
edge(T, ¢). Obviously, cg, = c.
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For a graph-theoretic tree (T, E), we can allow the vertex set T to be count-
ably infinite and still obtain a corresponding algebraic tree as in the previous
example. Note, however, that countable algebraic trees do not necessarily cor-
respond to graph-theoretic trees. Indeed, it is possible that T' is countably
infinite and edge(T, ¢) = (). This can be seen by taking T'= Q in the following
example, which shows that every totally ordered space naturally corresponds
to an algebraic tree.

EXAMPLE 2.5 (totally ordered spaces as algebraic trees). — For a totally or-
dered space (T, <), define c<(z,y,2) = y whenever z <y < z, (z,y,2 € T).
Then it is trivial to check that (T, c<) is an algebraic tree, and the interval
[, y] coincides with the order interval {z € T : = < z < y}.

Conversely, given an algebraic tree (7', ¢) and a distinguished point p (often
referred to as root), we can define a partial order <, by letting for z,y € T,

(30) r<,y iff x€pyl
Partial orders provide an equivalent way of defining algebraic trees.

PROPOSITION 2.6 (algebraic trees and semilattices). — (i) Let (T,c) be
an algebraic tree and p € T. Then, (T,<,) is a partially ordered set
and a meet semi-lattice with infimum

(31) zAy=clp,x,y) Vo,yeT.

Furthermore, <, is a total order on [p,x] for all x € T.

(ii) Let (T,<) be a partially ordered set, such that all initial segments
{yeT:y <z}, x €T, are totally ordered (in particular a meet
semilattice). Then, for x,y,z €T

(32) c(x,y,z) =max{z Ay, yAz, z Az}
exists, and (T, c) is an algebraic tree.

Proof. — (i) Let z,y € T with 2 <, y and y <, «. That is, x = ¢(p, z,y) and
y = ¢(p,y, ) which implies that = y and proves that <, is antisymmetric.
As z = ¢(p,x,x), v <, x, which proves that <, is reflexive. Finally, to show
transitivity, let x,y,z € T with <, y and y <, z. That is, z € [p,y] and
y € [p, z], which implies that « € [p, z] by Lemma 2.3(i). Equivalently, z <, z,
which proves the transience and, thus, that <, is a partial order.

For the infimum, note that v <, x and v <, y, if and only if v € [p, z]N[p, y],
or equivalently by Lemma 2.3(ii), v € [p, ¢(p, z,y)]. As for all v € [p, c(p, z,y)],
we have v < ¢(p, z,y), the claim (31) follows.

Fix x € T. For totality on [p,x], let v,w € [p,x], i.e., v = ¢(p,v,z) and
w = ¢(p,w, ). Applying Condition (BPM4) to {p, v, w,x} we find that one of
the following three cases must occur: ¢(p, v, w) = c¢(p,v,z) (which implies that
v = ¢(p,v,w), or equivalently, v <, w), ¢(p,w,v) = c(p, w,x) (which implies
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that w = c(p, w,v), or equivalently, w <, v), or ¢(p,z,v) = c(p,x,w) (which
implies that w = v).

(#) The maximum in (32) is over a totally ordered set (because initial seg-
ments are totally ordered), and thus exists. Furthermore, if zAy < zAz < yAz,
say, we also obtain x Ay =z Ay Az > = A z. This means that (at least) two
of z Ay, y Az, and z A x are identical, and the maximum c¢(z,y, z) is the third
one. That v satisfies (BPM1)—-(BPM3) is obvious. To see the four-point con-
dition (BPM4), let z1,...,24 € T and assume without loss of generality that
x9 A xg = c(x1,x2,T3) =: v, and, hence, 1 A xs = x1 A 23 < v. We distinguish
the cases: if z9 Axy < v, then c(xq, x3,24) = max{xs A x4, v, 23 Axg} = v, and
(8) is satisfied. Otherwise, xo A 24,23 A 24 > v and at most one of them can
be strictly larger. If o Axy > v > 21 A xg, then 21 Ao = 21 Ay = 21 A 23,
and ¢(x1,x3,24) = x3 A xg = v. The case x3 A x4 > v is analogous. In the last
case, To A xg = x3 A xq = v, and c(x2,x3,T4) = . O

REMARK 2.7 (Favre and Jonsson’s nonmetric trees). — In [29], rooted non-
metric trees are introduced as partially ordered sets with a global minimum,
totally ordered initial segments, and the additional property that all full, to-
tally ordered subsets are order isomorphic to a real interval. Proposition 2.6
shows that they naturally induce algebraic trees.

COROLLARY 2.8. — Let (T, c) be an algebraic tree and p,x,y € T. If v € [z,y],
then v >, c(x,y, p).

Proof. — Let p,z,y € T and v € [z,y]. That is, v = ¢(z,v,y). We need to
show that c(p, v, c(p, z,y)) = c(p, z,y).

By Condition (BPM4) applied to {z,y,p,v} we have one of the following
three cases: c(z,y,p) = c(x,y,v) (in which case c(p,z,y) = v) or ¢(p,y,x) =
¢(p,y,v) (in which case ¢(x,v,p) = c¢(x,v,y) = v by Lemma 2.2(i) and, thus,
v € [p,z]; the claim then follows, since this implies that v € [p,z] N [z,y] =
[c¢(p,x,y),y] by Lemma 2.3(ii)) or ¢(p, z,y) = ¢(p,z,v) (in which we conclude
similarly to the second case that v € [¢(p, x,y), z]). O

The partial orders <, allow us to define a notion of completeness of algebraic
trees.

DEFINITION 2.9 (directed order completeness). — Let (T, ¢) be an algebraic
tree. We call (T,r) (directed) order complete, if for all p € T the supremum
of every totally ordered, nonempty subset exists in the partially ordered set
(T, <,).

Obviously, in an order complete algebraic tree, infima of totally ordered sets
exist, because they are either p if the set is empty or a nonempty supremum
with respect to a different root. This notion of completeness allows us to define
the analogs of complete R-trees.
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DEFINITION 2.10 (algebraic continuum tree). — We call an algebraic tree (T, ¢)
algebraic continuum tree, if the following two conditions hold:

(ACT1) (T,c¢) is order complete.
(ACT2) edge(T,c) = 0.

2.2. Morphisms of algebraic trees. — Like any decent algebraic structure (or,
in fact, mathematical structure), algebraic trees come with a notion of structure-
preserving morphisms.

DEFINITION 2.11 (morphisms). — Let (T, ¢) and (T, ¢) be algebraic trees. A
map f: T — T is called a tree homomorphism (from T into T), if for all
T,Y,2 € Ta

(33) f(C(:r,y, Z)) = 6(f(x)7 f(y)7 f(Z))

We refer to a bijective tree homomorphism as tree isomorphism.

As we have seen, the tree structure can be expressed also in terms of intervals
or partial orders rather than the branch-point map. This also works for the
morphisms.

LEMMA 2.12 (equivalent definitions of morphisms). — Let (T, ¢) and (ﬁ ¢) be
algebraic trees and f: T — T. Then the following are equivalent:

1. f is a tree homomorphism.

2. Forallp € T, f is an order-preserving map from (T, <,) to (TA”, <f(p))-

3. Forall z,y €T, f([z,y]) C[f(=), f(v)].

Proof. — “1=27 Let x,y,p € T with <, y. Then = = ¢(p, z,y), and, thus,

f(x) = e&(f(p), f(x), f(y)). Therefore, f(x) <g) f(y)-
“2= 37 Let x,y,z € T with z € [z,y]. Then z <, y, and, thus, f(z) <@

fly), ie., f(z) € [f(x), f(y)]. “8=1" Let x,y,z € T. Then, {c(z,y,2)} =
[z,y] N [z, 2] N[y, z]. Hence,

(34) {f(e(z,y,2)} € [f(x),f(y)} [f( ), £(2)] 0 [f(2), £(2)]
= {e(f(2), [(v), (2)) }-
Therefore, f(c(x,y,2)) = e(f(2), f(y), f(Z))~ 0

Lemma 2.12 shows that our notion of morphisms of algebraic trees is weaker
than the morphisms of nonmetric trees used in [29], but the notion of isomor-
phism is the same. The image of an algebraic tree under a tree homomorphism
is a subtree in the following sense.

DEFINITION 2.13 (subtree). — Let (T, ¢) be an algebraic tree and ) # A C T}
A is called a subtree (of (T,c)) if

(35) c(A%) C A.
We refer to ¢(A3) as the algebraic subtree generated by A.
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Obviously, a subtree A of (T, ¢), implicitly equipped with the restriction of ¢
to A3, is an algebraic tree in its own right. Furthermore, the following lemma
is easy to check.

LEMMA 2.14 (tree homomorphisms). — Let (T, ¢) and (T, ¢) be two algebraic
trees and f: T — T a homomorphism. Then the image f(T) is a subtree of
T. If f is injective, f_1 is a tree homomorphism from f(A) into T.

In partzcular if (T ¢) is another algebraic tree, and g is a homomorphism
from (T, ¢) to (T, &), then go f is a homomorphism from (T,c¢) to (T, Cq).

2.3. Algebraic trees as topological spaces. — In contrast to metric trees, there
is a priori no topology defined on a given algebraic tree. In this section, we
therefore equip algebraic trees with a canonical topology.

For each x € T, we introduce a (component) relation ~, by letting y ~, z,
if and only if = ¢ [y, z], where y, z € T. Let for each y € T'\ {z}

(36) So(y) =8 (y) ={z e T\ {2} : 2~y y}
be the equivalence class of T'\ {x} containing y and note that S, (y) is a subtree
for all z,y € T, and S;(y) = Sx(z) whenever z € S;(y). We refer to S;(y) as

the component of T'\ x containing y. Now and in the following, we equip (7', ¢)
with the topology

(37) T = T({SI(y) cx,yeT, x# y})

generated by the set of components, i.e., with the coarsest topology, such that
all components are open sets. We call 7 the component topology of (T, c).

EXAMPLE 2.15 (on totally ordered trees, 7 is the order topology). — If (T, <)
is a totally ordered space and (T, c<) the corresponding algebraic tree as in
Example 2.5, then 7 coincides with the order topology (i.e., the one generated
by sets of the form {y e T: y >z} and {yeT: y<az}forzeT).

EXAMPLE 2.16 (intervals are closed sets). — Let (T, c¢) be an algebraic tree,
and x,y € T. Then
(38) T\ [z U{S : ybveT, Su(v)Niz,y =0} e

This means that [x, y] is closed in the component topology .

LEMMA 2.17. — Let (T,c) be an algebraic tree. Then c is continuous with
respect to the component topology T.

Proof. — By definition of 7, it is sufficient to show that for any x,y € T,
x # vy, the set ¢~ 1(S,(y)) is open in T2. By definition of S, (y) and the property
c(u,v,w) € [u,v] N [v,w] N [w,u] shown in Lemma 2.3, c(u,v,w) € S;(y), if
and only if (at least) two of u,v,w are in S,(y). Because S;(y) is open, the
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same is true for {(u,v,w) € T®: u,v € S;(y)} in the product topology. Hence,
¢ 1(8.(y)) is a union of an open set and, thus, open. a

Next, we show that 7 is a Hausdorff topology and characterize the compact-
ness of algebraic trees in this topology.

LEMMA 2.18 (7 is Hausdorff). — Let (T,c) be an algebraic tree. Then the
component topology T defined in (37) is a Hausdorff topology on T.

Proof. — To show that (T, 7) is Hausdorff, let =,y € T' be distinct. If Sy(z) N
S:(y) = 0, then S,(z) and S,(y) are clearly disjoint neighborhoods of = and
y, respectively. Assume that this is not the case and choose z € S;(y) NSy(x).
Then p = c(x,y,2) ¢ {z,y}. Furthermore, c(x,p,y) = c(z,y,z) = p, and
hence x ~, y. Thus, S,(x) and S,(y) are disjoint neighborhoods of z and y,
respectively. Hence, 7 is Hausdorff. O

PROPOSITION 2.19 (characterizing compactness). — Let (T, ¢) be an algebraic
tree with component topology 7. Then (T,7) is compact, if and only if (T,c)
is directed order complete.

Proof. — “only if”. Assume first that (T, c) is not order complete. Then
we can choose p € T and ) # A C T, such that A is totally ordered with
respect to <, but does not have a supremum in (T, <,). For z,y € T, let
Uyg={2€T: z#,z}and V,,:={z €T : z >, y}. Then U, and V,, are open
sets. We claim that U = {U, : = € A} U{V, : y > A} is an open cover of
T. Indeed, if z >, A, then, because A has no supremum, there is y € T" with
A<,y <,z and, hence z € V, € U. Otherwise, if z #, A, there is z € A with
z€ U, €U. Thus, U is a cover of T.

U has no finite subcover, because if U’ = {Uy,,..., Uy, , Vy,,...,V,, } were
such a finite subcover, then {U,,,...,U,, } would cover A. This, however,
would imply that max{xi,...,x,} would be a supremum of A, contradicting
our assumption. Hence, (T, 7) is not compact.

“if” Assume that (T c) is order complete. Consider a cover U of T' with
components, i.e., U C {S,(z) : z,y € T, x # y}. By the Alexander subbase
theorem, for compactness of 7, it is sufficient to show that U has a finite
subcover.

To this end, fix an element p € T and consider the set U, ={U €U : p €
U} # 0. By Hausdorfl’s maximal chain theorem (or Zorn’s lemma), there is
a maximal chain I in the partially ordered set (U,,C). For every U € I, we
have p € U, and, thus, there is 2y € T, such that U = S, (p). We claim that
U C V implies zy <, xy. Indeed, zv ¢ V, and, hence, v ¢ U, which is
equivalent to xy >, xy. Therefore, z := sup{xy : U € I} exists in (T, <,) by
directed order completeness of T. Because U is a cover, there is V € U with
z € V, and, hence, V = §y(z) for some y € T. Because V ¢ I and I is a
maximal chain, y zp z. Hence, there is U € I with y ;—AP xy =: x. We claim
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that T = Sy (2) US;(p). Indeed, let w € T\ S;(p). Then w >, x. Using z >, =
and c(w, z,y) € [w,z], we obtain c(w, z,y) >, x, and, hence, c(w, z,y) # y.
Thus, w € Sy(2) as claimed, and {S,(z), Sz(p)} is the desired subcover. O

It turns out that the following separability condition, which we call order
separability, is crucial for us.

PROPOSITION 2.20 (order separability). — Let (T, ¢) be an algebraic tree with
component topology 7. Then the following are equivalent:

1. There exists a countable set D, such that for all x,y € T with x # vy,
(39) DAfry) #0.

2. The topological space (T, T) is second countable (i.e., T has a countable
base), and edge(T, c) is countable.
3. The topological space (T, T) is separable, and edge(T,c) is countable.

Proof. — 3= 1" Assume that edge(7’ c) is countable and that (7', 7) is sep-
arable. Then there exists a countable, dense subset D C T. We claim that

(40)  D:=c(D*)U{z€T: 3z €T such that {z, 2} € edge(T,c)}

satisfies (39). Indeed, D is countable by assumption. Moreover, let z,y € T.
Then two cases are possible: either S;(y) N Sy(z) = (. In this case, {z,y} €
edge(T, c), which implies that [z,y) N D # 0. Or S;(y) N Sy(x) # 0. In this
case, as S, (y) NS, (z) is open by definition of 7, there is z € DN S, (y) NS, ().
Let v == ¢(x,y,2). Then v € (z,y), and either v = 2 € D, or the three
components S, (x), S,(y), Sy(z) are distinct. In the second case, we can choose
' € DNS,(x) and ¥ € DN S,(y) to see that v = ¢(2’,y,2) € D. In any
case, v € [z,y) N D. “1= 2" Let D be a countable set satisfying (39). Then,
for all {x,y} € edge(T,c), DN [z,y) = {x}. This implies that edge(T,c) is
countable. We consider the countable set U = {Sv(u) Du,v € D} C 7 and
claim that it is a subbase for 7 (i.e., generates 7). To this end, let z,y € T.
We show that U := S,(y) is a union of sets from U, i.e., for every z € U, we
construct V € Y with z € V. C U. By assumption on D, there is v € DN [z, 2)
and v € DN (v,z]. Let V := S,(u) € U. Because c(u,v,z) = u # v, we
have z € V. Let w € T \ U. Because u € U, we have U = S,(u) and,
therefore, € [u,w]. Similarly, z € [v,w]. In particular, by Lemma 2.2,
c(u,v,w) = e(u,v,c(u,z,w)) = c(u,v,z) = v, and, thus, w ¢ V. Because
w € T\ U is arbitrary, we obtain V' C U. “2= 3”7 Trivial, because every
second countable topological space is separable. O

DEFINITION 2.21 (order separability). — We call an algebraic tree (T, ¢) order
separable if the equivalent conditions of Proposition 2.20 are satisfied. We call
a set D CT order dense if it satisfies (39).
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EXAMPLE 2.22 (uncountable star tree). — This example shows that in (39) we
cannot replace [z, y) by [z, y]. Let T :== {0} U[1, 2] with ¢(x,y, z) := 0 whenever
x,y,z € T are distinct. Then, if D C T is such that D N [z,0) # @, for all

€ [1,2], then [1,2] C D, and, thus, D is uncountable, and (7T, ¢) not order
separable. On the other hand, D := {0} has the property that D N [z,y] # 0,
for all z,y € T with = # y.

An order complete, order separable algebraic tree is, in its component topol-
ogy T, a compact, second countable Hausdorff space by Propositions 2.19
and 2.20. In particular, it is metrizable. In fact, order separability already im-
plies metrizability, as we will see in Section 2.4. The following example shows
that (topological) separability of (T, 7) alone, without requiring the number of
edges to be countable, is not sufficient for either order separability or metriz-
ability of (T, 7).

EXAMPLE 2.23 (a continuum ladder). — Let T = [0,1] x {0,1} with the lex-
icographic order < on 7" and define the canonical branch point map c< as in
Example 2.5. Then edge(T, c<) = {{(z,0), (z,1)} : € [0,1]} is uncountable,
and, hence, (T, c<) is not order separable. Because (Q N [0,1]) x {0,1} is a
countable dense set, (T, 1) is (topologically) separable. The topological sub-
space [0,1] x {1} is the Sorgenfrey line, which is known to be nonmetrizable
(see [55, Counterexample 51]). Thus, (7, 7) cannot be metrizable either.

DEFINITION 2.24 (Borel o-algebra B(T,c)). — Let (T, ¢) be an algebraic tree.
We denote the Borel o-algebra of the component topology 7 by B(T,¢) and
call it the Borel o-algebra of (T, c).

In general, B(T,c) is not generated by the set of components. Order sepa-
rability, however, is sufficient to ensure this property because it implies second
countability of the component topology.

COROLLARY 2.25 (Borel o-algebra generated by components). — Let (T, ¢) be
an order separable algebraic tree, and D C T an order dense set. Then its
Borel o-algebra is generated by the set of components indexed by D, i.e.,

(41) B(T,c)=0({S:(y): w,y €D, z#y}).

Proof. — Define U = {Sz(y) 2y €D, x # y} By Proposition 2.20, (T, 7)
is second countable. Hence, B(T, ¢) is generated by any subbase of 7. If D is
order dense, U is such a subbase as shown in the proof of Proposition 2.20. [

2.4. Metric tree representations of algebraic trees. — In this section, we dis-
cuss the connection of metric trees with algebraic trees. Let (T, r) be a metric
tree (recall Definition 1.2). Then by (MT2), there exists to any three points
r1, 22,73 € T a unique branch point c(r,) (21,72, 23) satisfying (5). We refer
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to (T, c(r,ry) as the algebraic tree induced by (T,r) and to (T,r) as a metric
representation of (T, c(r,y))-

LEMMA 2.26 (the algebraic tree induced by a metric tree). — Let (T,r) be
a metric tree and c(r,y the map that sends any three distinct points to their
branch point. Then the following hold:
(i) (T,c(r,ry) is an algebraic tree.
(ii) (T,¢(r,r)) is order separable, if and only if (T,r) is separable.
(iii) (T, c(r,ry) is directed order complete, if and only if (T,r) is bounded
and complete. In particular, it is an algebraic continuum tree, if and
only if (T,r) is a bounded, complete R-tree.

Proof. — (i) It can be easily checked that (T, c(p,) is an algebraic tree.

(ii) Let (T,7) be separable. Then edge(T), ¢(r,,y) is countable. The topology
induced by r is obviously stronger than the topology 7 introduced in (37), hence
T is separable and, therefore, the algebraic tree (T, C(T’r)> is order separable.
Conversely, if (T, c(Tw,«)) is order separable, then any countable set D satisfying
(39) is also dense in (T, 7).

(iii) Clearly, (T, c(r,)) admits suprema along any linearly ordered set with
respect to some root, if and only if (7, r) is bounded and complete. The “in
particular” follows because a complete metric tree (T,7) is an R-tree, if and
only if edge(T,r) := edge(T, ¢(r,,)) = 0 ([9, Remark 1.2]). O

Our first main result states that under the assumption of order separability
any algebraic tree can be embedded by an injective homomorphism into a
compact R-tree and, hence, is isomorphic to (the algebraic tree induced by) a
totally bounded metric tree.

THEOREM 2.27 (characterization of order separable algebraic trees). — Let T
be a set, c: T® — T.

(i) (T,c) is an order separable algebraic continuum tree, if and only if
there exists a metric r on T, such that (T,r) is a compact R-tree with

(42) CcC = C(Tﬂa).

(ii) (T,c) is an order separable algebraic tree, if and only if there is an
order separable algebraic continuum tree (T,¢), such that (T,c) is a
subtree of (T,c). In particular, every order separable algebraic tree is
induced by a totally bounded metric tree.

The separability hypothesis in Theorem 2.27 is crucial and cannot be dropped.
In Example 2.23, we already saw an algebraic tree where the component topol-
ogy T is not metrizable. Moreover, in this example, 7 coincides with the order
topology, which is also the case for the metric topology of any metric tree with-
out branch points. Thus, the algebraic tree cannot be induced by a metric tree.
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The following example shows that also algebraic continuum trees need not be
induced by metric trees.

EXAMPLE 2.28 (algebraic continuum tree that is not induced by a metric tree).
— Let T'=1[0,1] x [0, 1] with lexicographic order and (T, ¢) the corresponding
algebraic tree as in Example 2.5. Tt is easy to check that (T, c¢) is an algebraic
continuum tree. It cannot be induced by a metric tree because in its order
topology 7, it is connected but not path-wise connected. These two properties
are equivalent for metric trees (see [24, Theorem 2.20]).

In order to prove Theorem 2.27, given an algebraic tree (T, c), we need to
provide a metric r, such that (42) holds. For that purpose, we consider for any
measure v on (T, B(T, c)), such that v is finite on every interval, the following
pseudometric,

(43) r(z,y) =v(lz,y)) - sv({a}) — 3v{y}). zyeT

LEMMA 2.29 (r, is a pseudometric). — Let (T,c) be an algebraic tree and
v a measure on (T,c) with v([z,y]) < oo, for all x,y € T. Then r, is a
pseudometric on T.

Proof. — By Lemma 2.3 for all z,y,z € T,

(44)  v([z,9]) + v(ly, 21) = v([z, 9] U [y, 2]) + v ([z,9] N [y, 2])
= V([x,z]) + V((c(x,y,z), y]) er([c(x,y,z), y])
Hence,
(45) ru(2,y) + gri{e} + iy} + 1y, 2) + iy} + iz}
=r,(z,2)+ %I/{I} + %V{Z} + 27, (c(m, Y, 2), y)
+ v{c(z,y, 2)} + v{y} — v{c(z,y,2)},

or equivalently,
(46) ro(z,y) + 1 (y,2) =ru(x, 2) + 21, (c(az7 Y, 2), y)
This implies that r, satisfies the triangle inequality. O

We denote the quotient metric space by (7,,7,), i.e., T, is the set of equiv-
alence classes of points in 7" with r,-distance zero, and the quotient metric

on T, is again denoted by r,. Furthermore, let 7, : T — T, be the canonical
projection.

LeMMA 2.30 ((Ty,7,) is a metric tree). — Let (T, c) be an algebraic tree and
v a measure on (T,c) with v([z,y]) < oo for all z,y € T. Then the quo-
tient space (T,,,r,) is a metric tree, and the canonical projection m, is a tree
homomorphism.
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Proof. — Let x1,...,24 € T. By Condition (BPM4), we can assume without
loss of generality that c(z1,z2,x3) = c(x1,22,24). Then by Lemma 2.2(ii),
c(x1, 22, 23) € [T1,22] N [T1, 23] N[22, 23] N [T1,24] N[22, 24], and (46) yields
that for {i,j} € {{1,2}, {1,3}, {1,4}, {2,3}, {2,4}},

(47) ry(zi,z5) =1, (acl-, c(xy, za, xg)) +7r, (c(:rl, T, T3), :cj).
Therefore,
(48) ry(x1, x3) + 1y (22, 24)

=7, (3:1, c(xl,mz,xg)) +7r, (c(xl,xg,xg), mg)
+ r,,(x27 C(.’Ehl'g,!l??,)) + TV(C(IEl,.’L'Q,xg), m4)
= ry(x1,22) + ry (c(21, 32, T3), 23) + 10 (c(21, 22, 3), T4)
> 1y (w1, 2) + 1, (T3, 24),
and analogously,
(49) (@1, 24) + 70 (22, 3)
=1y (3, c(x1, 2, 33)) + 1y (c(x1, T2, 73), T4) + 10 (71, T2)
> ry (w1, 29) 4+ 1 (23, T4).

This means that the four-point Condition (MT1) is satisfied. Moreover, (47)
implies Condition (MT2) with branch point 7, (¢(z1, 22, x3)). In particular, m,

is a tree homomorphism. O
REMARK 2.31. — Lemma 2.30 also explains why we defined 7, as in (43) and
not just as 7, = v([z,y]) for + # y. Namely, in the latter case, we would

still have (MT1), but (MT2) might fail. Take, for example, T = {1,2,3},
¢(1,2,3) = 2, and v = d2. In this case, r], is the discrete metric on 7', and,
thus, 2 does no longer lies on the interval [1, 3].

Let (T, ¢) be an algebraic tree. For all v € T, define the degree of v in (T}, ¢)
by

(50) deg(v) = deg(r,¢)(v) = #{Su(y) : y € T}.

We say that v € T'is a leaf if deg(y ) (v) = 1, and a branch point if deg 7 . (v) >
3. Note that

(51) (T, c) :={ueT: cluv,w) #uVv,weT\{u}t}
equals the set of leaves of T', and
(52) br(T,c) :={ueT: c(z,v,w) =u for some z,v,w € T\ {u}}

the set of branch points. Moreover, note that any v-mass on If(7T', ¢) that is not
atomic does not contribute to r,.
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PROPOSITION 2.32 (metric representations of algebraic trees). — Let (T, ¢)
be an algebraic tree, v a measure on (T,B(T,c)) with v([z,y]) < oo, for all
xz,y €T, and 7, defined by (11). Then the following hold:

(i) If (T,c) is order separable and v has at most countably many atoms,
then (T,,r,) is separable.

(ii) If #T > 1, (T,c) is order complete, and [x,y] is order separable
for every x,y € T, then (T,,r,) is connected, if and only if v is
nonatomic. In this case, (T,,r,) is a complete R-tree.

Proof. — Throughout the proof denote by m,: T" — T, the canonical projec-
tion.

(i) It is easy to see that if a set A C T satisfies (39) and contains all atoms
of v, then m,(A) is dense in (7,,7,). Therefore, by Proposition 2.20 order
separability of (T, ¢) implies separability of (7,,r,).

(it) For all z,y € T with = # y, r,(z,y) > sv{z}. Hence, (T,,r,) cannot be
connected if v has atoms. Conversely, assume that v is nonatomic. For z,z € T,
consider ([z, z], <), which is a totally ordered space according to Proposi-
tion 2.6 and define y := sup{v € [z, 2] : 2v([z,v]) < v([z, 2])}. The supremum
exists due to order completeness of (T, ¢). Because of the order separability of
[x, 2] and the nonatomicity of v, we obtain 2v([z,y]) = v([z,2]) = 2v([y, 2]),
and, therefore, 2r,(z,y) = r,(z,z) = 2r,(y,2). From this equality, connect-
edness follows once we have shown completeness, and every connected metric
tree is an R-tree.

Recall from Lemma 2.30 that (T,,r,) is a metric tree. The same holds for
its metric completion T,,. Assume for a contradiction that there is a sequence
(Tp)nen in T, converging to some x € T, \ T,. Then z cannot be a branch
point, and one of the at most two components of T, \ {z} contains infinitely
many z,. Thus, we may assume without loss of generality that = € If(T,).
Define y,, = o, (z1,Zn,x). Then y, — = and, for large enough m, we have
Yn = CF, (21, Zn, Tm). Hence, y, € T,, for all n € N, and we may choose
representatives x/, € m, (y,), such that z!, = c(p,x,,z},) for p == 2 and
all sufficiently large m. By Proposition 2.6, {z] : n € N} is totally ordered
with respect to <,, and, hence, &’ = sup{z], : n € N} € T exists by order
completeness. Obviously, 7, (2') = z and x € T),. O

In order to prove Theorem 2.27 using Proposition 2.32, we need a nonatomic
probability measure v (to ensure connectedness of (7,,7,)) charging all inter-
vals (so that m, is injective). Such a measure always exists in the case of order
separable algebraic continuum trees.

LEMMA 2.33. — Let (T, c) be an order separable algebraic continuum tree with
#T > 1. Then there exists a nonatomic probability measure v on (T,B(T,c))
with v(If(T,c)) =0 and

(53) v(lz,y]) >0 Vaz,yeT, z#y.
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Proof. — Fix p € T. Then, for every x € T\ {p}, the interval ([p, z], <,) is a
separable linear continuum in the sense of order theory, i.e., a totally ordered
space (proven in Proposition 2.6) without jumps (which here we call edges)
or gaps (which follows from directed order completeness). Due to Cantor’s
order characterization of R (e.g., [19, Theorem 560]), this means that [p, ]
is order isomorphic to the unit interval. Obviously, every order isomorphism
is measurable and bijective, and the image of Lebesgue measure on the unit
interval is a nonatomic probability measure v, on [p,z]. Then > 27 "v,,,
where {x, : n € N} satisfies (39), is a nonatomic probability satisfying (53)
and v(If(T,c)) = 0. O

Any separable R-tree (T',r) comes with an intrinsic measure, called length
measure, that generalizes the Lebesgue measure on R. More generally, if (T, r)
is a complete, separable metric tree and p € T a fixed root, the length measure
A = AT70) is uniquely defined by the two properties A([p, z]) = 7(p, z), for all
z €T, and A(Ifo(T,7)) = 0, where 1f is the set of nonisolated leaves (see [9,
Section 2.1]). Note that the total mass A(T) (the “total length” of the metric
tree) does not depend on the choice of p.

PROPOSITION 2.34 (total length of (T,,r,)). — Let (T,c) be an order separa-
ble, order complete algebraic tree, v a measure on (T, B(T,c)) with v([z,y]) <
o0, for all z,y € T, and such that vy p ) is purely atomic, and r,, be defined
by (11). Then the following hold:

(i) The total length of the metric tree (T,,r,) is given by
(54) ML) =3 /T degz,.y dv.

(ii) [pdeg(r dv = [ degr, .,y om dv.

Proof. — (i) Let D := {v, : n € N} be a subset of (T,¢) which contains the
atoms of v and satisfies (39), and m,: T — T}, be the canonical projection. We
use p == m,(v1) as the root of (T,,7,). Then

(55) T\(T,c) CIDI = |JIvs,...,val,
neN

where [A] ==, ,calz,y]. Hence, v(T"\ [D]) = 0, and
(56) ATvrel)(T,) = lim AN TP (1, ([, . . ., va])).
n—oo
Abbreviate T}, = [vq,...,v,] and £, = ATvrvp) (wy([[vl, . ,Un]])). If
Upg1 € Ty, then T) 1 = T, and AXTvmvor) (ﬂU(Tn+1)) = NTv.rvop) (WV(Tn)).

Otherwise, there exists a unique u,, € T with T,11 = T W (up,vp41], and,
thus,

(57) lny1 =ln + 70 (Un,vp41) = ln + V((un, vn+1]) — %V{Un+1} + %y{un}
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For v € Ty, let deg, (v) be the degree of v in the tree (T, c[r, ). In the case
Unt1 & Ty, we have deg,, | (v) = deg, (v) for v € T,, \ {u, }, and deg,,,  (u,) =
deg,, (u,) + 1. By induction over n, we obtain

(58) by, = %/ deg,, dv.

Tn
Note that deg,, (v) is monotonically increasing in n, and deg(v) = lim,,,  deg,, (v)
holds for all v € [D]. Thus, using the monotone convergence theorem, com-
bining (56) and (58) yields (54).

(i) 1f deg(p oy (v) # deg(q, ., )(mu(v)), then either m(S,(y)) = {m(v)} for
some y € T (and, thus, deg(s . (v) > deg(r, (M (v))), or 7(v) = 7(v") for
some v" € Br(7,c) (and, thus, deg(s . (v) < deg(r, ., )(m,(v))). In both cases,
we have v{v} = v{m,(v)} =0, and, thus, the claim follows. O

COROLLARY 2.35 (compactness for bounded degree trees). — Let (T,c) be
an order separable algebraic tree, and v a finite measure on (T,B(T,c)) with
v{veT: deg(v) > d} =0 for some d € N. Then the completion of (T,,r,)
is compact.

Proof. — Without loss of generality assume that v[j7 ) is nonatomic (if
v i¢(7,c) has a nonatomic part, we can remove it without changing r, ). Then by
Proposition 2.34(i), (T, r,) has finite total length. As complete metric trees
with finite total length are necessarily compact, the statement follows. ]

We are now in a position to prove Theorem 2.27.

Proof of Theorem 2.27.(i) “—" Since every compact metric space is bounded,
complete, and separable, this step follows from Lemma 2.26.

“— 7 Let (T, c) be an order separable algebraic continuum tree. To avoid
trivialities assume that 7' contains more than two points. By Lemma 2.33 we
can choose a nonatomic probability measure v on (T, B(T,c)) satisfying (53).
Define r, by (11). Then the equivalence classes in T, are singletons by (53),
and we may identify T, with T.

By Proposition 2.32, (T,r,) is a complete R-tree , and the identity is a
tree homomorphism by Lemma 2.30. Thus, ¢ is induced by r,. Moreover,
v(br(T,c)) = 0, because br(T,c) is countable, and v is nonatomic. We can,
therefore, conclude with Corollary 2.35 that (T, r,) is also compact.

(it) “—=" This is obvious because every order separable algebraic continuum
tree is induced by a separable R-tree according to part (i), and subspaces of
separable metric spaces are separable.

“—"Let (T, c) be an order separable algebraic tree and D C T a countable
set satisfying (39). Let v be any probability measure on D with v{z} > 0
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for all x € D, and 7, defined by (11). The equivalence classes in T, are
singletons, and we may again identify T, with 7. By Proposition 2.34, (T, r,)
is a metric tree with (42). As (T, ¢) is order separable, (T, r,) is separable by
Proposition 2.32(i). Moreover, the diameter of (T, 7,) is bounded by 1. Hence,
by [24, Theorem 3.38] (known since [23]), there is a bounded, separable R-tree
(T,7) such that T'C T and r,, is the restriction of 7 to T. By Lemma 2.26, this
R-tree induces an algebraic continuum tree (T',¢), and T is a subtree of T
“in particular”. According to part (i), there is a metric # on T, such that
(T, ) is a compact R-tree inducing (T',¢). Let r be the restriction of 7 to T.
Then, (T, r) is a totally bounded metric tree inducing (7', ¢). O

2.5. Tree homomorphisms versus homeomorphisms. — Since order separable
algebraic continuum trees are R-trees where we have “forgotten” the metric,
the question arises as to how homeomorphisms of R-trees relate to tree ho-
momorphisms of the corresponding algebraic trees. A first observation is that
homeomorphisms are necessarily tree homomorphisms. This statement relies
on connectedness of the R-trees , and we cannot replace “R-tree” by “metric
tree”; every bijection between finite metric trees is obviously a homeomor-
phism because the topologies are discrete but not necessarily a tree homo-
morphism.

LEMMA 2.36 (homeomorphisms are tree isomorphisms). — Let (T,7), (T, #) be
R-trees, and f: T — T a homeomorphism. Then f is a tree homomorphism.

Proof. — The branch-point map can be expressed in terms of intervals by (2).
In an R-tree (T,r), the interval [z,y], x,y € T, is the unique simple path
from x to y, which is a purely topological notion and, hence, preserved by
homeomorphisms. O

EXAMPLE 2.37 (tree isomorphisms need not be homeomorphisms). — In
Lemma 2.36, the converse is not true; bijective tree homomorphisms need not
be homeomorphisms, even if the trees are order separable. To see this, let
r,# the metrics on N defined by r(n,m) = 1 + L #(n,m) = 2 for distinct
n,m € N. Let T and T be the R-trees generated by (N,7) and (N, #), respec-
tively. Then both T and T are the countable star with a set N of leaves. In T,
the distance from the branch point to leaf n is %, while it is 1 in 7. Hence, T
is compact, while T is not. The identity on N can be extended to a bijective
tree homomorphism f: T — f, which cannot be continuous.

Example 2.37 shows that it is possible for nonhomeomorphic (topologically
nonequivalent) R-trees to induce isomorphic (equivalent) algebraic continuum
trees. This can only happen if at least one of the trees is noncompact.
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PROPOSITION 2.38 (tree isomorphisms of compact R-trees are homeomor-
phisms). — Let T, T be R-treesand f: T — T.

(i) If T is compact, f(T) is connected, and f a tree homomorphism, then
f is continuous.

(ii) If both T and T are compact and f is bijective, then f is a homeo-
morphism, if and only if it is a tree homomorphism.

Proof. — (ii) is obvious from (i) and Lemma 2.36.

Assume [ is a tree homomorphism, f(T) is connected, and T is compact.
Choose a root p € T. Let v,, — v be a convergent sequence in T" and w € T
an accumulation point of f(v,). Then there is a subsequence (ny)ren with
f(vn,) = w. We have
(59) v = sup info,, and w= sup inf f(vn.),
where sup and inf are with respect to the partial orders <, and <,y in the
first and second equality, respectively. In the following, we show that w = f(v).
Because f is order preserving for these partial orders due to Lemma 2.12, we
obtain w <y, f(v). Assume for a contradiction that w # f(v). Because
f(T) is connected, there is y € T with w <f(p) ¥ <f(p) f(v) and z € T with
y = f(x). For u == c(p, z,v), we have f(u) = é(f(p),y, f(v)) =y, u <, v, and
u # v. Therefore, u <, vy, for all sufficiently large i, and, thus, y = f(u) <,
f(vn,) for those 4. Now (59) implies y <y(,) w in contradiction to the choice

of y, finishing the proof of w = f(v). Compactness of T and uniqueness of
accumulation points implies f(v,) — f(v), and f is continuous. O

In view of Theorem 2.27, Proposition 2.38 implies that order separable alge-
braic continuum trees are in one-to-one correspondence with homeomorphism
classes of compact R-trees. Furthermore, the unique metric topology induced
by the compact R-tree coincides with the component topology 7 introduced in
Section 2.3. However, be aware that there may be other, nonhomeomorphic,
noncompact R-trees inducing the same order separable algebraic continuum
tree as shown in Example 2.37.

COROLLARY 2.39 (uniqueness of inducing R-tree). — FEvery order separable
algebraic continuum tree is induced by a compact R-tree that is unique up to
homeomorphism, and the unique induced topology coincides with the component
topology T defined in (37).

Proof. — That an order separable algebraic continuum tree is induced by a
compact R-tree is Theorem 2.27(i). Any two such compact R-trees are isomor-
phic as algebraic trees, and, hence, homeomorphic by Proposition 2.38. The
component topology is a Hausdorff topology and is clearly weaker than the
topology induced by the R-tree, because components are open sets of R-trees.
Hence, by compactness of the R-treethe two topologies coincide. O
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3. The space of algebraic measure trees

In this section, we define algebraic measure trees and equip the space of
(equivalence classes of) algebraic measure trees with a topology. In the follow-
ing, the order separability of the underlying algebraic tree is crucial. Therefore,
we include it already in the following definition of algebraic measure trees.

DEFINITION 3.1 (algebraic measure trees). — An algebraic measure tree (T, ¢, j1)
is an order-separable algebraic tree (T, ¢) together with a probability measure
won B(T,c).

DEFINITION 3.2 (equivalence of algebraic measure trees). — (i) We call
two algebraic measure trees (Tj,c¢;, i), © = 1,2, equivalent, if there
exist subtrees A; of T; with u;(4;) = 1 and a measure preserving tree
isomorphism f from A; onto As. In this case, we call f isomorphism
of the algebraic measure trees.

(ii) A metric measure tree (T, r, 1) is called a metric representation of the
algebraic measure tree (77, ¢/, i), if its induced algebraic measure tree
(T, c(1,r), i) is equivalent to (17, ¢, u').

In the following, we denote for an algebraic measure tree x := (T, ¢, 1) by
supp(x) the algebraic subtree generated by the support of y, i.e.,

(60) supp(x) == c(supp(u)*),
and by
(61) br(x) := br(T, ¢) Nsupp(x)

the set of branch points of x. It is easy to check that an isomorphism f from
x = (T,c,u) to x' = (T',, 1) induces a bijection between br(x) and br(x”)
(although it need neither be defined nor injective on all of supp(x)). Also note
that x is equivalent to supp(x) equipped with the appropriate restrictions of ¢
and .

REMARK 3.3 (a note on our definition of equivalence). — Every algebraic mea-
sure tree is equivalent to an algebraic continuum measure tree and has a metric
representation with a compact R-tree by Theorem 2.27. For the definition of
the equivalence of algebraic measure trees, it is important that we do not re-
quire the whole trees to be isomorphic (see Example 3.11 below). On the other
hand, it is also important that the isomorphism is injective on a subtree (as
opposed to only a subset) of full measure, because otherwise it would not be
an equivalence relation, and every tree with n leaves and uniform distribution
on them would be equivalent to the n-star.

EXAMPLE 3.4 (the linear nonatomic measure tree). — There is only one equiv-
alence class of linearly ordered algebraic measure trees with nonatomic measure.
Indeed, let (T,c, ) be an algebraic measure tree with br(T,c) = 0 = at(u).
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Then, by Theorem 2.27 there is a tree isomorphism from T into [0, 1], and we
may assume I’ C [0, 1] to begin with. Let F,: [0,1] — [0,1] be the distribution
function of p. Then F), is continuous and maps p to Lebesgue measure A[g 1.
Let A := {x € supp(p) : thereis no y, € [0,1] \ supp(p) : yn < x, Yn — x}
be the support of u with left boundary points removed. Then F), restricted to
A is bijective, and, hence, a measure preserving tree isomorphism onto [0, 1]
(with Lebesgue measure and canonical branch-point map). Thus, (T, ¢, ) is
equivalent to [0, 1].

Let
(62) T := {equivalence classes of algebraic measure trees}.

Next, we equip T with a topology. We shall base this notion of convergence
on the fact that algebraic measure trees allow for metric representations (see
Theorem 2.27) and require convergence in Gromov-weak topology of particular
representations. To this end, let

(63) H := {equivalence classes of (separable) metric measure trees},

where we consider two metric measure trees (T, r, u) and (77,7, ') as equiva-
lent, if there exists a measure-preserving isometry between the metric comple-
tions of supp(u) and supp(y').

In order to get a useful topology on T, we cannot take arbitrary (optimal)
metric representations. Instead, given an algebraic measure tree (T ¢, 1), we
use the metric 7, defined in (43) for the branch-point distribution v, namely
the distribution of the random branch point obtained by sampling three points
with the sampling measure p.

DEFINITION 3.5 (branch-point distribution). — The branch-point distribution
of an algebraic measure tree (7' c,p) is the push-forward of pu®3? under the
branch-point map,

(64) vi=c,u®3.

Note that the branch-point distribution is not necessarily supported by
br(T,c). For instance, every atom of y is also an atom of v. If (T, ¢, u) and
(T, , 1) are equivalent algebraic measure trees with branch-point distribu-
tions v and v/, respectively, then the isomorphism is also an isometry with
respect to r, and r,.. Therefore, the following selection map, which associates
a particular metric representation to every algebraic measure tree, is well de-
fined.

DEFINITION 3.6 (selection map ¢). — Define the map +: T — H by

(65> L(T? & M) = (Tw"'w//q/)v
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where v = ¢,u®3 is the branch-point distribution of (T, c,u), (T,,r,) is the
quotient metric space, and p, is the image of p under the canonical projec-
tion .

The topology we use on T is the Gromov-weak topology with respect to
the branch-point distribution distance. That is, it is the topology induced by
the selection map ¢, i.e., the weakest (coarsest) topology on T, such that ¢ is
continuous.

DEFINITION 3.7 (bpdd-Gromov-weak topology). — Let H be equipped with
the Gromov-weak topology. We call the topology induced on T by the selection
map ¢ branch-point distribution distance Gromov-weak topology (bpdd-Gromov-
weak topology).

The following reconstruction theorem is crucial for the usefulness of bpdd-
Gromov-weak convergence. It shows that the selection map ¢ is an embedding
and, indeed, selects metric representations.

PROPOSITION 3.8 (¢ is injective). — The selection map ¢: T — H is injective,
and v(x) is a metric representation of x € T.

Proof. — If we show that ¢(x) is a metric representation of x = (T, ¢, u) € T, it
is obvious that ¢ is injective, because equivalence of metric measure spaces im-
plies equivalence of the corresponding algebraic measure trees by Lemma 2.36.

Choosing an appropriate representative, we can assume that v{v} > 0 for
all v € br(T, ¢). The canonical projection 7, : T — T, is a tree homomorphism
by Lemma 2.30. To show equivalence of (T',c,u) and (T,,c(r, 1), Hv), We
have to show that 7, is injective on a subtree A C T with u(A) = 1. Let
N ={veT: m,(v)# {v}}. Then pu(m, (v)) =0, for all v € N, and w € 7, (v)
implies [v, w] C 7, (v), because 7, is a tree homomorphism. Because there are
at most countably many nondegenerate, disjoint closed intervals in 7' due to
order separability, this implies that m, () is countable, and, thus, u(N) = 0.
Define A = T\ N. Then pu(A) = 1, and =, is injective on T\ N. To see
that A is a subtree, pick z,y,z € A. If v == ¢(z,y,2) € {z,y, 2}, then v € A.
Otherwise, v € br(T,¢), and, hence, v{v} > 0. This implies 7, (v) = {v}, i.e.,
v e A. O

COROLLARY 3.9 (metrizability). — T equipped with bpdd-Gromov-weak topol-
ogy is a separable, metrizable space.

Proof. — The Gromov-weak topology on H is separable and metrizable, e.g.,
by the Gromov—Prohorov metric dgp (see [36]). Because ¢ is injective by Propo-
sition 3.8, dpap(x,y) = dap(t(x),(y)), x,y € T is a metric on T inducing
bpdd-Gromov-weak topology. O
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REMARK 3.10 (distance polynomials). — By definition, a sequence (x;,)nen in
T converges to x € T bpdd-Gromov-weakly, if and only if ¢(x,) — ¢(x) Gromov-
weakly. It has been shown that the Gromov-weak convergence is equivalent to
the convergence of the distribution of the distance matrix ([36, Theorem 5]).
Therefore, the bpdd-Gromov-weak convergence is equivalent to

(66) () —— @),

for all so-called polynomials ®: T — R, which are test functions of the form
(13). Note that the set II, of all polynomials is an algebra and, therefore, also
convergence determining for T-valued random variables (see [46, 11]).

As pointed out in Remark 3.3, the equivalence class of every algebraic mea-
sure tree contains an algebraic continuum measure tree. The following example
shows that ¢ would not be injective if we had defined it on the set of algebraic
continuum measure trees with the stricter notion of equivalence, where the
whole algebraic continuum trees have to be measure-preserving isomorphic.

ExaMpPLE 3.11. — For = > 0, let T, be the R-tree generated by the interval
I, = [—z,1] together with additional leaves {v,}, n € N, where ¢(0,1,v,) =
and r(%,vn) = %, i.e., at each point % € I, there is a branch of length
attached. Then T, is a compact R-tree for every z > 0 and, hence, induces an
algebraic continuum tree by Theorem 2.27. Let p,{—z} = 1, and p,{v,} =
277! for n € N. Then x, = (T, ptz) € T2. Now (x;) = ¢(x,) for every
x,y > 0, but T, and Tj are not homeomorphic and, hence, not isomorphic by
Proposition 2.38.

Note that A, == {z} U{v, : n € N} U{L : n € N} is a subtree of T, with
ts(Ay) =1, and A, is isomorphic (although not homeomorphic) to Ag.

S|=3 =

In order to construct algebraic measure trees, it is, of course, not necessary
to specify the mass of every Borel subset. On the contrary, we can use the
following Carathéodory-type extension result. To this end, recall for x,y € T
with  # y from (36) the component S;(y) = S (y) of T\ {x}, which
contains y. In this section, it is convenient to define

(67) Sz(x) = {z}.
Then T is the disjoint union of the deg(z) + 1 sets in
(68) Co={S:(y): yeT}.

Note that C, = {S,(y) : y € V} for order-dense V. C T with 2 € V. In
particular, C, is countable if (T ¢) is order separable. For y € T, V C T, we
call a function f: V' — R order left-continuous on V with respect to <, if the
following holds. For all z,x, € V with 1 <, 2 <y -+ and 2 = sup,,cy Tn
with respect to <, (in short z, 1 x), we have lim, o f(2,) = f(z). Recall
the notion of the algebraic continuum tree from Definition 2.10.
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PROPOSITION 3.12 (extension to a measure). — Let (T, c) be an order sepa-
rable algebraic continuum tree and V. C T order dense. Then a set function
po: Cv = U,cy Co — [0,1] has a unique extension to a probability measure on
B(T, c) if it satisfies

1. Forall z €V, ZAGCI o(A) = 1.

2. For all z,y € V with z # vy,

(69) 110(Sz(y)) + p10(Sy(x)) > 1.

3. For every y € V, the function y: & — po(Sy(y)) is order left-
continuous on V with respect to <.

Proof. — Note that 9, (x) = 9, (x) for z € S;(y). We, therefore, may write
Ya(z) =1y (z) for any A C S;(y). Define the N-stable set system

(70) A::{ﬁAk:neN,AkGCV}.
k=1

By Corollary 2.25, A generates the Borel o-algebra B(T,c). Let ) # A € A
and y € A. Because (T, c) has no edges and is order complete, we have A =
Nucoa Sz(y), where 0 denotes the boundary with respect to the component
topology 7, which is a finite set in the case of A. Using (69), we obtain for
veV,xg,...,zy € V\{v}, such that S,(zp),...,Sy(zy) are distinct, that
(71) Uy (V) ST =Y by, (0) 1= (1= by (an)).

k=1 k=1
This implies for ) # A € A, by induction over #dA, that

(72) p(A)=1-= " (1—va(x)) >0,

z€0A
hence  is a nonnegative extension of ug to A. We claim that p is superadditive,
additive, and inner regular for compact sets. From this, it follows by standard
arguments that it has a unique extension to a measure on the generated o-
algebra o(A) = B(T, ¢).

Additivity. Let n € N\ {1}, and Ay,..., A, € A\ {0} disjoint with A :=
Wi, Ax € A. Define D := | J;'_, 0Ai. Then dA C D and thereisz € D\9A C
A. Let I, ={ke{l,...,n}: x € 0Ax} and choose y; € Aj. Then, because
the Ay are disjoint, the S, (yx), k € I, are distinct, and because the Ay cover
A, we have {S;(yx) : k € I.} = C;. In particular, >, ., ¥y, (¥) = 1, and
By = Uper, Ar € A with 0B, = ;. 0Ax \ {z}. We obtain

(73) S =3 (1- (=)~ Y (1-0,()

kel kel z€0AR\{z}
=D @)= Y (1-vu(2) = u(Bu).
kel, 2€0B,

By induction over n, this implies additivity of u.
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Superadditivity. Let Ai,..., A, € A\ {0} be disjoint and 4;_, Ay C A €
A. The case n = 1 is trivial, and we proceed by induction over n. Choose
y € Ay and let D := 0A; \ DA. For x € D, C € C, == C,; \ S;(y) and k €
{2,...,n},either Ay, C C, or A,NC = (). Therefore, we have the decomposition
{2,....n} = Woep Weee Io with Io = {k : Ay C C}. Because CNA € A,
and A, CCNAforke fc, we can use the induction hypothesis to obtain

(74) Y ulA) Sp(CnA)=vele) = Y (1-ala).

kelo z€0ANC
Therefore,
(75) pA)=1- > (1=yy@) = > (1—1y())
TxEAATNIA zeD
A+ D (I=vy@) =D > vel)
z€OA\OA, zeD CeC!,

<A =333 w(An)

zeD CeC, kel
— u(4) = 3" u(Ay).
k=2

Compact regularity. According to Proposition 2.19, all closed subsets of
T are compact. Let y € A € A. Because (T,c) is an order-separable alge-
braic continuum tree, and V is order dense, we find for z € A a sequence
(xn(2))nen in ANV with z,(z) T z with respect to <, as n — co. Define
An = NcoaSon(x)y) € Aand K,, == A, UOA,. Then K, is compact,
A, C K,, C A, and because 0A is finite, we have 0A,, = {z,(2) : z € 9A} for
sufficiently large n. Thus, by order left continuity of v,

(76) lim p(An) =1- lim Y (1 -y (za(2)))
zZ€0A
=1= > (1= 4y(2) = u(A),
z€0A
and p is inner compact regular as claimed. O

We conclude this section with an extension result, which will be very useful
for reading off algebraic measure trees from (sub)triangulations of the circle in
Section 4. In Proposition 3.12, we assumed the whole tree to be known and
considered the question of constructing a probability measure on it. Now, we
assume that not the whole tree is given a priori but only the (countably many)
branch points. The question is, whether there is an extension of the tree that
is rich enough to carry a measure with the specified masses of components.
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PROPOSITION 3.13 (construction of algebraic measure trees). — Let (V,cy) be
a countable algebraic tree and for each x € V, let A Y a(x) be a probability
measure on C,. Define 1, (x) = s, (y)(v). Assume that for x,y € V with

r#y,
(77) Y (y) + ¥y (2) > 1.

Then there is a unique (up to equivalence) algebraic measure tree x = (T, c, ),
such that

(i) VCT, br(T,c) =br(V,cy).

(ii) ;L(S:g;T’C)(y)) =1y(x) forall z,y € V.
(iii) at(p) CV, where at(u) denotes the set of atoms of .

Note that, in general, we cannot obtain If (T, ¢) C If(V, ¢y ). To the contrary,
If (T, ¢) can be uncountable (for every representative of x).

Proof. — FEuxistence. First note that for y € V, 1), is monotonic with respect
to <y. Indeed, z <, « implies ¥, (2) <1 —5(2) < Y, (z) = Py ().

We need to enlarge the tree to make 1, order left-continuous. Because V
is countable, we may consider one y and one point = at a time. If z;y € V
are such that there exists x,, € V with z,, T z, then by monotonicity ¢, (z) =
limy, 00 Yy (xn) < Yy () exists and is independent of the choice of z,. If
¢y(x) # y(x), we extend the tree by adding one extra point z ¢ V, i.e., we
consider V := V & {z} with the unique extension & of ¢y, such that (V,¢) is an
algebraic tree with z,, <, z <, z for all n. Furthermore, we extend v to ¥ on
V by defining ¥, (2) == ¢,(2), ¥.(2) = 0 and 9, (z) = 1 — ¢, (). It is easy to
check that (V) together with 1 satisfies the prerequisites of the proposition,
br(V,&) = br(V,c), and {z € V : () > 0} = {z € V : 9 (x) >0} C V.

Now assume without loss of generality that 1, is already order left-continuous
for all y € V. Because V is countable, it is, in particular, order separable and
according to Theorem 2.27, there is an order separable algebraic continuum tree
(T, ¢), such that (V, cy) is a subtree. We can choose (T, ¢), such that br(T, ¢) =
br(V, cy). Consider the closure V of V with respect to the component topology
7. For x € V\ V, we define

(78) Py () = sup{yy(2) : z€ VN Su(y)}-
Then (77) holds for z,y € V, @ # y, and v, is order left-continuous. For every

{x,y} € edge(V,¢), where ¢ is the restriction of ¢ to 73, we fix an order iso-
morphism ¢, : [x,y] — [0,1], which exists by Cantor’s order characterization
of R because [z,y] is a linearly ordered, separable algebraic continuum tree.
For every z € T'\ V, there exists {z,y} € edge(V,¢), with z € [z,y]. We define

(79) Yy(2) = (1 = @0y (2))0y(2) + P2y (2) (1 — ¥ (y)),
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Yz (2) =1 —1y(2) and ¥.(z) = 0. Now we can use Proposition 3.12 to see
that

(80) 1o (Sz(y)) =1y (x)

has a unique extension to a probability measure p on B(T), c).

The last step in the construction is to remove point masses outside V' by
expanding them to intervals. To this end, let P = at(u) \ V, and T = (T \
P)W (P x [0,1]). Because P C T'\ V contains no branch points, we can extend
the restriction of ¢ to 7'\ P to a branch-point map ¢ on T in a canonical way,
such that [(z,0), (x,1)] = {z} x [0,1] for © € P. Define the Markov kernel
from T to T by
(81) K(w) = {5 veT\F,

593 ® )\[0_’1], xT € P,

where 6, is the Dirac measure in x, and Ao ) is a Lebesgue measure. Let
fi == fi«(u) be the push-forward of p under x. Then (T, &, 1) is a separable
algebraic measure tree, and by construction br(T,¢é) = br(V,cy), as well as

at() = at(p) NV C V. Furthermore, for x,y € V, we have ﬂ(Sg(gT’é) (y)) =
u(Sg(cT’c) (y)) = ¢y(z), as claimed. Uniqueness. follows similarly, where we note
that it does not matter how we distribute the mass on an edge of (V,¢) in a
nonatomic way, because all algebraic measure trees without branch points and
nonatomic measure are equivalent by Example 3.4. (|

4. Triangulations of the circle

In this section, we encode binary algebraic measure trees by triangulations of
subsets of the circle. This is comparable with the encoding of compact (ordered,
rooted) metric (probability) measure trees by excursions over the unit interval,
where the height profile encodes the branch-point map, as well as the metric
distances. Moreover, also the measure can be encoded by the excursion by
identifying the lengths of subexcursions with the mass of the corresponding
subtrees. Similarly, it turns out that we can encode binary algebraic measure
trees by what we call subtriangulations of the circle. As in the case of coding
metric measure trees with excursions, the resulting coding map associating the
algebraic measure tree to a subtriangulation is continuous.

In Section 4.1, we introduce the space of subtriangulations of the circle. In
Section 4.2, we construct the coding map.

4.1. The space of subtriangulations of the circle. — Let D be a (fixed) closed
disc of circumference 1, and S := JD the circle. As usual, for a subset A C D,
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we denote by A, A, A, and conv(A) the closure, the interior, the boundary,
and the convex hull of A, respectively. Furthermore, let

(82) A(A) := {connected components of conv(4)\ A},
and
(83) V(A) == {connected components of D\ conv(A4)}.

Then we have the disjoint decomposition D = AW JA(A) W V(A).

DEFINITION 4.1 ((sub)triangulations of the circle). — A subtriangulation of
the circle is a closed, nonempty subset C' of D satisfying the following two
conditions:

(Tril) A(C) consists of open interiors of triangles.
(Tri2) C is the union of noncrossing (nonintersecting except at endpoints),
possibly degenerate, closed straight line segments with endpoints in S.

We denote the set of subtriangulations of the circle by T, i.e.,
(84) T := {subtriangulations of the circle}
and call C € T the triangulation of the circle, if and only if S C C.

In particular, (Tril) implies that dconv(C) C C, and we may call C tri-
angulation of dconv(C). Given (Tril), (Tri2) implies that V(A) consists of
circular segments with the bounding straight line excluded and the rest of the
bounding arc included. We want to point out that our definition of the trian-
gulation of the circle differs from the one given by Aldous in [5, Definition 1].
Namely, Aldous required only Condition (Tril). For the characterization of
triangulations of the circle as limits of triangulations of n-gons given in Propo-
sition 4.3, however, Condition (Tri2) is necessary. See Figure 4.1 for an example
of a triangulation in the sense of Aldous that is excluded by Condition (Tri2),
a subtriangulation of the circle that is no triangulation of the circle, and a
triangulation of the circle.

For a metric space (X, d), let

(85) F(X)={FCX: F#0,F closed}

and equip F(X) with the Hausdorff metric topology. That is, we say that a
sequence (Fy,)nen converges to F' in F(X), if and only if for all £ > 0 and all
large enough n € N,

(86) FEDOF and FDF,,

where for all A € F(X), as usual, A° == {x € X : d(z,4) < ¢}. It is well
known that if (X, d) is compact, then F(X) is a compact metrizable space as
well. As subtriangulations of the circle are elements of F (D), we naturally
equip 7 with the Hausdorff metric topology. A first observation is that 7T is
actually a closed and, therefore, compact subspace of F (D).
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FIGURE 4.1. Left: an Aldous triangulation of the circle that
is not a triangulation of the circle (Condition (Tri2) does not
hold as the black triangle in the middle is not the union of non-
crossing straight lines with endpoints on the circle). middle:
A subtriangulation of the circle (compare with Example 4.12).
right: A triangulation of the circle. It is a realization of the
Brownian triangulation (compare with Example 4.5).

LEMMA 4.2 (compactness of T). — Both the space of triangulations of the
circle and the space T of subtriangulations of the circle are compact metrizable
spaces in the Hausdorff metric topology.

Proof. — Because D is compact, F (D) is compact as well, and it is sufficient
to show that 7 and the set of triangulations of the circle are closed subsets of
F(D).

Let C,, € T with Cy, — C € F(D) in the Hausdorff metric topology.
(Tril) is easily seen to be a closed property, and, thus, C satisfies (Tril).
Let L,, be a set of noncrossing line segments with endpoints in S, such that
Cpn = Ly. The closure of L,, in F(ID) has the same property (it possibly differs
from L,, by a set of degenerated one-point segments contained in nondegenerate
segments of L), so we may assume L,, is closed to begin with, so that L,, €
F(F(D)). Because F(F (D)) is compact, we may assume, taking a subsequence
if necessary, that L, — L for some L € F(F(D)). Obviously, L, consists of
noncrossing line segments with endpoints in S. Because the union operator
U: F(F(D)) — F(D) is continuous, we have | JL = C. In particular, (Tri2)
holds for C' and C € T. Obviously, also the property that S C C is preserved
by Hausdorff metric limits, and, thus, the set of triangulations of the circle is
closed as well. |

We now show two characterizations of subtriangulations of the circle. Namely,
condition (Tri2) can be replaced by existence of “triangles in the middle”,
which is the major technical ingredient for the construction of the branch-
point map in the next section. Furthermore, they are precisely the limits of
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finite subtriangulations, where we consider a subtriangulation C as finite, if
C' NS is a finite set, or equivalently, C' consists of finitely many line segments.

PROPOSITION 4.3 (characterization of (sub)triangulations). — Let ) # C C D
be closed. Then the following are equivalent.

1. C is a subtriangulation of the circle.
2. Condition (Tri1) holds, all extreme points of conv(C) are contained
'S, and
(Tri2") For x,y,z € A(C)UV(C) pairwise distinct, there exists a unique
Cayz € A(C), such that x,y,z are subsets of pairwise different
connected components of D\ 0cyy .
3. There exists a sequence (Cy, )nen of finite subtriangulations of the circle
with Cy, —= C in the Hausdorff metric topology.

Furthermore, C is a triangulation of the circle, if and only if C,, in 3. can be
chosen as a triangulation of a reqular n-gon inscribed in S.

REMARK 4.4 (condition (Tri2)’). — That x,y, z are subsets of different con-
nected components of D\ Ocg,, means that either ¢,y € {z,y, 2}, and the two
elements of {z,y,z} \ {czy-} are subsets of different connected components of
D\Csyz, OF Cay» ¢ {x,y, 2} and z, y, z are subsets of pairwise different connected
components of D \ ¢,

Proof of Proposition 4.3. — “1=-2” Because C' is the union of line segments
with endpoints on S, it is obvious that the extreme points of conv(C) are
contained in S. We have to show (Tri2)’, so let z,y,z € A(C) U V(C) be
pairwise distinct and note that uniqueness is obvious. If one of the elements of
{z,y, 2}, say z, is such that the other two are subsets of two different connected
components of D\ Z, then necessarily x € A(C), and ¢4y, = « has the desired
properties. So assume that this is not the case.

Fix a set L of noncrossing, closed lines with endpoints in S, such that C' =
JL. Define

(87) L, ={¢€ L: {separates x from y U z in D},

note that L, # () because y and z are in the same connected component of
D\ z by assumption, and order L, by distance from z. Similarly, define L,
as set of lines separating y from = U z ordered by the distance from y, and L,
as set of lines separating z from x Uy, ordered by the distance from z. Define
Ly == sup Ly, €, = sup L, and ¢, := sup L, which exist because C' is closed.
In particular, they are noncrossing, and because conv(C) \ C may only consist
of triangles, they have to be the sides of some ¢y, € A(C), which has the
desired properties.

“2= 3”. Because the extreme points of conv(C') are on the circle, for every
x € V(C), the boundary dpz in D is a single straight line with endpoints in S.
Let (Vi)nen be an increasing sequence of finite subsets of A(C) U V(C), such
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that ¢z, € V,, for pairwise distinct x,y,z € V,,, and V,, T A(C) U V(C). Let
A, =D\ UV, Then A, — C in the Hausdorff metric topology. Because
Cay» € V,, for distinct z,y,z € V,,, the boundary of each of the finitely many
connected components of A, \ S consists of one or two line segments and one or
two connected subarcs of S. Therefore, there is a finite subtriangulation C,, C
A,, of the circle with Hausdorfl distance from A,, less than e~". Thus C,, — C.
“3= 1" Obviously, because T is a closed subset of F(D) by Lemma 4.2.
“Furthermore”. If C,, is a triangulation of the n-gon, it contains the n-gon,
and, hence, any Hausdorff metric limit as n — oo contains the circle, and,
hence, is a triangulation of the circle. That triangulations of the circle can be
approximated by triangulations of regular n-gons is a slight modification of the
arguments above. The details are left to the reader. ]

The most prominent random tree is Aldous’s Brownian CRT, which is the
limit of uniform random trees. Similarly, one can define the Brownian triangu-
lation of the circle.

EXAMPLE 4.5 (Brownian triangulation). — The uniform random triangulation
of the n-gon converges in law with respect to the Hausdorff metric topology
to the so-called Brownian triangulation Ccrr, see [4, 5, 16]. A realization is
shown on the right-hand side of Figure 4.1. It has a.s. Hausdorff dimension %
(see [4]).

4.2. Coding binary measure trees with (sub)triangulations of the circle. —
Given an algebraic tree (T, ¢), recall the set of leaves 1f(T,c) and the degree
deg(ry(v) of v € T from (51) and (50), respectively. In this section, we are
interested in the following subspace of the space of all binary algebraic measure
trees.

DEFINITION 4.6 (our space Ty). — Let Ty C T be the set of (equivalence classes
of) algebraic measure trees (7', ¢, i) with (7', c) binary (i.e., deg(p . (v) < 3 for
all v € T) and at(u) C UIf(T,c).

The space Ts is of particular interest to us, as it is invariant under the
dynamics of the Aldous diffusion on cladograms, the construction of which was
one of the motivations for studying algebraic measure trees, and because, as we
will see, it is precisely the space of algebraic measure trees that can be coded
by subtriangulations of the circle.

To illustrate the construction of the tree coded by a subtriangulation, we first
consider a triangulation C' of the regular n-gon into necessarily n — 2 triangles
(see Figure 1.3). Here, the coded tree is the dual graph. That is, every triangle
corresponds to a branch point of the tree, and two branch points are connected
by an edge if and only if the triangles share a common edge. We then add a
leaf for every edge of the n-gon and obtain a graph-theoretic binary tree with
n leaves and n — 2 internal vertices. Recall from Example 2.4 that the finite
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FIGURE 4.2. Triangulation C' with #A(C) = 1, V(C) = 0,
and #0(C) = 3. The coded tree consists of three line seg-
ments with nonatomic measure of % each, glued together at
one branch point.

graph-theoretic tree corresponds to a unique algebraic tree. We finally assign
to each leaf mass n~! (which corresponds to the length of the arcs of the circle
connecting two endpoints of edges of the n-gon, if we inscribe it in a circle of
unit length), and obtain an algebraic measure tree.

The main result of this section is that there is a natural, surjective coding
map from T onto Ty, which is also continuous. To state that formally we need
further notation. Given a subtriangulation C' C D, recall A(C') and V(C) from
(83) and (82), respectively. For x € A(C)U V(C) and y C D connected and
disjoint from Opx, where Jp denotes the boundary in the space D, let

(88)  comp, (y) := the connected component of D\ dpz which contains y.

For x € A(C), let p;(z), i = 1,2, 3, be the mid-points of the three arcs of S\ dz,
and define

(89) O(C) = {{pl(:v)} cx e A(C), i €{1,2,3}, comp, ({p;(x)}) C C},

as well as comp,,(p) == p for p € O(C) (see Figure 4.2). Recall the definition of
components S,(w) in an algebraic tree from (36).

LEMMA 4.7 (induced branch-point map). — For C € T, let Vo == A(C) U
V(C)uD(C). If Vo # 0, then there is a unique branch-point map cy : V3 —
Ve, such that (Vo,cy) is an algebraic tree with SJ(EVC’CV)(y) {v e Ve

comp,,(y) = comp,(v)} for z,y € Vo. Furthermore, deg(x) 3 for all
z € A(C), and deg(z) =1, for x € V(C)UDO(C).

Proof. — Recall from Proposition 4.3 that for a subtriangulation C of the circle
and pairwise distinct z,y, z € A(C)UV(C), there is a triangle ¢y, € A(C) “in
the middle”. It is straightforward to see that this defines a branch-point map
and can naturally be extended to V3. O

The following theorem states that all subtriangulations C' of the circle can
be associated with an element in Ty, for which A(C') corresponds to the set of
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branch points, V(C') corresponds to the set
(90) fatom(¥) = {z € (T, c) : p({z}) >0}

of leaves that carry an atom, and comp,(w) corresponds to the component

Sy(w).

THEOREM 4.8 (algebraic measure tree associated to a subtriangulation). —

(i) For every subtriangulation C C D of the circle, there is a unique (up
to equivalence) algebraic measure tree xc = (Tc,co, pc) € To with
the following properties:

(CM1) Vo C Te, br(xc) = A(C), and c¢ is an extension of cy, where

(Ve, ev) is defined in Lemma 4.7.
(CM2) pc (S;TC’CC)(y)) = As(SNcomp,(y)) for all z,y € Vi, where As
denotes the Lebesgue measure on S.

(CMB) at(jic) = V(C).

(ii) The coding map 7: T — Ty, C — x¢ is surjective and continuous,
where T is equipped with the Hausdorff metric topology and To with
the bpdd-Gromov-weak topology.

Proof. — (i) Let C be a subtriangulation of the circle. If C =D, then A(C) =
V(C) = 0, which requires by (CM1) that br(xc) = 0, and by (CM3) that
at(u) = (0. There is a unique algebraic measure tree without branch points and
atoms, namely the line segment with no atoms (see Example 4.11). We may,
therefore, assume without loss of generality that C' # D and, consequently, that
Te # 0.

We claim that (V¢,cy) together with v, (z) :== Ag(S N comp,(y)) satisfies
the assumptions of Proposition 3.13. Indeed, V¢ is obviously countable and an
algebraic tree by Lemma 4.7, ¢, (z) depends on y only through its equivalence
class with respect to ~,, and the lengths of all the arcs add up to the total
length of As(S) = 1. Furthermore, ¢, (y) + ¢y (z) > As(S) = 1, and Proposi-
tion 3.13 yields the existence and uniqueness of the desired algebraic measure
tree.

(it) Let x = (T,c,u) € To. We construct a subtriangulation C' such that
7(C) = x. Fix p € If(T, ¢) and recall that p induces a partial order relation
<,. We can extend this partial order to a total (planar) order < by picking for
every v € br(T, ¢) an order of the two components of 7'\ {v} that do not contain
p. That is, we define Sy(v) := S, (p), denote the two remaining components of
T\ {v} by S1(v), S2(v), and define

(91) v<w & vgpworveSl(c(aﬁ,y,p)),wESQ(c(x,y,p)).

Identify S with [0, 1], where the endpoints are glued. For a € [0,1] and b,¢ > 0
with a+b+c <1, let A(a,b,c) C D be the open triangle with vertices a,a + b,
a+b+c €S, la,b) C D the straight line from a to a + b, and L(a,b) the
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connected component of D\ £(a, b) containing a+ 2 € S. The first vertex of the
triangle or circular segment corresponding to v € br(7T, ¢) U lfaom (¥) is given
by the total mass of points smaller than v (with respect to < defined in (91)),
ie., by

(92) av) =p({ueT: u<v}).
Define
(93)
D\C:= W A(),u(Si(v),u(S2(v)) |H  L{a(), p{v}).
veEbr(T,c) V€I atom (x)

By definition of C, conv(C') \ C consists of open triangles, i.e., condition (Tril)
is satisfied. Furthermore, the extreme points of conv(C) are contained in S,
and for z,y,z € A(C) U V(C) distinct, there are corresponding u,v,w € T
and a triangle c¢;,. € A(C) corresponding to c(u,v,w), which satisfies the
requirements of (Tri2)". Thus, by Proposition 4.3 C' is a subtriangulation of the
circle. It is straightforward to check that 7(C) = x.

We defer the proof of continuity of 7 to the next section, where we prove it
in Lemma 5.21. (|

The following is now obvious.

LEMMA 4.9 (nonatomicity). — A subtriangulation C of the circle is a trian-
gulation of the circle if and only if, for (Tc,cc,nc) = 7(C), the measure puc
18 nonatomic.

COROLLARY 4.10 (finite tree approximation). — Let x = (T, ¢, u) € To. Then
there is a sequence (x,)nen of finite algebraic measure trees in To with x, — x
bpdd-Gromov-weakly. Furthermore, if u is nonatomic, then x, can be chosen
as a tree with n leaves and uniform distribution on the leaves.

Proof. — By Theorem 4.8, there is a subtriangulation C' € T with 7(C) = x,
and by Proposition 4.3, there are finite subtriangulations C,, with C,, — C.
Obviously, x, := 7(C,,) is a finite algebraic measure tree and by continuity of
T we have x,, — x. If y is nonatomic, then, by Lemma 4.9, C' is a triangulation
of the circle, and hence, by Proposition 4.3, C), can be chosen as triangulation
of the m-gon, which means that x, has n leaves and uniform distribution on
them. ]

We conclude this section with a few illustrative examples.

EXAMPLE 4.11 (coding algebraic measure trees without branch points). — Let
x be an algebraic measure tree without branch points. If x = x¢ for some
subtriangulation C, then A(C) = br(x¢) = ), and the following five cases can
occur (see Figure 4.3): a) ac consists of one single point of mass 1. Then
C = {x}, for some x € S. b) x¢ consists of an interval with two leaves, where
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FIGURE 4.3. Subtriangulations of the circle which correspond
to the five cases of algebraic measure trees without branch
points as explained in Example 4.11.

each carries positive mass adding up to 1, in which case, C is a single line
segment dividing the circle into two arcs with lengths corresponding to the
masses of the two leaves. ¢) x¢ consists of an interval with two leaves, where
each has positive mass adding up to a < 1. In this case, C' is the area of the
disc bounded by two distinct line segments and two arcs (possibly one of them
degenerated) of S, and the lengths of the remaining two arcs are given by the
masses of the leaves. d) x¢ consists of an interval with two leaves, where one
has positive mass a < 1, and the other one has zero mass. Then C is a circular
segment with arc length 1 — a. e) x¢ consists of an interval with no atoms on
the leaves, which implies C' = D.

EXAMPLE 4.12 (a complete binary tree). — Let C be the subtriangulation of
the circle drawn in the middle of Figure 4.1. Then #V(C) = # lfstom(7(C)) =
1. We refer to this only leaf with positive mass as the root p and obtain
u({p}) = %, corresponding to the length of the dotted arc. Moreover, 7(C)
consists of a complete rooted binary tree in the sense of graph theory (with
the convention that the root has degree 1), together with an uncountable set of
leaves given by the ends at infinity and carrying the remaining % of the mass.

EXAMPLE 4.13 (coding the Brownian CRT). — Recall the Brownian triangu-
lation Ccrr from Example 4.5, which is defined as the limit in distribution
of uniform random triangulations C,, of the n-gon. A realization is shown on
the right-hand side of Figure 4.1. It is easy to see that 7(C),) is the uniform
binary tree with n leaves and uniform distribution on the leaves. Thus, by The-
orem 4.8, the uniform binary tree converges bpdd-Gromov-weakly to 7(Ccrr).
At this point, it is not entirely clear that 7(Ccrr) is the algebraic measure tree
induced by the metric measure Brownian CRT. We will see in Section 6 that
this is, indeed, the case.

5. The subspace of binary algebraic measure trees

In Sections 5.1 and 5.2 with the sample shape convergence and the sample
subtree-mass convergence, we introduce two more notions of convergence of
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algebraic measure trees, which seem more natural when thinking of algebraic
trees as combinatorial objects. We then show in Section 5.3 that on Ty, both
of these notions are equivalent to the bpdd-Gromov-weak convergence. The
main tools are a uniform Glivenko—Cantelli argument and that the coding map
sending a subtriangulation of the circle to an element in Ty is continuous.

5.1. Convergence in distribution of sampled tree shapes. — The basic idea be-
hind Gromov-weak convergence for metric measure spaces is to sample finite
metric subspaces with the sampling measure p and then require these to con-
verge in distribution. In this section, we propose a corresponding construction
for binary algebraic measure trees, where we sample finite tree shapes with p.

First, we have to make precise what we mean by “tree shape”, which we
understand to be a cladogram with the peculiarity that leaves may carry more
than one label. The multilabel case is necessary to allow for sampling the same
point several times due to a possible atom at that point.

DEFINITION 5.1 (m-labelled cladogram). — For m € N, an m-labelled clado-
gram is a binary, finite algebraic tree C' = (C,¢) together with a surjective
labeling map ¢: {1,...,m} — If(C). Two m-labelled cladograms (C1,¥¢;) and
(Cy, £5) are equivalent if they are label-preserving isomorphic, i.e., there exists
a tree isomorphism f: C; — Cy with f(¢1(7)) = ¢3(3) for all i =1,...,m.

Define
(94) ¢, = {isomorphism classes of m-labelled cladograms}.

In the following, we will use cladograms to encode the shape of a subtree
spanned by a finite sample of leaves.

DEFINITION 5.2 (tree shape). — For a binary algebraic tree (T,c), m € N,
and uy,...,uy € T\ br(T,c), the tree shape s1(uq, ..., uy,) of the m-labeled
cladogram spanned by (u1,...,u,) in (T, c¢) is the unique (up to isomorphism)
m-labelled cladogram sp(ui,...,um) = (C,cc,?) with If(C) = {u,...,um}
and £(i) = uy, for all i = 1,...,m, and such that the identity on 1f(C) extends
to a tree homomorphism from C' onto c({ul, . ,um}3).

REMARK 5.3 (spanned subtree and cladogram are not necessarily isomorphic).
— The tree homomorphism from s (uy,. .., um,) onto c({uy,...,un}3) does
not need to be injective. This is the case if (and only if) u; € (u;,ux), for some
i,7,k € {1,...,m}. See Figure 5.1.

EXAMPLE 5.4 (shape of a totally ordered algebraic tree). — Let (T,c¢) be a
totally ordered algebraic tree, and uq,...,uy € T. Then sp(uj,..., uy) is a
so-called comb tree, which has a totally ordered spine of binary branch points
with attached leaves (see Figure 5.2).

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



100

In the following, we build a topology on the convergence of tree shapes of m
randomly sampled points. We, therefore, need the measurability of the shape
map.

LEMMA 5.5 (measurability of the shape map). — For every binary algebraic
tree (T,c) and m € N, the tree shape map st: (T \ br(T,c))™ — &, is a

W. LOHR & A. WINTER

| NS

U1 us3

N

V— U3 —— @ — Uy V] —— Vg —— Uy

/ /

U2 U2

FIGURE 5.1. A tree T and the shape sp(ui,us, us,uq).
Here, we are considering the homomorphism f: C —
A{ur, ..., uq}3) given by f(u;) = u;, i = 1,...,4 and then
necessarily f(v1) = v, f(v2) = ug; f is clearly no isomor-
phism, and the cladogram is not isomorphic to the subtree
c({u1, ug, us, us}?), because c(uy, uq, uz) = us.

— U U —— Uz —— U ——

Ui Uy Uy, Us Ugq

u9 us U9 us

FIGURE 5.2. The upper graph shows a totally ordered binary
algebraic tree and four distinct points wuq,...,us. The lower
left shows the shape sr(ug,...,us) of the cladogram which
forms a comb tree. The lower right illustrates what hap-
pens if a fifth point is equal to u;. Now, one of the leaves
of s7(uq,...,us) has two labels.

measurable function.

Proof. — Restricted to the opensubset {v € (T'\br(T',c))™ : v1, . .., vy, distinct },
s is locally constant and, hence, continuous. The same is true on the set
.y Um distinct}, which is an intersection of
a closed and an open set and, hence, measurable. We can continue this way to

{ve (T\br(T,c)™: vi =vs, va,.

see that sp is measurable on (T"\ br(T, c))™.
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DEFINITION 5.6 (tree shape distribution). — For x = (T, ¢, ) € Ty and m €
N, the m-tree shape distribution of x is defined by

(95) Gm(x) == @™o syt € My(E,,).

EXAMPLE 5.7 (shape of the linear nonatomic measure tree). — Let x = (T, ¢, p)
be the linear nonatomic algebraic measure tree (Example 3.4). Then any sam-
ple (u1,...,uy) with g consists of pairwise different points, and &,,(x) is the
mixture of Dirac measures on labeled comb trees where the mixture is over all
(up to isometry) permutations of the labels.

We refer to the weakest topology on Ty, such that for every m € N, the
m-~tree shape distribution is continuous as the sample shape topology.

DEFINITION 5.8 (sample shape topology). — The topology induced on Ty by
the set {S,, : m € N} of tree shape distributions is called the sample shape
topology.

We say that a sequence (x,,)nen is sample shape convergent to x in Ta if it
converges with respect to the sample shape topology, i.e., if &,,(x,) converges
to &,,(x) as n — oo for every m € N.

In analogy to the set I, of polynomials introduced in Remark 3.10, we also
introduce a set of test functions that evaluate the tree shape distributions. We
refer to & = ™% : Ty — R,

(%) )= [ e dua) = [ posrdum

m

where m € N and ¢: €, — R, as shape polynomial. We also define
(97) I1; := {shape polynomials on Ty }.

Obviously, the sample shape topology is induced by the set Il of shape poly-
nomials.

PROPOSITION 5.9 (sample shape implies bpdd-Gromov-weak convergence). —
On Ty, the sample shape topology is stronger than the bpdd-Gromov-weak topol-
ogy (i.e., any open set in the bpdd-Gromov-weak topology is open in the sample
shape topology).

Proof. — The bpdd-Gromov-weak topology is induced by the set II, of polyno-
mials (see Remark 3.10). Because the set of ¢ € Cp(R™*™) that are Lipschitz
continuous is convergence determining for probability measures on R""*™  the
subset of those ¥ € II, with

(98)  W(T,c,p) = / O (Wlui, ug] = v{uit — sv{u})ij=1,.m) p=™ (dw)

m

for some m € N and Lipschitz continuous ¢ € Cp(R™*™) also induces the
bpdd-Gromov-weak topology. Therefore, it is enough to show that such a ¥
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is continuous on Ty with respect to the sample shape topology. We do so by
showing that the restriction to T of ¥ is in the uniform closure of II;. Let L
be the Lipschitz constant of ¢ with respect to the £.-norm on R™*",

For n € N with 3n > m, we define

(99)
(T, ¢, 1) 12/ O((vn,ultis ws] = Svnu{ui} = 3vnu{t}ij=1,.m) n*"(dw),
T3n
with the empirical branch-point distribution
n—1
(100) Vnau = % Z Oc(ushs1,usira usirs)"
k=0

Note that the restriction of ®,, to Ty belongs to II; because whether or not
c(Ukt1, k2, Ugts) lies on [uz,uy], k € {0,...,n—1}, 4,5 € {1,...,m} only
depends on the shape 3, (u).

Finally, we observe

100 ¥ s [ L3 sup (D) - v (D]
(T,c,u)€T2 J T3 I€lr -
<3L-e, — 0,
n— oo
with Zp = {[z,y]; x,y € T} and (eé)nen — 0, where we have used a
n— 00

uniform Glivenko—Cantelli estimate that is an upper bound of the distance of
the empirical branch-point distribution to the branch-point distribution. Such
an estimate should be known, but as we could not come up with a reference,
we show it in Lemma A.4 in the Appendix. We note that dimyc(Zy) = 2

(compare Example A.2). O
COROLLARY 5.10 (metrizability). — The sample shape topology is metrizable.
Proof. — Because the sample shape topology is induced by a countable family

of functions (&,,)men with values in metrizable spaces, it is pseudo-metrizable.
By Proposition 5.9, it is stronger than the bpdd-Gromov-weak topology and,
hence, a Hausdorff topology. Therefore, it is metrizable. O

5.2. Convergence in distribution of sampled subtree masses. — In this section,
we introduce yet another notion of convergence of algebraic measure trees,
which, in contrast to sampling tree shapes, is based on sampling branch points
and evaluating the masses of the subtrees that are joined at these branch points.
This approach might be more similar to the case of metric measure spaces
and distance matrix distributions, because we sample a tensor of real numbers
(masses of subtrees) as opposed to a combinatorial object (tree shape). Thus,
the typical tools of analysis are more readily applicable to the corresponding
class of test functions.
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Let (T, ¢, ) € Ty and recall from (36) for uw, v, w € T the subtree component
Se(uv,w)(®) of T\ {c(u,v,w)}, which contains x # c(u,v,w). Here, we always
take the component containing & = wu, and consider its mass

(102) n(uavvw) = ]]-u;éc(u,v,'w) '/L(Sc(u,'u,w)(u))'

LEMMA 5.11 (measurability of the subtree masses). — For every binary alge-
braic measure tree x = (T,c,u) € Ty and m € N, the function n: T3 — [0,1]
is measurable.

Proof. — First, we claim that the map : T2 — [0, 1],
(103) V(u,v) = Ly - 1(Sy(w))

is lower semicontinuous. Indeed, let (u,,v,) be a sequence converging to (u, v).
We may assume without loss of generality that v # u, u,, € S,(u), and either
v, & Sy(u) for all n € N, or v, € Sy(u) for all n € N. In the first case,
Sy(u) €8y, (up) and, hence, ¥(u,v) < p(up,vy,). In the second case, for every
z € Sy(u) and n > n, sufficiently large, we have u € S, (u,,) and v, ¢ [z, u].
This means z € S, (uv) = Sy, (u,) and, hence,

(104) P(u,v) — liIr_l)infw(un,vn) < li_>m 1(Sy(w) \ Sy, (u)) = 0.

Therefore, 1) is lower semicontinuous. Because the branch-point map c is con-
tinuous due to Lemma 2.17, the same applies to n(u, v, w) = ¥((u, c(u, v, w)),
and 7 is measurable. ]

Given a vector u = (uy,...,un) € T™, m € N, we consider the masses of
all the subtrees we obtain as branch points of entries of w. To this end, let

(105) n(u,v,w) = (n(u, v,w), (v, u,w), n(w,u,v))

m

and define the function m,: 7™ — |0, 1]3'(5), given by
(106) m,(u) = (ﬂ(ui’uj’uk))1§i<j<kgm'

DEFINITION 5.12 (subtree-mass tensor distribution). — For x = (T, ¢, ) € To
and m € N, the m-subtree-mass tensor distribution of x is defined by

(107) O (%) = p®™ omyt € My ([0,1)%(5)),

EXAMPLE 5.13 (symmetric binary tree). — Let for each n € N, x, = (T}, ¢, pin)
be the symmetric binary tree with NV = 2™ leaves and the uniform distribution

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



104 W. LOHR & A. WINTER

N/ L
NN NN N
SN NS \

FIGURE 5.3. p is the uniform distribution on the leaves. Swap
the o-part with the x-part to obtain a nonisomorphic tree
giving the same value for 3.

on the set of leaves. Then the 3-subtree-mass tensor distribution of x, is equal
to

(108)
ﬂs(xn) = pg?omyt

_ 1—-27% 5 5
Z 2k+1 ( 2k1+172k1+171_7k)+ (51— Zk’2k+1)+ (- Qk’2k+172k+1)>

B 1
+ (- ﬁ(%,#l) ok g ) T R0 d b

L2 5 b
n—oo Z 2k+1 <(27"%’ﬁ’172%)+ (#’172’6’2’64-1)—’_ (- 2k’2k+1’27‘+1)>

REMARK 5.14 (3-subtree-mass tensor distribution is not enough). — It is not
enough to consider only the 3-subtree-mass tensor distribution. Indeed, V3
cannot distinguish all nonisomorphic binary algebraic measure trees, i.e., it
does not separate the points of Te. To see this, take the tree from Figure 5.3
with uniform distribution on its 12 leaves, and the same tree with the subtrees
marked by x and o, respectively, exchanged. These two trees are clearly non-
isomorphic, and because the two marked subtrees have the same number of
leaves, every vertex in one tree corresponds to a vertex in the other with the
same value for m,.

We consider the weakest topology on Ty such that for every m € N the
m-~subtree-mass tensor distribution is continuous. Here, as usual, we equip

M, ([0, 1]3(7;)) with the weak topology.

DEFINITION 5.15 (sample subtree-mass topology). — The topology induced
on Ty by the set {¢,, : m € N} of subtree-mass tensor distributions is called
sample subtree-mass topology.
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We say that a sequence (x,)nen is sample subtree-mass convergent to x in
T, if it converges with respect to the sample subtree-mass topology, i.e., if
U () converges to ¥, (x) as n — oo for every m € N. To see that the sample
subtree-mass topology is a Hausdorff topology on Ts, we need the following
reconstruction theorem.

PROPOSITION 5.16 (reconstruction theorem). — The set of subtree-mass ten-
sor distributions {0, : m € N} separates points of Ta, i.e., if 21,2 € Ty are
such that O, (x1) = 9m(xa) for all m € N, then x; = x5.

Proof. — We always assume that the representative (T ¢, u) of an algebraic
measure tree is chosen such that p(S,(u)) > 0, whenever u,v € T, u # v.

Because the set {S,, : m € N} of tree shape distributions separates points
by Corollary 5.10, it is enough to show that &,, is determined by the m-
subtree-mass tensor distribution ,, for every m € N. We do so by showing
that there exists a (noncontinuous) function h: [0, 1]3'(?) — €,,,, such that for
every x = (T,c,p) € To, we have s = hom, on (T \ br(T, c))m This is
enough, because u(br(T, c)) = 0 by countability of br(7T), ¢) and the assumption
that at(u) C (T, ).

Fix u = (ug,...,um) € (T'\ br(T,c))™ and set C = (C,cc,¥) == sp(u). For
i # j, we have u; = u; if and only if n(u;, u;, ur) = n(u;,u;,up) = 0 for any
and, hence, all k € {1,...,m} \ {4,5}. Thus, we can determine multiple labels
of C' by m,(u) and may assume in the following that wuq,...,u,, are distinct.
Then, the m-labelled cladogram C' is uniquely determined by the set of pairs
(z1,2,) of triples ; = (21,22, 2i3) € {ur,...,um}>, Ti; # xip for j # k,
i =1, 2, such that

(109) cc (931,1, T1,2, xl,s) = CC($2,1, €22, J152,3)-

We claim that (109) holds if and only if we can reorder the three entries of z,,
such that we can replace every entry of z; by the corresponding entry of z,
and obtain the same masses of subtrees. More precisely,

(110) n(z1,1, 21,2, 21,3) = n(@i1, 252, 0k,3) Vi, 5,k € {1,2}.

Indeed, if co(z;) = co(z,y), then c(z;) = c(zy) by definition of sr. Because
none of the u; is a branch point, every component of T \ {c¢(z;)} contains
precisely one of the z; ;, as well as one of the z;. We can reorder the entries
of xg, such that z;; is in the same component as x5 ;, ¢ = 1,...,3. Then it is
easy to check that (110) holds.

Conversely, assume that co(z;) # co(x5). Because the restriction of the tree
homomorphism C' — c({uy,...,u,}3) to the branch points of C is injective,
this implies vy = ¢(x;) # c(xzy) =: va. There must be an ¢ with z;,; €
Su, (v2), say i = 3. Also, z2; € Sy, (v2) for at least two different j, so at
least one which is different from ¢, say j = 2 (see Figure 5.4). Then vs =
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1,1 x1,3 T2,2
V1 —— V3 — V2
x1,2

F1GURE 5.4. The situation in the proof of Proposition 5.16.

c(x11,%22,213) € Sy (v2), and, in particular, x; 1,212 € Syy(21,1). Thus
n(zy) < n(r1,1,222,71,3), and (110) does not hold. O

COROLLARY 5.17 (metrizability). — The sample subtree-mass topology is
metrizable.

Proof. — Because the sample subtree-mass topology is induced by a countable
family of functions (9,,)men with values in metrizable spaces, it is pseudo-
metrizable. By Proposition 5.16, it is a Hausdorff topology and, hence, it is
metrizable. ]

In analogy to the sets II, and II; of polynomials and shape polynomials,
respectively, the sample subtree-mass topology also comes with a canonical
set of test functions. We call ¥: Ty — R subtree-mass polynomial if there is

m

m €N, and ¥ € ([0, 1> (%)) with

(111) W(X):/[O 1]3_(m)1/)d19m(x):/ W omy du®m.

3 m
We also define
(112) II,,, :== { subtree-mass polynomials on T }.
Obviously, the sample subtree-mass topology is induced by the set Il of

subtree-mass polynomials.

PROPOSITION 5.18 (sample shape convergence implies sample subtree-mass
convergence). — The sample shape topology is stronger than the sample subtree-
mass topology.

Proof. — The proof is similar to that of Proposition 5.9. We will show that
each subtree-mass polynomial in ¥ € II,,,

13) W) = [0t m) i ) B,

m

with m € N and ¢ € C([0, 1}3(7;)) Lipschitz continuous with respect to the

{s-norm on [0, 1]3(3) is in the uniform closure of II;. Let L be the Lipschitz
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constant of U. For n € N with n > m, we define

(114) D, (T, c,p) = /

where n#"2 is defined in the same way as 1 but with p replaced by the empirical
sample distribution

(" (i, uy, uk))1§i<j<k§m) P& (du),

n

(115) - Sy -

{=1

S|

Note that ®, € Ils, because whether or not uy € Sc(u;u,,uy)(wi) for some
te{l,....,n}, i,5,k € {1,...,m} depends only on the shape sy (u).

Finally, applying the uniform Glivenko—Cantelli estimate Lemma A.4, we
have

(116) - swp [ Lo sup |u(S) < po(S)] 1)
(T,c,pu)€T2 n SeSr
< Ley, —— 0,
n—oo
where St = {Sv(u) Dou,v € T} and (ep)nen —— 0. We note that
n—oo
dimyc(Sr) < 3 (compare Example A.3). O
5.3. Equivalence and compactness of topologies. — In this section, we show

that sample shape convergence (Definition 5.8), sample subtree-mass conver-
gence (Definition 5.15), and branch-point distribution distance Gromov-weak
convergence (Definition 3.7) on Ty are equivalent. While spaces of metric mea-
sure spaces are usually far from being locally compact, Ts is in this topology
even a compact metrizable space.

THEOREM 5.19 (equivalence of topologies and compactness). — The sample
shape topology, the sample subtree-mass topology, and the bpdd-Gromov-weak
topology coincide on To. Furthermore, To is compact and metrizable in this
topology.

Because compact subsets of a Hausdorff space are closed, a direct corollary
is that unlike the situation in the space of metric measure trees (with Gromov-
weak or Gromov-Hausdorff-weak topology), the set of binary trees is closed
with respect to the bpdd-Gromov-weak topology. In particular, Gromov(-
Hausdorff)-weak convergence does not imply bpdd-Gromov-weak convergence
of the induced trees.

COROLLARY 5.20. — The subspace To of binary algebraic measure trees with
atoms restricted to leaves is closed in T (with bpdd-Gromov-weak topology).

As a preparation of the proof for the theorem, we show that binary algebraic
measure trees continuously depend on their encoding as subtriangulations of
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the circle. Together with Proposition 5.9, this also finishes the proof of The-
orem 4.8. Recall the space T of subtriangulations of the circle equipped with
the Hausdorff metric topology from (84) and the coding map 7: 7 — Ty from
Theorem 4.8.

LEMMA 5.21 (continuity of the coding map). — Let Ty be equipped with the
sample shape topology and T with the Hausdorff metric topology. Then the
coding map 7: T — Ty is continuous.

Proof. — Fix C € T and m € N. By definition of the sample shape topology,
it is enough to show that &,, o 7: T — M;(€&,;,) is continuous at C. Let
Ui, ...,U, beindependent, identically distributed points on the circle S chosen
with the Lebesgue measure.

Recall from (83) the set V(C') of connected components of D\ conv(C) and
from (88) the connected component comp,,(y) of D\ px that contains y, where
x € A(C)UV(C), and y C D connected and disjoint from dpz. Furthermore,
recall the set O(C') from (89) and the subtree components S, (y) from (9).

For € > 0, there exists N = Ng . € N and vq,...,on € A(C)U V(C)
distinct, such that with probability at least 1 — e the following holds:

o if {Uy,...,Uyn}Nv#0forveV(C), then v € {v1,...,un}, and
o if {U,...,Un} Ncomp,(w) # @ for some v € A(C) and all w €
A(C)UV(C)uO(C) with w # v, then v € {vy,...,un}.
Put € :=e- (12mN)~!. Then
(117) P({d(U;,0v;) > €,Vi=1,....m;j=1,...,N}) >1—e

There is a 6 = §(e) > 0 sufficiently small, such that for any C’ € T with
Hausdorff metric d (C, C”) < 6, there are distinct vf, ..., vy € A(C")UV(C"),
such that dy(v;,v)) < € for i = 1,...,N. Let x = (T,¢c,u) = 7(C), and
Vi,...,V,, be independent, identically distributed, p-distributed, coupled to
Ui,...,Upn, such that V; € S,(w) if and only if Uy € comp,(w), which is
possible due to the properties of T established in Theorem 4.8. Define x’ and
Vi,..., V! similarly with C’ instead of C. Then

(118) P({sr(Vi,..., Vi) =57 (V{,....V})}) > 1 — 2,

which implies that dp,(S,,(7(C)), &,,,(7(C"))) < 2¢ (with dp, denoting the
Prokhorov distance). This shows that &,, o 7 is continuous at C' and, since m
and C are arbitrary, that 7 is continuous. (|

Now we are in a position to combine our results to a proof of the main
theorem of Section 5.

Proof of Theorem 5.19. — The space T of subtriangulations of the circle with
Hausdorff metric topology is compact according to Lemma 4.2. The coding map
7: T — Ty is surjective by Theorem 4.8, and continuous when Ty is equipped
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FIGURE 6.1. Realizations of S-splitting trees for (from left to
right) 8 = —1, 8 = 0 (Yule tree), 8 =10

with the sample shape topology by Lemma 5.21. Therefore, the sample shape
topology is a compact topology on Ty. Moreover, the sample shape topology is
Hausdorff by Corollary 5.10. As the sample subtree-mass topology is a weaker
Hausdorff topology by Proposition 5.18 and Corollary 5.17, it coincides with the
sample shape topology. The same is true for the bpdd-Gromov-weak topology
by Proposition 5.9. O

Recall from Remark 3.10 that the set of distance polynomials is convergence
determining for measures on Ts. It directly follows from the construction that
the same is true for the sets of shape polynomials and subtree-mass polyno-
mials. This property is very useful for proving convergence in law of random
variables.

COROLLARY 5.22 (convergence determining classes of functions). — The sets
I, C Cy(T2) (defined in (96)) and Iy (defined in (111)) are convergence
determining for measures on To with bpdd-Gromov-weak topology.

Proof. — Ts is a compact metrizable space, and both II; and Il induce the
bpdd-Gromov-weak topology on Te by Theorem 5.19. Furthermore, each of
Il and Il is closed under multiplication. Thus, the claim follows by the
Stone—Weierstrass theorem. O

6. Example: sampling consistent families

Consider a family (T, c¢n)nen of random, finite binary (algebraic) trees,
where (T),,c,) has n leaves. Let K, be the Markov kernel that takes such a
tree and removes a leaf uniformly chosen at random, together with the branch
point to which it is attached, thus obtaining a binary tree with n — 1 leaves.
We say that the family is sampling consistent if K, (T, -) = L(T,,—1), where
L denotes the law of a random variable.
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EXAMPLE 6.1 (S-splitting trees). — For every 8 € [~2,00], let T/ be the
B-splitting tree on n leaves from [6] (with forgotten labels). For —2 < 8 < oo,
the B-splitting tree T? can be constructed recursively as follows: TQ’B consists
of two leaves connected by a distinguished root edge. If n > 2, choose i €
{1,...,n — 1} with probability

(119) = (1) [ L - ) d,

where a,(8) is a normalization constant. Then construct two independent
[B-splitting trees Tf and Tf—m introduce a new branch point in the middle of
each of the two root edges, and connect these new branch points with the new
root edge to obtain T .

It is easy to see (and was observed in [6]) that (T)),,cy is sampling consistent.
Note the special cases f = —2, which is the comb tree, § = f%, which is the
uniform cladogram, = 0, which is the Yule tree, and § = oo, which is the
symmetric binary tree. See Figure 6.1 for triangulations of a realization of
B-splitting trees for different values of 8 and large n. The Aldous Brownian

CRT, which is the limit for g = —%, is shown in Figure 4.1.

LEMMA 6.2 (convergence of sampling consistent families). — Let ((Ty, ¢n))nen
be a sampling consistent family of random binary trees and p, the uniform
distribution on (T, c,,). Then we have the convergence in law

(120) (T, cn, tin) %) (T,c,u) on Ty with bpdd-Gromov-weak topology,

for some random algebraic measure tree (T,c,pn) € To with the nonatomic
measure Ji.

Proof. — Recall the m-tree shape distribution &,, from Definition 5.8. Let
n,m € N with m < n and define

(121) €n,m = ,u%’m{x eT™: x1,...,2, not distinct} < mT—f

Because (T},) is sampling consistent, we obtain for the annealed shape distri-
bution

(122) E(Gm(Tnacnaﬂn)) = (1 - en,m)C(Tﬁl) + €n,mMn,m,

where T, is obtained from T,, by randomly labeling the leaves, and fi, ., €
M (€,,) is some law of m-labelled cladograms supported by cladograms where
at least one leaf has more than one label. This shows that, for every fixed
m, the expected m-tree shape distribution converges as n — co. Because the
m-tree shape distribution is convergence determining for the bpdd-Gromov-
weak topology by Corollary 5.22, all limit points of L(T},, ¢y, tr) in M1(T3)
coincide. According to Theorem 5.19, Ty, and, hence, M;(T3), is compact,
and, thus, a unique limit exists. That the limiting measure is nonatomic is
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obvious, because the probability that a sampled shape is single-labeled tends
to 1 by (122). |

In the parameter range 3 € [—2, —1), the height (in graph distance) of the (-
splitting tree with n leaves is asymptotically of power-law order ©(n=#=1). In
this case, after rescaling edge lengths with the factor n®*!, Gromov-Hausdorff
convergence in law to a fragmentation tree is shown in [40, Corollary 16]. In the
case 3 > —1, the height of the tree is only of logarithmic order ©(log(n)), and it
is easy to see that no nontrivial Gromov-Hausdorff scaling limit (with uniform
edge rescalings) exists. Seen as algebraic measure trees, however, it easily
follows from sampling consistency that the bpdd-Gromov-weak limit exists in
the full parameter range 3 € [—2, 00].

EXAMPLE 6.3 ([-splitting trees continued). — By Lemma 6.2, for every f €
[—2, oc], the sequence (T2, c2, 1if),en of increasing B-splitting trees converges
in distribution to some limiting random algebraic measure tree (7, c?, ). In
the case of the uniform cladogram (8 = —2), the limit is the Brownian algebraic
continuum random tree, which can be obtained as tree 7(Ccorr) coded by the
Brownian triangulation (see Example 4.5), or as the algebraic measure tree
induced by the metric measure Brownian CRT, which is known to have uniform
shape distribution ([3]). In the case of the comb tree (5 = —2), the limit is the
unit interval with Lebesgue measure (a coding triangulation is shown in the
very right-hand part of Figure 4.3).

Appendix A. A uniform Glivenko—Cantelli theorem

In Sections 5.1 and 5.2, we made use of uniform estimates of the speed
of convergence in the approximation of the branch-point distribution and the
measure of a algebraic measure tree by empirical distribution. Such uniform
Glivenko—Cantelli estimates under a bound on the Vapnik—Chervonenkis di-
mension (VC-dimension) of the type presented below should be well known.
As we did not find it explicitly in sufficient generality in the literature, we will
present it here.

We recall the definition of VC-dimension, going back to the seminal work of
Vapnik and Chervonenkis, [57]. Let E be a nonempty set and Z a nonempty
collection of subsets of E. For n € N and z € E™, put

(123) I(x) = {(]].I(.’L'l), o Ly(zn)) s T €T} C{0,13™
Then, obviously, 1 < #Z(z) < 2™.

DEFINITION A.1 (Vapnik—Chervonenkis dimension). — The Vapnik—Chervo-
nenkis dimension of T is defined as
(124) dimyc(Z) == sup{n € N: max #I(z)=2"}.
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ExXAMPLE A.2 (collection of intervals of an algebraic tree). — Let (T, ¢) be a
separable algebraic tree with #71" > 2 and

(125) 7 :=TIr = {[u,v] : u,v € T}.
For x1,29,u € T distinct, we have
#I(x) > #{[u, u], [1,21], [22, 22], [21, 22]} = 2%,

and, hence, dimyc(Zr) > 2. Conversely, for z € T3, either there is u,v € T
with z1,29,23 € [u,v]. Then without loss of generality x5 € [z7,23] and
(1,0,1) ¢ Zy(x). Or there is no such u,v € T, which means (1,1,1) ¢ Zr(x).
Therefore,

(126) dimvc (IT) = 2.
Recall the notion S, (y) of the equivalence class of T'\ {x} containing y.

EXAMPLE A.3 (collection of subtrees branching of a branch point). — Let
(T, c) be a separable algebraic tree and

(127) T :=38p={S(u): u,veT}.
We claim that

(128) dimvc (ST) S 3.

For this upper bound, let x = (11, z2, 23, 74) € T*. By the four-point condition
of the branch-point map, we can assume without loss of generality that

(129) C(l’l,IL'Q,IZZg) = C($1,SC2,I’4).

In this case, it is not possible to cover {z1, x5}, but not x5 or x4 either, with a
single subtree in St, which proves the claim.

The leading constant in the following Glivenko—Cantelli lemma is clearly not
optimal. For us, it is only important that it is universal and does not depend
on the measure space (EF, u).

LEMMA A.4 (rate of convergence in Glivenko-Cantelli). — Let E be a Polish
space, p a probability measure on E, (X,,)nen independent and identically dis-
tributed, p-distributed, and p, = %22:1 0x, the empirical measure. Then,
for every T C B(E) with dimyc(Z) < oo and n > 1,

dimvyc(Z)

(130) E (suplu(l) — pn(1)]) < 961/
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Proof. — By the Kuratowski isomorphism theorem, all uncountable Polish
spaces are Borel-isomorphic. Therefore, we may assume without loss of gener-
ality that £ = R. Theorem 3.2 in [21] yields

(131) A :=E(sup|u(l) — pn(1)]) g NP / \/10g 2N (r,Z(z))) dr,

I€T V1 zern
where N(r,Z(x)) is the covering number of Z(x) with respect to the metric
ﬁ - dg2, where dg2 is the Euclidean metric on {0,1}". This covering number
can have an upper bound in terms of the separation number M (r,Z) with
respect to the metric ; dg used by Haussler in [41], and Theorem 1 there
yields

(132)  N(HIE) < MEIE) < cdmve@ + 1 (5) ",

provided that nr? e N. For r? < l , we use the trivial estimate M (r?, Z(z)) < 2".
For general 72 > 1 we estimate M( ,Z(z)) < M(%|nr?],Z(z)), and inserting
(132) into (131) ylelds

(133)

A_\2/47( n+1

+ /i \/log(Qe(dimvc(I) +1)) + dimyc(Z) log(2e(r? — £)71) d?“)

n+1 _
\f dimyc(Z \/ / \/3 + log(2e) — 2log(r )
>

where we used that log(2e(d+1)) < 3d for d > 1, and 72 — 1 > (r— ) The
last bracket is less than 4 for n > 1, and the claim follows. O

S\
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ABSTRACT. — In 1885, Fedorov discovered that a convex domain can form a lattice
tiling of the Euclidean plane, if and only if it is a parallelogram or a centrally symmetric
hexagon. This paper proves the following results. Besides parallelograms and centrally
symmetric hexagons, there is no other convex domain that can form any two, three or
fourfold translative tiling in the Euclidean plane. In particular, it characterizes all two-
dimensional fivefold translative tiles, which are parallelograms, centrally symmetric
hexagons, two classes of octagons and one class of decagons.

RESUME (Caractérisation des pavages translatifs quintuples a deux dimensions). —
En 1885, Fedorov découvrait qu’un domaine convexe peut former un réseau-pavage
de la plane euclidienne si et seulement s’il est un parallélogramme ou un hexagone
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convexe qui peut former dans la plane eucldienne un pavage translatif double ou triple
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1. Introduction

In 1885, Fedorov [6] proved that a convex domain can form a lattice tiling in
the plane if and only if it is a parallelogram or a centrally symmetric hexagon; a
convez body can form a lattice tiling in the space if and only if it is a parallelo-
tope, a hexagonal prism, a rhombic dodecahedron, an elongated dodecahedron,
or a truncated octahedron. As a generalized inverse problem of Fedorov’s dis-
covery, in 1900 Hilbert [13] listed the following question in the second part of his
18th problem: Whether polyhedra also exist which do not appear as fundamen-
tal regions of groups of motions, by means of which nevertheless by a suitable
juxtaposition of congruent copies a complete filling up of all space is possible.
To verify Hilbert’s problem in the plane, in 1917 Bieberbach suggested to Rein-
hardt (see [19]) to determine all the two-dimensional convex tiles. However, to
complete the list turns out to be challenging and dramatic. Over the years,
the list has been successively extended by Reinhardt, Kershner, James, Rice,
Stein, Mann, McLoud-Mann and Von Derau (see [15, 27]); its completeness has
been mistakenly announced several times! In 2017, M. Rao [18] announced a
completeness proof based on computer checks.

Let K be a convex body with (relative) interior int(K’) and (relative) bound-
ary 0(K), and let X be a discrete set, both in E™. We call K + X a translative
tiling of E™ and call K a translative tile, if K + X = E” and the translates
int(K)+x; are pairwise disjoint. In other words, if K+ X is both a packing and
a covering in E™. In particular, we call K 4+ A a lattice tiling of E™ and call K a
lattice tile, if A is an n-dimensional lattice. It is apparent that a translative tile
must be a convex polytope. Usually, a lattice tile is called a parallelohedron.

As one can predict, to determine the parallelohedra in higher dimensions is
complicated. According to Fedorov [6], there are exact five types of parallelo-
hedra in E3. Through the works of Delone [3], Stogrin [23] and Engel [5], we
know that there are exact 52 combinatorially different types of parallelohedra
in E*. A computer classification for the five-dimensional parallelohedra was
announced by Dutour Sikiri¢, Garber, Schiirmann and Waldmann [4] only in
2015.

Let A be an n-dimensional lattice. The Dirichlet—Voronoi cell of A is defined
by

C={x:x€E" |x,0| <|x,A|},

where | X, Y| denotes the Euclidean distance between X and Y. Clearly, C'+ A
is a lattice tiling, and the Dirichlet—Voronoi cell C' is a parallelohedron. In
1908, Voronoi [22] made a conjecture that every parallelohedron is a linear
transformation image of the Dirichlet-Voronoi cell of a suitable lattice. In E2,
E? and E*, this conjecture was confirmed by Delone [3] in 1929. In higher
dimensions, it is still open.
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To characterize the translative tiles is another fascinating problem. At the
first glance, translative tilings should be more complicated than lattice tilings.
However, the dramatic story had a happy ending! It was shown by Minkowski
[17] in 1897 that every translative tile must be centrally symmetric. In 1954,
Venkov [21] proved that every translative tile must be a lattice tile (parallelohe-
dron) (see [1] for generalizations). Later, a new proof for this beautiful result
was independently discovered by McMullen [16].

Let X be a discrete multiset in E™ and let k be a positive integer. We call
K + X a k-fold translative tiling of E™ and call K a translative k-tile, if every
point x € E™ belongs to at least k translates of K in K + X, and every point
x € E™ belongs to at most k translates of int(K) in int(K) + X. In other
words, K + X is both a k-fold packing and a k-fold covering in E™ (see [7, 27]).
In particular, we call K + A a k-fold lattice tiling of E™ and call K a lattice
k-tile, if A is an n-dimensional lattice. Apparently, a translative k-tile must be
a convex polytope. In fact, similarly to Minkowski’s characterization, it was
shown by Gravin, Robins and Shiryaev [10] that a translative k-tile must be a
centrally symmetric polytope with centrally symmetric facets.

Multiple tilings were first investigated by Furtwéingler [8] in 1936 as a gen-
eralization of Minkowski’s conjecture on cube tilings. Let C' denote the n-
dimensional unit cube. Furtwéingler made a conjecture that every k-fold lattice
tiling C' + A has twin cubes. In other words, every multiple lattice tiling C' + A
has two cubes sharing a whole facet. In the same paper, he proved the two and
three-dimensional cases. Unfortunately, when n > 4, this beautiful conjecture
was disproved by Hajés [12] in 1941. In 1979, Robinson [20] determined all
the integer pairs {n, k} for which Furtwingler’s conjecture is false. We refer
to Zong [25, 26] for detailed accounts on this fascinating problem and to pages
82-84 of Gruber and Lekkerkerker [11] for some generalizations.

Let P denote an n-dimensional centrally symmetric convex polytope, let
7(P) be the smallest integer k, such that P can form a k-fold translative tiling
in E™, and let 7*(P) be the smallest integer k, such that P can form a k-fold
lattice tiling in E™. For convenience, we define 7(P) = oo, if P cannot form
translative tiling of any multiplicity. Clearly, for every centrally symmetric
convex polytope, we have

T(P) < 7(P).

In 1994, Bolle [2] proved that every centrally symmetric lattice polygon is
a lattice multiple tile. However, little is known about the multiplicity. Let

A denote the two-dimensional integer lattice and let Ps denote the octagon

with vertices (3, 5), (3,3), (3. 3), (5. =3), (=3, ), (=3, —5), (=3, %) and
(f%, %), as shown in Figure 1. As a particular example of Bolle’s theorem, it
was discovered by Gravin, Robins and Shiryaev [10] that Ps + A is a sevenfold

lattice tiling of E2.
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Figure 1

In 2000, Kolountzakis [14] proved that, if D is a two-dimensional convex
domain, which is not a parallelogram, and D + X is a multiple tiling in E?2,
then X must be a finite union of translated two-dimensional lattices. In 2013,
a similar result in E? was discovered by Gravin, Kolountzakis, Robins and
Shiryaev [9].

In 2017, Yang and Zong [24] studied multiple lattice tilings by proving the
following results. Besides parallelograms and centrally symmetric hexagons,
there is no other convex domain that can form any two, three or fourfold lat-
tice tiling in the Fuclidean plane. However, there are particular octagons and
decagons that can form fivefold lattice tilings. Afterwards, Zong [29] character-
ized all the two-dimensional fivefold lattice tiles. A convex domain can form a
fivefold lattice tiling of the Fuclidean plane, if and only if it is a parallelogram,
a centrally symmetric hexagon, under a suitable affine linear transformation,

a centrally symmetric octagon with vertices vi = (—a, f%), ve = (1—q, f%),

vy = (1 +a,—%), vy = (1 - a,%), Vs = —Vi, Vg = —Vg, Vy = —V3 and
vg = —vy, where 0 < a < i, or with vertices vi = (8, —-2), vo = (1 + 3,-2),
\173 =(1-5,0), va = (B,1), v5 = —v1, V¢ = —Va, V7 = —V3, V§ = —Vy, where
1 <B< %, or a centrally symmetric decagon with u; = (0,1), ue = (1,1),
us = (%,%), uy = (%,0), us = (17—%)7 Ug = —u3, uy = —Uuz, ug = —Uus,
ug = —uy and uyg = —us as the middle points of its edges.

This paper proves the following theorems.

THEOREM 1.1. — Besides parallelograms and centrally symmetric convex hexa-
gons, there is no other convex domain that can form a two, three, or fourfold
translative tiling of the Euclidean plane.
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THEOREM 1.2. — A convex domain can form a fivefold translative tiling of
the Euclidean plane, if and only if it is a parallelogram, a centrally symmet-
ric hexagon, under a suitable affine linear transformation, a centrally sym-
metric octagon with vertices vi = (% — %‘,—2), Vo = (—% — %‘",—2), vy =

(% — %,0), vy = (% — %,1), V5 = —V1, Vg = —Vo, V7 = —V3 and Vg = —Vy,
where 0 < a < %, or with vertices vi = (2 — 3,-3), vo = (—f8,-3), vz =
(72, 71), V4 = (727 1), V5 = —Vi1, Vg = —Vg, V7 = —V3 and Vg = —Vy, where
0 < B <1, or a centrally symmetric decagon with u; = (0,1), us = (1,1),
uz = (%,%), uy = (%,0), us = (17—%), Ug = —uj, Uy = —ug, Ug = —Us,
ug = —uy and uyg = —us as the middle points of its edges.

REMARK 1.3. — Comparing this with Zong’s work [29], it is easy to show that
all fivefold translative tiles are fivefold lattice tiles.

2. Basic preparation

Let Py, denote a centrally symmetric convex 2m-gon centered at the origin,
let vi, va, ..., Vo, be the 2m vertices of P, enumerated clock-wise, and let
Gi1, Ga, ..., Go,, be the 2m edges, where G; is ended by v; and v;y;. For
convenience, we write

V = {Vl,Vg,...,ng}
and
I ={G1,Ga,...,Gam}.

Assume that Py, + X is a 7(Pa,,)-fold translative tiling in E?, where X =
{x1,X2,X3,...} is a discrete multiset with x; = 0. Now, let us observe the
local structures of P, + X at the vertices ve V + X.

Let XV denote the subset of X consisting of all points x;, such that

VvV € 8(P2m) + X;.
Since Py, + X is a multiple tiling, the set XV can be divided into disjoint
subsets X7, X3, ..., X}, such that the translates in P, + X7 can be re-

enumerated as Py, + X{, Py, + xé, B xg'?, satisfying the following

conditions (as shown by Figure 2 in two cases):
1. v € O(Poy,) —I-Xz holds for all i =1,2,...,s;.

2. Let /] denote the inner angle of Pay,, + x{ at v with two half-line edges
L}, and Lj ,, where Lj |, x] —v and Lj , are in clock order. Then, the
inner angles join properly as

L3,2 = L?+171
holds for alli =1, 2, ..., s;, where Lgﬁl,l = L{,r
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J
PQm + Xit1

J
P2m + X1

i J
Li+1‘1 ZHr]

J
L,,;}Q

J
P, om + X;

Figure 2

For convenience, we call such a sequence Ps,, + x{, Py, + xé, R xg’]_
an adjacent wheel at v. In other words, if v belongs to the boundary of a tile,
then we follow this tile around, moving from tile to tile, until it closes up again.
It is easy to see that

Sj )

Z lz = 2'[1)]' - T

i=1
hold for positive integers w;. Then we define

t T
) =S wy = L334

j=1 j=11i=1

and
e(v) =8{x;: x; € X, veint(Poy,) +x;}.

In other words, w(v) is the tiling multiplicity produced by the boundary, and
©(v) is the tiling multiplicity produced by the interior.

Clearly, if Pa,, + X is a 7(Pa,)-fold translative tiling of E2, then
(1) T(Pom) = ¢(v) + @w(v)

holds for all v e V + X.
Now we introduce some basic results which will be useful in this paper.

LEMMA 2.1. — Assume that Ps,, is a centrally symmetric convex 2m-gon cen-
tered at the origin and Paoy + X is a 7(Payy,)-fold translative tiling of the plane,
where m > 4. If ve V+ X is a vertex and G € T'+ X is an edge with v as one
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of its two ends, then there are at least [(m —3)/2] different translates Pap, +X;
satisfying both

v € 0(Pom) + x;
and

G \ {V} C int(PQm) =+ X;.

Proof. — Since adjacent wheels are circular, without loss of generality, let
P +%x1, Pory +Xo, ..., Pop, +X5 be an adjacent wheel at v, such that G is the
first edge appearing in the wheel and let /; denote the inner angle of Ps,, + x;
at the vertex v.

Let n denote the smallest index, such that

(2) Zlizw'ﬂ'
=1

holds with some positive integer w. Then the angle sequence £y, Zs, ..., Z,
has no pair /; and Z; satisfying /; = Z;. Otherwise, one can make the index
n smaller. If Z; and Z;1 are two opposite angles of Ps,, appearing in the
angle sequence with 1 < 5 < j+k < n, it is easy to see that

k—1
E 4j+7; = UJ/ - T
=0

holds with a positive integer w’ and w > w’. Therefore, to estimate w we may
assume that the angle sequence /1, Zo, ..., Z, has no opposite angle pair
of Pgm.

Clearly, Z; = =, if and only if v is a relative interior point of an edge of
Py, + x; (such as Z5 in Figure 3) and, therefore,

3) S Vi<
=1

On the other hand, if ¢ of the n angles are m and n — ¢ < m, then m —n + £
pairs of the opposite angles of P»,, do not appear in the angle sequence. Thus,
we have

(4) i:li>€-7r+(m—1)-7r—(m—n+€)-7r=(n—1)~7r,

which together with (3) contradicts (2). Therefore, to avoid the contradiction,
we must have

n—4£f=m,
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P+ x4y

Ps+ x5

Py +x
Figure 3

and each pair of the opposite angles of P,,, has a representative in the sequence
Z1, Lo, ..., L,. Consequently, we have

(5) Zlizwz(m—l)-m

If v e d(Pom) + x4, G C Py, + x4, and G is not an edge of Py, + x;, then
by the convexity and symmetry of Pa,, it follows that G\ {v} C int(Pa,,) + x;.
Therefore, it follows by (5) that G \ {v} is covered by at least

m—1 1= |m= 3
2 ]2
of the s translates int(Ps,,) + x;. Lemma 2.1 is proved. ]

LEMMA 2.2. — Assume that Pay, is a centrally symmetric convex 2m-gon cen-
tered at the origin, Pa,, + X is a translative multiple tiling of the plane, and
v eV + X. Then we have
m—1 1
=Kk —— + 0=,
w(v) =k 5 + 5
where K 1s a positive integer, and £ is the number of the edges in I' + X, which
take v as an interior point.

Proof. — Assume that Py, +X1, Poy, + X2, ..., Poy, + X, is an adjacent wheel
at v and let Z; denote the inner angle of P, + x; at v. Of course, we have
/; = m, if v is not a vertex of Py, + X;.
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Assume that /; < 7 and let n to be the smallest index, such that

(6) Z i = wT

holds with a positive integer w. We proceed to show that each pair of the
opposite angles of Py, has one and only one representative in /1, Zo, ..., Zp,.

If, on the contrary, Z; and Z;4 are two of these n angles, /; < 7, which
are either identical or opposite. Then, it is easy to see that

k-1
(7) Z Liyi=uw'r
i=0

holds with a positive integer w’. For convenience, we assume that Z;, Z;41, ...,
Zj+k—1 have neither a identical nor an opposite pair. Then, by repeating the
argument between (2) and (5) in the proof of Lemma 2.1, one can deduce that
each pair of the opposite angles of P, has one and only one representative in
Zj, Ljg1, - Ljtk—1. Consequently, one of these k angles is either identical
or opposite to Z1, which contradicts the minimum assumption on n and w.

Then, applying the argument between (2) and (5) to £y, Za, ..., Zp, it can
be deduced that

n
(8) Z Zi=(m—1)m+ {7,
i=1
where ¢; is the number of the 7 angles in /4, 2o, ..., Z,. In fact, it is n — m.
By repeating this process to Z,+1, Zn+t2, ..., £Ls if necessary, it follows that
9) Zli =k'(m—1)m +{'x,

i=1
and, therefore,

1 ° m—1 1

where the first sum is over all adjacent wheels at v, k' and k are suitable
positive integers, and £’ and £ are suitable nonnegative integers. In fact, £ is
the number of the edges that take v as an interior point.

Lemma 2.2 is proved. O
LEMMA 2.3. — If m is an odd positive integer, Pay, is a centrally symmetric
convexr 2m-gon centered at the origin o, and Ui, Us, ..., Usy, are the middle

points of its edges enumerated clockwise, then we have
Z(fl)iui =o.
i=1
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Proof. — Since u; is the middle point of G;, we have
Vo = 2111 — Vi,

vy = 2us — va,

Vm+1 = 2Wy, — Vi,

which implies

(11) —V1 =Vmp41 = —V1 — 22(71)1111
i=1
and, therefore,
Z(—l)iui =o.
i=1
The lemma is proved. |

The following lemma will be useful in the proofs of Lemma 3.5 and
Lemma 3.8.

LEMMA 2.4 (Bolle [2]). — A convez polygon is a k-fold lattice tile for a lattice A
and some positive integer k, if and only if the following conditions are satisfied:

1. It is centrally symmetric.

2. When it is centred at the origin, in the relative interior of each edge G
there is a point of %A.

3. If the midpoint of G is not in %A, then G is a lattice vector of A.

3. Proofs of the theorems
LEMMA 3.1. — Let Py, be a centrally symmetric convexr 2m-gon, then

T(PQm) Z {

m—1, if m is even,
m—2, if m is odd.
Proof. — Assume that Py, + X is a 7(Pay,)-fold translative tiling in the Eu-

clidean plane and assume that v € V 4+ X. Then it follows by Lemma 2.1
that

(12) o(v) > [mﬂ |

2
Let Po,, + x1, Popy + X2, ..., Pay + X5 be an adjacent wheel at v and let /4,
Za, ..., Zs be the corresponding angle sequence. By (5) we have

(13) () > o ; Zi> {m;ﬂ .
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Then, it follows by (1), (12) and (13) that

T(Pom) > {m_?’-‘ + {m_l-‘ :{m—l, if m is even,

2 2 m —2, if mis odd.
Lemma 3.1 is proved. O
LEMMA 3.2. — Let P4 be a centrally symmetric convez tetradecagon, then
7(P14) > 6.

Proof. — Assume that Pi4 + X is a 7(Py4)-fold translative tiling in E? and
v €V + X. By Lemma 2.1 and Lemma 2.2, we have

(14 UHEIE
and
(15) w(v):/ﬁ-3—|—€-%23,

where k is a positive integer and ¢ is a nonnegative integer.
Now, to show the lemma it is sufficient to deal with the following two cases.

Case 1. — w(v) >4 holds for a vertex v € V + X. Then, by (1) and (14) we
get

(16) T(P1g) = o(v) + w(v) > 6.

Case 2. — w(v) = 3 holds for every vertex v € V + X. First, let us observe
a simple fact. If w(v) =3 holds at v € V + X and Py + x1, Pig + X2, ...,
Py + x5 is an adjacent wheel at v, then it follows from (15) that s must be
seven and v is a common vertex of all these translates, as shown by Figure
4. Then, by Lemma 2.1, every vertex v; connecting with v by an edge is an
interior point of two of the seven translates in the wheel.

Then, we have

7)) w(vi) = w(v3) = w(v;3) = w(vi) = w(v5) = w(vg) = w(vy) = 3.

Therefore, for each vertex v}, there are two different points y; 1, y;2 € X, such
that

v; € O(Pia) +Yi s j=1,2
and
v € int(Pia) +yi 5, j=1, 2.
Ify;; ¢ {y1,1,y1,2} holds for one of these points, and then we have
p(v) 23
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.

LT

Figure 4

and, therefore,

(18) 7(P1a) > o(v) + w(v) > 6.

Ify; ; € {y1,1,¥y1,2} holds for all of these points, then we must have
{vi,v5,v5, vy, Vi, v, va} C O(Pra) + y1.1-

It is known that (D 4 x) N (D + y) is centrally symmetric for all x and y
whenever D is centrally symmetric. Then, by Figure 4 it is easy to see that
(Pra +y1,1) N (Pia +x1) is a parallelogram with vertices vi, v, v} and vi +
(vi —v), and (P14 + y1,1) N (P1a + x7) is a parallelogram with vertices v7,
v, vi and v} + (vi — v). Consequently, by symmetry one can deduce that
P4 + y1,1 is an hexagon with vertices vi, vi + (vi —v), vi, v+ (v — v}), v
and v} + (vi —v), which contradicts the assumption that P4 is a tetradecagon.

As a conclusion, for every centrally symmetric convex tetradecagon, we have

(19) 7(P14) > 6.
The lemma is proved. O
LEMMA 3.3. — Let P12 be a centrally symmetric convex dodecagon, then we
have

T(P12) > 6.
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Proof. — First of all, it follows by Lemma 2.1 that

6—3
(20) UHIE= B
holds for all v € V 4+ X. On the other hand, by Lemma 2.2 we have
6—1 1
21 =k-—+L-=>3.
(21) w(v) =k o D>
Thus, to show the lemma it is sufficient to deal with the following two cases.

Case 1. — w(v) > 4 holds for a vertex v € V + X. Then it follows by (1)
and (20) that

(22) 7(P2) = 9 (v) + B(v) > 6.
Case 2. — w(v) = 3 holds for a vertex v.e V + X. Assume that P2 + x1,
Pis + %2, ..., P12 + x, is an adjacent wheel at v. By (21) it can be deduced
that there is a G € I' + X, such that

v € int(G).

Let v/ and v* denote the two ends of G. By Lemma 2.1 and the convexity of
Py it follows that X has four different points y}, y5, yi and y?5 satisfying

v ed(Pp)+y;, i=1, 2,
v ed(Pi)+y;, i=1,2,
veint(Ppe)+y;, i=1, 2, and
v €int(Pro) +y;, i=1, 2.
Consequently, we have
e(v) = 4,
and, therefore,
(23) 7(P12) = p(v) + w(v) > 7.
The conclusion of these two cases that
(24) 7(P12) > 6
holds for every centrally symmetric dodecagon. Lemma 3.3 is proved. g

LEMMA 3.4 (Yang and Zong [24]). — Let Pyg be a centrally symmetric decagon
centred at the origin, them we have

T (PIO) Z 5.
LEMMA 3.5. — Let Pig be a centrally symmetric decagon centred at the origin,
then we have

7(Pro) > 5,

where the equality holds, if and only if Pyg is a fivefold lattice tile.
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Proof. — Let vy, va, ..., vig denote the ten vertices of Pjg enumerated clock-
wise, let G; denote the edge with ends v; and v; 1 and let u; denote the middle
point of G;. Suppose that X is a discrete subset of E2, and Pjp+ X is a 7(Pio)-
fold translative tiling of the plane. First of all, it follows from Lemma 2.1 that

5—3

(25) o(v) > [2] 1

holds for every v € V + X. On the other hand, by Lemma 2.2 we have
1
(26) ’(D(V):I{'2+€~§7

where k is a positive integer, and £ is the number of the edges that contain v
as a relative interior point.
Now we prove the lemma by dealing with two cases.

Case 1. — £ # 0 holds at a vertex v.€ V + X. In other words, there is an
edge G € I' + X, such that v € int(G). Clearly, by (26) we have w(v) > 3.
Suppose that vi and v} are the two ends of G. By Lemma 2.1, there are
two different points y; € XVi and y2 € X"g, such that
vV E (int(Plo) + y1) N (int(Plo) + y2) .

Then we have p(v) > 2. If @w(v) > 4, one can deduce that

(27) #(Pro) = $(v) + = (v) = 6.
If w(v) = 3, by (26) one can deduce that Pyp+ XV consists of seven translates
Pig + x1, Pig + X2, ..., Pig + X7, and there is another G’ € T' + X, which

contains v as an interior point. Suppose that G is an edge of Pig + xg, and G’
has two ends vi and vi. We deal with three subcases.

Subcase 1.1. — G'||G and G’ # G. Without loss of generality, we assume

that v is between vi and v5. Then, by Lemma 2.1 we have y; € XVi, such
that

vV E int(Plo) +yi, =12 5.

It is obvious that yi, y2 and ys5 are pairwise distinct. Thus, we have p(v) > 3
and, therefore,

(28) 7(P1o) = p(v) + w(v) > 6.

Subcase 1.2. — G’ = G. Then Pjy + XV can be divided into two adjacent
wheels, as shown by Figure 5.

Let Pig+xg and Pig+x7 be the two translates that contain G as a common
edge. Without loss of generality, suppose that G = G¢ + x7 and v = v; + X7,
as shown in Figure 5. Let L be the straight line determined by vi and v3, let
G7 be the edge of Pjg + x; lying on L with ends v and v} and let G5 be the
edge of Pip + x; with ends v and vj.
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Ve V7

Figure 5

It is easy to see that w(vy) > 3 and ¢(v]) > 2, since vj is an interior point
of Gi. If w(v}) > 4, then we have 7(Py) > 6. If w(v]) = 3, the adjacent
wheel at v} can be divided into two adjacent wheels. Since vi = vg + x7,
by Lemma 2.1 and the structure of the adjacent wheel that consists of five
translates, we have three points y1, y2, y3 € XV, such that

(29) vi=vs+y1, Vj€int(Pp)+yi,
(30) vi =vio+Yy2, V;€int(Pi)+ye,
and

(31) vi=vi+ys, VEint(Py)+ys.

Clearly, we also have vi € int(Pyg) + x4. Since vi € int(Pg) + x4, we thus
have x4 ¢ {y1,y2}, p(vi) > 3 and

(32) 7(Pro) = p(v3) + w(vy) > 5,

where the equality may hold only if w(vi) = 2. When w(vi) = 2, by
Lemma 2.1 and the structure of the adjacent wheel with five translates, there
is a point y4 € XVs, such that

(33) vi=vs+ys, VEIint(Pyo)+ya.

Furthermore, by Lemma 2.1 we have a point y5 € XVi,_ such that v € int(Pyo)+
vs5. By (31), (33) and convexity we have

VZ S (int(Pl()) + Y3) n (int(PlO) + y4) R
Vs € {ys,ya}, p(v) > 3 and, thus,
(34) 7(Po) = ¢(v) + w(v) > 6.
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Subcase 1.3. — G’ }f G. Suppose that G is an edge of Pig + xg with ends v
and v, which contains v as an interior point. Since G’ }f G, there is a translate
Pio+x’ in XV that meets Py + xg at a non-singleton part of G. Let L be the
line determined by v and v3. Let G% be the edge of Pig+ x’ lying on L with
ends v} and v, where v§ € int(GY).

First, since £ # 0 at v}, by (26) we have
(35) =(v]) > 3.

On the other hand, since G’ }f G, the local arrangement Pjy + XV cannot be
divided into smaller adjacent wheels. Then, two of the seven translates in Pyjg+
XV contain both v3 and v} as interior points. Furthermore, by Lemma 2.1,
there is a translate Pjg +y in Pig + X Vi that contains v] as an interior point
and, therefore, ¢(v}) > 3. Then, by (35) we get

(36) 7(Po) = ¢(vi) + w(vi) = 6.
Case 2. — £ =0 holds for all vertices v.€ V + X. Then by (26) it is sufficient
to assume that w(v) can take only two values, 2 or 4.

Subcase 2.1. — w(v) = 4 holds at a verter v.€ V + X. Then the local
arrangements Pjo+ XV can be divided into two adjacent wheels, each containing
five translates. Suppose that Pjg+x1, Pig+Xo, ..., Pjg+ X5 is such a wheel at
v and v = v + x3. Then, as shown in Figure 6, the wheel can be determined
by Pio + x1 explicitly as follows:

V= Vgt X2, Grpa+%x2 = Gro1 + X1,

vV =vViys t+ X3, Grys+x3=Gre3+ X,

V =vVii2 + X4, Grio+ x4 = Gryr+ X3,

V=Vit6+ X5, Grie+ X5 = Gig1 + Xy,

where V10+4+i = Vi and G10+i = Gl

Py + %2

Py + x5

Vig M

LN
-

Py +xp
Figure 6
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Without loss of generality, as shown by Figure 6, we take v = v; + xq,
vl = v2 +x; and v} = vig + x;. By Lemma 2.1, for each v}, there is a point
y; € XVi, such that

vV E int(Pm) +Yy;.

In fact, by the previous analysis, we have y; = vi —v4. Therefore, by convexity
and symmetry,

vy € int(Prg) + y1.
Thus, the two points y; and ys are different. Then we have
p(v) = 2,
and
(37) 7(Pro) = ¢(v) + @w(v) 2 6.

Subcase 2.2. — w(v) = 2 hold for all vertices v.€ V + X. Let Pig be a
centrally symmetric convex decagon centred at the origin with vertices vy, va,

.., V1o enumerated in anti-clock order. Let GG; denote the edge with ends v;
and v;41 and let u; denote the middle point of G;. Then, we define

a; = u; — Ug,
az; = uz —uy,
az = Uz — Ug,
a4 = U4 — Uy,

as = U5 — Ujg-
By Lemma 2.3 we have
(38) a; —as +a3 —ayq+as =o.

Assume that x; = 0 € X. Since w(v) = 2 holds for every vertex v e V + X,
by studying the structure of the adjacent wheel at v we have

Zziai eX, z €.

For convenience, we define

(39) A= {Z zia; 1 z; € Z} )

Suppose that the adjacent wheel at v; is Pjo +x;, i1 =1, 2, ..., 5. Let v}
be the common vertex of Pjg + x; and Py + X;41 other than vy, as shown in
Figure 7, where xg = x; and x; = o. By Lemma 2.1, we have y; € X"ﬂ such
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Py + x5

Figure 7

Py +x;

that vi € int(Pyo) + y;. In fact, it can be explicitly deduced by the adjacent
wheels at vy, v}, v3, vi, v} and v§ that

.
Y1 =V — Vg =ag—as,

E3
Y2 = Vg —Vig =a; —ag+ay,

*
(40) Y3 =V3—Veg=a; —az+as—as,
*
Y4 =Vy —Vy = —as+az—ay,
*
Y5 = Vs — Vg = —as —aj + as.

For example, if Pjo + y2 satisfying vig + y2 = v3, one can obtain Py + y2 by
moving Py successively to Pig+a;, Pig+a; —ag, and then to Pjg+a; —ag+ay.

By (40) and symmetry it can be shown that y; # y;+1, where yg = y;. For
example, if y; = y2 (as shown in Figure 7), then by symmetry we will get that
(Pro+x2)N(Pro+y1) is a parallelogram and y; = v —vs3, which contradicts the
first equation of (40). Thus, any triple of {y1,¥y2,...,y5} cannot be identical
and, therefore, p(v) > 3. Consequently, we get

(41) 7(Pro) = ¢(v) + w(v) > 5,

where the equality may hold only if p(v) = 3.
When ¢(v) = 3, the five points y1, y2, ..., ¥5 have to satisfy one of the
following five groups of conditions:

(i) y1 =ys and y2 = y4;
(i) y1 = y3 and y2 = ys;
(iii) y1 = y4 and y2 = ys5;
(iv) y1 = y4 and y3 = y5 and
(v) y2 =ys and y3 = ys.
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Case (i). — y1 =ys and y2 =y4. Then, by (40) and (38) we get
az —az =a; —az +aq4 — as,
a; —az +a4 = —az +az —as,
a; —az +az—ayg+as=o,
2a; —2a4 + a5 = a1 + (ag — a4),
ay — 2a5 = 2a; — (a3 — aq),
a; —as = a; + (a3 —ay)
and, therefore,
ay = ay,
ax = —2a; +4(a3 — ay4),
a3 = —4a; + 6(az — ay),
ay = —4a; + 5(ag — ay),
a5 = —3a; + 3(ag — a4),

which means that A is a lattice with a basis {a;, as —a4}. Furthermore, since
u; = %ai € %A, it follows by Lemma 2.4 that Pyo + A is, indeed, a multiple
lattice tiling. Thus, for this particular Pjy by (39) and Lemma 3.4 we have

(42) 7(P1o) > 7°(P1o) > 5,
where the equalities hold only if Pjg + X is a fivefold lattice tiling.
Case (ii). — y1 =y3 and y2 =ys5. Then, by (40) and (38) we have
az —az =a; —az + a4 — as,
a; —ag +a4 = —aj; +az —as,
a; —az +az—as+as=o,
ai +as +as = —az + 2(az + as),
3a; +4a; = 2(as + as),
a; —ay +2a5 = —az + (a2 + as)
and, therefore,
a; = 8az — 6(ag + as),
as = 6ag — 4(ag + as),
a3z = ag,
ay = —3a3 + 3(az + as),
a5 = —6a3 + 5(az + as),

which means that A is a lattice with a basis {a3, as 4+ as}. Furthermore, since

u; = %ai S %A, it follows by Lemma 2.4 that Pjy + A is, indeed, a multiple
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lattice tiling. Thus, for this particular Pjg by (39) and Lemma 3.4 we have
(43) T(Plo) Z T*(Plo) Z 5,

where the equalities hold only if Pjg + X is a fivefold lattice tiling.
Case (iii). — y1 =y4 and y3 =ys5. Then, by (40) and (38) we get

as —ag = —az +ag — as,
a; —ag+ay4 = —a; +az — as,

a; —az +az —ayg t+as =o0,

2a2 — as —+ 2&5 = 7(31 — ag) + ay,
a9 + 2&5 = —3(&1 — ag),
az+as = —(a; —a) +ay

and, therefore,

a; = 4ay + 6(a; — ag),
as = 4ay + 5(a; —ag),
az = 3ay + 3(a; — ag),
a4 = a4,

a5 = —2a, —4(a; — ay),

which means that A is a lattice with a basis {a4, a; —as}. Furthermore, since
u; = %ai € %A, it follows by Lemma 2.4 that Pjg + A is, indeed, a multiple
lattice tiling. Thus, for this particular Pig by (39) and Lemma 3.4 we have

(44) T(Plo) Z T*(Plo) Z 5,

where the equalities hold only if Pjg + X is a fivefold lattice tiling.
Case (iv). — y1 =y4 and y3 =ys. Then, by (40) and (38) we have

az; —az = —az +ag — as,

a3 —az+a4—as = —a; +az —as,
a; —az+az3—ast+as=o,
ag—a4+a5:a3—(a1+a5),
3a2—|—2a5 :a3—|—3(a1 —|—a5),

ag+a4:ag+(a1+as)
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and therefore
a; =4az — 5(a; + as),
as = 3az — 3(a; + as),
az = ag,
aq = —2a3 +4(a; + as),
a5 = —4az + 6(a; + as),

which means that A is a lattice with a basis {as, a; + as}. Furthermore, since
1

w; = 3a; € %A, it follows by Lemma 2.4 that Pjy + A is indeed a multiple
lattice tiling. Thus, for this particular Pjy by (39) and Lemma 3.4 we have
(45) 7(P1o) > 7*(P1o) > 5,
where the equalities hold only if Pjg + X is a fivefold lattice tiling.
Case (v). — y2 =y4 and y3 =ys. Then, by (40) and (38) we have

a; —az+ay = —az +az — as,

a; —az+a4—as = —a; +az —as,

a; —az+az3—ast+as=o,

2a; —ag = —2as,

3a; +az — 3a4 = 3(ay — a4) — as,

a; +az—2a, = (ag—ay) —as

and, therefore,

a; = 3a; + 3(az — ay),
as = 6as + 5(az — ay),
az = 8as + 6(ay — ay),
ay = 6as + 4(ag — ay),

a5 = as,

which means that A is a lattice with a basis {a5, as —ay}. Furthermore, since
u; = %ai IS %A, it follows by Lemma 2.4 that Pjg + A is indeed a multiple
lattice tiling. Thus, for this particular Pjg by (39) and Lemma 3.4, we have

(46) T(Plo) Z T*(Plo) Z 5,
where the equalities hold only if Pjg + X is a fivefold lattice tiling.

As a conclusion of these cases, Lemma 3.5 is proved. O
LEMMA 3.6 (Zong [28, 29]). — A centrally symmetric convex decagon can form

a fivefold lattice tiling in B2, if and only if, under a suitable affine linear
transformation, it takes u; = (0,1), ug = (1,1), ug = (%,%), uy = (%,O),
us = (1,—1), ug = —uy, uy = —uy, ug = —u3z, Uy = —uy and uyy = —us as
the middle points of its edges.
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REMARK 3.7 (Zong [28, 29]). — Let W denote the quadrilateral with vertices

w1 = (7%71)7 W = (*%a%)a W3 = (7%a%) and wy = (7%7%) A centrally
symmetric convex decagon can take u; = (0,1), uy = (1,1), uz = (%,%),
uy = (%70)7 Us = (L*%)v ug = —up, U7 = —Ug, Ug = —Uuz, Ug = —uy and
u;p = —us; as the middle points of its edges, if and only if one of its vertices is
an interior point of W.

LEMMA 3.8. — For every centrally symmetric convex octagon Ps we have

T(Pg) Z 5,

where the equality holds, if and only if, under a suitable affine linear trans-
formation, it is one with vertices vi = (% — %’1,— ), vy = (—% — %‘3‘,— ),
V3 = (%—%,0)7 V4 = (%—%71), Vs = —Vi, V¢ = —Va2, V7 = —Vv3 and
vg = —vy, where 0 < a < %, or with vertices vi = (2—8,-3), vo = (-5, -3),
vy = (=2,-1), va = (=2,1), vs = —Vv1, V¢ = —Va, V7 = —V3 and Vg = —Vy,

where 0 < 8 < 1.

Proof. — Suppose that X is a discrete subset of E2, and Ps+ X is a 7(Ps)-fold
translative tiling of the plane. First of all, it follows from Lemma 2.1 that
(47) o(v) > [42?’] —1

holds for all v € V 4+ X. On the other hand, by Lemma 2.2 we have

3 1
(48) w(v)—ﬁ-§+€-§,

where k is a positive integer and ¢ is a nonnegative integer. In fact, ¢ is the
number of the edges that take v as an interior point. Thus, to prove the lemma,
it is sufficient to deal with the following four cases:

Case 1. — w(v) > 5 holds for a vertex v e V + X. It follows by (1) and (47)
that

(49) 7(Pg) = ¢(v) + w(v) > 6.

Case 2. — w(v) = 4 holds for a vertex v.€ V + X. It follows by (48) that
£ # 0 and therefore v € int(G) holds for some G € T'+ X. Assume that vj
and v} are the two ends of G. Applying Lemma 2.1 to {v}, G} and {v},G},
respectively, one can deduce that

p(v) > 2
and, therefore,
(50) T(Pg) = ¢(v) + w(v) > 6.

Case 3. — w(v) =3 holds for a vertex v.€ V 4+ X. Then (48) has and only
has two groups of solutions {x, ¢} = {1, 3} or {2,0}.
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Subcase 3.1. — {k, ¢} = {1,3}. Then, there are three edges G}, G4 and G%
in I' + X satisfying

veint(G;), i=1,2, 3.
Next, we study the multiplicity by considering the relative positions of these
edges.

Subcase 3.1.1. — G} = G4 = G%. Assume that v} and v} are the two ends
of G%. Then XV has two identical points. By computing the angle sum of all
the adjacent wheels at v it can be deduced that

w(vy) > 4.

Then, by Case 1 and Case 2 we get

(51) 7(Ps) = w(vi) + ¢ (vi) = 6.
Subcase 3.1.2. — G4 = G4 and G} }f GY. Then there are two adjacent wheels
at v, one has five translates Pgs + x1, Ps + Xa, ..., Py + X5, and the other has

two translates Pg + x} and Pg + x5, as shown by Figure 8.

By re-enumeration we may assume that £y, £, /3 and Z4 are inner angles
of Ps and Z5 = 7, as shown by Figure 8. Guaranteed by linear transformation,
we assume that the two edges G and G3 of Pg are horizontal and vertical,
respectively. Suppose that G| = G; + x5. Let vi and v} be the two ends of

1, let L denote the straight line determined by vi and v3, let G% denote the

Py +x3

Vs Ve

V7
Vy

AL

PK+x

Ps+xy ) Vi

Figure 8
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edge of Ps + x4 lying on L with two ends v and v3, and let G} denote the edge
of Pg + x; lying on L with two ends v and v7.

By Lemma 2.1, there is a point y; € XVi, such that v§ € int(Ps) + yi.
Clearly, by the convexity of Pg, both v} and v belong to int(FPs) + x}. Thus,
we have y; # x}. Meanwhile, since both v} and v} belong to int(Ps) + X2, we
have x5 # y; and, therefore,

p(v3) > 3.
Similarly, we have ¢(v}) > 3, p(v3) > 3 and ¢(v}) > 3. Then, by (48) we get
(52) T(Ps) = ¢(vi) + w(vi) = 5,
where the equality may hold only if
(53) w(vi) = w(vy) = w(v3) = w(vi) = 2.

By (48) it is easy to see that the local configuration of Ps+ XV is essentially
unique when w(v) = 2. In other words, it is determined by the one that v
is not its vertex. Consequently, the set X has four points y1, y2, y3 and y4
satisfying

(54) vi =vy+y1,v €int(Ps) +y1,
(55) vy = vy +y2,v €int(Ps) + ya,
(56) vi =v3+ys,v e int(Ps) +ys, and
(57) vy = Vg +y4,v € int(Fg) + ya.

Clearly, by the convexity of Py we have y1 # yo, y1 # y3 and ys # y4. For
convenience, we write v; = (z;,y;). If yo = y3, then by (55) and (56) we have

(58) Y3 = yr.
If y; = y4, then by (54) and (57) we get
(59) Ys = Ys.

However, it is obvious that (58) and (59) cannot hold simultaneously. There-
fore, we still get

and, therefore,

(60) 7(Ps) = p(v) + w(v) > 6.
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Ps+ys
B +ys3
vi v vi
V3 P
N k’ v
) P+ 1y
Figure 9

Subcase 3.1.3. — G} # G4 and G} || G5. Let vi and v3 be the two ends of

t, and let vi and v} be the two ends of G5. Without loss of generality, we
suppose that v3 is between vi and v3, as shown by Figure 9. By Lemma 2.1,
X has three points y1, y2 and y3 satisfying both

v; € 8(Pg) +yi, i1=1,2,3
and
veint(Ps)+y;, i=1, 2, 3.

By the convexity of Pg it is easy to see that these three points are pairwise
distinct. Then, we get

p(v) >3
and, therefore,
(61) r(By) = w(v) + 6(v) > 6.
Subcase 3.1.4. — G1 I G, Gy }f G5 and G}, }f GY. By studying the angle sum

at v it can be deduced that Ps + XV is an adjacent wheel of seven translates.
Suppose that x3 € XV and G} is an edge of Pg + x2. Since G}, G, and G% are
mutually non-collinear, XV has two points x; and x3, such that v is a common
vertex of both Py +x7 and P +x3, and Ps+ X5 joins both Ps+x; and Pg +x3
at non-singleton parts of G, respectively. Let v} and v} be the two ends of

1, let L denote the straight line determined by v} and v, let G denote the
edge of Ps 4+ x; lying on L with ends v and v}, and let G5 denote the edge of
Ps 4+ x3 lying on L with ends v and v}, as shown in Figure 10.

By studying the corresponding angles of the adjacent wheel at v, it is easy
to see that Ps + XV has exact two translates which contain both v} and v as
interior points. On the other hand, by Lemma 2.1, Ps + X5 has at least one
more translate that contains vj as an interior point. Thus, we have

p(vi) > 3.

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



144 QI YANG & CHUANMING ZONG

Pg-‘rX»z

Ps+x; Ps+x3

Figure 10

Similarly, we have p(v3) > 3, ¢(v3) > 3 and ¢(v}) > 3. Then, by (48) we get
(62) T(Fs) = ¢(vi) + w(vi) = 5,

where the equality may hold only if

(63) w(vi) = w(v3) = w(v3) = w(vy) =

By repeating the argument between (53) and (60), it can be deduced that
(64) 7(Ps) = ¢(v) + w(v) > 6.

Subcase 3.2. — {k, ¢} = {2,0} holds at every vertexv € V+X. Then Pg+ XV
is an adjacent wheel of eight translates Ps +x1, Ps +Xo, ..., Ps+Xg, as shown
in Figure 11. Let v} be the second vertex of Ps 4 x; connecting to v by an
edge. Since w(v) = 3, every v} is an interior point of exactly two of these
eight translates. Consequently, for every v, there are two different translates
Py +y; and Ps 4y} in Ps + XVi that both contain v as an interior point.

On the other hand, it can be easily deduced that there is only one point
x € X, such that both vi and v} belong to 0(FPs) + x and v € int(FPs) + x. It
is v — v + x;. Therefore, at least one of the two points ys and y} is different
from both y; and y}. Then, we get

and
(65) T(Ps) = o(v) + w(v) > 6.
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Ps + X3 Py + xg
\
. vi
Pg + X9 V; 2 Pg + X3
v v
v
V3
Py +x7 v
v P+ xg
Py +x )
Figure 11

Case 4. — w(v) = 2 holds for a vertex v.€ V + X. It follows by (48) that
w(v) = 2 holds, if and only if Kk = 1 and ¢ = 1. In other words, Ps + XV is
an adjacent wheel of five translates. By re-enumeration we may assume that
/1, Zo, Z3 and Z4 are inner angles of Py and Z5 = m, as shown by Figure 12.
Guaranteed by linear transformation, we assume that the edges G; and G3 of
Ps are horizontal and vertical, respectively.

Let G denote the edge of Ps + x5, such that v € int(G7) with two ends v}
and v3, let L denote the straight line determined by v} and v3, let G5 denote
the edge of Ps + x4 lying on L with ends v and vj, and let G} denote the edge
of Pg + x1 lying on L with ends v and v}. If w(v]) > 3 or w(v}) > 3, by
Case 1, Case 2 and Subcase 3.1 we have 7(Pg) > 6. Therefore, by considering
the adjacent wheels at vi, vi, vi and v} successively, 7(Pg) < 5 may happen
only if

(66) ®(v]) = @(v3) = w(v}) = w(v]) = 2

Since the configuration of Ps + XV is essentially unique if w(v) = 2, by
considering the wheel structures at v, vi, v3, v} and v}, there are four points
Y1, Y2, Y3 and y4 in X satisfying

(67) v =vs+y1,vEint(FP)+yi,
(68) V5 = V7 +y2,V € int(Fg) + ya,
(69) vi =v3+ys,veint(Ps) +ys, and
(70) Vi = Vs +y4,V € int(FR) +ya

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



146 QI YANG & CHUANMING ZONG

Ps+y, Ps + x5

R<+X2

P8+X3

\ /v L
/ v A
Ps+yi !

\ .
\ P+x V3

Figure 12

V2 Vi

By the convexity of Pg it follows that y; # ya2, y1 # y3 and yo2 # y4. For
convenience, we write v; = (2;,¥;). If y1 = y4, and then by (67) and (70) we
have

(71) Ya = Ys-
If yo = ys3, then by (68) and (69) we have
(72) ys = yr.

It is obvious that (71) and (72) cannot hold simultaneously. Therefore, we have

either y; # y4 or y2 # ys.
On the other hand, since w(v) = 2, the three inequalities y5 # y4, y2 # ¥3
and y; # y4 cannot hold simultaneously. Otherwise, it can be deduced that

p(v) =4
and, therefore,
(73) T(Ps) = p(v) + w(v) > 6.

Since y1 = y4 and y, = y3 are symmetric, with respect to v in Figure 12, it is
sufficient to deal with two subcases.

Subcase 4.1. — y3 = y3. Let v} and v} be the two vertices of Pg + X2 that
are adjacent to v, as shown in Figure 13. First, we have v| € int(Ps) + xs.
Second, by convexity it is easy to see that v| € int(Ps) + y4. Since y» = ys3,
we have y3 = y7. Then v] is an interior point of Py + y2 as well. Thus we get
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Ps+y, ——

F+ys !

Ps+yo
v e
Ps+x3 - )
Ps+ %o Vi v £ =

\£
\\ Vi A Low
/ V7
\ % v
” \v5 P+ 1y Vg
g+ X
8 4 / Pg + X1 v v,

Figure 13
o(v}) > 3 and
(74) 7(Ps) = w(vi) + ¢(vi) = 5,
where the equality may hold only if
(75) w(vy) = 2.

By Lemma 2.1, there is a point y5 € X1, such that v € int(Pg) + ys.

Subcase 4.1.1. — v} is a vertex of Py +ys5. If v| is a vertex of Ps + y1, as
shown by Figure 13, then by symmetry one can deduce that v is a vertex of
Pg+y1. Similarly, it follows by (70) that v} is a vertex of Ps+y4 as well. Then
some points near to v, belong to all int(Pg) +y1, int(Pgs) +y4 and int(Ps) +x;.
Thus, we have

(76) w(vh) > 3.

Let v denote the vertex vy + y1 of Ps + y1, as shown in Figure 13. By
Lemma 2.1, there is a point z € X Vs, such that v}, € int(Pg) 4+ z. Then it can
be deduced that v§ € int(Pg) + x4 and, thus, z # x4. Since y3 = yr, it can be
shown that v ¢ Ps + y2 and, therefore, z # yo. In addition, we have

vy € (int(Pg) + x4) N (int(Pg) + y2) -
Thus, we have
p(vy) >3
and, consequently,
(77) 7(Ps) = ¢(vy) + w(vy) = 6.

If v} is not a vertex of Py 4+ yi, remembering the subcase assumption, then we
have y; # ys. In fact, in this case all y1, y3, y4 and y5 are pairwise distinct.
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Thus, we have

p(v) > 4
and
(78) 7(Ps) = ¢(v) + @w(v) > 6.
Subcase 4.1.2. — v} is an interior point of an edge of Ps+ys. It follows from

the convexity of P that v} is an interior point of both Ps +y4 and Ps + ys3.
Therefore, we have y5 ¢ {ys,y4}. If y5 # y1, then all yi1, y3, y4 and y5 are
pairwise distinct. Thus, we have

p(v) >4
and
(79) 7(Ps) = ¢(v) + @w(v) > 6.
If ys = y1, then all yq, y3 and y4 are pairwise distinct and, therefore,
(80) T(Ps) = ¢(v) + @w(v) = 5.

Now, we try to figure out the equality cases in (80).

Notice that v} is an interior point of Ps + x5, and Ps + y; has only two
edges G4 + y1 and G5 + y1, which contain interior points of Py + x5. Since
w(vi) = 2 (see (75)), by studying the structure of the adjacent wheel at v/,
one can deduce that v must be an interior point of G5 + y;. Then we have

(81) Ys — Y4 = Ys — Y3
and
(82) Y3 — Y2 = 2(ys — y3)-

Let vi and v{ be the two ends of G5 + yi. Suppose that vi is on the left-
hand side of v}. By Lemma 2.1, there is a point yg € X5, such that v} €
int(Pg) + Ye-

It is obvious that v is an interior point of both Ps + x5 and Ps +y2. Thus,
we have yg ¢ {y2,x5}. If v is not lying on the boundary of Pg + y4, then we
have y4 # yg. Consequently, all ys, y4, Y and x5 are pairwise distinct. Then
we have

p(vi) >4
and
(83) 7(Ps) = p(v1) + w(vy) > 6.

Thus, to save 7(Ps) = 5, the point v must belong to the boundary of Ps +yy4.
Furthermore, since the y-coordinate of v is equal to the y-coordinates of both
v} and vs + y4, the point v must be the vertex vz + y4 of Ps + ya.
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Let v denote the z-coordinate of v and let wy, we and ws denote the x-
coordinates of vs + ya4, vi and vi, respectively. First, by computing the -
coordinate of v} in two ways we get

wy + (z7 — x6) + (26 — 5) + (5 — 24) = v + (6 — T5)
and, thus,
(84) wy =v — (x7 —x6) — (5 — T4).
On the other hand, since y2 = y3, by computing the distance between v} and
v, in two ways we get
(x7 —xg) + (w6 — x5) + (x5 — 24) + v — wy = 2(xg — x5)
and, thus,
we = v+ (x7 — x6) — (x6 — x5) + (x5 — x4).
Since v} is the left vertex of G5 + y1, we get
(85) wy =wy + (5 —x4) = v+ (7 — xg) — (Tg — x5) + 2(x5 — T4).
Then, vi = v + y4 implies w; = w3 and
(86) 2(x7 — x6) + 3(x5 — x4) = x6 — T5.
In conclusion, recalling (81) and (82), a centrally symmetric octagon Py with
(1 horizontal, G5 vertical and yy = y3 is a fivefold translative tile only if
Ys —Ya = Y4 — Y3,
(87) Ys — Y2 = 2(ya — y3),
xg — x5 = 2(x7 — x6) + 3(x5 — T4).

Guaranteed by linear transformations, by choosing y4 — y3 = 1, zg — x5 = 2
and z5 — z4 = « and keeping the symmetry in mind, one can deduce that
the candidates are the octagons Dg(«) with vertices vi = (% - 570‘, 72), Vo =
(~5-%.-2) v = (§-30) ve = (8- 31, % = —vii vo = v,
vy = —vg and vg = —vy, where 0 < a < %

Let A(a) denote the lattice generated by u; = (2,0) and up = (1 + §,1).
By Lemma 2.4 it can be shown that Dg(a) + A(«) is, indeed, a fivefold tiling
of E2.

Subcase 4.2. — y3 = y4. First of all, we have ¢(v) > 3 and, therefore,
(88) T(Bs) = ¢(v) + @w(v) =2 5.

Next, we try to figure out the equality cases in (88).
As shown by Figure 14, by (69) and (70) we get

(89) Y3 = Ys
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P\JrXr

Ps + x5
V 5+X

V3 v V4
Ps+y» v
1)3 + X4
P +x
Figure 14
and
(90) rg — T3 = 2(2171 - 1‘2).

By Lemma 2.1, there is y5 € XV1, such that v € int(Pg) + ys5. Since y3 = ys,
by convexity we have v} € int(Ps) + y3, and then y5 # y3. If both y5 # y;
and y5 # yo hold simultaneously, then we have

e(v) = 4,
and, therefore,
(91) 7(Pg) = ¢(v) + w(v) > 6.

Thus, the equality in (88) holds only if y5 =y or y5 = yo.
Suppose that y5 = y1. If v| is a vertex of Ps + y1, then we have

(92) Ys — Ya = Ya — Y3.

If v} is an interior point of an edge of Ps + y1, eliminated by Case 1, Case 2
and Subcase 3.1 at v/, it may be assumed that w(v}) = 2. Then, by studying
the structure of the adjacent wheel at v/, one can deduce that v{ must be an
interior point of G5 + y1. Since Gy + y1 is horizontal, we also obtain (92).
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In conclusion, recalling (89) and (90), a centrally symmetric octagon Py with
G4 horizontal, G5 vertical and y3 = y4 is a fivefold translative tile only if

Ys = Ys,
(93) Ys — Y4 = Y4 — Y3,
rg — I3 — 2(1‘1 — 1‘2).

Guaranteed by linear transformation, by choosing y4 —y3 = 2, 1 —x2 = 2 and
x¢ = [ and keeping symmetry in mind, one can deduce that the candidates
are the octagons Dg(8) with vertices vi = (2 — 3,-3), vo = (—3,-3), v3 =
(=2,-1), vy = (—2,1), v§ = —v1, Vg = —Va, V7 = —v3 and vg = —vy, where
0<p<l.

Let A(B) denote the lattice generated by u; = (2,0) and ug = (1 + §,2).
By Lemma 2.4, it can be proved that Dg(8) + A(S) is, indeed, a fivefold tiling
of E2.

Lemma 3.8 is proved. |

Proof of Theorem 1.1. — It has been shown by Gravin, Robins and Shiryaev
[10] that a convex body can form a multiple translative tiling in E™ only if
it is a centrally symmetric polytope with centrally symmetric facets. Then,
Theorem 1.1 follows from Lemma 3.1, Lemma 3.5 and Lemma 3.8. (|

Proof of Theorem 1.2. — Assume that Py, is a centrally symmetric 2m-gon
satisfying 7(Pa,) = 5. First, by Fedorov’s theorem and Lemma 3.1 we have
4 < m < 7. Second, by Lemma 3.3 and Lemma 3.2 we get m # 6 and 7,
respectively. When m = 5, the theorem follows by Lemma 3.5 and Lemma 3.6.
Finally, when m = 4, the theorem follows from Lemma 3.8. (|
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ABSTRACT. — The 3k — 4 conjecture in groups Z/pZ for p prime states that if
A is a nonempty subset of Z/pZ satisfying 2A # 7Z/pZ and |2A] = 2|A| +r <
min{3|A| — 4, p —r — 4}, then A is covered by an arithmetic progression of size
at most |A| + r + 1. Previously, the best result toward this conjecture, without any
additional constraint on |A|, was a theorem of Serra and Zémor proving the conjecture
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on r provided that A is sufficiently dense. We then give several applications. First,
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maximal density was 1/3.0001 (using the Serra-Zémor theorem). We improve this to
1/3.1955. We also present a construction following an idea of Schoen, which yields a
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RESUME (Sur les ensembles de petite somme et les ensembles sans m-somme dans
Z/pZ). — La conjecture 3k — 4 dans les groupes Z/pZ, pour p premier, affirme que
si A est un sous-ensemble non vide de Z/pZ vérifiant 2A # Z/pZ et |2A| = 2|A| +
r < min{3|A| — 4, p —r — 4}, alors A est inclus dans une suite arithmétique de
cardinalité au plus |A| 47+ 1. Le meilleur résultat précédent vers cette conjecture, sans
contraintes supplémentaires sur |A|, est un théoréme de Serra et Zémor qui confirme la
conjecture pour 7 < 0.0001|A|. Sous la faible contrainte additionnelle |2A| < 3p/4, qui
est optimale en un sens détaillé dans I’article, notre premier résultat principal améliore
la borne supérieure sur r, permettant de prendre r < 0.1368| A|. Nous démontrons aussi
une variante qui améliore davantage la borne sur 7 pour tout ensemble A suffisamment
dense. Nous présentons ensuite plusieurs applications. Premiérement, la variante en
question est employée pour obtenir une nouvelle borne supérieure pour la densité
maximale des ensembles sans m-somme dans Z/pZ, i.e., les ensembles A tels qu’il
n’existe aucune solution (z,y,z) € A3 de léquation x + y = mz, ot m > 3 est un
entier fixé. Précédemment, la meilleure borne supérieure pour cette densité maximale
était 1/3.0001 (comme conséquence du théoréme de Serra—Zémor). Nous obtenons ici
la borne améliorée 1/3.1955. Nous présentons aussi une construction suivant une idée
de Schoen, qui fournit une borne inférieure 1/8 + 0(1)p— oo pour la densité maximale
en question. Une autre application de nos résultats concerne les ensembles de la forme
AA%A dans [F),. Nous donnons aussi une description améliorée de la structure des grands
ensembles sans somme dans Z/pZ.

1. Introduction

Given a subset A of an abelian group G, we often denote the sumset A+ A =
{x+y:x,y € A} by 2A and we denote the complement G \ A by A.

One of the central topics in additive number theory is the study of the
structure of a finite subset A of an abelian group under the assumption that
the sumset 24 is small. In this paper, we focus on groups Z/pZ of integers
modulo a prime p and on the regime in which the doubling constant |2A|/|A]
is within a small additive constant of the minimum possible value.

To put this into context, let us recall the basic fact that a finite set A of
integers always satisfies |24| > 2|A| —1 and that this minimum is attained only
if A is an arithmetic progression (see [12, Theorem 3.1]). This description of
extremal sets is extended by a result of Freiman, known as the 3k — 4 theorem,
which tells us that A is still efficiently covered by an arithmetic progression
even when |24] is as large as 3|A| — 4.

THEOREM 1.1 (Freiman’s 3k — 4 theorem). — Let A C Z be a finite set sat-
isfying |2A| < 3|A| — 4. Then there is an arithmetic progression P C 7, such
that A C P and |P| < |2A| — |A] + 1.

For sets A in Z/pZ with 2A # Z/pZ, the Cauchy—Davenport theorem [12,
Theorem 6.2] gives the lower bound analogous to the one for Z mentioned above,
namely 24| > 2|A| — 1, and the description of extremal sets as arithmetic
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progressions (when |2A4] < p — 1) is given by Vosper’s theorem [12, Theorem
8.1].

It is widely believed that an analogue of Freiman’s 3k — 4 theorem holds
for subsets of Z/pZ under some mild additional upper bound on |[2A4| (or on
|A]). More precisely, the following conjecture is believed to be true (see [12,
Conjecture 19.2]), describing efficiently not just A but also 2A4, in terms of
progressions.

CONJECTURE 1.2. — Let p be a prime and let A C Z/pZ be a nonempty subset
satisfying 2A # Z/pZ and |2A| = 2|A| + r < min{3|A| — 4, p—r —4}. Then
there exist arithmetic progressions Pa, Poa C Z/pZ with the same difference,
such that A C Py, |Pa| < |Al+ 71+ 1, Poa C2A, and |Pya| > 2|A] — 1.

Progress toward this conjecture was initiated by Freiman himself, who proved
in [10] that the conclusion concerning P4 holds provided that |2A4| < 2.4|A|—3
and |A| < p/35. Since then, there has been much work improving Freiman’s
result in various ways. For instance, Rgdseth showed in [17] that the constraint
|A] < p/35 can be weakened to |A| < p/10.7 while maintaining the doubling
constant 2.4. In [11], Green and Ruzsa pushed the doubling constant up to 3,
at the cost of a stronger constraint |A| < p/102!5. In [20], Serra and Zémor
obtained a result with no constraint on |A| other than the bounds on |24] in
the conjecture, with the same conclusion concerning P4 but at the cost of re-
ducing the doubling constant, namely, assuming that [2A4| < (2 + «)|A| with
a < 0.0001. See also [5, 14] for recent improvements on the doubling constant
2.4 in Freiman’s result. The book [12] presents various other results towards
Conjecture 1.2, in a treatment covering many of the methods from the works
mentioned above.

In this paper, we establish the following new result regarding Conjecture
1.2, which noticeably improves the doubling constant obtained by Serra and
Zémor in [20] at the cost of only adding the constraint [24] < 3p.

THEOREM 1.3. — Let p be prime, let A C Z/pZ be a nonempty subset with
[2A] = 2|A| + r, and let o = 0.136861 be the unique real oot of the cubic
423 + 922 + 62 — 1. Suppose

24| < 2+ a)|A] =3 and 24| < zp.

Then there exist arithmetic progressions Pa, Poa C Z/pZ with the same differ-
ence, such that A C Py, |Pa| <|A|+7+1, Poy C2A, and |Pya| > 2|4 — 1.

Unlike in [20], here we do have a constraint on |A| in the form of the upper
bound 24| < %p. However, this upper bound is still optimal in the following
weak sense. The conjectured upper bound on |2A| (given by Conjecture 1.2) is
p—1 —4. However, in the extremal case where r = |A| — 4 (the largest value of
r allowed in Conjecture 1.2), the conjectured bound implies 3|A| — 4 = |24] <
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p — |A|, whence |A| < % and 24| = 3|4| -4 < ?ﬁTp — 1. Thus, the bound
p —1r — 4 becomes as small as %p — 1, as we range over all allowed values for
and |A|, making %p the optimal bound independent of o and r.

Let us emphasize that our improvement upon the Serra—Zémor result (i.e.,
our weakening of the constraint on «) is valid for |[A| < %, whereas the
natural upper bound on |A| given by Conjecture 1.2 is larger, namely |A| <
2’:"22&. Therefore, in the regime 0-;171':'3 < 4] < 2?:'220(, our result does not
improve on that of Serra and Zémor.

We also prove the following variant of Theorem 1.3, which is optimized for
sets A whose density is large but at most 1/3. This optimization is designed
for an application concerning m-sum-free sets, which we discuss below.

THEOREM 1.4. — Let p be prime, let n € (0,1), let A C Z/pZ be a set with
|Al > np >0 and |2A]| = 2|A| + r < p, and let
5)

a=-7 + %\/9 + 8npsin(w/p)/sin(7n/3).

Suppose

24) < 2+ a)|A| -3 and |A| < p;’".

Then there exist arithmetic progressions Pa, Poa C 7 /pZ with the same differ-
ence such that A C Pa, |Pa| < |A|+7+1, Poa C2A, and |Pya| > 2|4 — 1.

We apply this result to obtain new upper bounds for the size of m-sum-free
sets in Z/pZ. For a positive integer m, a subset A of an abelian group is said
to be m-sum-free if there is no triple (r,y,z) € A3 satisfying x +y = mz.
These sets have been studied in numerous works on arithmetic combinatorics,
including various types of abelian group settings [1, 8, 7, 16, 15] (see also [4,
Section 3] for an overview of this topic). In Z/pZ, a central goal concerning
these sets is to estimate the quantity

(1) dm(Z/pZ) = max {‘%l : A C Z/pZ m-sum-free}.

This goal splits naturally into two problems of different nature. On the one
hand, we have the case m = 2, which is the only one in which the solutions of
the linear equation in question (i.e., three-term arithmetic progressions) form
a translation invariant set. Roth’s theorem [18] tells us that do(Z/pZ) — 0 as
p — 00, and the problem in this case is then the well-known one of determining
the optimal bounds for Roth’s theorem, i.e., how fast dy(Z/pZ) vanishes as
p increases (recent developments in this direction include [3, 19]). On the
other hand, we have the cases m > 3. For each of these, the above-mentioned
translation invariance fails, and it is known that d,,(Z/pZ) converges, as p —
oo through primes, to a positive constant d,, that can be modeled on the
circle group (see [6]), the problem then being to determine this constant. Our
application of Theorem 1.4 makes progress on the latter problem.
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Note that, if A is m-sum-free, then the dilate m-A = {mz: = € A} CZ/pZ
satisfies 2ANm- A = ), whence, if m and p are coprime, we have [2A|+|m-A| =
|2A| 4+ |A] < p. Combining this with the bound |24| > 2|A| — 1 given by the
Cauchy—Davenport Theorem, we deduce the simple bound |A4| < %, which
implies in particular that d,,, < 1/3. It was noted in [4] that partial versions
of Conjecture 1.2 can be used to improve on this bound, provided that these
versions are applicable to sets of density up to 1/3. The best version available
for that purpose in [4] was given by the theorem of Serra and Zémor mentioned
above, and this resulted in the first upper bound for d,, below 1/3, namely
1/3.0001 (see [4, Theorem 3.1]). In this paper, using Theorem 1.4 we obtain

the following improvement.

THEOREM 1.5. — Let p > 80 be a prime, let m be an integer in [2,p—2], and let
¢ = c(p) be the solution to the equation (74 /8 cpsin(w/p)/sin(rc/3) +9) ¢ =
44 1?2. Then d,,(Z/pZ) < c. In particular, d,, < s ===

3.1955 "

The following observation, relating this theorem to the study of sum-products
in the field F,, was made by the anonymous referee: if (A+ A)Nm - A contains
a nonzero element and 0 ¢ A, then m is in the set 242 = {(a1 + ap)a3 " :
ai,as,a3 € A} C Fp, and, therefore, Theorem 1.5 has the following conse-
quence.

COROLLARY 1.6. — If A C F,, \ {0} satisfies |A| > 0.313p, then for p suffi-
ciently large we have Fp, \ {—1,0,1} C %,

This result is an analogue, for sets %, of Theorem 1.1 in [2], which says

that if A C F), has |A| > 0.3051 p, then for p sufficiently large, we have F,\{0} C
(A+ A)A = {(CLl + (IQ)CLg a; € A}

Regarding lower bounds for d,,(Z/pZ), note that, identifying Z/pZ with
the integers [0, p — 1], the interval (—#—p, —%—p) is an m-sum-free set. This
set has asymptotic density ﬁ and is still the greatest known example for
m < 6. However, for larger values of m, a construction of Tomasz Schoen (per-
sonal communication), presented in this paper in Lemma 3.1 in an optimized
form thanks to indications of the anonymous referee, yields the improved lower
bound d,, > %. The following theorem summarizes these results.

THEOREM 1.7. — For m < 6, we have d,, > L Form > 7, we have

m—+2°
dm > %

Our final application concerns the study of large sum-free sets in Z/pZ (i.e.
the case m = 1 of m-sum-free sets as defined above). It is well-known, by
the argument using the Cauchy—-Davenport theorem mentioned above, that
a sum-free set in Z/pZ has size at most |(p + 1)/3| and that this bound is
attained by the interval I = (p/3,2p/3) C Z/pZ and by any nonzero dilate
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of I. Several works have studied the question of the robustness of this structural
description, namely, whether every sum-free set in Z/pZ of density close to 1/3
must resemble a dilate of I. In this direction, the following theorem was proved
by Deshouillers and Lev in [9)].

THEOREM 1.8. — Let p be a sufficiently large prime and suppose that A C
Z/pZ is sum-free. If |A| > 0.318p, then there exists d € Z, such that A C
d-[|Al,p—|A]].

Applying Theorem 1.4, we improve the constant 0.318 to 0.313.

The paper is laid out as follows. In Section 2, we prove Theorems 1.3 and
1.4. Our results on m-sum-free sets are proved in Section 3. In Section 3.1,
we present the above construction and deduce Theorem 1.7. In Section 3.2, we
apply Theorem 1.4 to obtain Theorem 1.5. Finally, in Section 3.3, we obtain
the above-mentioned improvement of Theorem 1.8.

2. New bounds toward the 3k — 4 conjecture in Z/pZ

Our first task in this section is to prove Theorem 1.3. We shall obtain this
result as the special case ¢ = 3/4 of the following theorem.

THEOREM 2.1. — Let p be prime, let 0 < & < % be a real number, let o be the
unique positive oot of the cubic 4> + (12 — 4e)x? + (9 — 4e)x + (8¢ — 7), and
let A C Z/pZ be a nonempty subset with |2A| = 2|A| + r. Suppose

24| < (2+a)|A| -3 and 24| <ep.

Then there exist arithmetic progressions Pa, Poa C Z/pZ with the same differ-
ence, such that A C Py, |Pa| <|A|+7+1, Poy C2A4, and |Pya| > 2|4 — 1.

The proof is a modification of the argument used to prove [12, Theorem 19.3],
itself based on the original work of Freiman [10] and incorporating improve-
ments to the calculations noted by Redseth [17]. The main new contribution
is an argument to allow the restriction [2A| < 1(p+3) from [12, Theorem 19.3]
to be replaced by the above condition |2A4| < ep. For € = 3/4, this is optimal
in the sense explained in the Introduction.

In the proof of Theorem 2.1, we use the following version of the 3k—4 theorem
for Z. Here, for X C Z, we denote the greatest common divisor ged(X — X)) by
ged”(X). Note, for | X| > 2, that d = ged®(X) is the minimal d > 1, such that
X is contained in an arithmetic progression with difference d. We remark that,
when B = —A, wehave P4_ s C A—Aand —Ps_4 C —(A—A) = A— A. Since
2|Pa_a| > 4|A] — 2 > |A — A|, the progressions P4_4 and —P4_ 4 intersect,
ensuring that P = Pa_4U—P4_ 4 C A— A is a progression contained in A — A
with |P| > 2|A| — 1 and —P = P. Thus, the progression P4_4 in Theorem 2.2
can be assumed to be symmetric (i.e., centered at the origin) when B = —A.
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THEOREM 2.2. — Let A, B C Z be finite, nonempty subsets with ged*(A+B) =
1 and

|A+ B| =|A|+ |B|+r < |A| + |B| + min{|4]|, |B|} —3 -4,

where § = 1 if x + A = B for some x € Z, and otherwise § = 0. Then there
are arithmetic progressions Pa, Pg, Payp C Z with common difference 1, such
that AC Py, BC Pg, Parp C A+ B, |Ps| < |A|+7+1, |Pg| < |B|+r+1
and |Patp| > |A| + |B| — 1.

Let G and G’ be abelian groups and let A, B C G. A Freiman isomorphism
is a well-defined map @ : A+ B — G’ defined by two coordinate maps ¥4 :
A — G and ¥p : B — G', such that ¢¥(z + y) = va(z) + ¢¥p(y) for all
x € Aand y € B. That ¢ is well-defined is equivalent to the statement
that ¢a(z1) +9¥p(y1) = Ya(ze) + ¥p(y2) whenever z1 + y1 = 2 + y2, for
x1, 2 € Aand y1, y2 € B, and 14 (A)+1p(B) is then the homomorphic image
of A+ B. It is an isomorphism if v is injective on A 4+ B, which is equivalent
to Ya(xy)+vp(y1) = Ya(xs) +¥p(y2) holding if and only if z1 +y; = x2 +y2,
for x1, zo € A and y;, y2 € B. We denote this by A+ B = ¥4(A) + ¥p(B).
A Freiman homomorphism v : A + B — G’ on the sumset defines a Freiman
homomorphism ¢’ : A — B — G’ on the difference set given by ¢'(z — y) =
Ya(x) —Yp(y), for x € A and y € B, which is an isomorphism when % is. In
the special case when A = B, we find that ¥4 (z) + ¥p(y) = ¥a(y) + ¥p(x)
for all z, y € A = B, implying ¢p(z) = Ya(z) + (YB(y) — taly)) for any
z,y € A = B. Fixing y € A and letting = range over all possible z € A
shows that the map g is simply a translate of the map ¥ 4. This means it can
(and generally will) be assumed that ¢4 = ¢p for a Freiman homomorphism
1 when A = B. See [12, Chapter 20] for a fuller discussion regarding Freiman
homomorphisms.

For a prime p, nonzero g € Z/pZ (which is then a generator of Z/pZ), and
integers m < n, let

[m,n]g = {mg, (m + 1)g,...,ng}

denote the corresponding interval in Z/pZ. If m > n, then [m,n|, = 0. We
define (for each g € Z/pZ\ {0}) a function ¢, from the set of subsets X C Z/pZ
to ZZQ, by

£y(X) := min{|P| : Pis an arithmetic progression of difference g with X C P}.

We let X = (Z/pZ) \ X denote the complement of X in Z/pZ. We say that
a sumset A + B C Z/pZ is rectifiable, if £,(A) + £4(B) < p + 1 for some
nonzero g € Z/pZ. In such a case, A C ag + [0,m], and B C by + [0, n], with
m+n = ly(A) + £y(B) — 2 < p— 1, for some ag, by € Z/pZ, in which case
the maps ag + sg — s and by + tg — t, for s, t € Z, when restricted to A
and B, respectively, show that the sumset A + B is Freiman isomorphic (see
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[12, Section 2.8]) to an integer sumset. This allows us to canonically apply
results from Z to the sumset A + B.

If G is an abelian group and A, B C G are subsets, then we say that A
is saturated with respect to B, if (AU{z})+ B # A+ B forallz € A. In
the proof of Theorem 2.1, we shall also use the following basic result regarding
saturation [12, Lemma 7.2], whose earlier form dates back to Vosper [21]. We
include the short proof for completeness.

LEMMA 2.3. — Let G be an abelian group and let A, B C G be subsets. Then
-B+A+BCA
with equality holding if and only if A is saturated with respect to B.

Proof — First observe that —B + A+ B C A, forif b € B, z € A+ B,
and by contradiction —b + z = a for some a € A, then z = a+b € A+ B,
contrary to its definition. If A is saturated with respect to B, then given
any x € A, there exists some b € B and z € A+ B with  + b = 2, whence
x = —b+z € —B+A + B. This shows that A C —B+A + B, and as the reverse
inclusion always holds (as was just shown), it follows that A = —B + A + B.
Conversely, if A= —B+ A + B, then given any = € A, there exists some b € B
and z € A+ B with x = —b+ z, implying v + b =2 ¢ A+ B. Since z € A is
arbitrary, this shows that A is saturated with respect to B. |

Proof of Theorem 2.1. — Let f(x) = 423 + (12 — 4e)z? + (9 — 4e)x + (8 — 7),
so that f/(x) = 1222 + (24 — 8¢)x + (9 — 4¢). Then f'(x) > 0 for > 0 (in
view of ¢ < 3/4), meaning that f(x) is an increasing function for x > 0 with
f(0) =8 —7 < 0and f(1/2) =1+ 5¢ > 0. Consequently, f(z) has a unique
positive root 0 < a < %

Since |2A4] < ep < p, the Cauchy—Davenport theorem implies r > —1. Let

5 :r+3
2) ="

>0,

so that
1
(3) r=plAl—=3, 24| =2|A|+r=(2+p8)|A]—-3 and fa<s.

Since 2|A| + 7 = [24] < ep < 2p, it follows that [A| < $p — ir, and since
r > —1, we deduce that

3p+4
(4) )< 22
The proof naturally breaks into two parts: a first case where there is a large
rectifiable subsumset and a second case where there is not. The latter case will
lead to a contradiction.
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Case 1. — Suppose there exist subsets A’ C A and B’ C A with |B'| < |A/|
and
(5) [ A" +2|B'| =4 > |24]

such that A’ + B’ is rectifiable. Furthermore, choose a pair of subsets A’ C A
and B’ C A with these properties, such that |A’|+|B’| is maximal, and for these
subsets A" and B’, let g € Z/pZ be a nonzero difference with £,(A") +£4(B’) <
p + 1 minimal. Note that |A’| > |B’| > 2; indeed, if |B’| < 1, then combining
this with the hypotheses |B’| < |A'| < |A| and (5) yields the contradiction
|Al — 2 > |24] > |A|. Since A" + B’ is rectifiable, the Cauchy—Davenport
theorem for Z [12, Theorem 3.1] ensures

|A"+ B'| = |A'|+ |B'| +r" with ' > —1.
Moreover, we have
A C Py = aoJr[O,m]ga B' C Pg := bOJr[Oan]g’ and

6
(©) A"+ B" Cag+by+ [0,m+nl,,

with ag, ag + mg € A’, by, bg +ng € B' and m +n < p — 1, for some
ag, bp € Z/pZ. Then, since A’ + B’ is rectifiable, it follows that the map
Y Z/pZ — [0,p—1] C Z defined by ¥(sg) = s for s € [0, p—1] gives a Freiman
isomorphism of A+ B’ with the integer sumset ¥(—ag+ A’)+(—bo+ B’) C Z.
Observe that

ged* (p(—ag + A') +¢(—bo + B')) =1,

since if ¥(—ag+ A’) + 1 (—bg + B’) were contained in an arithmetic progression
with difference d > 2, then this would also be the case for ¢¥(—ag + A’) and
¥(—bo+B’), and then l4,(A") +Lag(B’") < £4(A")+L4(B’) would follow in view
of |[A’| > |B’| > 2, contradicting the minimality of ¢,(A") + £4(B’) for g.

In view of (5) and |B’| < |A4'|, we have |A" + B'| < |24| < |A'| + |B'| +
min{|A4’|, |B’|} — 4. Thus, since ged*(¢)(—ag+ A") + (—by + B’)) = 1, we can
apply the 3k — 4 theorem (Theorem 2.2) to the isomorphic sumset (—ag +
A") + Y(—=bg + B’). Then, letting P4 = ag + [0,m],, P = by + [0,n], and
letting Parp C A’ + B’ be the resulting arithmetic progressions with common
difference g, we conclude that

(7) [PA\NA| <7 +1 und |Pg\B/|<r +1.

If A = A and B’ = A, then the original sumset 24 is rectifiable, we have
r" = r, and the theorem follows with Py = Pg and Ps = Payp as just
defined. Therefore, we can assume otherwise, which in view of |B’| < |A'|

means

(8) A\ B' #0.
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Let A = |24] — |A’ + B'| > 0. Then
(9) v’ =|A\ A'|+|A\ B'|+r—A.

Since |A'| + |B'|+ 71" = |A'+ B'| = |2A| — A, it follows from (5) and |B’| < |A/|
that

(10) P <|B'|—4—A and 1 <|A'|—4-A.

Averaging both bounds in (10), using (9), and recalling that [2A| = 2|A| +r,
we obtain

1
(11) <4l g - A

StepA. — |~ A+ AT+ A| < [A + A| +2|A| - 4.

Proof. — 1If Step A fails, then combining its failure with p — [24] = [24] <
|A” + A| and Lemma 2.3 yields

—[24] + 24| -3 < A+ Al +2/A| -3< |- A+ A+ A <|A|=p—|4],

which implies that |A| + 2|A’| — 3 < |2A]. This together with (5) and |B’| <
|A’| <|A] implies |A| +2]|A'| —3 < |A'|+2|B'| — 4 < |A| + 2|A’| — 4, which is
not possible. (|

StepB. — |— A+ A+ A| <|A'|+2|A"+ 4] - 3.
Proof. — 1f Step B fails, then combining its failure with 2p — 4|A] — 2r =
2|2A] < 2|A’ 4+ A| and Lemma 2.3 yields
|A| +2p —4|A] —2r —2 < |A'| + 2|47 + A| - 2
<|—A+ A+ A <A =p—]A]
Collecting terms in the above inequality, multiplying by 2, and applying the
estimates |B’| < |A’| and (11) yields
2p < 6|A| +4r —2|A' |+ 4 <324| +r — |A'| - |B'| +4
=32A| — A +B'|+r+7r" +4=224|+ A+r+r' +4

7 4
< —|24 —.
_3\ |+7’+3

Hence, [2A4] > Sp — 3r — %. Combined with (3) and (4), we conclude that

6 3 /3p+5\ 5 6 3 4 3
-p— = —<zp—=BlAl+=-=z-p—zr— - <|24| <ep< -
- 7075 )+7 ﬂ' I+ 7 — 7P 7T 7 SPRAl<er<7p
which yields the contradiction 0 < (£ — 2 — Za)p < 20— 5 < 0 (in view of
a < ) completing Step B. |
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By our application of the 3k — 4 theorem (Theorem 2.2) to ¢(—ao + A’) +
P(—bo + B’), we know that A’ + B’ contains an arithmetic progression P p
with difference g and length |Payp| > |A’| + |B’| — 1, which implies

(ATE) <p— 4| |B|+1.
By (7) and (10), we obtain
(12) ly(=A") = Ly(A) < |A'|+0" + 1 < |A'| +|B'| = 3,

whence £y(—A")+{,(A’ + B’) < p—2, ensuring that —A’+ A’ + B’ is rectifiable
via the difference g. Since A’ + A C A’ + B, it follows that —A" + A’ + A is
also rectifiable via the difference g.

By our application of the 3k — 4 theorem (Theorem 2.2) to ¢(—ao + A’) +
¥(—bo+B’) we know that ¥(—ap+A’) is contained in the arithmetic progression
Y(—ap + Pa) = [0,m] with difference 1 and length |Pa| < |A'| + ¢/ + 1, with
the latter inequality by (7). Moreover, ' + 1 < |B’'| — 3 < |A’| — 3 (by (10)),
so that [A’| > [$|Pa|], meaning that ¢(—ag + A’) must contain at least two
consecutive elements. Hence,

(13) ged*(Y(—ap + A')) = 1.

Since —A’+ A’ + A is rectifiable via the difference g, it is then isomorphic to the
integer sumset ¢ (ag +mg — A’) + ¢ (x + A’ + A) for an appropriate x € Z/pZ.
Hence, in view of (13), Step A, and Step B, we can apply the 3k — 4 theorem
(Theorem 2.2) to the isomorphic sumset ¢(ag +mg — A") + ¢ (x + A’ + A) and
thereby conclude that there is an arithmetic progression P C —A’+ A’ + A with
difference g and length |P| > |A'| + |4’ + A| =1 > |A'| +|24] — 1 = p— |24| +
|A’] — 1. Consequently, since Lemma 2.3 ensures that P C —A'+ A’ + A C A,
it follows that £4(A) < [2A| — |A’| + 1. Combined with (12), we find that

(14) (A + 0,(A) < |24+ + 2.

If A"+ A is not rectifiable, then ¢,(A’) + £4(A) > p + 2, and, hence, by (11)
and (14) we have p < [24] + ' < 3|2A| — §, whence [24] > 3p +2 > ep,
contrary to the hypothesis. Therefore, A’ + A is rectifiable. This contradicts
the maximality of |A’| + |B’|, since by (8) we have |A| > |B’|, which completes
Case 1.

Case 2. — Every pair of subsets A’ C A and B’ C A with |B’| < |A’|, whose
sumset A’ + B’ is rectifiable, has

(15) |A'| +2|B'| < [24] + 3.

Let ¢ := |2A| = 2|A| + r. For the rest of this proof, let us identify Z/pZ with
the set of integers [0,p — 1] with addition mod p. Then, for every X C Z/pZ

2mi ]

and d € Z/pZ, we define the exponential sum Sx(d) = > .ye» “ € C.
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The idea is to use Freiman’s estimate [13, Theorem 1] for such sums to show
that the assumption (15) implies

(16) |Sa(d)| < 3|A| + 2r+2 for all nonzero d € Z/pZ.

For any u € [0, 27), consider the open arc C,, = {e®* : z € (u,u+m)} of length
7 in the unit circle in C. Let A’ = {x € A : e ¢ Cy}. Since the set of
p-th roots of unity contained in C, correspond to an arithmetic progression
of difference 1 in Z/pZ, it is clear that for d*, the multiplicative inverse of d
modulo p, we have £4«(A") < %. Hence, the sumset A’ + A’ is rectifiable.
Then the assumption (15) implies that 3|A’| < |2A|+ 3. This shows that every
open half-arc of the unit circle contains at most n = 1|2A4|+ 1 of the |A| terms
involved in the sum S4(d). By [13, Theorem 1] applied with this n, N = |4|,
and ¢ = 7, we obtain |S4(d)| < 2n — N = 2|24|+ 2 — |A|, and (16) follows.

To complete the proof, we now exploit (16) to obtain a contradiction, using
in particular the following manipulations, which are standard in the additive
combinatorial use of Fourier analysis (e.g. [12, pp. 290-291])

By Fourier inversion and the fact that S4(0) = |A| and S24(0) = ¢, we have

[APp =Y Sa(x)Sa(x)Saa(x)
z€ZL/pZL
= Sa(0)S4(0)S24(0) + > Sa(x)Sa(z)S2a()
2€(Z/pZ)\{0}
= AP+ > Sa(@)Sa(2)S2a(x)
z€(Z/pZ)\{0}
<[APE+ Y [Sa@)ISa(@)]|Sza ()|
z€(Z/pZ)\{0}
<IAPCHGIAI+3r+2) Y 18a(@)]1S2a()]
z€(Z/pZ)\{0}
. . o 1/2 on1/2
This last sum is at most (ZzGZ/pZ\{O} |Sa(2)]?) (ZzGZ/pZ\{O} |Saa(z)[?)
by the Cauchy—Schwarz inequality. We thus conclude that

|A| +2r+6

APp < AP+

(|Alp — [A]*)"/2 (ep — 2)1/2,

Rearranging this inequality, we obtain

1/2
apy AR 6 Al(p — ¢) (o1
3|A‘ - ‘A|1/2(p— ‘A|)1/2€1/2(p —5)1/2 I .
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By hypothesis r = |A| —3 and £ = |2A| = (2+ )| A| -3, so |A| = 5_%2 > ﬁ.
Using these estimates in (17) yields

1+23  |A|+2(BJA|—3)+6 |Al+2r+6
3 3|A| 3|4

p_1 1/2 b _1 1/2
=1 2+p8)5 -1

Rearranging the above inequality yields (in view of 0 < 8 < o < 1)

1— (H28)2(2
(18 21>

Since f < a < 1, rearranging the above inequality yields
(19) 4% + (12 — 4e)B% + (9 — 4e)B + 8 — 7> 0.

Thus, f(8) > 0, with f(z) = 423+ (12 —4e)2? + (9 —4e)z +8c — 7. As noted at
the start of the proof, f(x) is increasing for > 0 with a unique positive root
a. As a result, (19) ensures that 5 > «, which is contrary to the hypothesis,
completing the proof. O

REMARK 2.4. — Our restriction [24| < 2p in Theorem 2.1 could be relaxed
somewhat further, but at increasingly greater cost to the resulting constant
a. One simply needs to strengthen the hypothesis of (5) and appropriately
adjust the Fourier analytic calculation in Case 2 in the above proof, using the
correspondingly weakened inequality for (15).

Proof of Theorem 1.3. — As mentioned earlier, Theorem 1.3 is just the special

case of Theorem 2.1 with € = %. O

We now proceed to prove the variant that we shall apply in the next section.

Proof of Theorem 1.4. — The proof is very close to that of Theorem 2.1, with
the most significant difference occurring in Case 2. We only highlight the few
differences in the argument.

First observe that, if p = 2, then |2A| < p forces |A| = 1, in which case, the
theorem holds trivially. Therefore, we can assume p > 3. Next, observe (via
Taylor series expansion) that psin(m/p) is an increasing function for p > 1 with
limit 7. The function n/sin(7n/3) is also an increasing function for n € (0,1).
Thus, o < —2 4+ 1,/9+ 8w /sin(r/3) < 0.3. By hypothesis, [4| < 22T =

3p — $B|A| + 1, implying

p+3 p+3
20 Al < — < —,
which replaces (4) for the proof. Also, [2A4] = 2|A| +r <2(5) +r = 2”%.
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At the end of Step B in Case 1, we instead obtain Sp—3r—2 < |24| < 2247,
which implies

2, B, A0, 40, 16, 10 4 6, 10, s 10
E S THE B Tl A TR 7T
with the final inequality above in view of (20). Thus, 0 < (£ — 2 — L8a)p <
8q — 12 <0 (in view of 0 < a < 0.3), which is the contradiction that instead

completes Step B.
At the end of Case 1, we instead likewise obtain

3 2p+1r 2 2 1 /p+3
Sp+2< 24 < <Zpt-ald-1 (B5°) -1
PT2s24ls— 3+0z|| <gptgel—3

This yields the contradiction 0 < (3 — 2 — 9)p < & —3 < 0 (in view of

0 < a < 0.3) in order to complete Case 1.

For Case 2, we begin by following the argument that proves (16), except
that we use Lev’s sharper estimate [13, Theorem 2] instead of [13, Theorem 1].
Thus, using that any two distinct terms in S4 have the shortest arc between
them of length at least 6 = 27/p, we obtain by [13, Theorem 2] applied with
n = 1|2A| +1 < p/2 (so on < ) that for every such nonzero d, we have

sin (31241 + 1= 4ADZ)  sin ((3]4] + 2r +2)7)
sin(%) N sin(7) '

Let M = |A| + 2r +2 and let y = M/p. Note M < (3 + 20)4] < (3 +

2(0.3))22 < £ in view of 7 < a|A| — 3 and (20), ensuring y € (2, 3). Then

the inequality in (21) becomes [Sa(d)| < yzzlggr)) M. The function f(p,y) =

(21)  [Sa(d)] <

sin(ym)
ypsin(3)
by considering the Taylor series expansion of its partial derivative. It is also
decreasing in p for every fixed y € (0,1/2) by a similar analysis. Letting
v = f(p,4) > 0, we can, therefore, replace (16) by the bound

(22) 1Sa(d)] < (3|4l + 3r +2).

Since M7 < 5, M >1and p > 3, it follows that sin(MT) — Mbln(p) <0 (as
can be Seen by cons1der1ng derivatives with respect to M and using the Taylor

us

series expansion of tan(7) to note tan(7) > 7). Consequently, we see that
the bound in (21) is at most M, ensuring v < 1. We now obtain the following
inequality instead of (17):

1+28  ~(3lAl+ 2r+2)
T T [A]

1/2
N Alp— 0 NEEA
2 TAE = [A) ARG — o\ B =1)
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A similar rearrangement to the one that yielded (18) now leads to

2p + %(ZH"?’)—?’ - 2p + BlA] — 3 _ 2+t
3 - 3 3
1 12(128)2(2 1 )

1 _72(1+32ﬁ)2 D,

(24)

> [24]

with the first inequality following from (20). Since 0 < 8 <1 and 0 <y < 1,

we have % < 1 and also 1 — 72(#)2 > 0, so (24) implies (%)(1 -

ﬁ(#)% >1- 7%%)2(2 + ). Multiplying both sides by 84+ 3 > 0
and grouping on the left-hand side the terms involving -, we obtain (8 +
2)2~2 (#)2 > 1. Taking square roots and expanding, we deduce 23%+53+2—

37~1 > 0. The quadratic formula thus implies that either 3 < —°— V22477 ”TQW <

— —1
0or 8 > w = «. Since f > 0, this contradicts the hypothesis

B < a, completing the proof. U

3. Bounds for m-sum-free sets in Z/pZ

In this section, we give new bounds for the quantity d,,(Z/pZ) defined in
formula (1) and for the associated limit

dp = pll)ngo dm(Z/pZ).
p prime
In Section 3.1, we present some examples of large m-sum-free sets and in Section

3.2, we apply Theorem 1.4 to give a new upper bound for d,,(Z/pZ). In Section
3.3 we obtain an improvement of Theorem 1.8.

3.1. Lower bounds for d,,(Z/pZ). — As mentioned in the Introduction, a
simple example of a large m-sum-free set is the interval (ﬁp, —3p), having
the asymptotic density ﬁw as p — oo. This gives the largest known size of
m-sum-free sets for m < 6 but not for greater values of m. Indeed, there
is the following construction, following an idea due to Tomasz Schoen. The
version given below incorporates a suggestion of the anonymous referee that,
with some additional modification, yielded the result as stated below. As noted
in the proof, for fixed m, the constant % can be improved by a small factor
tending to 0 as m — oc.

LEMMA 3.1. — For each integer m > 7, we have dy,(Z/pZ) > (1 — %) for
every prime p of the form p = 4m2n + 1. In particular, d,, > %,

Proof. — We identify Z/pZ with the interval of integers [0, p— 1] with addition
mod p. Let A € [3,m] and p € [0, m — 1] be integer parameters to be fixed later
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and consider the interval
J={dmn+1,4mn+2,...,2dmn} C [0,p — 1].

We define an m-sum-free set A by picking elements from J in appropriate
congruence classes mod m:

A:={x e J:xmodm € [0, p]}.

Note that the sumset A + A taken in Z is a subset of [0,p — 1] because A < m
guarantees 2max A = 4mn\ < 4m?n = p — 1. We therefore have y € 24 =
ymodm € [0, 2p].
Now,
[£1—2
J = [(4d)mn + 1,4(i + L)mn] U [(4([3] — D)mn + 1,2 mn]

1
—1

>
—

o
I

[
- [(4i)mn 4+ 1,4(i + 1)mn].

[V
=

s
Il
_

Since p = 4m?n + 1, we have m - [(4i)mn + 1,4(i + 1)mn] = {m — i,2m —
i,...,4m*n — i} for i € [1,[3] — 1], meaning that m - J is covered by the
progressions

Up={m—1i2m—i,... d4m*°n—i}, i€[l,[3]—1].

For A to be m-sum-free it suffices to ensure that 24N (m-J) = 0, and for this,
it suffices for A and p to satisfy 2 < m — ([4] — 1) — 1, that is,

2u+[31<m
We also have |[A| = (u+1) |m—| =2n(u+1)(A —2), so
Al (4D -2)
p—1 2m?2 '
Suppose m = Omod4, so m > 8. Considering A = m and y = 7 yields
;fll UH_;B,(ZA 2 _m +3:2” 8, which is at least & for m > 4.
Suppose m = 1mod4, so m > 9. Considering A = m and p = M yields
;A%ll =l +;3,(L§‘ 2 — m ;m”;” 8 which is at least § for m > 6. We remark that
i = m+3 \A\_(H)(A 2) _ m?+2m-35
taking A =m — 3 and pu = —* instead yields ;=5 = pLinn 20 o w2ty

which is slightly better for larger values of m.
Suppose m = 2mod 4, so m > 10. In this case, we will modify the above

construction with A = m — 1 and pu = mT_Q. For these parameters, we have
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[31-1="m52, 2(u+ 1) = ™2 = — ™2, and

m-[(4([3] = Dmn+1,2Amn] = m - [2(m — 2)mn + 1,2(m — 1)mn]

(25) ={m— 22 2m — 122 2mPn— =2}

which is the subset of m - J C [0,p — 1] congruent to m — mT—z modulo m.
Let B = {tm+ ™2 : mn <t < 2(m—1)n — 1} and set A’ —AUB Since
mn <t <2(m— l)n 1, we have B C J, while 2B = {2m?n+m— 752 2m?n+
2m— 2 4(m— 1)mn m — =2} which is disjoint from the Set in (25).
Since A+ B is also disjoint from m - J, it follows that 24’ N (m- J) =0,s0 A is
m-sum-free. We have |A| = |AI|)+|13‘ = 2"(““)()‘1) 21)+(m An _ m +,::2 10 which
is at least % g form > 10 We remark that taking A = m — 2 and p = m—“ in
the orlgmal construction instead yields @ = +;37§/\ 2) = "f:; 24 Wthh

is slightly better for larger values of m.
Suppose m = 3mod4, so m > 7. We modify the original construction

with A = m and p = ™2, For these parameters, we have [§] — 1 = 7L,
2p+1) =2 =m — 2=1 and
m - [(4([3] — Dmn +1,22mn] = m - [2(m — 1)mn + 1,2m?n]
_ m—1 —1 2 m—1
={m-—2 M=, ...,2m*n — =1

which is the subset of m-J C [0, p—1] congruent to m— mT_l modulom. Let B =

{thrmTH :mn <t<2mn—1}andset A’ = AUB. Since mn <t <2mn—1,

we have B C J, while 2B = {2m2n+m—mT_1,2m2n+2m—mT_l,...74m2n—

m — mT’l} Thus, similarly to the previous case, 24’ N (m - J) = 0, so A is

m-sum-free. We have @ = lAzl)HlBI = 2”(“"’1)1)(’\1_2”’”" = ng‘n’l’}_Q, which is

at least 1 g form > 2. We remark that taking A=m — 1 and p = m— in the

original constructlon instead yields @ — D= 2) — m’+2m— 15, which is
g y p—1 2m 8m

slightly better for larger m.

In all four cases above, we obtain a set A, such that d,,(Z/pZ) > "%‘ >

|A| T(1— 7) $(1- 7) and now the claim about the limit follows from the fact
that by Dlrlchlet S theorem there exist infinitely many primes in the arithmetic
progression {4m?n +1:n > 1}. |

3.2. Upper bound for d,,,(Z/pZ). — In this section we prove Theorem 1.5,
which we restate here for convenience.

THEOREM 3.2. — Let p > 80 be a prime, m be an integer in [2,p — 2], and
¢ = ¢(p) be the solution to the equation ¢ = 3127%’;), where a = «a(c,p) is the

parameter in Theorem 1.4 with n = c. Then, d,,(Z/pZ) < c. In particular,
dm < 3755
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The idea of the proof is roughly the following: either an m-sum-free set A
has a doubling constant at least 2 4+ «, in which case, since (m - A) N 24 = (),
we have (34 a)|A] < |(m - A)| +|24| < p and we are done; or we can apply
Theorem 1.4, and thus, working with the two arithmetic progressions provided
by the theorem, we reduce the problem essentially to bounding the size that
two progressions I and J of equal difference can have if the dilate m-J has small
intersection with I. Let us begin by establishing this result about progressions.

LEMMA 3.3. — Let p > 80 be prime, 0 < « < 1/5, d € [2,p—2], and N € N.
Let I and J be progressions in Z/pZ having the same difference and satisfying
[I|=2N —1,|J] > (1+a)N =3, and |[IN(d-J)| < aN —2. Then, N < 2t3,

3+a
Proof. — First note that without loss of generality, we can assume d < %17
since if the lemma is proved with this assumption, then, given d > p—;l, we

can multiply by —1 and apply the lemma with the intervals —I and J. Let
us proceed by contradiction supposing that there exists some N (along with
p, d, a, I, and J), such that the hypotheses of the lemma are satisfied, but
N > gii Note that the supposed properties of I and J are conserved, if we
dilate by the inverse of their difference mod p and if we translate, replacing I
by I +dz and J by J + z. It follows that identifying Z/pZ with the integers
[0,p — 1] with addition mod p, we can assume that I = [p — |I|,p — 1] and
J =2+ [0,]J| — 1] mod p, for some z € [0,p — 1].
We claim that we can assume without loss of generality that

(26) d-z €[0,d— 1] modp.

Indeed, if this does not hold, then either d -z € [d,p — |I| + d — 1]Jmod p or
d-x € [p—|I|,p—1]. If the former holds, then d-(x—1) ¢ I mod p, so the interval
J' = (x—1)+][0,|J| —1] satisfies the hypotheses with |[IN(d-J')| < |[IN(d-J)|.
On the other hand, if d-x € [p—|I|,p—1], then letting J' = (x+1)+]0, |J| —1]
we have d-x € IN(d-J) and d-x ¢ IN(d-J'), so this interval J’ satisfies
the hypotheses with |[I N (d-J")| < |IN(d-J)|. In either case, by repeatedly
shifting the interval J, we eventually obtain (26).

Given (26), we may partition d - J into successive progressions U; (with
difference d) for i € [1,s + 1], such that U; = (minU; 4+ dZ) N [0, p — 1] with
minU; € [0,d — 1] for ¢ € [1,s], and Usyq is either empty or consists of an
initial portion of (minU,y1 +dZ) N [0,p — 1] with min Us14 € [0,d — 1]. Then,
{U;N1I|> {%J for i € [1,s]. It follows that |(d-JJ)NI| > s L%IJ, whence

) -2z

Now, as d -z € [0,d — 1) mod p, each U; with ¢ < s starts in [0,d — 1] and ends
in [p—d,p—1], so s is at least the number of consecutive intervals of length p
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that fit inside [0, |J|d — 1]:

oz |10 (CreIN o3

(28) » »

— 1.

Substituting this lower bound for s in (27), as well as the bound L%J >

m_ % = d -1, and expanding the resulting product, we obtain alN — 2 >

d

2(1+a) N2 — ((H;X) —|— +2)N +1+ 3d We group all terms involving N on
the right-hand side, note that the other terms grouped on the left-hand side
amount to a negative number, and multiply through by m to deduce that

(29) N<2(11+a)(d(1+a)+6+25+ap>.

We want to obtain a contradiction from this, using that N > p H . To this end,
using the bounds 2 < d < % on the right-hand side of (29) is not enough.
However, we shall now show that we can assume 11 < d < p/6, which will be
enough.

First, we claim that s > 1. Indeed, otherwise |J| < |(d-J) N I| + |(d
J)n[0,p— I -1]] < aN -2+ [ |I|]. Using the assumptions on |I|, |J],
and d > 2, we deduce that N < pd'f; <7 B 4+ 2. This, combined with our
assumptions N > (p+3)/(3 + «) and o < 1/5, contradicts p > 80.

Since s > 1, (27) yields aN — 2 > ||I|/d]| > 2(1iv — 1. Tt follows that
(aN —1)d > 2N > 0. Hence aN —1>0and d> 2% > 2 whence d > 11
follows in view of a < & 5

Note that ||I]/d] > 1, for otherwise 2N = |I|+1 < d+1 < M , contradict-

ing our assumptions N > p+3 and o < 1/5. Combining this Wlth (27) and (28),
we obtain aN — 2 > W — 1, which means d < ((li‘gﬁ)p < 1Jrap
As @ < 1/5, we conclude that d < p/6.

Now using the bounds 11 < d < p/6 in (29) and the assumption that
N > :{)’13, we deduce that giz < &+ 711(1_“1) + 72(10‘4’_’(1) + 14—%7 implying

1
535 < 12 + 11 + ﬁ + 5, contradicting p > 80. ]

REMARK 3.4. — It is possible to extend the validity of Lemma 3.3 to all
primes p > 5, at the cost of lengthening the proof with several technicalities.
The lemma has potential generalizations that seem of independent interest,
although we do not need to pursue them for our purposes in this paper. For
instance, the anonymous referee raised the question of which values of coeffi-
cients «, 8 and which functions f(«, ), g(«, 8) > 0 ensure that the following
statement holds: if I,J are arithmetic progressions in Z/pZ with common
difference and respective sizes aN + a, SN + b, then N > f(a,3)p implies
[N (d-J)[>g(e, )N
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We can now prove the main result.

Proof of Theorem 3.2. — Let A C Z/pZ be an m-sum-free subset of maximum
size, with [A| = np, and let & = a(n,p) = —2+1,/9 + 8 npsin(x/p)/ sin(rn/3).

Assume by contradiction that n > ¢. Then, since x — &ZZ pp) is decreasing in
€(0,1), and c = éﬁé’;w we deduce that n > ¢ > 1+3/p , whence
3
(30) ] > & > 1
3+«

As noted at the start of the proof of Theorem 1.4, «(n,p) is increasing for
n € (0,1) with psin(r/p) — 7 monotonically. Since 24 and m - A are disjoint,
we have |24| < p — |A|, while |24] > 2|A| — 1 by the Cauchy-Davenport
theorem. Thus, 2|A| — 1 < [24] < p — |A|, implying |A| < ZE* and n < ”H.
Since p > 80, we have n < 3 and a < —2 + /9 + 37/ sin(7/8) < 0.2.

Let |2A| = 2|A|+r. Since A is m-sum-free, the sets 24 and m- A are disjoint,
which implies that [2A] < p (as A is nonempty) and that p > [2A4| + |m - A] =
3|A| 4+ r. Thus,

Al< P27 and J2a) =244 < 2T
Since |2A| < p, the Cauchy—Davenport theorem implies r > —1.

If |2A4] = 2|Al 4+ r > (2 + «)|A| — 3, then r > a]A| — 3, in which case
|A] < 257 < p_agﬂ, which contradicts (30). Therefore, [24] < (2+a)|A| —
and r < |a]A] — 3]. We can now apply Theorem 1.4. As a result, there
are arithmetic progressions P4 and P4 with common difference g such that
A C Py, Poy C2A, |Pa| = [(1+ a)|Al —2] < p, and |Poa| = 2|A] — 1. Tt
follows that P := m - P4 is an arithmetic progression with difference mg # +g,
such that

|P N Pya| < |PN2A] < |Pa\ A] < ofA] — 2.

We can, therefore, apply Lemma 3.3 with N = |A| (as a < 0.2), deducing
that |A] < %, which is a contradiction. Therefore, we must have n < ¢, so
dm(Z/pZ) < ¢, which proves the first claim in the theorem. Taking the limit
of ¢ as p — oo, we deduce that d,, < t, where t is defined by the equation
t = F(t) for the function F(t) = (¥ + +,/9+ 8t /sin(rt/3))!. Since F is
monotonically decreasing and satisfies F(3.19557!) < 3.195571, we must have
t < 3.1955~%, which proves the second claim in the theorem. O

3.3. The structure of large sum-free sets in Z/pZ. — 1In this final part of the
paper, we apply Theorem 1.4 to obtain the following improvement of Theo-
rem 1.8.

THEOREM 3.5. — Let p > 14000 be prime and let A C Z/pZ be sum-free with
|A] > (0.313)p. Then, m- A C[|A|,p—|A|] C Z/pZ, for some m € [1,p — 1].
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Proof. — By hypothesis, |A| = np > 0 with n > 0.313. Set |24]| = 2|A| + r.
Since A is sum-free, we have (2A)NA = (), implying 2|A|+r = |24| <p—|A| <
p, whence |[A| < 257, As in the proof of Theorem 3.2, let a = a(n,p) =
—3 4+ 1,/9+8npsin(r/p)/sin(mn/3). Observe that a(n,p) is increasing as a
function of p > 2 and 5 € (0,1), so a = a(n,p) > «(0.313,14000) > 3 :=
0.195579. If |24] > (2+ 3)|A| — 3, then we have (2+ 3)|A| -3 < [24| < p—|A|,
implying (0.313)p < |A] < %, and, thus, p < 13875, which is contrary to
the hypothesis. Therefore, we instead conclude that 24| < (2 + 8)|A| — 3 <
(24 a)|A| — 3, allowing us to apply Theorem 1.4 to conclude that there is an
arithmetic progression P C Z/pZ with A C P and |P| < |A|+r+1. By dilating
A by the inverse of the difference of the progression P, we can assume without
loss of generality that P has difference 1. Since 2|A|+7r = |24| < (2+5)|A4| -3,
we have r < B|A| — 3, and, thus, |P| < |A|+r+1 < (14 B)|A| —2. The
bound |A| < (p+ 1)/3 given by the Cauchy—Davenport theorem then implies
[Pl<(1+p8)(p+1)/3< pTH. It follows that the sumset A + A is rectifiable.
Let v : A+ A — Z be the associated Freiman isomorphism, with coordinate
map ¥4 : A — Z. Note that the map of the form ag + sg — s involved in the
definition of 14 (see the remarks before Lemma 2.3) can be assumed to be just
a translation (since the element g here, being the difference of P, is assumed
to be 1). By slight abuse of notation, we drop the subscript from 14, denoting
this map also by 9. Let ¢’ : A — A — Z be the Freiman isomorphism defined
by ¥'(x —y) = ¢¥(z) — ¥(y), for z, y € A (see the remarks after Theorem 2.2).
Since |P| < |A| + 7+ 1 < 2|A| — 2 implies |A| > |P|2+1, we are assured that
A contains two consecutive elements in P, whence ged*(¢(A)) = 1. Since A
is sum-free, we have (A — A) N A = 0, and, thus, |[A — A] < p — |A|. Since
A—A=Y(A)—p(A), we have |¢p(A) —(A)| = |A—A] and |[(A)| = |A|. Asa
vesult, if [9(4) — p(A)] = 3(A)|—3, then p— || > [A—A| = [1:(4) ~$(4)]| >
3| (A)| — 3 = 3|A| — 3, implying (0.313)p < |A] < 2F3, contradicting that
p > 14000. Therefore, |p(A) — 1 (A)| < 3[¢p(A)| — 4, allowing us to apply the
3k — 4 theorem (Theorem 2.2) with the sets ¢(A4), —(A). This, together with
the remarks in the paragraph above Theorem 2.2, implies that [—(|A|—1), (|A|—
1)] C ¥ (A)—w(A). Hence, [—(|A]—1), (|A]—1)] C ¢'(A—A) and given the form
of ¢/, it follows that in Z/pZ, we have [—(|]4| — 1), (|A] —1)] € A — A. Since A

being sum-free implies (A— A)NA = 0, this forces AN[—(|A|-1), (|]4]—1)] = 0,
ie., AC[|A|,p—|Al], which completes the proof. O
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RESUME (Equivalences de Morita pour les algebres de Hecke cyclotomiques de type B
et D). — Nous énongons un théoréme d’équivalence de Morita pour les quotients
cyclotomiques des algébres de Hecke affines de type B et D, suivant un résultat classique
de Dipper-Mathas en type A pour les algébres d’Ariki-Koike. Ainsi, la théorie des
représentations des algebres de Hecke affines de type B et D se réduit a 1’étude de
leurs quotients cyclotomiques ou les valeurs propres sont dans une unique orbite pour
la multiplication par ¢2 et I'inversion. La preuve consiste notamment en un théoréme
de décomposition pour des généralisations d’algebres de Hecke carquois introduites
récemment dans ’étude des algébres de Hecke affines de type B et D, ramenant la
situation générale d’un carquois non connexe avec involution & un cadre plus simple.
Pour traiter simultanément les deux types, nous unifions les différentes définitions
d’algebres de Hecke carquois pour le type B déja existantes.

1. Introduction

Cyclotomic quotients of the affine Hecke algebra of type A, also known as
Ariki-Koike algebras, have been extensively studied since their introduction by
Broué-Malle [5] and Ariki-Koike [2]. Given a field K, a subset I C K, an ele-
ment ¢ € K* and a finitely-supported family A = (A;);c; of non-negative inte-
gers, the Ariki-Koike algebra H*(&,,) is defined by the generators go, . . ., gn_1
and the relations

9i9; = 9;9i, foralli,j € {0,...,n—1},i —j| > 1,
9i9i+19i = Gi+19igi+1, forallie {l,...,n—2},
90919091 = g190919o0,

(ngq)(gz*'qil)zov for allze{l,,n—l},
[T —i)* =o0.
i€l

We note that Ariki-Koike algebras are quotients, by the last relation, of affine
Hecke algebras of type A and that the study of their representations (for all
choices of I and A) is equivalent to the study of finite-dimensional representa-
tions of affine Hecke algebras of type A.

By an important theorem of Dipper—Mathas [8], we know that it suffices to
study Ariki-Koike algebras when the set I is g%-connected, that is, in a single
¢*-orbit (and even up to a scalar renormalisation of the generator go, when
I C {¢®)). More precisely, if I = ]_[?:1 IU) is the decomposition of I into
g*-connected sets, then we have a Morita equivalence

(&) HA(Gn) Mo:mta @ ®HA(])(6nj),
Niye-eyng >0 =1
ni+-Ang=n
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where AU) is the restriction of A to IU). (Note that the assumption in [§]
is slightly stronger than the one above, but in practice, it is this condition of
q*-connected sets that is used.) Hence, this Morita equivalence allows us to use
results that are only known when the set I is g?-connected, in particular, the
celebrated Ariki’s categorification theorem [1] that computes the decomposition
numbers of Ariki-Koike algebras in terms of the canonical basis of a certain
highest weight module over an affine quantum group.

Another way to obtain this Morita equivalence was given by the second
author [21, §3.4], using the theory of quiver Hecke algebras. This is a family of
graded algebras that was introduced independently by Khovanov-Lauda [15,
16] and Rouquier [22] a few years ago, in the context of categorification of
quantum groups. If I' is a quiver, we denote by R, (T") the associated quiver
Hecke algebra (see §3.1). For a certain quiver I" depending only on the order
of ¢?, Brundan—Kleshchev [6] and independently Rouquier [22] proved that a
certain “cyclotomic” quotient of R, (T') is isomorphic to an Ariki-Koike algebra.
This result is now a basic tool in the study of Ariki-Koike algebras and their
degenerations, including the symmetric group and the classical Hecke algebra
of type A. For instance, as consequences, first, the Ariki-Koike algebra inherits
the grading of the cyclotomic quiver Hecke algebra and, second, it depends
on ¢ only through its order in K*. Now, if I" is of the form I = H?zl ra),

where each T'U) is a full subquiver, it was shown in [20, §6] that we have a
decomposition

samg

d
(W) R, (T) ~ Mat; =« R, (1)
m,.@dZO (nl ) g J( )
nl4+---4+ng=n
This isomorphism of algebras is compatible with cyclotomic quotients and com-
bining with the previous isomorphism of Brundan—Kleshchev and Rouquier al-
lows to recover the Morita equivalence (&). This Morita equivalence has been
further generalised for the cyclotomic Hecke algebras of type G(r,p,n) [11].
We also indicate the paper [12], where the Dipper-Mathas result is studied
and derived again from the point of view of affine Hecke algebras, and where
the question of a similar result for other affine Hecke algebras is evoked.

The main point of this paper is to prove a similar decomposition theorem
for some generalisations of quiver Hecke algebras and, hence, obtain an ana-
logue of the Dipper—Mathas Morita equivalence for cyclotomic quotients of
affine Hecke algebras of types B and D. Such generalisations of quiver Hecke
algebras were introduced by Varagnolo and Vasserot [24] (for type B) and to-
gether with Shan [23] (for type D), in the course of their proofs of conjectures
by Kashiwara-Enomoto [9] and Kashiwara—Miemietz [14]. For certain sub-
categories of representations of affine Hecke algebras of types B and D, these
algebras play a similar role to quiver Hecke algebras for affine Hecke algebras of
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type A. Inspired by their results, the first author together with Walker [18, 19]
obtained an isomorphism theorem d la Brundan—Kleshchev between cyclotomic
quotients of affine Hecke algebras of types B and D and certain generalisations
of cyclotomic quiver Hecke algebras.

The first step of this paper is to provide a definition of these generalisations
of quiver Hecke algebras for type B, which encompasses all the slightly different
versions previously defined. They are Z-graded algebras and depend upon a
quiver with an involution and certain weight functions on the vertices. As for
the type A case, that is, for usual quiver Hecke alegbras, the algebra that we
define admits a PBW basis, and this is a key ingredient to prove the decompo-
sition theorem when the underlying quiver has several connected components.
The point of having defined a new algebra in Section 4 is that we can now use
the main results of [18, 19] at the same time. We deduce our main theorem for
type B, Theorem 7.4, that we state now. Write ] C K* as [ = ]_[?:1 1) such

that each I9) is g?-connected and stable by scalar inversion. As in the type A
case, for A = (A;)ie; € N we denote by H*(B,,) the quotient of the affine
Hecke algebra of type B by the relation

[Tx:—a™ =0
i€l

(see §7.1 for a precise definition).

THEOREM. — We have an (explicit) isomorphism

AAAAA

d
A A .
HYB,) ~ P Mat( o &R HY (B,,) |
j=1

ni,...,nqg>0
ni+-+ng=n

in particular, we have a Morita equivalence

d
HA(Bn) Mgzta @ ®HA(])(B»”].).
ni,...,ng>0 j=1
ni+--+ng=n

We also deduce that a similar result holds for the cyclotomic quotient H* (D,,)
of the affine Hecke algebra of type D. Some technicalities typical to the type D
situation result in a formulation of the final result that is a bit more complicated
than for type B in the theorem above, since in addition it involves a semi-direct
product by powers of a cyclic group of order 2 (see Theorem 7.10).

One motivation for considering cyclotomic quotients of affine Hecke algebras
is that the study of (finite-dimensional) representations of the affine Hecke
algebra is equivalent to the study of representations of all their cyclotomic
quotients. As a consequence of our main results, we obtain that, for affine
Hecke algebras of types B and D, this study reduces to considering the alge-
bras H(B,,) and H*(D,,) when the set I is g>-connected and stable by scalar
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inversion (see Corollaries 7.5 and 7.11 for more details and a complete descrip-
tion of the finite number — up to four — of sets I to be considered). This
generalises the classical reduction for the affine Hecke algebras of type A (for
which it is enough to consider I = ¢?#) induced by the Dipper-Mathas result.

Organisation of the paper. In Section 2, given an algebra A and a set of idem-
potents satisfying certain properties we prove a general decomposition theorem
expressing A in terms of a direct sum involving matrix algebras on idempotent
truncations (Corollary 2.7).

Let T be a (possible infinite) quiver with no 1-loops, let I be its vertex set and
let a € &,, be a finite union of &,,-orbits. In Section 3, we recall the definition
of the quiver Hecke algebra R, (I'). We then review the proof, based on the
general theorem from Section 2, of the decomposition isomorphism of [20] when
I" has several connected components, generalising it to the case where I' is not
necessarily finite (as it is assumed in [20]). In §3.2.4, given a finitely-supported
family A of non-negative integers we define the cyclotomic quotient R2(T") of
R, (T") and give the corresponding isomorphism when I' has several connected
components.

Then we assume that I' is endowed with an involution 6 and let 3 C I"™
be an orbit for the action of the Weyl group B, of type B and rank n. We
begin Section 4 by defining the algebra Vg(I', \,y) depending in addition on
A € N and v € K satisfying certain conditions. This algebra generalises
the constructions of [24, 18, 19], see Remarks 4.5, 4.6 and 4.7, respectively.
The algebra V3(T', A,7) is Z-graded, and we prove in §4.2 that it admits a
PBW basis, using a polynomial realisation (the calculations are postponed to
Appendix A).

Section 5 is the heart of the paper. We prove a decomposition theorem,
similar to (#), for the algebra Vz(T', A, ~y), when the quiver I is a disjoint union
of #-stable full subquivers I' = ]_[?:1 I'Y) (Theorem 5.1). As in Section 3, we
first use the results of Section 2 and then prove that some idempotent trun-
cation of Vz(T', A,7) can be expressed as a tensor product on smaller algebras
involving the quivers I'¥). Note here a technical difficulty compared with the
type A case: for nq +---+ng = n, the group &,,, X --- x &,,, can be seen as a
parabolic subgroup of &,, for its standard Coxeter structure, but it is no longer
the case for By, X --- X By, C B,, although this is still a subgroup. We prove
in §5.3 the cyclotomic analogue of the decomposition theorem (Corollary 5.5).

The shorter Section 6 is devoted to quiver Hecke algebras Ws(T") for type
D and their cyclotomic quotients W;}(F) Using a result of [19] that expresses
Wp5(T') as the subalgebra of fixed points of a certain involutive automorphism of
V3(I',0,0) (Proposition 6.4), we manage to give a decomposition isomorphism
for Wg(T") and its cyclotomic quotient when the quiver I" has several §-stable
full subquivers (Theorem 6.8).
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Finally, in Section 7, we introduce the affine Hecke algebras H(B,,) of type
B and H(D,) of type D, together with their cyclotomic quotients H*(B,,) and
H*(D,,). We then use the analogues of the Brundan-Kleshchev isomorphism
theorem in types B and D from [18, 19] to deduce from our disjoint quiver
isomorphisms the announced Morita equivalences: Theorem 7.4 for type B and
Theorem 7.10 for type D.

2. Decomposition in matrix algebras on idempotent truncations

The results in this section, or some versions thereof, are probably known to
specialists, but we could not find them in this precise form in the literature.
So we state them in the form that we need and provide complete proofs. The
framework presented here encompasses several cases of proved isomorphism
theorems, such as in [13, 20].

Let A be a unitary algebra over a ring K. Let Z be a complete (finite) set

of orthogonal idempotents, that is,

o for all e € 7 we have €2 = ¢;

e forall e,e’ €T, if e # €' then e’ = €’e = 0;
e wehave 1 =% ;e
For any e € Z, let ¢., . € A, such that

(1a) Petpee = e,
(1b) EPethe = e.
REMARK 2.1. — Such elements necessarily exist, for instance ¢, = 1. = e, for

any e € Z. However, obviously this will not lead to interesting results.
LEMMA 2.2. — For any e € I, the element Y.ep. is an idempotent.
Proof. — Using (1a), we have
(wee¢e)2 = wee(qbe'(/)ee)(be
= wee2¢e
= '(/Jee(bea
as desired. ]

Denote by J the image of the map Z — A, e — 1.ep. and write Z. for the
fibre of any element € € 7. We have

I.={e €T : tp.epp. = €},

|_|IE:I.

eeJ

and
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By Lemma 2.2, the set J consists of idempotents, however it is a priori not
related to Z.

PROPOSITION 2.3. — For any € € J and any e € I, we have
(2a) €Pe = Pec€,

(2b) e = Yee.

Proof. — We have

(3) Yeede = €,

and, thus, (¢ctee)pe = ¢pee. Using (1a) we obtain the first equality. We also
obtain ¥.(edetbe) = € from (3), and, thus, by (1b) we obtain the second

equality. O
PROPOSITION 2.4. — For any € € J and any e € I, we have

(4a) Ve = €,

(4b) Yoo = €.

Proof. — By (2a) we have ¢.€ = ed,, and, thus,

PePe€ = PeePe,

and we conclude that (4a) holds, since ¥.e¢. = € by definition of Z,. Similarly,
by (2b) we have

€¢e¢e = ¢ee¢e =6
and, thus, (4b) holds. O

If J is any finite set and B any K-algebra, we denote by Mat;(B) the
K-algebra of matrices with rows and columns indexed by J with entries in B.

DEFINITION 2.5. — For any € € 7, we define the idempotent
€:= Z e.
ecT,

THEOREM 2.6. — Let ¢ € J. We have the following isomorphism of K-
algebras:

€AE ~ Matz, (eAe).

Proof. — We first prove that for any €', e € Z,, the maps
Oure: € Ae — €AeM.,.
at— we’a(beMe’e’
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and
Nere 1 €AeMye — € Ae
aMere = Perarpe,
are well defined and inverse isomorphisms of K-modules. Here, we denoted
by M. € Matz, (eAe) the matrix whose unique non-zero coefficient, which

is 1, is at row €’ and column e. The maps 6./, and 7., are well defined by
Proposition 2.3. Indeed, for any a € ¢’ Ae, then a = ¢’ae, and

Yerage = (Yere')a(ede) = (eer)a(dee) € €Ae,
S0 O is well defined, and for any a € eAe, then a = eae, and
berathe = (per€)a(ee) = (€'¢er)a(tee) € €' Ae,
80 Nere is well defined. Now for any a € €’ Ae, we have, using a = €’ae and (1),
Nere(Oere(a)) = Nere(Yerade Mere)
= Ger (Ve ade ) e
= (e Yalederte)
=¢€ae
=a.
Moreover, for any a € eAe, we have, using a = eae and Proposition 2.3,
Ocre (Mere(@Mre)) = Oure(Serats)
= Yo erathede Mere
— (Yorder)alctede) Mo
= €ae
=a.

We now want to extend 6. and 7./ to algebra isomorphisms. We have a
direct sum decomposition

(5) ede= P €A
e’ e€T.
We define two maps
0. : €Aé — Matz, (eAe),
Ne : Matz, (eAe) — éAée,

by
96 = @ ee’ea
e’ ecZ,
Ne == @ Tle'e-
e’ ecZ,

TOME 149 — 2021 — N° 1



MORITA EQUIVALENCES FOR HECKE ALGEBRAS 187

These two maps are inverse isomorphisms of K-modules. To prove that they are
inverse isomorphisms of K-algebras, it suffices to prove that 6. is a morphism
of K-algebras. Recalling the decomposition (5), it suffices to prove that

(6) 96((11@2) = 96((11)96(&2),

for any a; € e;Ae; for any e; € Z.. If e; # €}, then the left-hand side is zero,
and so is the right-hand one, since MellelMeée2 = OMatz, (eae)- Thus, we now
assume that e; = e5. We have a; = aje; and ajas = ajejas € €} Aes; thus,
using (1b) we obtain

Oc(araz) = 0c;e,(ara2)
= er ar(e1)aspe, Mes e,
= Yera1(€1¢e, Ve, )a20e, Mo e,
= (¢e;a161¢e1)(¢el a2¢e2)Me'1e2
= (Yer a10e, Mo e, ) (e, a2¢e, Meye,)

= 06/161 (a1)96162 (a2>

= 96((11)96((12).
This concludes the proof. O
COROLLARY 2.7. — Assume that for all €, € J we have
(7) e #¢ = eAé ={0}.

Then have the following isomorphism of K -algebras:

A~ @ Matz, (eAe).
eeJ

Proof. — The assumption (7) implies that
A~ Peae
eeJ

We now use the result of Theorem 2.6. O

3. Application to quiver Hecke algebras

We here review and generalise the decomposition theorem from [20, §6] to
the case of a possibly infinite quiver. A careful analysis of the proofs in this
section will be the starting point of several proofs later in the paper.
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3.1. Definition. — Let I' be a loop-free quiver, possibly infinite. We write
(or, respectively, A) for the vertex (or, respectively, arrow) set. We have a map
A — I x I given by A3 aw (o(a),t(a)) € I x I. The loop-free condition says
that for all a € A, we have o(a) # t(a). For any 4,j € I, we write |i — j| for
the (finite) number of a € A, such that o(a) = i and t(a) = j. We also define
i-j =i — j|+|i < j|. (We warn the reader that the usual quantity is —i - j.)
For any i,j € I, we define

. i, ifi g,
(i, ) :={ J Bi

—2, otherwise.

Let u,v be two indeterminates over K. For any i,j € I, we define the polyno-
mial Q;;(u,v) € K[u,v] by

(=Dl =), i i #

0, otherwise,

(8) Qij(u,v) = {

Note that

9) Qij(u,v) = Qji(v,u) = Qij(—v, —u).

Let n € N and &,, be the symmetric group on n letters. We denote by r, the
transposition (a,a + 1) € &, for any a € {1,...,n — 1}. We will consider the
following two actions of &,,:

e The natural action on {1,...,n}, given by r, - i = r,(i), for all a €
{1,...,n—1}and i€ {1,...,n} .
e The action on I™ by place permutation, given by

(10) Ta'(...,ia,ia+1,...) = (---7ia+17ia7~--)7
for any ¢ = (i1,...,i,) € ["and a € {1,...,n — 1}.

Let a C I™ be a finite &,,-stable subset, that is, a finite union of &,,-orbits.

DEFINITION 3.1 (Khovanov-Lauda [15, 16], Rouquier [22]). — The quiver
Hecke algebra associated with the quiver I' and the finite stable &,-subset
a C I"™, denoted by R, (T'), is the associative unitary K-algebra generated by
elements

{Yat1<a<n U{¥sti<b<n—1 U {e(?) }ica,

and relations, for any ¢,j € « and a,b € {1,...,n},

(11) Z@(’L) =1, 6(2)6(3) = 6ije(i)’ YalYb = YbYa, yae(i) = e(i)ym

i€a
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and
(12) ¢a€(i) = 6(7“,1 : i)waa

—e(i), ifb=aand iy =ig41,
(13) (Yayo — Yr.v)a)e(t) = 1 e(4), ifb=a+1and iy, =iqy1,

0, otherwise,
if a <n —1, and, finally,
(14) Vap = Yo, if la — b > 1,
(15) Vae(i) = Qiviars (Yar Yatr1)e(d),

(16) (Vo161 — Yothpp19n)e()
Qibib+1 (Ybs Yor1) — Qibib_H (Yb+25 Yos1) e(i)

= Yb — Yo+2
0, otherwise,

if ip = ipy2,

fa<n—-—1landb<n-2.

We may form the direct sum R,(I') = @, Ra(I'), where o runs over all
the orbits of I™ under the action of &,,. If ' is finite, the direct sum is finite,
and R, (T') is a unitary algebra, with unit ) ;. e(¢). Note that if n = 0, then
Ro(T) = Ro(T) = K.

ProproSITION 3.2 ([15, 16, 22]). — The algebra R, (T') is endowed with the
Z-grading given by
dege(i) =0,
degya = 2,
degpe(t) = d(ip,ipt1),
foralli € o and a,be {1,...,n} withb <n—1.

For any w € &,,, choose a reduced expression w = rg, -+ 14, and define
Yy = Pq, -+ Ya,. Note that the element v, may depend on the reduced
expression chosen.

PROPOSITION 3.3 ([15, 16, 22]). — The algebra Ry (T') is a free K-module, and
{yi* - yorpye(i) s a; € Nyw € 6,4 € a},
is a K -basis.

REMARK 3.4. — We recall that there is a one-to-one correspondence between
&, -orbits @ C I™ and maps & : I — N of weight n, namely, such that
> icr &(i) = n (the number G&(i) counts the number of occurrence of i in any
element in the orbit ).
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3.2. Disjoint union of quivers. — Let d € N*. Like in [20, §6.1.3], we assume
that the quiver I' decomposes as a disjoint union of full subquivers
d
= |_| ra
j=1

where there are no arrows between I'¥) and ') if j # j'. We denote by
I = ]_[;l:l IU) the subsequent partition of the vertex set. Note that Q; = 1,
whenever i € 1) and i/ € IU") with j # j'.

Now we consider a special class of finite unions of &,,-orbits in I™. We let
G be a finite group acting on I and, for each j € {1,...,d}, we assume that
IU) is stable under the action of G. We denote

G,=G"x6,,

the semi-direct product, where &,, acts on place permutation on G™.
The semi-direct product G,, acts naturally on I"™. For any g = (g1,...,9n) €
G™ and w € &,,, we have, for all (i1,...,i,) € I,

(gaw) : (ilv s 7171) = (gl : Z‘w_l(l)a sy n Z‘w_l(n)) .
We fix a C I™ to be a G,-orbit. Note that « is, indeed, a finite &,,-stable
subset of I"™ as in §3.1.

3.2.1. Decomposition of orbits. — For any ¢ € o and j € {1,...,d}, let i)
be the tuple obtained from % by removing the entries that are not in I,
We denote by n;(¢) the number of remaining entries, that is, the number of

components of i) It follows easily from the fact that each IU) is stable under
the action of G that:

(17) the tuple (n1(2),...,nq4(¢)) is the same for each i € a.

Thus, we denote, for each j € {1,...,d}, by nj(a) the unique value of n;(%)
for ¢ € o. We may simply write n; instead of n;(a), when « is clear from the
context. Note that nq +--- +ng =n.

We define

al) = {i(j) ri€a) C (19,
The set a9 is a finite &,,,-stable subset of (1())"i. We will see in (19) that it

is, in fact, a G,,-orbit.
In addition to (17), we will need the following property of «.

PROPOSITION 3.5. — Recall that o C I™ is a G,,-orbit. We have:
(18) oM x ... xadca,

where we use implicitly the natural identification (by concatenation) of I™ X
<oox I™ with a subset of 1™.
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Proof. — Let us provide a proof that shows all the various elements explicitly.
Since « is a G,-orbit, it can be written in the form:

Q= {(gl 'iwfl(l)v"wgn'iw*l(n)) |91a-~-7gn GGa w e Gn}v

for some element (i1,...,4,) € I". By invariance under &,,, we can choose
(é1,...,%,) in an ordered form as follows:
1 1 -d -d
(217...,zn1, ...... ,11,...,znd),

where i, € I\ for all j € {1,...,d} and k € {1,...,n;}. Then it is clear that
for each j € {1,...,d}, we have simply

O[(j) = {(gl ' ifu_l(l)’ sy Gny e Zzu_l(nj)) | 91,3 9n; € Ga w € GnJ} .
Property (18) can now immediately be checked. (]

From the proof of the preceding proposition, it is easy to see that the map

d
(19) {G,-orbits of I"} — |_| H{an—orbits of (I(j))nj }
ni,...,ng>0 j=1
ni+--+nqg=n
given by a — (... a(®) is a bijection. The inverse map associates to
(01(1), cey a(d)) the smallest G,,-stable subset in I” containing a(®) x - - x a(%)

REMARK 3.6. — What we actually need for the results of this section is a
subset « satisfying properties (17) and (18). However, since in the entire paper,
we will use only G,,-orbits, we find it more convenient to start directly with
Gp-orbits. In fact, we will only use the groups G = {1} and G = Z/2Z but
considering an arbitrary finite group G does not lead to any complication.

REMARK 3.7. — e Let Q be the set of G-orbits of I. Generalising Re-
mark 3.4 it is easy to see that there is a one-to-one correspondence be-
tween G,-orbits a C I" and maps & : @ — N, such that ) &(w) = n.
If « C I™ is a G-orbit and w € Q, then &(w) counts the number of oc-
currence of the elements of w in any element of a.
e Foreachj=1,...,d, let QU) be the set of G-orbits of I7). We have Q =
H?Zl QU. Then the bijection (19) in terms of maps simply associates
to & :  — N the restrictions &|qe) : Q0 — N to each Q).

ExXaMPLE 3.8. — Let us give an example of a subset « not satisfying property
(18). Let n = 2 and a = {(a, A), (A, a), (b, B), (B,b)}, where a,b € IV and
A,B € I®). Then « is a union of two &y-orbits, and it satisfies (17). It does
not satisfy (18). Indeed, we have a(®) = {a,b} and a® = {A, B} but, for
example, (a, B) ¢ a.
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3.2.2. Decomposition along the connected components of the quiver. — We
keep o C I"™ a Gy-orbit for some finite group G acting on each set 19). We
may (and we will) simply write n;, instead of n;(«).

For each i € I, we set p(i) = j € {1,...,d} if i € IU). Then for each i =
(i1, ...,0n) € I"™, we define its profile by p(i) = (p(il), .. 7p(in)) e{1,...,d}"™.
Let

Prof® := {p(i), i € a} C{1,...,d}"

be the set of all profiles of elements of . Note that (17) ensures that Prof® is
also a single orbit, now for the action of &,, on {1,...,d}" by place permutation.
A natural element to consider in this orbit Prof® is

= (1,...,1,2,...,2, d,....d),

where each j € {1,...,d} appears exactly n; times. Then every element t €
Prof® can be reordered to obtain the distinguished element t*. More precisely,
for any t € Prof®, the set of elements w € &,,, such that w -t = t* forms a
right coset in &,, for the subgroup &, X --- x &,,, (the stabiliser of t*). There
is a unique minimal length element in this coset (see e.g. [10]), and we denote
it by 7¢. In particular, the element ¢ is the unique minimal length element of
S, such that 7 - t = t*.
For any t € Prof®, we define the idempotent

e(t) = Y e(i) € Ra(I),
p(iie)(if
and we set
7 = {e(t) : t € Prof*}.

It is a complete set of orthogonal idempotents, and its cardinality is (m " nd).

Then, for any t € Prof®, we fix a reduced expression 7y = r,, - - - r4, and define

(203“) Py = 1/1a1 e wak € R, (F)a
(20b) ¢t = ’(/Jak T ¢a1 S Ra (F>

In the following proposition, the grading on Matz (e(t*) Ry (I)e(t¥)) is triv-
ially induced from the grading on e(t*)R,(I")e(t*) (a homogeneous element

of degree N is a matrix where all coefficients are homogeneous elements of
degree N).

PROPOSITION 3.9. — We have an isomorphism of graded algebras:

RQ(F)EMat( n )(e(ta)Ra(F)e(to‘)).

MYy Mg
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Proof. — The proof follows the same steps as in [20], and we only give a sketch
and the precise references to [20]. First, we have that the data {e(t), ¢, ¢+ }teprote
in R,(I") enters the general setting (1) of Section 2; namely, we have, for any
t € Prof® (see [20, Proposition 6.18)),

(21) ¢((/Jt€(t> = e(t)(btwt = e(t)
The main point to prove (21) is the following fact:
(22) vae(t) = e(t),

for any a € {1,...,n — 1} and t € Prof®, such that t, # t,+1 (see [20, Lemma
6.15]). Similarly, we obtain, for any t € Prof,

(23) wte(t)qbt = wtq’)te(ta) = e(t“)

This last equality ensures that the set J in the notation of §2 is J = {e(t*)}.
Since J is reduced to one element, we deduce that the assumption (7) is
automatically satisfied, and we can use Corollary 2.7 to obtain the propo-
sition. Finally, the fact that the isomorphism is homogeneous follows from
degie(t) = deg pee(t) = 0, for any t € Prof® (see [20, Remark 6.29]). O

REMARK 3.10. — Similarly to (22), we have (see [20, Lemma 6.20])

(24) ya¢le(t) = ¢ty7r‘(a)e(t)a

for any a € {1,...,n—1} and t € Prof®, such that t, # t,4+1, and also (see [20,
Lemma 6.15])

(25) wa—i-l'l/)aq/}a—i-le(t) = wawa+l¢ae(t)a

for any @ € {1,...,n — 2} and t € Prof®, such that t, # t,42. In particular,
(25) implies that the quantities ¥¢e(t) and e(t)¢¢ do not depend on the chosen
reduced expression for 7.

3.2.3. Expression as a tensor product. — We now want to write the algebra
e(t*)Ro(Te(t¥) as a tensor product. Recall that « is a G,-orbit and thus
satisfies properties (17) and (18). We have already used the first property. The
second will be explicitly used during the proof of the next result.

Note that, for any j € {1,...,d}, the algebra R, (I'?)) is well-defined since
al9) consists of n-tuples of vertices 1) of TU) and is stable under permutations
(see §3.2.1).

THEOREM 3.11. — We have an (explicit) isomorphism of graded algebras:
e(t*)Ra(T)e(t™) ~ R, o) (F(l)) Q- Ry (F(d)).
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Proof. — We construct an algebra homomorphism f from the tensor product
of e(t*) Ry (I)e(t*) as follows. For any i) € o) C (1D with j € {1,...,d},
we define

f(e(i(l)) ® - ® e(i(d))) =e(iW, ... D).

Note that (i(l), . ,i(d)) € « due to Proposition 3.5. Moreover, for any j €

{1,...,d}, we denote by y$) and wéj) the generators of R, (I'¥)) in the tensor
product and we define

f(yfzj)) = e(ta)yn1+~-+nj—1+ae(ta)v

F@P) = () s gn, - 0e (),
for all a,b € {1,...,n;} with b < n; — 1. By [20, Lemma 6.24] the map f is,
indeed, a homomorphism. Using the basis of Proposition 3.3, we can prove that

f sends a basis onto a basis and is, thus, an isomorphism (see [20, Proposition
6.25]). Finally, the isomorphism f is clearly homogeneous. O

Combining Theorem 3.11 with Proposition 3.9, we obtain the main result of
this section.

COROLLARY 3.12. — We have an (explicit) isomorphism of graded algebras:
d
R,(T) ~ Mat, =« Ro)(TW
a( ) a (“1 44444 “d) § a(J)( )
REMARK 3.13. — If a = Hle «; the decomposition of « into &,,-orbits, then

we have R, (I") = @le R, (). So, of course, as far as the algebras R, (I") are
concerned, taking o a single &,,-orbit would be enough. However, we really
needed a more general setting, since we will later apply the above results for
orbits o C I™ of the Weyl group of type B.

We now show how to recover [20, Theorem 6.26], with the difference that
the result that we obtain here is also valid if the quiver I' is infinite.

COROLLARY 3.14. — We have an (explicit) isomorphism of graded algebras:

d
R~ P Mat( o Q) R., (0D)

ni,..na>0
ni+-+ng=n

Proof. — We write I"/&,, to denote the &,-orbits in I"™. We apply the iso-
morphism of Corollary 3.12 in each term in the right-hand side of the equality
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R,(I') = @, Ra(I'), where a runs over I"/&,, (so here we use the situation
G = {1}). Recalling the 1:1-correspondence in (19), we obtain
Ry(T)~ P Ra(T)
acl” /&,
d
~ (T
B @ Mat(n1<a>,.7,nd(a>) ®R°‘(]>(F )
a€ln /G, j=1
d
~ (T
= D P My e )| @R )
ni,...,ng>0 a€l™/&, Jj=1

ni+--+nqg=n n;(a)=n;

d
@ ®Ra(j)(f‘(j))

R
=
&
[l

Eh

-

S

ni,...,mg >0 a€l" /&, j=1
ni+--+nqg=n nj(a)=n;
d
~ @ v B B @RV
nibemg )
N1yeemg>0 aMel™ /&, adelnd/6, , j=1
ni+-+ng=n
d
~ P Mat( n | Q) R, (M) ],
MYy Mg J
ni,...,nqg>0 j=1
ni+-4ng=n
as desired. O

3.2.4. Cyclotomic case. — We keep the above setting with the quiver T', its
full sub-quivers ') and a G,,-orbit a. In addition, let A = (A;)ie; be a
finitely-supported family of non-negative integers.

DEFINITION 3.15 ([22, 6]). — The cyclotomic quiver Hecke algebra RA(T') is
the quotient of the quiver Hecke algebra R, (T') by the two-sided ideal J2 gen-
erated by the relations

(26) yrie(d) =0,
for all 4 = (i1,...,i,) € .

Since the above relations are homogeneous, the cyclotomic quiver Hecke
algebras is graded, as in Proposition 3.2. Note that if A; = 0 for all 4, then

{0}, ifn>1,
Ra(T) = {K, if n=0.

Asin [20, §6.4.1], we want to state Corollaries 3.12 and 3.14 in the cyclotomic
setting. First, for any j € {1,...,d}, let AU be the restriction of A to IU).
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THEOREM 3.16. — We have an (explicit) isomorphism of graded algebras:

RA(T) = Mat @R““ @)

,,,,,

Proof. — The proof is similar to that of [20, Theorem 6.30]. We provide the
details, since it will be used later in the paper.
Note that ®?=1 Rgéj)) (T is the quotient of ® | R (TW) by the two-
sided ideal
A

Ne=(1 @103 ®le--®l, j=1,..,d

generated by the ideals 32((;; in position j in the tensor product. We will
identify the algebra ®;l=1 R, (TY)) with the algebra e(t*)R,(I)e(t*) due
to the explicit isomorphism given in the proof of Theorem 3.11. With this
identification, the ideal 3£$® is generated by the elements

Ay .
Yp be(’l’) )
where © € « is of profile t¢, and b is of the form b = ny +--- +n;_1 + 1 for
jed{1,....d}.

Now let 6 be the isomorphism of Proposition 3.9 and n its inverse. For
convenience, we denote during the proof N := (m " nd). We will prove the
following two inclusions:

(27a) 0 (34) € Maty (35

(27D) 35 2n(Maty (33 ) -
Let ¥,t € Prof®. First recall that for h € e(t')R,(T")e(t), we have
0(h) = Yuhp My € Maty (e(t*)Ro(T)e(tY)) .
while for h € e(t*)Ro(I')e(t*), we have
1 (hMyt) = dehipe

where the elements ¢¢, ¥y were introduced in (20).
e Let ¢ € « of profile t. By (21), (12) and (24) we have:

A . Ail . Ail . Aq .
U (i) = M e(@)elt) = 5 e(6)pune(t) = Bt elme- Dne(t).
Thus, to prove (27a) it suffices to show that
A; .
0 (ymgl)e(m . z)) € Maty (jjo\l@) .

By definition of 7, we have that 4’ := m-4 has profile t¢, and, therefore,
y:j(ll)e(i’) € e(t*)Ro(T)e(t*). Let b == m(1), so that we have i; = 1],

i1
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and, moreover, by [20, Proposition 6.7], the element b is of the form
ny +---+nj_1 + 1. We conclude that

A; . Ai/ . ~
G(ym(ll)e(m 1)) =y, "e(i') Mo € Maty (JQ’@)) .
o Let ¢ € a with profile t* and let b = nq+- - -+n;_1+1with j € {1,...,d},
such that n; # 0. Let us prove that
Ai . ~
0y, *e(i) M) € T3

Since Myy = My My for any t’, it is enough to prove it for a single
value of t'. So without loss of generality, since n; # 0, we can assume
that t' starts with j, so that m¢ (1) = b. We conclude that

A; . A; . A; _ . ~
n(y, " e(i)Myi) = ey, Pe(i)e =y, Pe(ny' - i)puipy € T2,

. . ./ _ . . .
since, if we denote 7' = 77{/1 -1, then we have @} = .

This concludes the proof of (27) showing that we have
0 (35) =Maty (35 5) -
Thus, we can deduce the isomorphism of Theorem 3.16 from Corollary 3.12. [

REMARK 3.17. — e We saw that if AU) =0 on I')) for some j, then, if
moreover o/ # () (that is, if nj(a) # 0), we have fo\((j; (TW) = {0}
from the defining relations. So, in turn, Theorem 3.16 implies that
RA(T) = {0},

e The conclusion of the preceding item can, in fact, be seen more directly.
Indeed, the cyclotomic relations in RA(T") imply that e(i) = 0 for all
i € a with i; € TU). So we have that the idempotent e(t) is 0 for any
profile t starting with j (and at least one profile like this exists in Prof®
when n;(a) # 0). Since:

Yie(t)pe = e(t”) and  ge(t™) P = e(t) ,

it follows immediately that if n;(«) # 0, then all idempotents e(t) are
0, and, in turn, all idempotents e(z), ¢ € « are 0, which shows that

R(T) = {0}.
As in Corollary 3.14, we deduce the following corollary.

COROLLARY 3.18. — We have an (explicit) isomorphism of graded algebras:

,,,,,
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REMARK 3.19. — It follows from Remark 3.17 that we can assume that A is
supported on all components of T, that is, AU) # 0 for all j € {1,...,d}. In
other words, we can replace from the beginning I’ by T', where we removed the
components '), such that AU) = 0. In particular, we have R}(T) = Rﬁ‘f(f),
where I denotes the vertex set of I'. We could have done that, but it turned
out to not be really necessary to state Theorem 3.16 or Corollary 3.18. For
example, in Corollary 3.18, if AU) = 0 for some j, then all the summands with
n; # 0 are {0} and can, thus, be removed from the direct sum.

4. Interpolating quiver Hecke algebras for type B

The aim of this section is to unite the definitions of quiver Hecke algebras
for type B that are introduced in [24] by Varagnolo and Vasserot and in [18, 19]
by the first author and Walker.

4.1. Definition. — Let I" be a quiver as in §3.1. We also adopt the notation
of this section. Let 6 be an involution of I', that is, the map # is an involution
on both sets I and A and satisfies

(28) 0(0(a)) = t(6(a)),

for all a € A. Note the following consequence: for any 4,5 € I, we have
|t — j| = 16(j) — 6(i)] and, thus,

(29) i-j=00)-0(5)

It follows from the definition (8) of the polynomials @;; and from (28), again,
that

(30) Qij(u,v) = Qa(jye¢i) (u,v),

for any 4,5 € 1.

Let B,, be the group of signed permutations of {£1,...,4n}, that is, the
group of permutations 7 of {£1,...,£n} satisfying n(—i) = —n(i) for all
i € {1,...,n}. We have a natural isomorphism B, =~ (Z/2Z)" x &,. In
particular, we are in the setting of §3.2 with G = Z/2Z, which acts on I via
the canonical surjection G — (f). We have a natural inclusion &,, C B,,, where
T4 18 identified with (a,a+1)(—a,—a—1) foralla € {1,...,n—1}. We see B,
as a Weyl group of type B by adding the generator ro := (—1,1). The action
of B, on I™ is given by (10) and

To - (il, N ,in) = (9(1’1),@'2, PN 7in),

for any 4 = (i1,...,i,) € I"™. Let 8 C I™ be a By,-orbit. In particular, the set
[ is a finite &,,-stable subset of I"™.

TOME 149 — 2021 — N° 1



MORITA EQUIVALENCES FOR HECKE ALGEBRAS 199

REMARK 4.1. — The result of Remark 3.7 can here be written as follows.

There is a one-to-one correspondence between B,-orbits § C I™ and maps

B : I — N, suchthat 8 =060 and 1> icr B()+ Y ier B(i) = n (the
0(i)#£i 0(i)=i

number $(4) counts the number of occurrence of both ¢ and 6(¢) in any element
in the orbit 3). See also [18, Remark 2.5].

Let A € N! and v € K. Define

)\i A i) if T = 07
d(i) = + Ao, 1Y )
-2, otherwise.

For any ¢ € I, we make the following assumptions:

(31a) 06) #1 = 7 =0,
(31b) v =0 = [0(i) # i or d(i) =0].
Note that v is f-invariant, that is, we have
(32) Yoy = Vi, foralli e I.
REMARK 4.2. — e Condition (31b) may seem strong; without it in §A.1

we encounter useless complications for our means (see also Remark A.1).
e Similarly, one could consider a more general definition than the one be-
low. As, for example, in [22, §3.2], we could remove any reference to
a quiver and start only with a family of polynomials associated to the
set I with involution 6 (namely, Q;;[u,v] and a polynomial replacing

(71)A9<i1>yf(i1) in the definition below). Then one should look for con-
ditions ensuring the existence of a polynomial representation. We do
not pursue this direction to avoid adding another layer of technicalities.

DEFINITION 4.3. — Thealgebra Va(T', A, ) is the unitary associative K -algebra
generated by elements

{Wat1<a<n U{¥sto<o<n—1 U {e(?) }iep,

with the relations (11)—(16) of Section 3 involving all the generators but vy,
together with

(33) Yoe(t) = e(ro - )¢,
(34) wajb = 1/1171!107 for all b € {Qa sy — 1}7
(35) (Yoy1 + y1vo)e(i) = 2v;, e(4),
(36) YoYa = Yatho, foralla e {2,...,n},

o o J(=1)Moen gt e, iy, =0,
(37) Vioe(®) = {0, otherwise,
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(38) ((vot1)? — (¥1%0)?) e(%)
o \d(in) _,,d0)
B (71)/\9(1'1) ( yl)yl n y2y2 ’(/}16(7:), if Yi, = 0 and 0(21) = ig,
) Qi2i1 (yla _y2) - Qizil (yla y2)

Viz (y1%0o — i, ) e(d) otherwise,
ny2

for all z € 5.

It is clear that the fraction in the first line of the right hand side in (38) is a
polynomial in y1,y2. Then we note that the second line in the right-hand side
of (38) is 0, when ~;, = 0 or when i; = iy (recalling (8)), and is a polynomial
in y1,y2 when v;, = 0. So for the second line, if v;, # 0 # ~;, and 41 # 72, then
by (31a) we have 6(i1) = i1 and 8(i2) = iz, and, thus, we can use (9) and (30),
so that

Qi1i2 (ua 71}) — Qi1i2 (ua 'U) _ Qiliz (U’ 7“) - Q@(iz)Q(i1)(u7 U)

uv uv
_ Qiliz (U’ —U) — Qi?,il (uv U)
uv
_ Qi i (U7 _u> — Qiyis (U7 u)
- )
uv

is a polynomial.
Finally, note that when n = 0 then Va(T', \,7y) = K.

REMARK 4.4. — Since £ is a finite &,,-stable subset of I"™, we can also consider
the algebra Rg(T') as defined in §3.1. The subalgebra of V3(T', \,v) generated
by all the generators but 1y is an obvious quotient of Rg(I') (see also Corol-
lary 4.11).

REMARK 4.5. — If 6 has no fixed point in I, then V3(T, \,v) is exactly the
algebra defined in [24]. In this case, by (31a) we necessarily have v; = 0 for
any 4, and (31b) is automatically satisfied. In particular, in (38), the second
line is always zero in this situation.

REMARK 4.6. — Assume that K is a field of characteristic different from 2
and let p,q € K* with ¢ # 1 # p?. Let § : K* — K be the scalar inversion.
For any € KX, we define the set I, == {z¢*" : ¢ € {£1},] € Z}. Let
Z1,...,xp € K*, such that the sets I,, are pairwise disjoint. Let I" be the
o—1 Lz, and arrows between v and ¢?v for all v € 1.
Finally, let A be the indicator function of P := {#+p} NI and define v; = 1
if 8(i) = i and ; = 0 otherwise (thus, (31) is satisfied). Then Vz(I', A7)
is exactly the algebra meﬁ defined in [18]. This is, together with the next
remark, the situation relevant for the applications to affine Hecke algebras, see
Section 7.

quiver with vertices I := ]_[k
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REMARK 4.7. — The algebra of [19, §3.1] is obtained with the same choice of
I', 6 as in the preceding remark, together with «; := 0 and A; := 0 for all 4. In
particular, Condition (31b) is satisfied, since d(i) = 0 for all ¢ € I. We will
come back to this particular situation in Section 6.

The algebra V3(T', A, v) is endowed with the Z-grading given by

(39a) dege(i) =0,

(39b) degyq = 2,

(39¢) degpoe(i) = d(i1),
(39d) degpe(i) = d(ip, ti41)-

The homogeneity of the defining relations that do not involve 1)y is as in Sec-
tion 3, the other ones being a simple calculation. For (35), note that if v;, = 0,
there is nothing to check, and if ;, # 0, then by definition we have d(i;) = —2
and, thus, degvoyie(i) = degyrpe(t) = 0. To check the last relation, let us
write 4149 instead of ¢, and even a instead of i, and a instead of 6(i,). We have

(40) ((Y011)? = (¥1%0)?) e(12) = Yotrthorhre(12) — Yriorrtoe(12)
= oe(12)yre(21)1pe(21)r1e(12)
— re(21)hpe(21)1e(12)hpe(12).
We have:
deg Yoe(12) = degtpoe(12) = d(1),
deg 1pe(21) = deghpe(21) = d(2).
Moreover, by (29) we have

degtpe(21) =d(2,1) = d(1,2) = d(1,2) = deg 1e(12),
degre(12) = d(1,2) = d(2 71) d(2,1) = deghre(21).
Thus, the quantity ((wowl — (Y190) 2) e(2) is homogeneous of degree
d(iv) + d(iz) + d(iy, 12) + d (i1, 0(i2)).
A quick calculation now shows that the last relation is homogeneous (note that

in the first case, we have 7;, = 0 by (32)).

4.2. Basis theorem. — We now want to give an analogue of the basis theorem
Proposition 3.3 for quiver Hecke algebras. As in [15, 16, 22], we will construct
a polynomial realisation of Vg(I', A, ). Let (P;;(u,v)); jer be a family of poly-
nomials satisfying

(41a) Pi;j(u,v) = Pj(—v, —u),

(41b) Pij (u, v) = Pg(j)g(i) (u, U),
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and such that
(42) P (u,v)Pji(v,u) = Qij(u,v).

Note that P;;(u,v) = (u —v)P7 if i # j and P;j(u,v) :== 0 if i = j is an
example of such a family, by (28). Now let (;(y))ies be a family of polynomials,
such that

(43) ag(i) (Y)ai(—y) = (=1)Oy?D,if 5, = 0,

(44) a;(y) =0, otherwise.

Note that if y; = 0, we can just set a;(y) :== y**@. We now consider the sum

of polynomial algebras K|z, f] :== @ieﬁ Klzy,...,2,]1;, where 1; denotes the
unit of the summand corresponding to %, so that

fl'L:]-’L.f7 for allfeK[.Tl,...,xn] andiéﬁ,
1;1; = (Sijli, for all 2,5 € 8.
The Weyl group B,, acts on Klz1,...,z,] by
CE(a, . mn) = floTh (2, )

for any w € B, and f € K[z1,...,x,], where the action of the generator rg
on (x1,...,x,) is by multiplying 21 by —1, and the action of the generator r,
a=1,...,n—1,on (z1,...,2,) is by exchanging =, and z,+1. The action of

B, on K[x1,...,x,] extends by linearity to K[z, 8] by setting w* f1; == f1,,;
for any 7 € 5.

We now consider the linear action of V3(I', \,v) on K[z, /] given on the
generators by

e(g) - fli = 6ijfli = dizLif,
Ya - f]-z = xaf]-i = $a1ifa
“f=f
- f1; = 61‘ i —1
"/Jb f i bylbt1 Tb — Tye1
= (Oiysip i (o — Tog1) " (15 — 1) + Piy iy (Tog1, m)s) * f14,
o f_Tof ) 0
Yo - fli = L —— +ai (21) " f ) 1y
= (’yilaﬁfl(l — ’I“()) + oy, (31‘1)7“0) * f1;,
for any ¢,5 € S and f € K[z1,...,25]

[ + Pib,ib+1 (xb+17 xb) belrb-i

LEMMA 4.8. — The previous action is well defined.

The proof of Lemma 4.8 is given in Appendix A. For each w € B,,, we now fix
a reduced expression w = rg, - - - rq, and define 1y, = g, - - g, € Va(L', A, 7).
Note that the element v, may depend on the reduced expression chosen.
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THEOREM 4.9. — The algebra Vg(T', \,v) is a free K-module, and
{y1" - ynvwe(d) s a; € Nyw € By, i € B}
is a K-basis.
Proof. — As in [15, 16, 22], successively applying the defining relations of
Va(T', A,7) we can see that the above family is a spanning set, and, hence, it

remains to prove that it is linearly independent. For any b € {0,...,n — 1},
i€ pand f € K[zy,...,z,], we can write

Uy fly = (Alry + Ap™) % f1;,

where A", AP™ € K(z1,...,2,) with A" non-zero (recall that P;; # 0 if
i # j). If < is the Bruhat order on B,, we deduce that for each w € B,,, we
can write

Yo 1 = (A;”w 3 A;””Ww'> «f1a,
w! <w

where AY, A" € K(x1,...,%,) with A non-zero. Thus,

yih . "y;l,,nd}w . f]-i = (A;i)xﬂlll . x%nw + Z A?J’ﬁthlll "'$?L"w’> *f]-'b
w’ <w
for any ay,...,a, € N. We now use the following basic Lemma 4.10 from field
theory and note that the elements of B,, induce distinct field homomorphisms
of K(x1,...,2p).

LEMMA 4.10 (Dedekind). — Ifuq,...,un : F' — G are distinct field homomor-
phisms, then they form a linearly independent family over G.

So we can use reverse induction in the Bruhat order to show that the images
of the basis elements are linearly independent in Endg (K[z,]) and, thus,
conclude the proof. O

As a corollary, we obtain the sequel to Remark 4.4.

COROLLARY 4.11. — The subalgebra of Va(T', A,7y) generated by all generators
but 1o is isomorphic to Ra(T).

5. Disjoint quiver isomorphism
Let I' be a quiver with an involution # and A € N/, v € K' as in §4.1. Let
d be a positive integer and write I' = H?:l '), such that

e Each I') is a full subquiver of T.
e Each I') is stable under 6.
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We write I = H;l:l IU) as the corresponding partition of the vertex set of T
Recall that B, ~ G™ x &,, with G = Z/2Z acting on I via G — (). In
particular, each I¥) for j € {1,...,d} is stable under the action of G, so that
we are in the setting of §3.2.

Let 8 be a By-orbit in I™. As explained in §3.2, both properties (17) and
(18) are satisfied. In particular, for any j € {1,...,d}, we have an integer
n;j(B) = n;, and we have a B, -orbit 8} C (1)),

For any j € {1,...,d}, we define \) € NV (or, respectively, ) € Klm)
to be the restriction of A (or, respectively, 7) to IU).

THEOREM 5.1. — We have an (explicit) isomorphism of graded algebras
V(T A, 7y) Mat( ") ®V5(j> (F(J),/\(J)ﬁ(]))
j=1

As in §3, we will first apply the result of §2 and then prove an isomor-
phism with a tensor product. Parts 5.1 and 5.2 are devoted to the proof of
Theorem 5.1, which is a direct consequence of (45) and Proposition 5.2.

5.1. Fixing the profile. — As defined in §3.2.2, to each © € 8 we associate its
profile p(i) € {1,...,d}", and we write Prof” C {1,...,d}" to denote the set
of all profiles of elements of 8. Any element of Prof? can be reordered so that
we obtain

Y =0,...,1,....d,...,d),

where each j € {1,...,d} appears exactly n; times. To any t € Prof?, we
define the idempotent

e(t) = Z e(?) € Va(T', A\, ),
ief
p(2)=t

and we define
7 :={e(t) : t € Prof”}.

It is a complete set of orthogonal idempotents, and its cardinality is exactly
(m"nd) Since any reduced expression in &,, in the generators rq,...,r,_1 is
also reduced in B, for these same generators, the definitions (20) make sense in
Vs(T, A, ) for any t € Prof”. Moreover, since the defining relations of Rg(T)
are also satisfied in V3(T', A, v), we deduce that equations (21) and (23) are still
satisfied in V3(T', A, ~y), and, thus, as in §3.2.2, we conclude that

(45) Va(T, A7) = Mat oy (e(t)Vs(T, A, 7)e(t)) .
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5.2. Embedding the tensor product. — The aim of this section is to prove the
following proposition.

PROPOSITION 5.2. — We have an (explicit) isomorphism of graded algebras
e(t?)Va(T, A, 7)e (X)Vﬁm (19,20, 4).

5.2.1. Images of the generators. — Set n =nj+---+ngy. We start by defining
a map from the set of generators of the algebra ®;l:1 Vs (I‘(J’)7 @), »y(j)) to
e(tP)Va(T, A, y)e(t?).

Let j € {1,...,d}. We denote w(()j), - ,wnﬁl, -)7 .. 7y7(f3), e(#’) with
i/ € B, the generators of Vs (I‘(j), A AU )). Then we consider the map

(46) e(i') @@ e( ) e(d,....i%,

(47) (tﬁ)wnﬁ- gy V100Y1 - Uy, (1)
(48) ¢(J = e(tﬁ)wnﬁ- tng— 1+a6(fﬂ) ) a = 17 sy Ty — 1 5

(49) (tﬁ)ynl-‘r +nj— 1+be(tﬁ) ) b= 13 ceey Ny,

where each ¥ ﬁ(j ) and (i',. .., id) is simply the concatenation. Note that
(il, . ,id) € B, since (8 is a By-orbit, using Proposition 3.5. Moreover, the
profile of (i',...,4%) is ¢° and thus e(i',...,i%)e(t?) = e(t?)e(i,... i) =
e(d',...,i%). By convention, ny 4 ---4+nj_; = 0if j = 1 (and w(()l) — o).

Note also that the Formula (46) extended by linearity gives the image of an
idempotent e(#’) € Vyi) (W), A9, 4(9)):

d
(50) e(@) = > > e(@,... Y.

J'=1 4'epl”
i'#

Equivalently, the image of e(#/) is the sum of the idempotents e(i), where
the sum is taken over ¢ € 3, such that the profile of 4 is 7, and, moreover,

(Gnattng 141y -+ oo bnyotny) = 2.
We will prove that the map given in (46)—(49) extends to an homomorphism
of graded algebras denoted p and that p is bijective.

5.2.2. Grading. — We check that the map given in (46)—(49) preserves the
grading given in (39). For the images of the idempotents and of the generators
ylgj ), there is nothing to check.

Let i/ € 8U) and ¢ € B, such that (fnydtny 14 1s e by getn,) = i, Let
a € {1,...,n; —1}. On the one hand, we have degwéj)e(ij) = d(zfl,zaﬂ) On
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the other hand, we have
N , i
deg ¥y 4-otn;_1+a€(8) = dling 4tn;_14as fny oty s +at1) = A(i, Tgqq) -

Finally, on the one hand, we have deg w(()j )e(ij ) = d(#]). On the other hand,

we claim that we have

deg g ... %o ... Yre(d) = d(jr+1)
for any k > 0 and any j € [, such that ji41 is not in the same component
as ji,...,Jk for the decomposition of the quiver I' = H?:l '), Taking k =
ny +---+nj_; and j = % this concludes the verification.

To prove the claim we use induction on k. For k = 0, this is the definition
of the degree of ¥pe(j). For k > 0, we have deg¢re(j) = ji - jk+1 = |jr —
]k+1| + |k ¢ jr+1] = 0 by assumption on j. Similarly, degvre(j') = 0, where
j = rk_1...710...1_171(4), since (G Jhe1) = (0(Jr+1),7k). It remains to
use the inductlon hypothesis, namely that degvg_1...%0 ... ¢Yp_1e(ri(j)) =
d(jx+1), which is valid because r4(7) has j41 in position k.

5.2.3. Bijectivity. — We assume for a moment that the map given in (46)—(49)
extends to an algebra homomorphism. We denote this map by p and prove here
that p is bijective.

For any j € {1,...,d}, we write B @) = By, and rename its generators to
r(()j) e

yeey n71

We recall the following fact.

LEMMA 5.3. — We have an injective group homomorphism
B(l) X oo XB(d) _)Bn
(wl,...,wd) = W1 ... Wy

given on the generators by, for j € {1,...,d},

(4)
Ty Trgdedng_q - -TITOT1 oo - Ty eepmy g

TéJ)HTn1+...+nj71+a, a:l,...,nj—l.

By convention, ny +---+n;_1 =0 if j =1 (and rél) — o). Moreover, any

d-tuple of reduced expressions is sent onto a reduced expression in B,.

Proof. — Recall that B,, = (rg,...,r,—1) is the group of signed permutations
of {£1,...,£n}, with ro = (1,-1) and r, = (a,a + 1)(—a,—a — 1) for a =
1,...,n—1. Let t; := 19 and t441 == rotyry, fora=1,...,n— 1. The element
to corresponds to the transposition (—a, a).

For any i € {1,...,n} and a € {1,...,i}, we set ro...7;_1 = 1 if a =i by
convention. It is easy to see (for example, [17, Figure 9]) that:

n n
Bn = I_l Taq--- Tn—an—l [ I_l taT'a . rn—an—l .
a=1

a=1
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So, if we define, for i € {1,...,n},
RO = {t<ry...ri1 |ac{l,...,i}, e {0,1}};

then we have that

(51) {tn .. .uy | u; € R}
forms a complete set of pairwise distinct elements of B,,. Moreover, this set
consists of reduced expressions in terms of the generators rg,r1,...,7,_1, since

the polynomial °, axt*, where aj, records the number of elements in (51)

written as a product of k generators, is easily found to be H?Zl 11_—_75?, which
is the Poincaré polynomial ) B, () of the Coxeter group of type B, (see,
for instance, [4, Theorem 7.1.5]).

Now, to prove the lemma we note that the subgroup permuting only the
numbers +1, ..., 4n; is isomorphic to B(!), the subgroup permuting only the
numbers £(n; + 1),...,%(ny + ng) is isomorphic to B? and so on. These
subgroups commute, and, therefore, we have an embedding of B x - . x B(4)
inside B,, (although not as a parabolic subgroup). It is straightforward to see
that this corresponds to the embedding described at the level of the generators
in the lemma.

For the statement about the reduced expressions, let us first recall that the
length function of the Coxeter group B,, can be expressed in terms of inversions
as follows (see, for example, [4, §8.1]):

Um)=t{l<i<j<n|n@)>n()}+4{l <i<j<n|n(=i)>n()} .
Using the notations of the lemma we obtain that ¢(w; ... W) = {(w1) +--- +
£(wy), since Wy permutes only the numbers £1, ..., +nq, Ws permutes only the
numbers £(ny + 1),...,£(n1 + n2) and so on. So it remains to show that a
reduced expression in BY), j =1,...,d, is sent to a reduced expression in B,,.

Let j € {1,...,d}. We claim that it is enough to show our assertion for
a single reduced expression for each element of BU). Indeed, the number of
occurrences of rg in different reduced expressions of a same element remains
constant (due to the homogeneity in 7o of the braid relations of B,), and
therefore, the number of generators in the images of these different reduced
expressions is also constant. So, if one of these images is reduced, they are all
reduced.

Finally, to conclude the proof of the lemma, we observe that the set of
reduced expressions of the form (51) in BU) is sent to expressions of the same
form in B,,, which are, therefore, also reduced. |

To prove that p is bijective, we first use that we know a basis of
®?:1 Vo (1@, A0), () by Theorem 4.9. A basis element is of the form
d

. ) . a(j? . ”
(52) Q@) D) p@e(i),

j=1
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where agj), . ..aﬁﬂj’ e N, i e U and w; € BU) . Note that we have fixed a
reduced expression for each element w; € B () for each j = 1,...,d, in order
to define ¢ng)

On the other hand, we also know a basis of e(t?)V3(T', A, 7)e(t?) again by
Theorem 4.9. Indeed, note that e(i)e(t®) = e(3), if the profile of ¢ is t* and
e(i)e(t?) = 0 otherwise. Moreover, ¥,e(i) = e(w-3)1,. So it is straightforward
to conclude that a basis element of e(t?)V5(T, A, v)e(t?) is of the form

(53) yit . yerh,e(s)

where ai,...,a, € N, i € B with profile t?, and w is in the subgroup of B,
isomorphic to BM x - -« x B(® from Lemma 5.3 (the stabiliser of t*). We must
fix reduced expressions for such w in order to define v,,. We fix them as the
images of the reduced expressions of elements B() x .. x B(® chosen in the
preceding paragraph. That we can do so is the last statement in Lemma 5.3.
Finally, the image of a basis element (52) under the homomorphism p is

(54) Yoy, -, e(it, Lg%,

where by, 4 qn;_y+k = aqu), and the notation w; comes from Lemma 5.3. The

concatenation (il7 . ,id) has the profile t?, since each #/ € 8), and due to our
choice of reduced expressions, we have ¢, - - - Y5, = Yw,...w,. S0 we conclude
that the element (54) is of the form (53). Further, it follows immediately
that this way we can obtain all the basis elements of e(t?)V3(T, A, v)e(t?). We
conclude that the homomorphism p sends a basis onto a basis and is, thus,

bijective.

5.2.4. Homomorphism property. — To finish the proof of Proposition 5.2, it
remains to check that the map defined in (46)—(49) extends to an algebra homo-
morphism. It is possible but quite lengthy to check explicitly that all defining
relations are preserved. Instead, we will use the polynomial representation
introduced in §4.2. We keep the use of the notations introduced in §4.2.

From the proof of Theorem 4.9, we see that the action of the algebra
Va(T',A,v) on Kz, ] is faithful, or in other words, we have an embedding
of V5(T', A, 7) in Endg (K][z, 8]). Therefore, if we denote ¢(e(t”)) the image
of e(t?) by this embedding, we obtain an embedding of the algebra
e(t*)V(T, A, v)e(t?) in Endg (¢(e(t?)) K[z, 8]). We immediately have:

(55) ¢(e) K[z, 8] = €D Klar,....walli .
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On the other hand, we also have an embedding of ®§.l:1 Vi (T, A0 4))
in EndK(®?:1 K[z, 39)]) and the natural identification:

d d
56) R Kz, 8V =) P Klaoi’,....aP)1 = @ Klay,...,zalLs
7j=1 j=14iep) i€f
p(i)=t’
The identification simply maps fil3 ® -+ ® falza to fi... fals  jay.

Through the identifications that we just made, both algebras related by the
map in (46)—(49) are seen as algebras of endomorphisms of the same space, in
(55) and (56). So in order to check the homomorphism property it is enough
to check that both sides of Formulas (46)—(49) are, in fact, the same elements
in the endomorphism algebra.

This verification follows immediately for (46)—(47) and (49). For the image
of 1/)(()] ), we proceed as follows. First, it is convenient to choose a polynomial
representation as in §4.2 for which P;(u,v) = (u — v)V=" if i # j and
Pij(u,v) :=0if i = j.

Let i € 3, such that p(¢) = t°. This means that 4 = (i',...,i%), where

7€ pU). Fix j € {1,...,d} and set for brevity k = ny +--- +n;_;. Through
the identifications explained above, the action of 1/’(()] ) is given by:

()
f To f ()
[l <%k+1 T Wiy (Th1) O f Lo

k+1

where we recall that r(]) Tk...T1TQT1 ... Tk acts on ¢ simply by replacing 541

by 0(ik+1)-

On the other hand, we need to calculate the action of vy ... 1o Y1 ... V.
We note that, with our choice of P;;(u,v), we have that P;;(u,v) = 1, if one
index is among {i1,...,%x}, and the other is 7541 or 0(ix+1). Indeed, i1 is not
in the same connected component of the quiver as i1,...,4, since p(i) = 5.
This is also true for 8(ix 1), since  keeps the set () stable.

Then the calculation is made in three steps, corresponding, respectively, to
the action of ¥y ...y, the action of 1y and the action of ¥y ...1:

fli — rlmka]-m Tt

ek f ror f roT1...Tk
= 71‘)«.*.1 + aik+1 (xl) f 17‘0’(‘1...’)“k~’l:

Z1

k+1

(3)
f=Tof ()
= <7ik+1 x + gty (xk+1) "o f lré")‘i .

This concludes the verification of the homomorphism property and the proof
of Proposition 5.2.
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5.3. Cyclotomic quotients. — As in §3.2.4, let A = (A;);cs be a finitely-sup-
ported family of non-negative integers. In the same way as [24, 18, 19], we
define the cyclotomic quotient of the algebra Va(T', A, 7).

DEFINITION 5.4. — We define the algebra V4(I',\,7) as the quotient of
Va(T', A,7) by the two-sided ideal (]'g generated by the relations

yie(i) =0, foralli=(i,..., i) € B.

The above relations are homogeneous, so that VBA(I"7 A,7) is graded. Note
that if A; = 0 for all 4, then
{0}, ifn>1,

VA A7) = {K o

Asin §3.2.4, for any j € {1,...,d} let AY) be the restriction of A to the vertex
set IU) of T(),

COROLLARY 5.5. — We have an (explicit) isomorphism of graded algebras:

d
(3) . . .
VAT, A7) ~Mat( o Qv (I‘(J)v)\(J),fY(J))

j=1

Proof. — Recall that the algebra Rg(I') is isomorphic to a subalgebra of
Va(I', A,7) (see Corollary 4.11). Moreover, if ¢ denotes the isomorphism of
Theorem 5.1, its restriction to Rg(I") is by construction the isomorphism of
Corollary 3.12. Therefore, it follows immediately that the calculations made in
the proof of Theorem 3.16 can be repeated verbatim here. They show that if we
denote by 3%@ the ideal of ®;-l:1 Vﬁ(j)(].—‘(j), A0 4)) such that the quotient

is ®?:1 Vé\(;‘? (TW AG) 4(9)) (see the proof of Theorem 3.16), we have
935 =Mat ) (I5e) -
This concludes the proof. O

We define VAT, \, ) := @ﬂ VﬁA(I‘7 A,7), where the direct sum is over the
By-orbits 8 in I"™. As in Corollary 3.14, using the bijection (19) we deduce the
following corollary. Note that we now use (19) with G = Z/2Z.

COROLLARY 5.6. — We have an (explicit) isomorphism of graded algebras:

d
VAC A= @ May R VAL (D A )

ni,...,nqg>0 o j=1

REMARK 5.7. — As in Remark 3.19, we deduce that we can assume that A is
supported on all components of T'.

TOME 149 — 2021 — N° 1



MORITA EQUIVALENCES FOR HECKE ALGEBRAS 211

6. Quiver Hecke algebras for type D

To fit with the setting of [19], we now assume that K isa field with char(K) # 2.

Let T" be a quiver with an involution # as in §4.1 and let 8 be a B,-orbit in
I™. As before, let A = (A;);er be a finitely-supported family of non-negative
integers.

In this section, as in Remark 4.7, we consider the situation \; = v = 0
for all 4 € I, and simply denote by Vg(I') = V3(T',0,0) the resulting algebra,
defined in Section 4.1 (note that Conditions (31) are satisfied with this choice
of A and ). The defining relations (33)—(38) (those involving the generator
o) simply become:

(57) poe(i) = e(ro - 1)1o,

(58) Yoty = hyibo, forallbe {2,...,n—1},
(59) Yoy1 = —y1¢o,

(60) YoYa = Yatho, foralla e {2,...,n},
(61) v =1,

(62) (otp1)? = (Y120)? .

So we can immediately see that we have an homogeneous involutive algebra
automorphism ¢ of Vg(I") given on the generators by:

(63) t(ho) = —tp and (X)=X

for X € {¢1,...,%n—1,y1,-- -, yn} U{e(d) }icp -
Note that ¢ is the identity map if n = 0. We denote by Vz(I')* the fixed-point
subalgebra of Va(I'), that is, Vg(I')" = {z € V3(I') | t(x) = z}. The subalgebra
Va(I')" is a graded subalgebra of V3(I'), since ¢ is homogeneous.

Cyclotomic quotients. We recall that Vé‘(l") is the quotient of Vz(I') by the
two-sided ideal 32 generated by

yi\”e(i) =0, forallicp.

These relations are homogeneous, so that the algebra Vé‘(F) inherits the grad-
ing of Vg(I"). The same formulas as in (63) define an homogeneous involutive
algebra automorphism of VBA(I‘), and we make the slight abuse of notation
of keeping the name ¢ for this automorphism. The fixed-point subalgebra is
denoted VBA(F)L.

6.1. Definition and main property of W5(T'). — We recall some definitions and
the results we need from [19].

If n > 2, we identify the Weyl group D,, of type D as the subgroup of B,
generated by sg == roriro, S1 =171, ..., Sn—1 = Tn—1. Lhe convention we need
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here is that D,, = {1} if n € {0,1}. The group D,, then acts on I", if n > 2,
by
S0 - (il, ig, ey Zn) = (9(22), 9(2’1),1'3, . ,in) 5
Sa (ooyiayiarty---) = (i ylart,la,---) a=1,....,n—1
Let § be a finite subset of I™ stable by D,,, that is, a finite union of D,,-orbits.

DEFINITION 6.1. — Let n > 2. The algebra W;(T') is the unitary associative
K-algebra generated by elements

{Wat1<a<n Ut f1<bcn—1 U{¥o} U {e(?)}ics,

with the relations (11)—(16) of Section 3 involving all the generators but ¥,
together with

(64) Woe(t) = e(so - ) Vo,
(65) Woihy = Py Wo, forallbe {1,....n— 1} with b # 2,
DI 0(i) = i,
(66) (Wopa + o ¥oe() = { 9 00D =20 gy 9y,
0 otherwise,
(67) Uy, = ya Vo, forallae{3,...,n},

(68) Wge() = Qo in (—y1, y2)e(d),
(69) (Yoo Vo — o Wotha)e(d)

Qe(il),iz(iylﬂ y2) - Qe(il),ig (y37y2)e(i)7 if 9(7,1) — i3,
= Y1+ ys3

0, otherwise,

for all 7z € 6.

By convention, we set W5(I') = Rs(T) if n € {0,1}. Explicitly, Ws(T') = K
if n =0, and W5(I') = >, .5 K[y1]e(?) if n = 1. This choice for n € {0,1} is
important for the statements of the results in the next section.

REMARK 6.2. — With the choices of I", 6 and the notations of Remark 4.6,
the algebra W;(T') is exactly the algebra W2 defined in [19].

The algebra Ws(I") is Z-graded with
dege(i) =0,
deg Ya = 27
deg Woe(i) = d(0(i1), i2),
deg ¥pe(i) = d(ip, ip+1)-
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DEFINITION 6.3. — The cyclotomic quotient W2(I') is the quotient of the
algebra W;5(T") by the relations

yi\”e(i) =0, forallied.

The algebra W (T') inherits the grading from W;s(I'), since the additional
relations are homogeneous. If A; = 0 for all ¢, then

0}, ifn>1,
WQ(F){;} ifn=0

Fized-point isomorphism. Let 8 be a By-orbit in I™. Note that g is a finite
union of D,,-orbits, so that both algebras Vz(I') and W3(I") are defined.

We recall the following results from [19]. Note that they were proved for a
particular choice of I" and 6 (the one relevant for the next section). However,
the proof does not depend on this choice and can be repeated verbatim in our
general setting.

PROPOSITION 6.4 ([19]). — (i) The algebra Wg(T') is isomorphic to the
subalgebra Vz(T')" of V(T).
(i) Assume that A satisfies Aoy = A; for alli € I. The cyclotomic quotient
Wé\(F) is isomorphic to VBA(I‘)L.
In both cases, an isomorphism is given by Wy — o1y and X — X for
all the generators X but Wy.

REMARK 6.5. — Note that it is assumed in [19] that n > 2. With our conven-
tions, the statements are also true for n € {0, 1}, in which cases the verification
is straightforward.

REMARK 6.6. — Recall the defining relations (57), (59) and (61) of V4 (I).
Conjugating the cyclotomic relations of VﬁA (T") by 1o, we obtain yi\” e(rp1) =0
for any ¢ € 5. From this remark, it is easy to see that we have, in fact, VﬁA () =
VBA(F), where A is now given by A = min{A;, Ag¢;y}. This phenomenon does
not necessarily also occur in WQ(F) (where 1) is not present), and this explains
the assumptions on A in Proposition 6.4(ii).

We note that the isomorphisms given in the preceding proposition are iso-
morphisms of graded algebras. Indeed, in V3(T"), we have degvy = 0, and so
it is straightforward to check that the given map is homogeneous.

From Proposition 6.4(i) and Corollary 4.11, we immediately obtain the fol-
lowing statement.

COROLLARY 6.7. — The subalgebra of Wg(I') generated by all generators but
U, is isomorphic to Rg(T).
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Semi-direct product. In this paragraph, assume that n > 1. Since ¢ is involutive,
the vector space V3(I') decomposes as

Va(I') = Va(I) & Vp(I')™ ,

where V3(I')~ is the eigenspace of ¢ for the eigenvalue —1. Moreover, the
generator 1y is invertible (in fact, 1 = 1) and satisfies ¢(19) = —1. So the
multiplication by 1y provides an isomorphism of vector spaces between Vg(I')*
and V3(I')~, so that V3(I')~ can be written as Vg(I')"¢pg. Working out the
multiplication in V3(I')

(z +yo) (@' 4y o) =z’ + yoy o + (yox" o + xy' )0

we obtain as a standard consequence that V3(T') is isomorphic to the semi-
direct product V3(I')* x Cy, where the action of the cyclic group Cs of order 2
on Vz(I')" is by conjugation by 9. Recall that as a vector space Vz(I')" x Cy
is the tensor product Va(I')* ® K[Cs], and the multiplication is given by

(@ ) (@' @ U5 ) = (zysa’v§) @ v5+e .

Then we formulate the preceding standard facts taking into account Propo-
sition 6.4. First we explicitly give the automorphism of Wjz(I') induced by
conjugation by 9y in Va(I'). We denote this automorphism of order 2 by 7. It
is given on the generators by:

(70) T Yo, Y1 Vo, yr— -y, e(d)r—e(rg-i),

and the identity on all the other generators. As a consequence of Proposition 6.4
together with the preceding discussion, we conclude that

V() = W (L) x (m) ,
and similarly, for A as in Proposition 6.4(ii),
(71) V() = W (T) x (x)

where we still denote by 7 the automorphism of order 2 of Wé\(F) given by the
same Formulas (70). This is, indeed, an automorphism, since A satisfies the
assumption of Proposition 6.4(ii).

With these descriptions as semi-direct products, the involution ¢ on Vg(T')
(and on V(I)) is simply given by:

(72) (z@n) = (-1)za7°,
where € € {0,1} and € Wg(T') (or x € Wé\(F))
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6.2. Disjoint quiver isomorphism for Ws(T'). — Now let d be a positive integer
and assume that the quiver I' admits a decomposition I' = ]_[?:1 ') as in §5.
Let 8 be a B,-orbit in I"™. Asin §5, for any j € {1,...,d}, we have an integer
n;j(B) =n; and a By,,-orbit BU) in (1)

If n;(B) = 0 for some j € {1,...,d}, then consider I the quiver where we
removed the component I'V). Tt follows immediately from the definitions that
Wps(T) is the same algebra as Ws(I'). So we lose no generality by assuming
that n;(8) # 0 for all j € {1,...,d}.

Fized points of tensor products. Since n;(8) > 1 for all j € {1,...,d}, in the
preceding section, we have V) (I0)) ~ W) (D) x C; for all j. Hence,

® Vi (TV) = (® Wi (09)) % ¢

where C¢ acts on the tensor product by the automorphism 7 from (70) on each
factor.

We would like to describe the fixed points of ®?:1 Vi) (T'9)) for the invo-
lutive automorphism +® given by the tensor product of « for each factor. From
Formula (72), we can immediately see that

(73) (@ Vi (T9) ) (@ Waor (T0)) 0 €471

where 0371 is seen as the subgroup of “even” elements of C§, namely,

(74) C&' = {(z%,...,7%) € C¢ suchthat e;+---+e =0 (mod2)}.

Disjoint quiver zsomorphz’sm. We can now formulate the main result of this
section. Recall that n;(8) # 0 for all j € {1,...,d}.

THEOREM 6.8. — We have (explicit) isomorphisms of graded algebras:
d
~ . (@) ) d—1
(75) Wj(L) = Mat( (@ W (D)) ) Cgt ],

and, assuming d > 1,
(76) WAT) = Mat (@ Wi @) x gt

where A = (Ki)ie[ is defined by A; = min{A;, Agg; }-
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Note that in both formulas above, the group C$~! is as given in (74). More-
over, the semi-direct product in Formula (76) is well defined, since each A()
satisfies the condition AZ(-J) = A‘(gj(z) of Proposition 6.4(ii) (see (71)).

REMARK 6.9. — The reader may have noticed that the assumptions d > 1 and
n;j(B) # 0 (which do not reduce the generality, as explained above) were not
present in the preceding section for the type B in Theorem 5.1 and Corollary
5.5. Indeed, those statements are more uniform in the sense that they are also
valid as they are, even if some n; (/) are 0 or if d = 1. In particular, for d = 1,

we do not necessarily have Wé\(F) = Wé\(F) (cf. Remark 6.6).

Proof. — e Recall from Theorem 5.1 that we have an isomorphism between
V[j (F) and the algebra Mat( n )(®j:1 VB(j) (F(J))) . This isomorphism was

LS TN nq

obtained with the following two steps:

VB(F):Mat( n )(e(t'B)VB(F)e(tB)) and

T eees ng

For the first isomorphism, see §5.1, the construction of the idempotent e(t?)
does not involve 1y, and neither does the construction of the matrix units (that
is, the construction of the elements ¥ and ¢; given by Formulas (20)). So we
immediately deduce how the automorphism ¢ of V3(I") behaves with respect to
this isomorphism; namely, we have
Vs()' = Mat n (e(t?)V(I) e(t?)) .
nireng

According to Formula (73) (that we can use since n; () # 0), to prove (75) it only
remains to show that

d ®
e()Wo(D)elt’) = (@ Vo 0D)

Soif we denote by p the isomorphic map from ®;.i:1 Vs (D) to e(t?)Va(T)e(t?),
it remains to check that

pot® =10p.

This is immediately verified from Formulas (46)—(49) giving the map p in the
proof of Proposition 5.2. Moreover, the isomorphism (75) is graded, since it is
the restriction of a graded isomorphism (to a graded subalgebra).

e To prove (76) we start exactly as in the proof of Corollary 5.5; namely,
we repeat the calculations in the proof of Theorem 3.16. We can do so, since
Rs(T) is a subalgebra of W3(I') by Corollary 6.7.
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Let ¥ denote the isomorphism in (75) and let Rg denote the ideal of Wg(T")
giving the cyclotomic quotient Wé\(F) The proofs of Corollary 5.5 and Theo-
rem 3.16 show that

I(RY) =Mat » (REe),

ny,..mng

where ﬁé\@ is the ideal of (®?:1 W0 (T0))) % C4~1 generated by the elements

(77) vy (i)

where 4 is of profile t?, and b is of the form b = nq + -+ + nj_1 + 1 for
j€{1,...,d}. Note that, as in the proof of Theorem 3.16, we abuse notations
slightly: if & = (i',...,i% with i* € B®), we identify y, " e(d) € Ws(T') with
the element of ®;l:1 Wi (D)), which is e(i") in the k-th factor with k # j

and (ygj))AW)l e(#') in the j-th factor (where ygj) denotes the generator y; of
Wi (D).

Contrary to the types A and B, we need to show something more here to
prove (76). In particular, we cannot consider the semi-direct product

(®?:1 Wé\(%) (TW))) x C4=1 since the elements AY) do not necessarily sat-

isfy the stability condition of Proposition 6.4(ii). Thus, let ﬁ§7® be the ideal
of (®?:1 Wsa (F(j))) X Cg_l generated by the elements

(718) yiveli) |

where 4 € f3 is of profile t?, and b is of the form b = n; + --- + n;—1 + 1 for
j€{l,...,d}, and where A is defined in Theorem 6.8. We will show that

A _ ah
Reo =Rpe -

First, since /N\L < A; for all i € I, we have ﬁg@ C ﬁé}’@. For the reverse

inclusion, take an element yﬁibe(i) as in (77). If Kib = A;,, then yﬁibe(i) €
ﬁg@, and, thus, we assume that A;, = Ag(,). Let § € Czdfl, such that the
component of £ in position j is w. Such an element exists, since we assumed
that d > 1. Then, using Formulas (70) for the action of = on WB(_7>(F(j)), we
have, where i’ € 3 of profile t? is such that i} = 6(iy),

& (uye(d) = (~u) vei!) = (—y) Mo e(@’) = (—u) be(i).

A; . .
Since the action of £ is invertible, we thus deduce that y, “e(i) € RQ’@). Finally,

we show that all elements in (78) are in R[’}@, and thus ﬁg@ C R[’}@. This
concludes the proof.
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We define W, (I') := @; W5(I'), where § runs over all the orbits of /™ under
the action of D,,, and, similarly, W2 (T') = @; WA(I'). In the type D situation,
the statements below are less clean than those of Corollary 3.14 or Corollary 5.6.
Nevertheless, they still allow to explicitly reduce the study of W,,(I") and W(T")
to the situation of a quiver with a single component.

For (ni,...,nq) € (Z>0)? we denote by I(ni,...,n4) the number of its
non-zero components. Assume that n > 1 to avoid a trivial situation.

COROLLARY 6.10. — We have (explicit) isomorphisms of graded algebras:
- ( )
W (I) ~ @ W, (@) s gyl
T) P Mat( . ® Wy, (T9)) % Oy :
ni,...,ng>0 j=1
ni+-tng=n n;#0

WAT) ~ @ Mat( W(na,...,nq)) ,

ni,...,nqg>0
nit+-+na=n

where:

e Ifl(ny,...,ng) =1 then W(ny,...,ngq) = W,fj(j)(l"(j)), where j is the
component such that n; = n.
e Ifl(ny,...,ng) > 1, then

=1

Proof. — We write W, (I') = @, Ws(I') and WAT) = ¥ WA (T), where 3
runs over all the orbits of I™ under the action of B,. We note that, if some
n;(B) are equal to 0 then, as explained at the beginning of this section, we can
remove the corresponding components of I' to obtain another quiver I for which
the assumptions of Theorem 6.8 are satisfied. Then the proof is a repetition of
the proof of Corollary 3.14, using Theorem 6.8 for each orbit 3. O

REMARK 6.11. — As in Remarks 3.19 and 5.7, we deduce that we can assume
that A is supported on all the components of I'.

7. Morita equivalence for cyclotomic quotients of affine Hecke algebras
of types B and D

In this section, we will combine our previous results Corollaries 5.6 and 6.10
with [18, 19] to obtain Morita equivalence theorems for cyclotomic quotients
of affine Hecke algebras of types B and D. We emphasize that these Morita
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equivalences will be deduced from isomorphisms. As they combine the isomor-
phisms of [18, 19] with those of the previous sections, these isomorphisms can
be written down explicitly, even though they are rather complicated.

Recall that K is a field with characteristic different from 2. Let p, ¢ € K\ {0}
such that ¢? # 1. As in Remark 4.6, for any z € K \ {0}, we define the set

L= {a¢® e c {£1},1 € Z} .

Then we take d > 1 and x1,...,24 € K*, such that the sets I() = I, are
pairwise disjoint, and we set

d
I:= ]_[ I, .
j=1

The quiver I'" with involution that we will be considering in this section is
the following:

e The vertex set of I' is I as above.

e There is an arrow starting from v and pointing to ¢?v for all v € I.
These are all arrows.

e The involution @ on [ is the scalar inversion 6(z) = x~! for all x € I.

The partition I = H?Zl 11 induces a decomposition of I' into full subquivers

I'= ]_[;l:l ') as in Section 5, in particular each T is stable under the scalar
inversion 6. We also choose a finitely supported family A = (A;);c; of non-
negative integers. Finally, we let L be a free Z-module of rank n with basis

{Ei}izlw.,n:
L= éZq .
i=1

7.1. Morita equivalence for cyclotomic quotients of affine Hecke algebras of
type B. — We set

ap =26 and a;=¢€41—€6,t=1,....n—1.
For n > 1, the Weyl group B,, of type B acts on L by
ro(€1) = —e1,
ro(e;) =¢ ifi>1,
Ta(€i) = €rq(i)s

fori=1,....n—1landa=1,...,n— 1.
We denote gy :=p and ¢; := q for i = 1,...,n — 1. The affine Hecke algebra
H(B,,) is the unitary K-algebra generated by elements

905915 -->9n—1 and Xx, zelL.
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The defining relations are X° = 1, Xexe = x*+e' for any x,z’ € L, and the
characteristic equations for the generators g;:

(79) Z=(g—q " g+1 forief{0,...,n—1},

with the braid relations of type B

(80)  gog19091 = 91909190
(81)  9igi+19i = gi+19igi+1 fori € {1,...,n —2},
(82)  gi9; =99 for i,5 € {0,...,n — 1} such that |i — j| > 1,
together with
XT _ sz(z)
1—X—a

for any x € L and i = 0,1,...,n — 1. Note that the right-hand side is a well-
defined element, since there exists k € Z, such that r;(z) = = — ka;. Note also
that H(By) = K.

Let X; = X< for ¢ = 1,...,n. An equivalent presentation of the algebra
H(B,,) is with generators

giX" = X" g = (¢ — ¢ ")

9o, 91, - - - 7gn_l,leEl, e ,Xnil ,
and defining relations (79)—(82) together with
X X; =X;X, fori,jed{l,...,n},
90X1 'g0 = X1,
9iXig9; = Xiy1 forie{l,...,n—1},
;i X; = X9, forie{0,...,n—1}and j € {1,...,n} such that j #4,i+ 1.

DEFINITION 7.1. — The cyclotomic quotient H*(B,) of type B associated
with A = (A;);er is the quotient of the algebra H(B,,) over the relation

[[xi =it =o0.

el

Note that if A; = 0 for all ¢, then

{0}, ifn>1,
HY(By) = {K, ifn=0.

We recall the main result of [18, 19] concerning H*(B,,).

THEOREM 7.2. — Let \,7 be as in Remarks 4.6 and 4.7 if p> # 1 and p> =1,
respectively. The algebras H*(B,,) and VML, \,v) are (explicitly) isomorphic.

REMARK 7.3. — Theorem 7.2 is proven for n > 1 but is also trivially true for
n = 0.
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We now state the first main application of the results of the preceding sec-
tions.

THEOREM 7.4. — We have an (explicit) isomorphism of algebras:

d
A ~ A
HMB,) ~ P Mat( o« &R H (B,
j=1

ni,..ong>0
ni+--+ng=n

In particular, HM(B,,) is Morita equivalent to

d
@ ®HA(j)(an)

N1,y...,ng >0 j=1
ni+--+ng=n

Proof. — Note that the statement is true if n = 0, and, thus, we now assume
n > 1. Let us first assume that p? # 1. Let A be the indicator function of

1, if6(i)=1
{#£p} NI and (v;)ier be given by v; = ¢ if 6() ] B
0, otherwise,

as in Remark 4.6.

By Theorem 7.2, we have an isomorphism H*(B,) ~ VA(T,\,v). For any
j € {1,...,d}, the restrictions A9 and 49) of A and ~, respectively, to I¢)
satisfy, by Corollary 5.6,
d .
VAT, N, 7y) ~ @ Mat( ® VT{\J_(”(F(J')7 AG) 4Dy

ni,...,ng >0 Jj=1
ni+--+ng=n

Since AU and %) are still of the above form with respect to the quiver ', by
Theorem 7.2 we have V%m (TG A 4)) ~ HAY (Bn,) for any n;. We, thus,
deduce the isomorphism of the theorem. We deduce the statement of Morita

equivalence, since Maty(A) and A are Morita equivalent for any algebra A and
N € N*. The case p?> = 1 is similar, still by Theorem 7.2. ]

We obtain the following corollary.

COROLLARY 7.5. — To study an arbitrary cyclotomic quotient of the affine
Hecke algebra H(B,,) it is enough to consider cyclotomic quotients given by a
relation

[T Ga-agymr=o,
ec{£1}
leZ

for any finitely supported family of non-negative integers (Mme1)ee+1y,1ez, where
x € K* satisfies one of the following four cases:

(@a=1 (ba=q (Ja=p (d)a¢tdUtpe?.
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Proof. — We sketch a proof, in the same spirit as in the introduction of [18].
By Theorem 7.4 it is clear that it suffices to consider cyclotomic quotients given
by a relation

[ -9 =0,

i€l,

where I, = {z¢* : e € {£1},1 € Z} withx € K* and A = (A;);es, is a finitely
supported family of non-negative integers. By Theorem 7.2 and Remark 4.6
this cyclotomic quotient is determined by:

e The quiver I' with vertex set I, arrows v — ¢?v for all v € I, and
involution 6 : v — v~! on I,
o The set {£p} N I,.

A first distinction arises when looking at the number of connected compo-
nents of I'. It has exactly one (or two) connected component(s), when 22 € ¢?#
(or 22 ¢ ¢°%).

The first case, £2 € ¢?Z, is equivalent to x € £¢%. We can switch between x
and —z by the variable change X; «+ —X; for all i € {1,...,n}, replacing I,
by —I, = I_, and A = (Ay)ier, by A = (A]);er_, given by A} = A_; for all
i € I_,. Thus, it suffices to consider x € ¢%, but now a simple shift of A (that
is, setting A = A;,2n for appropriate N) shows that it suffices to consider the
cases x = 1 (this is case (a)) or x = ¢ (this is case (b)), according to the parity
of the power of gq.

We now consider the case 2% ¢ ¢%%, that is, x ¢ +¢%. If {£p} N1, = 0,
then = ¢ +¢”U+pT'¢?%, and all these choices of z lead to isomorphic algebras,
since, moreover, # has no fixed points (if z71¢%" is fixed by 6, then 2% € ¢*%,
and, thus, x € +¢?#). This is the case (d). Now, if {£p} NI, # (), using the
variable change X; + —X; for all i € {1,...,n}, we can always assume that
p € I, that is, z € pT1¢?2. In fact, it suffices to consider x € pg??, since the
variable change gy < —go exchanges p and p~!. This case reduces to x = p by
shifting A as above, and this is case (c). O

REMARK 7.6. — We make additional final remarks on the four cases (a)—(d)
to be considered.

e Cases (a) and (b) correspond to a quiver with a single connected com-
ponent (an infinite oriented line or a finite oriented polygon, depending
on whether or not ¢ is a root, of unity). This quiver is stable by the
involution 6, and then Case (a) corresponds to 6 having a fixed point,
while Case (b) generically corresponds to the situation where there is no
fixed point. This latter situation cannot occur if the number of vertices
is finite and odd, that is, Case (b) is not present (or more precisely, is
not necessary, since it is equivalent to Case (a)) when ¢ is an odd root
of unity.
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e Cases (c) and (d) (generically) correspond to a quiver with two identical
connected components (two infinite oriented lines or two finite oriented
polygons depending on whether or not ¢ is a root of unity), which are
exchanged by the involution #. Then Case (c) corresponds to the sit-
uation where one of the special values £p~! is present, while Case (d)
corresponds to the situation where no such values occur. We see that
Case (c) is not necessary (more precisely, it reduces to one of Cases (a)
or (b)) when p? is a power of ¢°.

e To summarise, there are at least two cases to consider in general: (a)
and (d), while the additional two cases (b) and (c) are to be considered
or not, depending on p and q.

7.2. Morita equivalence for cyclotomic quotients of affine Hecke algebras of
type D. — Let n > 2. We set
ap=¢€+¢e and o =€y —€,i=1,....,n—1.

The Weyl group D,, of type D acts on L by

so(e1) = —ez,

so(e2) = —eu,

sol€) =€, ifi>2

Sa(€i) = €, (i)
fori=1,...,.n—1landa=1,...,n—1.

The affine Hecke algebra H (Dy,) is the unitary K-algebra generated by ele-
ments

{git1<i<n—1U{Go} U{X"}ocL.

The defining relations are X° =1, Xexe = xr+e for any x,z’ € L, and the
characteristic equations for the generators g; and Gg:

@?=@q-q¢He+1 forie{l,....n—1},

83
(83) Gy =(qg—q "Go+1,

with the braid relations of type D

(84)  Gog2Go = 92Gogo,

(85)  Gogi = 9:Go forie{1,...,n—1}\ {2},

(86)  9i9i+19i = git+16igi+1 forie {1,...,n—2},

(87)  9i9; =99 for i,5 € {1,...,n — 1} such that |i — j| > 1,
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together with

Xz _ Xsl(x)
X X0 g = (g g )
9 9i=0-0 )T w
X _ Xso(a:)
Tz so(x) _ -1
GOX X GO (q q ) 17X7a() ’

for any z € Land i = 1,...,n — 1. Note that the right-hand sides are well-
defined elements, since for any i € {0,...,n — 1}, there exists k € Z, such that
si(x) =z — kal.

An equivalent presentation of the algebra H(D,,) is with generators (where
again X; = X)

{gih<i<n—1 U{Go} U{X hcica

and defining relations (83)—(87) together with
XZ‘X]' = X]‘X,L' for 1,j € {1, . ,n},
GoX;'Go = Xo,
GoX; = X;Gqy forie {3,...,n7 1},
ngzgz = XiJrl for i € {1, Lo,n = 1},
9:X; =X;9; forie{l,...,n—1}and j € {1,...,n} such that j #¢,i + 1.
By convention, we set that H (D,,) coincides with the usual affine Hecke algebra
of type A, if n € {0,1}, that is, we have H(Do) = K and H(D,) = K[X'].

DEFINITION 7.7. — The cyclotomic quotient H*(D,,) of type D associated
with A = (A;);er is the quotient of the algebra H(D,,) over the relation

[[xi =t =o0.

icl

Note that if A; = 0 for all 4, then

0}, ifn>1,
H™(Dy) = {E(} ifn=0

We recall the main result of [19] concerning H*(D,,). Recall that the quiver T
was defined at the beginning of Section 7.

THEOREM 7.8. — The algebras H(D,,) and W2(T) are (explicitly) isomor-
phic.

REMARK 7.9. — Theorem 7.8 is proven for n > 2, but with our conventions it
follows immediately that it remains true for n € {0, 1}.
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Expression as a semi-direct product. We assume here that n > 1. Assuming
p? =1, we can now see H(D,,) as a subalgebra of H(B,). Namely, we have an
inclusion (see, for instance, [19, §2.3]) H(D,,) C H(B,,), given on the generators
by

Go — gogig0, gi — gi, X' X,

for any i € {1,...,n—1} and j € {1,...,n}. Another way to see H(D,) as
a subalgebra of H(B,) is to write H(D,,) as the subalgebra of fixed points of
H(B,,) under the involution 7 given by

go = —9go, Gi ‘> i, X]il HX]il,
for each i € {1,...,n — 1} and j € {1,...,n} (note that since p?> = 1, the
defining relation for the generator go is g2 = 1). In particular, as in §6.1, we
have a vector space decomposition H(B,) = H(D,,) ® H(D,,)go and, thus, an
isomorphism of algebras

H(B,) ~ H(D,) x Cs.

Note that the action of the generator of Cy on the generating set of H (D,,) is
given by

Go = g1, g1 — Go, 9i — 9i,

Xie X7 Xite X, X' e X5
forallie {2,...,n—1} and j € {2,...,n}.

The involution n on H(B,) is compatible with the cyclotomic quotient
H*(B,,). Now, if A satisfies the stability condition of Proposition 6.4(ii) (which
is here A;—1 = A; for all i € I), the previous action of Cy on H(D,,) is compat-
ible with the cyclotomic quotient H*(D,,), and, as above, we have

HM(B,) ~ H*(D,,) x Cs.
Morita equivalence theorem. Let ny,...,ng > 1. If A satisfies A;—1 = A; for all
i € I, the previous action of Cy on H*(D,,) extends to a (diagonal) action of
Cd on ®?:1 HA(])(Dnj). As in §6.2, we restrict this action to th~e sub~group
C4=1 of even elements given in (74). Recall also the definition of A = (A;)ier
given in Theorem 6.8.
We now state the second main application of the paper. As in Corollary 6.10,

for any (n1,...,n4) € (Z>0)?, we denote by I(n1, ...,nq) the number of its non-
zero components.

THEOREM 7.10. — We have an (explicit) isomorphism of algebras:

HA(Dn)E @ Mat( n )(H(ﬂ1,~~~7nd))

ny,...,ng
nl,...,ndZO
Nyt tng=n
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Where:
o Ifl(ny,...,ng) =1, then H(ny,...,nq) = HA(])(Dn].), where j is the
component, such that n; = n.
e Ifl(ny,...,ng) > 1, then

d ~ .
H(nla oo and) = (® HA(J)(Dn].)) X Cé(nl’m’nd)_l .

In particular, H*(D,,) is Morita equivalent to

@ 'H(nl,...,nd).

MY yeens ng>0
ni+--4ng=n

Proof. — We argue as in the proof of Theorem 7.4, using Corollary 6.10 and
Theorem 7.8. Note that the isomorphism of [19] is compatible with the semi-
direct product, since the involution ¢ (or the element ) of V;2(T) is sent to
the involution 1 (or the element gq) of H*(B,) by the isomorphism of [19]. O

We obtain the following corollary. We note that the situation is a little bit
more intricate than for type B because of the presence of semi-direct products
with products of groups Cs. So below, it is implicit that it is enough to consider
some special cyclotomic quotients, up to the application of standard Clifford
theory to deal with the semi-direct products.

COROLLARY 7.11. — To study an arbitrary cyclotomic quotient of the affine
Hecke algebra H(D,,), it is enough to consider cyclotomic quotients given by a
relation

[T Ga-agymr=o,
ec{£1}
leZ

for any finitely supported family of non-negative integers (Mme1)ce+1y,1ez, where
x € K* satisfies one of the following three cases:
(a)z=1 (b)z=q (c)zg+q".
Proof. — We sketch a proof in the same spirit as in the introduction of [19].
We deduce from Theorem 7.10 that it suffices to study the cyclotomic quotients
of H(D,,) given by a relation
H (Xl - i)Ai7

iel,
where I, and A are as in the proof of Corollary 7.5. By Theorem 7.8 this
cyclotomic quotient is only determined by the quiver I and its involution 6 as
defined in the proof of Corollary 7.5. In particular, looking at the number of
connected components of I' we still have the two cases € +¢% (which give
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cases (a) and (b)) and x ¢ +¢% (which is case (c)). In the latter case, all the
choices of x lead to isomorphic algebras, since 6 has no fixed points. O

REMARK 7.12. — We make an additional final remark on the three cases (a)—
(c) to be considered, similarly to Remark 7.6. Cases (a) and (b) correspond to
a quiver with a single connected component (an infinite oriented line or a finite
oriented polygon, depending on whether or not ¢ is a root of unity), while (c)
corresponds to a quiver with two identical connected components exchanged
by the involution §. Case (a) corresponds to € having a fixed point, while Case
(b) generically corresponds to the situation where there is no fixed point. As
before, when ¢? is an odd root of unity, Case (b) is not necessary, since it is
equivalent to Case (a).

Appendix A. Polynomial realisation

Here, we prove Lemma 4.8. In this Appendix, for any f € Klz, 5] we also
systematically write f for the element of Endg (K|x, 8]) given by left multi-
plication and use concatenation to denote the composition in End g (K|z, 3]).
In particular, for any w € B, and f € K[z|, we have wf = (“f)w inside
Endg (K|z, £]).

We now define some elements of Endg (K|z, 5]) b

p(e(?) = 15,
P(yae(s))
p(Yve(i)) = (0, 'Lb+1(xb — @p41) " (1o = 1) 4 Piyiyyy (Tp41, 23)73) 15,
o(Yoe(d)) = (v, 21 (1 —r0) + o, (x1)r0) 14,

for any @ € {1,...,n} and b € {1,...,n — 1}, and extend these formulas to

SO(X) for X € {yl: o ay7u'¢}07 v 7wn—1} by @(X) = Zieﬁ SD(XB(Z))

We will prove that ¢ extends to an algebra homomorphism ¢ : V(T', A, y) —
End g (K|z, f]), which will imply Lemma 4.8. Indeed, the map ¢ is the homo-
morphism associated with the action defined in §4.2. To prove that ¢ extends
to an algebra homomorphism, we check the defining relations of Vg(I', A, 7).
Recall that P; ; = 0 when ¢ = j, so that

_{L‘a

(88)

o(thpe(i)) = {(l’b —xpy1) Hry — D)1, if iy = iy,

Pib’ibJrl (fEb—H; Cﬂb)rb 1;, otherwise.
Moreover, by (31a) and (44) we have
. g, (z1)7r014, if v, =0,
Sﬁ(woe(’t)) — 1(_1) 7 1 -
vi; 7 (1 —719)1;, otherwise.

The relations that do not involve vy are satisfied, since the action is the same
as in [22, Proposition 3.12]. Relations (33), (34) and (36) follow immediately.
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To simplify the notation, for any v € V3(T', A, ), we also write v instead of
©(v). Note that the composition operation in Endg (K [z, 5]) is denoted as a
simple multiplication. For example, 1)(x; means composition of the multipli-
cation by x1 with the operator ¢(1y). Concerning (35), we have

(Poys + y1v0)e(®) = voerls + a1 (i 21 (1= r0) + ai, (21)r0) 14
= [(’yilel(l —1o)x1 + iy (21)r021)
+ (i, (1 = 70) + @10, (1)r0) | 14
= [vi, (1 4 ro) — 210, (x1)r0 + iy (1 = 70) + m10%5, (21)10] 15
=27, 1 = ¢ (2vi,e(9)) -
For (37), if v; = 0, then ~g¢;y = 0 by (32), and we have, noting that 17y =
r01ly,.5 inside Endg (K|z, §]),
626(i)/ = Py, (x1)rols
= ag(iy)(T1)ro, (21)rol;
= ag(i) (T1)ay, (—21)1;
= (=1)rean g2y,
= p((~) ey Me(d))
by (43), and if 4, # 0, then ~y¢;,) # 0, and we have

2 . _
0 e(d) = vy, ar (1 —ro)l;

_ 2
=Yg Yy (27 (1 —10)) 15
=0.

It remains to check (38). As in (40), we write 4142 and even 12, instead of 3,
and a instead of 0(i,). We have, using (33),

(89a) (Yovh)?e(12)" = (¥o113) (Wi 15;) (¥h121) (¥ 112),
(89b) (195)%e(12)" = (¥ 1571) (oLa1) (¥ 11) (Yo 112).

A.l. Case~;, =0 = ~;,. — First, recall that by (32) we know that if v;,, =0
and 0(i1) = i, then 7, = 0. Thus, we want to prove that

(90)
(—1)*ecn (=) 21y A1)

B N s if 6(71) =
(wawaf—wawa)ﬂli:{o O s it o)

otherwise.

.

2,

9

Since vi, = Vo) = Yis = Voiz) = 0, for any a,b € {1,2,1,2} the element 1y
acts on 1,5 as aq(21)ro.
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Assume that (1) = 41 and 0(i2) = i2. By (31b) we have d(i1) = d(iz) = 0,
and, thus, (90) becomes
(o1 ((61)* — (Wiug)?) 1s = 0.

Since d(i1) = d(i2) = 0, by (43) we can assume o, (y) = a4, (y) = 1, and, thus,
1o acts on 14, as ro for any a,b. Hence, the same calculation as in [19, §3.1]
proves that (91) is satisfied. In the opposite case, if 6(i1) # i1 and 0(iz) # ia,
we know by the proof of [24, Proposition 7.4] that (90) holds.

Thus, we now assume that 0(i1) = i1 and 0(is) # io; in particular, i; # io
and 0(i1) # i2. As above, we have d(i;) = 0, and, thus, 1 acts on 1, as r.
We obtain from (89), omitting the idempotents,

(Yot1)? = 70 Py (w2, 21)r10s (w1 )ro Pro(we, 1)1
= P§1(I27 7561)7’00[2(582)7’17"01312(132, $1)’I"1
= P3y (22, —w1)az(z2) Pra(—21, —x2)rorirort,

and

(V16)? = Psi (w2, m1)r102(21)r0 Pra (22, 21)7170
= P51(w2, z1)az(z2)r1m0 Pia(z2, 71)r170
= P5i(w2, z1)az(z2) Pio(21, —22)r17m07170,

and, thus, (Yh1])? = (Vi1})? as desired, where we used 1 = 1 and (41). The
case 6(i1) # i1 and 0(iz) = io is similar.

REMARK A.l. — (See Remark 4.2.) Without condition (31b), we have to
choose another, more complicated, relation (38), if we want it to be compatible
with the action on polynomials.

A2. Case~y;, = 0 # ~v;,. — We want to prove that

((%%)2 _ (1/11%)2) 1; = Vi, Qi2i1 (y17 _y2)y/2_ Qi2i1 (yla y2)¢(l)1i7

that is,

Qiyiy (T1, —T2) — Qiyiy (T1, T2
(6h04)? — (01)?) 1 = oy, Lol 020 = Qe B020) oy,
By (31a) we have (i) = io. Note that v;;, = 0 # 7;, implies 41 # ia. By (89)
we have, omitting the idempotents,

(V11)? = a1 (1)r0 Py (w2, 21 )79 (1 = 10) Pra(wa, m1)ry
= ay(71) Py (w2, —m1) 7225 'mor1 (1 — 70) Pra (w2, x1)r1
= Q1 (xl)Pél(xQ, —Il)’)/Q.IQ_l [Plg(—xl, xg)To’I“l — Plg(—xh —xg)’l“o’r‘lT‘o] T1

= vy a1 (1) Py (22, —21) [Pra(—21, m2)rors — Pra(—x1, —22)rorire|ri,
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r1Y2Ty] (l—ro)P (z2,21)r1aq (z1)T0

Yoy 'r1 (1 = 10) Pry (22, 1)t (T2) 170

=
8
¥
8
,_.
— — —

Yoy ' [Pro(a1, x2)r1 — Pry(x1, —m2)rimo] ot (z2)riro
1(22, 1) v215 "oy (1) [Pro (21, 22)r1 — Proy(z1, —22)r1im0]|r170

= yoxy o (1) Pyi (22, 21) [Pro (21, 22) — Pra(w1, —a2)rireri]ro.

Thus, recalling 2 = 2 and using the properties (9), (30), (41) and (42) for the
families P and @), we have

(Vo1)* — (V110)* = 72wy ' (21) [Py (w2, —21) Pra(—1, 22)
— Pyi(w2, 1) Pig (21, %2)] 70
= 1013 " [Q21(22, —21) — Qu1 (22, 21) ] a1 (1)r0

= x5 " [Q21 (21, —2) — Q21 (21, x2)] o1 (1)1,

as desired.

A3. Case~y;, # 0 = ~;,. — We want to prove that
((oy1)? — (W1vp)?) 1 = 0.

Similarly to §A.2 we have 0(i1) = i1 # i2. By (89) we have, omitting the
idempotents,

(Yoy1)? = 1y (1 —ro) Py

= yay " [Py (2,71

(w2, 21)r100(21)r0 Pr2(w2, 21)r1
) = Py (22, —z1)r0] a2(32) Pra(21, —22)r1m0m1
= vy aa(x2) [Psy (w2, 21) Pra(z1, —22)

— P3y (w2, —x1) Pra(—m1, *952)7”0] T1ToT1

= ’lel_loég(l‘Q)Pél(llfg, Il)Plg(Il, 71‘2)(1 — 1"0)7‘17‘07"1
by (41), and

(Y190)* = Py (2, m1)r100(w1)ro Pra(we, m1)rimiay (1 — o)

= y127 taa(29) Psy (w2, 1) Pra(z1, —22)r1ror1 (1 — 70),

Thus (yyh)? = (Pi)? as desired.
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Ad. Case~y;, # 0 # ~;,. — We want to prove that (recalling from (8) that
Qii = 0)
((Wov1)* — (W1vh)*) 14
) Qizil (yiv _yé) — Qizil (y/h yé)

12

_ v (Wil — i) Ls,  ifiq # i,
- 192

0, otherwise,

that is, since v acts on 1; as v, #7 ' (1—7¢) (recalling that 6(i;) = i; by (31a)),

((6v1)? = (Wip)?) 1s
Vi1 Vie Qiﬂl (xh xQ)quiQil (xh 7‘%2) Tolia if il 7é iZa
= 122
0, otherwise.

The next result is an easy calculation.

LEMMA A.2. — Let P be a polynomial in 1,24 and let w € {rg,r1). Then

7 (1 = ro)Pw — Pwzy (1 — o)

= (.]jl_l

in Endg (Klz, f]).

-1 -1 -1
—Yz7") Pw+ Y2y Purg — x7 ' " Prow,

By (31a) we have 0(iz) = ia. If i1 # iz, we obtain from (89)
Vi L1 = Poy(w2, x1)r1v2ey (1 — 1o) Pia(22, 21)r1 112
= 72582_11321(552,391)7“1(1 - 7“0)1312(~’32,$1)7"1112
= Y225 Po1 (22, 1)1 [Pr2(22, m1) — Pra(z2, —21)r0]r1112
= Y015 " Pa1 (w2, 21) [Pra(w1, x2)r1 — Pia(w1, —22)riro|rilia
= o1y ' Pa1 (w2, 21) [Pra(w1, 2) — Pra(1, —m2)r1mori| 11,
Since 112 = y127 (1 — 79)112, we can apply Lemma A.2 for the above
two summands. We obtain that the second summand will vanish in
(Why1)? — (W1)?) 112, since 27" € K(x1) is invariant under rirory, and
Poy(x9,21)Pra(z1, —22) € Klx1,22] is invariant under ro by (41). Thus, we
only consider the first summand, which is equal to 72$51Q21(x2,$1), and we
obtain, omitting the idempotents and using (9) and (30),

(Yoh)? — (Wie0)* = myewy 'y ! [Qa1 (w2, 21) — Qa1 (w2, —21)] 70
= Y1722y 'ay " [Qar (w1, w2) — Qar(ay, —2)] o,
as desired.

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



232

L. POULAIN D’ANDECY & S. ROSTAM

Finally, assume that ¢; = i5. We have

(Yov1)* — (vouh)?

=727 (1 = 7o) (w1 — m2) " (ry — Dy (1 —ro) (21 — 22) "

— (21 — x2) " (ry — 1)3:1_1(1 — 1) (21 — xg)flml_l(l — 7‘0)] =0,

since this is just the braid relation for the divided difference operators 0y =
27 (1 —rg) and 0y = (x1 — x2) " (r1 — 1) (see [3, 7).
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ERRATUM ON THE PAPER
NON-COMPACT FORM OF THE ELEMENTARY
DISCRETE INVARIANT

BY RAPHAEL FINO

The statements of Section 4 Steenrod operations (except for Lemma 4.1 and
the indirect part of Corollary 4.2) are untrue or unproven (this does not affect
the main result of the paper).

The reason is as follows. The homomorphism

S! x 1d*" : Ch(X ) — Ch(X i)

(which would be better denoted by S! ® 1d®"), used to define the cycle p; ;; €
Ch(X%) at the beginning of Section 4.1, does not exist in general at the level
of the Chow group Ch(X**1). Indeed, over the base field F', one does not have
Ch(X**!) ~ Ch(X)®"*! in general (whereas it becomes the case when passing
to a splitting field K since the variety X is cellular).

Thus, the rationality of the cycle p; ; may not necessarily imply the ra-
tionality of the cycle p; ;; (as wrongly suggested in the first sentence of the
erroneous proof of Corollary 4.2). Therefore, the direct part of Corollary 4.2
and Propositon 4.4 are untrue or unproven (hence so are Examples 4.3 and
4.5). Proposition 4.6 is also untrue or unproven (hence so are Example 4.7
and Remark 4.8) since the same mistake has been made at the beginning of its
erroneous proof: for the aforementioned reason, the rationality of the cycle p; ;
and identity (12) may not necessarily imply the rationality of (13).

As a consequence, we do not obtain new restrictions on the possible values
of the elementary discrete invariant.

The rest of the paper is totally independent from Section 4.

Texte recu le 2 mai 2020, modifié le 10 juillet 2020, accepté le 10 octobre 2020.

RAPHAEL FINO, Instituto de Matemaéticas, Ciudad Universitaria, UNAM, DF 04510, México
e FE-mail : fino@im.unam.mx e  Url :http://www.matem.unam.mx/fino

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE 0037-9484/2021/235/$ 5.00
© Société Mathématique de France do0i:10.24033 /bsmf.2829



