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HOMOTOPY VERSUS ISOTOPY: 2-SPHERES IN 5-MANIFOLDS

DANICA KOSANOVIC, ROB SCHNEIDERMAN AND PETER TEICHNER

We give a complete obstruction for two homotopic embeddings of a 2-sphere
into a 5-manifold to be isotopic. The results are new even though the methods
are classical, the main tool being the elimination of double points via a level
preserving Whitney move in codimension 3. Moreover, we discuss how
this recovers a particular case of a result of Dax on metastable homotopy
groups of embedding spaces. It follows that “homotopy implies isotopy”
for 2-spheres in simply connected 5-manifolds and for 2-spheres admitting
algebraic dual 3-spheres.

1. Introduction and results

A curious consequence of our generalizations [Schneiderman and Teichner 2022;
Kosanovi¢ and Teichner 2024a] of the 4-dimensional light bulb theorems of David
Gabai [2020; 2021] is that homotopic 2-spheres R, R’ : S§% <> M, embedded in a
4-manifold M with a common dual sphere, are smoothly isotopic in M if and only
if they are isotopic in the 5-manifold M x R, see [Schneiderman and Teichner 2022,
Corollary 1.5]. The complete isotopy obstruction in [Schneiderman and Teichner
2022, Theorem 1.1] is given by the Freedman—Quinn invariant

Fr Ty
pa(s M)’

where w3 (H) is Wall’s self-intersection invariant of the track

fq(R, R") :=[u3(H)] €

H:S*x[0,11% M xR x [0, 1]

of a generic homotopy between R and R’ in M x R. Moreover, F,T), is the F5-
vector space with basis Ty, := {g € m{M | g2 = 1 # g}, the set of involutions
in ryM. It turns out that w3 also gives a homomorphism p3 : m3M — FrTyy,
whose cokernel eliminates the choice of homotopy in the definition of fq. Michael
Freedman and Frank Quinn [1990, Chapter 10] introduced this invariant, while
studying topological concordance classes of embedded 2-spheres in 4-manifolds.
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This isotopy classification also follows from [Kosanovi¢ and Teichner 2024a,
Theorem 1.1] via a more powerful invariant due originally to Jean-Pierre Dax [1972]
which detects relative isotopy classes of neatly embedded 2-disks having a common
dual in M. Dax extends the parametrized double-point elimination method of
André Haefliger [1961a; 1961b], which is in turn an extension of the Whitney
trick [Whitney 1944]. Haefliger’s results were used by Lawrence Larmore [1978,
Theorem 6.0.1] to show a special case of Dax’s result, see (1.14) below.

In the current paper we consider the “homotopy versus isotopy” question for
2-spheres in general 5-manifolds and show that there is again a self-intersection
invariant of a homotopies which detects isotopy classes and takes values in a
quotient of the group ring of the ambient fundamental group. The dimensions under
consideration here are right at the transition between low- and high-dimensional
topology, with successful Whitney moves generally available in the presence of
vanishing algebraic obstructions.

With this in mind, our exposition will be aimed at describing this transition
from the point of view of the low-dimensional topologist, rather than starting by
presenting results in full generality. In particular, we will:

(1) Explain how the isotopy classification can be described by self-intersection
invariants of homotopies, using a level-preserving Whitney trick.

(2) Explain how Dax’s work recovers the same result, from the perspective of
space level techniques and homotopy groups of embedding spaces.

Both approaches can be generalized to describe isotopy classifications for compact
n-manifolds embedded in (2n + 1)-manifolds, as will be described in upcoming
work [Kosanovi¢ et al. > 2024] which recasts Dax [1972] in full generality in this
language; see Theorem 4.1 below.

We next give a quick outline of the main results, and refer to the rest of the
introduction for details. For any fixed embedded sphere U : §* < N in a 5-
manifold N, we will define the set Ay, as a certain quotient of the group ring Zm| N,
see Definition 1.10. The image in Ay, of the self-intersections w3 (H) of a generic
track H : S x I & N x I of a homotopy between U and R : §* < N will by
design only depend on U and R, not on H. Here the notation U is meant to suggest
that one can think of this fixed 2-sphere as an “unknot”, although we emphasize
that there are no restrictions on its homotopy class. Denoting this invariant by
fqy, (R) :=[n3(H)] € Ay,, a basic statement of our main result is the following
corollary of Theorem 1.11:

Corollary 1.1. Homotopic spheres U and R are isotopic if and only if the formula
fqy, (R) =0 € Ay, holds. Moreover, any element in Ay, is realized as tq;; (R) for
an embedded sphere R.



HOMOTOPY VERSUS ISOTOPY: 2-SPHERES IN 5-MANIFOLDS 197

We note that in this 5-dimensional setting, the result does not require any dual
spheres (unlike in four dimensions), see Corollary 1.13. If 7| N is trivial, then
Ay, = {0} and we get:

Corollary 1.2. Homotopy implies isotopy for 2-spheres in simply connected 5-
manifolds.

There is a straightforward proof of Corollary 1.2, using cusp-cancellation (in
dimension 6) and the theorem of John Hudson [1970] that in codimension > 2
concordance implies isotopy. We will give a self-contained proof of the general
classification result, by providing a level-preserving version of the Whitney move
in codimension > 2 (Proposition 2.5).

If 711 N is not trivial then our classification result is similar to the 4-dimensional
setting with common duals, namely fq;;_gives the unique obstruction for homotopic
embeddings to be isotopic. Our main work will be in spelling out the precise range
of this obstruction and showing that all values in Ay, are realized. A new issue that
arises in the current setting is the distinction between based and free homotopies,
whereas the assumption of common duals in the 4-dimensional setting essentially
allowed for consideration of only based homotopies (see [Gabai 2020, Theorem 6.1;
Schneiderman and Teichner 2022, Lemma 2.1]). We will occasionally emphasize
this issue by applying the adjective “free” to the terms “homotopy” and “isotopy”,
even though by traditional definitions it would suffice to just omit the adjective
“based”.

1.1. 2-knots in 5-manifolds. We now turn to precise formulations of our main
results, working in the smooth oriented category throughout. Fixing a basepoint in
such a 5-manifold N, and a basepoint in S2, we have the following commutative
diagram which will guide the discussion of our invariants:

7o Emb, (52, N) —2 719 Map, (52, N)

lmod m N imod T N

7o Emb(S2, N) —Z—> 7o Map(S2, N)

Here
T Emb*(Sz, N) := {based embeddings §2<> N }/based isotopy
is the embedded version of Map*(SZ, N) =mN, and
7o Emb(S?, N) := {embeddings S*> < N}/free isotopy

is the embedded version of Map(Sz, N) = [$?, N]. Both horizontal arrows
forget the fact that we have embeddings, and the vertical arrows divide out the
1 N-actions (using embedded tubes along closed paths at the basepoint on the
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left-hand side). Both p and p, are surjective (that is, any (based) map is homotopic
to a (based) embedding) by general position: the dimension of the double point
set is 5 — 6 = —1 (so generically this set is empty), since codimensions of generic
intersections add.

Along with using the label * for based objects, our notational convention is
to use a bracket to denote the homotopy class of an embedded object, which is
otherwise considered up to isotopy. For example, the upper horizontal map p.
sends R, € my Emb*(SZ, N) to [R,] € 7y Map*(SZ, N), and the left vertical map
sends R, to R € mo Emb(S%, N). We are ultimately interested in the fibers of p,
but it turns out to be convenient to first understand the fibers of p,.

1.2. The based isotopy invariant. As recalled in (2.2) below, the quotient
Z?Tl N
(g+g 1 1)

of the integral fundamental group ring ZmN = Zm (N x I) is the usual target for
the self-intersection invariant

A=

(1.3) w3 : {simply connected 3-manifolds immersed in the 6-manifold N x [}
— A,

which is invariant under homotopy rel boundary.
Let us fix a based embedding U, : $2 < N, and define a homomorphism of
abelian groups ¢y, : m3N — A by

(1.4) Pru,1(A) == n3(A) + [An (A, [UD],

where 13 denotes the self-intersection invariant on 73(N x 1) = m3N, and Ay is
the intersection pairing between w3 N and w N taking values in Zw | N.

Definition 1.5. Ay, = ﬁ
[U,1UE3

Note that the abelian group Ajy,; only depends on the based homotopy class
[U,] € myN. We now consider the fiber of p, over [U,] € mpN:

p*_l([U*]) ={R,:S*<> N | R, is based homotopic to U,}/(based isotopy).

Definition 1.6. For R, € p*_1 [UJ,let H,: S?x 19 N xIbea generic track of a
based homotopy from U, to R,, and define

fqiy,)(Ry) = [n3(Ho)] € Ay,

By the following theorem, fq;, | (R.) does not depend on the choice of homotopy,
and vanishes if and only if R, and U, are based isotopic.
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Theorem 1.7. The map fqyy ; : py U1 — A, is a bijection, whose inverse is
given by a geometric action on U,.

The action of g € 7| N on U, € moEmb, (5%, N) is by a “finger move” along g,
which in this setting is an ambient connected sum of U, with its meridian sphere my,
along a tube following a loop representing g. Elements in the group ring act by
multiple finger moves, which turn out to involve signs and preserve the relations
in the quotient A of the group ring (see Section 2.3). The proof of Theorem 1.7
shows the following.

Corollary 1.8. The abelian group A acts on o Emb,(S?, N) compatibly with the
1 N-actions, preserving p, and acting transitively on its fibers, with the stabilizer
of Uy equal to ¢y, (3 N).

1.3. The free isotopy invariant. Now consider free homotopy versus isotopy, i.e.,
the set

p U :={R:S% <> N | R is freely homotopic to U}/(free isotopy)

for U : 2 < N a fixed embedding in Emb(S?, N) C Map(S?, N). Choose U (¢) € N
as the basepoint for N, where e denotes the basepoint for S2.

To define the target of an invariant that characterizes p~![U] we will define an
affine action on Ay, (the range of the bijection in the based setting of Theorem 1.7)

by the group
Stab[U,] :={s e miN : 5 -[Us] = [U]},

that is, the stabilizer subgroup of [U,] € m» N of the usual action of 71N on mN.

Recall that an affine transformation T of an abelian group A is given by an
endomorphism ¢ and a translation ag of A, i.e., T (a) = ap+¥€(a), where ag = T (0).
An affine action of a group on A is a homomorphism to the group of affine trans-
formations of A. In our case, the linear action of s € Stab[U,] will be a > sas™!,
whereas the translational part will be given by Uy, both of which we explain next.

Firstly, we claim that the linear action (s, a) sas~! of Stab[U,] on Zm| N

descends to Ay,j: for A € w3 N we have

n3(g-A) =gu3(A) g! and An(g-A, [Us]) = gin (A, [Us),

soif g-[U.] =[U,] then the last expression also equals gAn (A, [U*])g_l, implying

8. 1(A)g " = dru.1(g - A) € P, (T3N).

Secondly, for s € Stab[U,] there is a generic track J; : S> x I = N x I of a free
self-homotopy of U, such that the projection of J;(e, —) to N represents s. It turns

out that
Us :=[u3(Js)] € Ay,
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only depends on s and the isotopy class U, (and not on Jy, see Lemma 3.1). It is
easy to show that under concatenation, for s, r € Stab[U,] this behaves as

Usp =Us+sU, s
This implies that the formula

(aff) ‘a = Uy +sas™"
satisfies
(1.9) Ya=Uy +srar s ' =Us+sU, s fsrar™'s7 =5U, +rar™") =4Ca).

In other words, the composition in the group Stab[U,] turns into the composition
of affine transformations, so s — ‘a defines an affine action of s € Stab[U,] on
a € Ay,). This action and the following definition will be examined and clarified
below in Section 3.2.

Definition 1.10. Denote by Ay, the quotient set of this affine action by Stab[U.]
on A[U*].

Note that the definition of Ay, depends on the based isotopy class Uk, a fixed
basing of U. However, the following result shows that it characterizes the set of
free isotopy classes of embeddings homotopic to U.

Theorem 1.11. There is a bijection
fau, : p~' U1 = Au,, R [us(H],

where H is a generic track of any free homotopy from U to R.

Here both the computation of w3(H) and the definition of Ay, use the same
basing U, and the inverse of the bijection is defined using the same geometric
action as in Corollary 1.8.

Curiously, in the based setting of Theorem 1.7, both the target A[y,; and the set
Dy LU, only depend on the based homotopy class [U,] € 7, N, whereas in the
free setting of Theorem 1.11, the target Ay, depends on the based isotopy class
U, € mo Emb,(S2, N), while the set p~![U] depends on the free homotopy class
[U] € mo Map(S?, N) of the embedding U.

Example. If U, is the trivial 2-sphere then Ug; = O for all s € Stab[U,] = m| N
because any self-homotopy Js can be chosen to be a self-isotopy. As a consequence:
Corollary 1.12 (null-homotopic isotopy classes). Null-homotopic free isotopy
classes of 2-spheres in N are in bijection with Ay, = Ay,1/m1N, the quotient
of the abelian group

L[ N]
(l,g+g ', u3(A):gemN, Aem3N)’

A, =

by the conjugation action of T N.
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Note that although the free self-isotopies of U have vanishing self-intersection
invariants, they still contribute to the indeterminacy of the invariant fq,; by arbitrarily
conjugating double-point group elements in the computation of w3 (H).

Example. If Ay (G, [U,]) =1 for some G € w3N such that u3(G) =0 € A, then
¢, (m3N) = A, since for any > g; € Z[r; N] we have

(X8 -G) =0+ [An(X i -G, [U)] =X g - An (G, [UD] =X &i]-
It follows that in this case Ay, contains a single element, and hence so does Ay,.

Corollary 1.13 (5-dimensional light bulb theorem). Homotopy implies isotopy for
spheres U, : S < N° admitting an algebraic dual G € 73N as above.

See Section 3.3 for more examples.

1.4. Isotopy classification via mapping spaces. In Section 4 we present a slightly
different perspective to the problem of isotopy classification. Namely, the fibers
of the map p : mo Emb(S?, N) — g Map(SQ, N) can also be determined us-
ing the homotopy exact sequence associated to the inclusion of mapping spaces
Emb(S2, N) C Map(S?, N):

w1 (Map(S%, N), U)

L

71 (Map(S2, N), Emb(S2, N), U) —> 7o Emb(S2, N) —2» 7y Map(S2, N).

Here we picked an embedding U : S?> < N as a basepoint, and the leftmost
absolute rq is a group that acts on the relative 7 (which is just a set) such that the
quotient set is isomorphic to the fiber p_1 [U] of p over [U] € my Map(SZ, N).

The relative m; is the first nonvanishing relative homotopy group, and that
is exactly what was computed by Jean-Pierre Dax [1972]. He translated this
(and also other relative homotopy groups in the “metastable range”) to certain
bordism groups. Computations of this bordism group (which is O-dimensional in
the first nonvanishing case) were carried out in [Kosanovi¢ and Teichner 2024b,
Theorem 4.14], for the cases (Immjy(V, X), Emby(V, X)) when embeddings have
nonempty boundary condition, and V is 1-connected. In [Kosanovi¢ et al. > 2024]
we extend this to closed and disconnected manifolds, and compare to maps instead
of immersions. Specializing [Kosanovi¢ et al. > 2024] to V = S? and d = 5 leads
to Theorem 4.1: there is a bijection

(1.14) Dax : 71 (Map(S?, N), Emb(S%, N), U) — A, h+ uz(H),

where H is a homotopy from U to an embedding that represents /4, and u3(H) € A
is the self-intersection invariant of a generic track H of the homotopy, as in (1.3).
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In order to compute the set p‘1 [U] from this viewpoint it remains to understand
the action of the absolute  on the relative i} in the sequence displayed above. To
the best of our current knowledge this does not seem to have been done previously,
and guided by our classification using self-intersection invariants of homotopy
tracks we proceed as follows: Firstly, we use the fibration sequence

Map, (52, N) — Map(52, N) - N

to obtain exactness in the column of the following diagram, where the first map is
the inclusion i and the second map evaluates at the basepoint e € S%:

i
Dax

71(Map(S2, N), U) —— 7;(Map(S2, N), Emb(52, N), U) 22 A

le Ve

Stab[U]

By definition the composite Dax o j oi sends B € m3N to Dax(A) where A is a
loop in Map, (5%, N), based at U. We will see that this precisely agrees with ¢y,
from (1.4).

Moreover, we will see that the induced action of s € Stab[U,] on the quotient
of A by Daxo joi(w3N) sends a = Dax(H) to

(1.15) Dax(Jy) + sas ™!,

where J; is a free self-homotopy of U, such that ev.(J;) = s, i.e., the projection of
Js(e, —) to N represents s. This action is precisely (aff), so we recover

pUI= Ay,

as in Theorem 1.11, except that instead of fq;, this map is now naturally called
Dax. This will be stated as Theorem 4.7.

Remark 1.16. Using the analogous fibration sequence
Emb, (%, N) — Emb(S%, N) — N,
we show in [Kosanovic et al. > 2024] that there is an isomorphism
il (Map, (2, N), Emb, (52, N), Uy) —> 71 (Map(S%, N),Emb(S2, N), U).

In Theorem 4.6 we will show that Dax o i™ o j, = ¢y,] precisely gives the in-
determinacy for the based setting: p; '[U.] = A/¢y,(r3N), as in Theorem 1.7.
Moreover, this shows that Dax 0i™ o j, = Daxo j oi. Therefore, similarly to our
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first approach, in this approach we see: a linear action for the based setting (just the
quotient by the image of ¢yy,7), and an affine action for the free setting (the further
quotient by the action (aff)).

2. Intersection invariants and homotopies

2.1. 3-manifolds in 6-manifolds. Recall that for a smooth oriented 6-manifold P®,
the intersection and self-intersection invariants give maps

A :m3P xmP — ZmP  and 3 :m3P — ZmP/(g—ngl, 1).

To compute A3 geometrically, start by representing the two homotopy classes by
transverse based maps S® — P, and then count each intersection point p with a
sign €, determined by orientations and a group element g, € 7| P represented by
a sheet-changing loop through p. Here a based map is equipped with a whisker,
which is an arc running between a basepoint on the image of the map and the
basepoint of the ambient manifold P. Note that by general position a map of a
manifold of codimension > 1 is ambient isotopic to a map whose basepoint is equal
to the basepoint of the ambient manifold.

Similarly, for p3 one represents the homotopy class by a generic map A : §3 ¢ P
and counts self-intersections, again with signs and group elements. In this dimension,
switching the ordering of sheets at a double point p changes ¢, to —¢,, and changes
gpto g;l , explaining the relation g +g~! =0 in the range of u3. The relation 1 =0
makes (3(A) only depend on the homotopy class of A, since a cusp homotopy
introduces a double point with arbitrary sign and trivial group element. Changing
the whisker on A changes 3(A) by a conjugation, with the corresponding group
element represented by the difference of the whiskers. The argument for homotopy
invariance of 3 arises from considering the double-point arcs and circles of the
track of a generic homotopy S® x I 3 P® x I of A.

Using the involution g := g~! on Zm| P, the “quadratic form” (A3, ut3) satisfies

n3(A+ B) = u3(A) + u3(B) +[23(A, B)],

2.1 -
A3(A, A) = n3(A) — u3(A) € Zm P,

where the second formula has no content for the coefficient at the trivial element in
m P: Since A3 is skew-hermitian, it vanishes on the left-hand side, whereas it is
automatically zero on the right-hand side that is defined by picking a representative
of 3(A) € Zm P and then applying the involution to that specific choice. We will
be interested in the case that P = N x [ is the product of a 5-manifold N with an
interval I, and we denote the target of w3 by

Zw 1N ~ Wi g 1 P

A2= 1 = 1 .
(g+g 1) (g+g . 1)
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2.2. The self-intersection invariant for homotopies of 2-spheres in 5-manifolds.
The above descriptions of A3 and p¢3 can also be applied to properly immersed simply
connected 3-manifolds with boundary in a 6-manifold. In this setting the invariants
are computed just as above, by summing signed double point group elements,
and are invariant under homotopies that restrict to isotopies on the boundary. For
a smooth oriented 5-manifold N, and any homotopy H : S* x I — N between
embedded spheres, we define the self-intersection invariant

(2.2) w3(H) € A

to be the self-intersection invariant of a generic track S? x I 9 N x I for H. We
will sometimes use the same letter H to denote either the homotopy or its track
when the context is clear.

The “time” parameter (the /-factor) of a homotopy will generally be the unit
interval I = [0, 1], although it will be frequently suppressed from notation or
reparametrized without mention.

For the purpose of computing the self-intersection invariant 3 (H ), the whisker
on the track of H will be taken at the “start” H(S*> x0) C N x 0 C N x I
of the homotopy unless explicitly stated otherwise. So for a homotopy H from
U, : S? < N to an embedding, the whisker for U, will generally be used to
compute w3 (H).

Note that choosing a whisker on the track of a homotopy to provide a “basing”
for the purposes of computing an intersection invariant is different than saying
that the homotopy is a “based homotopy”, which is “a homotopy through based
maps”.

2.3. Geometric action of A. For ge ;N and U, : S>> N, we define g-U,.: S> <N
as follows, see Figure 2.3 for several examples. Firstly, note that the normal bundle
of U, is 3-dimensional, so its meridian m ¢ is a 2-sphere; we choose it over a point
near the basepoint z := U, (e) and orient it according to the orientations of S% and N.
We then define g - U, as an ambient connected sum of U, with mr along a tube
following an arc representing g, where the arc starts and ends near z and has interior
disjoint from U,. This is well defined up to isotopy since removing a neighborhood
of U, does not change the fundamental group and “homotopy implies isotopy” for
arcs in this dimension.

Similarly, (—g) - U, is defined to be the connected sum of U, with the oppositely
oriented meridian sphere —mp. Linear combinations ) ;n;g; act by multiple
connected sums along g; into copies of m r for n; > 0 respectively —m g for n; < 0.
It is not hard to check that the relations g + g~! =0 = 1 carry over to isotopies of
these connected sums, see Figure 2.3. Therefore, we have an action of A on the set
7o Emb,(S%, N).
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isotopy

isotopy

1

Figure 2.3. The relations g = —g~"' and 1 = 0 realized by isotopies.

Since each meridian sphere m r bounds a normal 3-ball that intersects U, exactly
once, we get the following result.

Lemma 2.4. For any a € A, shrinking the meridian spheres along their 3-balls
gives a based homotopy H, from a - U, to U, with u3(H,) = a. (I

2.4. The level-preserving Whitney move.

Proposition 2.5. The track H : S*> x I — N° x I of a homotopy between two
embeddings is homotopic (rel boundary) to the track of an isotopy if and only if its
self-intersection invariant 3 (H) € A vanishes.

It will follow from the proof that if the original homotopy is a based homotopy,
then the resulting isotopy can be taken to be based. In fact, the construction given
in the proof can be taken to be supported away from any /-family of whiskers.

We remark that since the classical Whitney move works for immersed 3-manifolds
in 6-manifolds [Milnor 1965, Theorem 6.6], the vanishing of w3(H) € A imme-
diately implies that the track S> x I & N x I is homotopic (rel boundary) to a
concordance, so Proposition 2.5 would then follow from Hudson’s theorem that
concordance implies isotopy in codimensions > 3 [Hudson 1970]. Rather than
invoking Hudson’s result, our proof of Proposition 2.5 will show that one can
arrange for the Whitney moves to preserve /-levels in order to directly achieve an
isotopy rather than just a concordance.

Proof of Proposition 2.5. The “only if” direction is clear since w3 is invariant under
homotopy and vanishes on embeddings.

To prove the “if” direction, we first introduce some streamlined notation that will
only be used in the proof of Proposition 2.5, including the ancillary Lemma 2.6.

Notation. For any subset o C I, denote by H, := H|s2,,, the restriction to S? x o of
the track H : §*x1 — N x 1. By the standard abuse of the notation, H, := H(S*x0)
is also the image of this map, and is contained in the subset N, := N xo C N x I.
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Lemma 2.6. For H as in Proposition 2.5 with u3(H) =0 € A, it may be arranged
by a homotopy rel 0 that there exist finitely many distinct points ¢; € I such that the
transverse self-intersections of H occur in pairs {p;, q;} C H¢, with g, = g,, and
€, = —€y, foreachi.

Assuming Lemma 2.6 (which will be proved just below), Proposition 2.5 follows
by a standard application of Whitney moves to eliminate each of the self-intersection
pairs of Lemma 2.6 in a way that yields the track of an isotopy. We describe details
here for completeness, with the key observation being that each Whitney disk can
be chosen to be contained in a level.

Dropping the subscript i from the notation, let p and g be a pair of self-
intersections of H, as in Lemma 2.6. Since H, is a map of a 2-sphere S? x c,
the self-intersections p and g are not transverse for H,, but there exists some small
8 > 0 such that {p, g} = Hjc—s.c+5) N Hjc—s.c+s], the transverse self-intersections
of the immersed 3-manifold Hp._s c45] in the 6-manifold Njc_s c+s]-

Since p and g have the same group elements g, = g, and opposite signs €, = —¢,,
there exists a Whitney disk W C Nic—s c+s) pairing p and g. By general position
we may assume that W is embedded in the 5-dimensional slice N, C Nic—s, ¢+
with interior disjoint from H.. The Whitney disk boundary oW = o U 8 is the
union of embedded arcs « and B contained in H,, with « N B ={p, g}. Let & and
be slightly longer arcs in H, containing o and 8, respectively, such that @ and j
extend just beyond p and g.

Let A, B C Hc—5.c+5] denote regular 3-ball neighborhoods of & and ,3 in
Hic—s.c+s1. Each of A and B is “the image of a local sheet of a 2-sphere H,
moving in time”, with A, and B, each embedded in H, for t € [c — §, ¢ + §], and
ANB ={p, q}. It follows that A : D> x I = N x [ is the track of an isotopy A;,
and similarly for B.

The Whitney move that eliminates p and g will be described using a particular
choice of coordinates for an open neighborhood V' C Nj.—s c+s] containing W.

By [Milnor 1965, Lemma 6.7], the neighborhood V' may be chosen to be diffeo-
morphic to W x [R{IZL‘ X [R{%, where:

e W C N, is a smooth 2-disk formed from W by attaching a half-open collar to d W.
e VNA=axR3 x(0,0)and VN B =B x (0,0) x R%.

Let a(s) be a smooth isotopy of the arc & in W, for 0 < s < 1, such that @(0) = &,
and @(1) passes just above B C B as in Figure 2.7. In particular, @(s) is supported

near W C W forall 0 <s < 1, and a(1) is disjoint from B.
Let p : R — [0, 1] be a smooth bump function (u, v) — p(u, v) such that

e p(u,v) =1if Vu?+0v2 <1,
e p(u,v) =0if Vu? +v2>2.
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Figure 2.7. A smooth isotopy of the arc & in W.

Now we use a(s) and p to define the Whitney move as the result of an isotopy
A(s), 0 <s <1 of A which fixes B, where (a;, a,) runs through [R?f‘:

A(s) = a(sp(ar, az)) x (a1, a2) x (0,0) C W x R} x R,

Then A(0) = A, and the result of the W-Whitney move on A is A" := A(1), so that
A'NB=g.

Note that A(s) = A near dV, and hence we can extend A(s) to be the identity
outside V. This defines a homotopy H (s) of H = H(0) such that H' := H(1)
satisfies H' M H' = (H h H) — {p, q}.

By construction A(s) only moves points of A along the W-factor, which is
orthogonal to the I-factor of N x I since W C N,. This means that for each s,
A(s) consists of the track of an isotopy A,(s), and similarly for B(s).

Performing Whitney moves on all the self-intersection pairs of Lemma 2.6 yields
the track of an isotopy as desired. U

Proof of Lemma 2.6. The condition u3H = 0 € A means that the (finite) set
of transverse self-intersections of the generic track H : S> x I & N x I can be
decomposed into finitely many pairs {p;, g;} with g, = g, and €,, = —¢,, (for
appropriately chosen sheets, and after perhaps performing a single cusp homotopy
on H).

Suppose, for some i we have p; € H,"H,, CHthH andgq; € H,NH,, CHhH,
with #; < . We will describe how to change H by an isotopy rel boundary which
“moves” g; to g/ € H, N Hy, and is supported away from all other self-intersections
of H. The construction will show more generally that self-intersections of H can be
arranged to occur at any chosen times, while preserving signs and group elements.

Special case. Consider the special case that H has just a single pair {p, g} =H h H
of self-intersections with p € H;, N H;, and g € H, N H;,, and with0 <1} <, < 1
in I = [0, 1]. Suppose that (x, t;) and (y, t;) are the two distinct preimages in
S?xty C S?x 1 of g = H,,((x, 7)) = H,,((y, t)). Define vertical arcs a :=x x [t1, 5]
and b :=y X [t1, t2] in the domain S2 x I (see Figure 2.8, left).

For 0 < s < 1 we will define smooth isotopies ¥, : S? x I — §2 x I supported near
aUb and projecting to the identity on S? such that the smooth family of homotopies
H o satisfies H = H o and (Ho ) M (H oY) ={p,q'} C(Hoy1),.
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t=1
(x.t) ot) )

(x.t) o)

Figure 2.8. Schematic pictures in the domain S? x I, with the
[ -factor running vertically from bottom to top. Left: the vertical
arcs a and b, and a horizontal subarc of S? x ;. Right: images
of the subarc of §2 x 1, containing the nested disks d, C D, and
dy C D, under the isotopy v, for s =0, s = 1, and for two other
intermediate values of s.

1

Figure 2.9. A schematic picture of the images under | of some
horizontal slices of S? x 1.

First we define v, on S? x #; as the sum of two local bump functions of height
s(t, —t1) in the positive /-direction centered at (x, #;) and (y, #;) (see Figure 2.8,
right). More specifically, let x € d, C D, C $? and y € dy C Dy, C S? be small
concentric pairs of nested disks around x and y, respectively. Then

(z,11) if z¢ DU Dy,
Yz, 1) =13 (z, 1 +s(tr — 1)) if zed,Ud,,
(z, t1 +sig(z) s(t —11))  if z € (D, \int(dy)) U (Dy \ int(d,)).

Here the sigmoid function sig(z) smoothly interpolates between sig(z) = O for
z€0D,U0dD, and sig(z) =1 for z € dd, U dd,.

Now extend v to all of S x I by tapering the bump functions down to zero as ¢
moves away from #;, so that ¥(z, 0) = (z, 0) and v(z, 1) = (z, 1) for all 5. See
Figure 2.9 for an illustration of the extended vy : > x I — §% x I.

Next we check that H' := H o/ has the desired properties. Observe that since v,
restricts to the identity map on the complement of (D, U D) x I, we have H' = H
when restricted to (S%\ (D, U Dy)) x I. In particular, H'((S*\ (DU Dy)) x I)
has only the single transverse self-intersection point p € H h H which occurs at t;.
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Now consider the restriction of H' to (D, U D,) x I. We have that by con-
struction, H'((D, U Dy) x I') has just the single transverse self-intersection such
that ¢’ = H'(d,, ) N H'(d,, t), which is the image of the projection to N, of
qgqe HhH.

Now it remains to check that there are no transverse intersections between
H'((DyUDy) x I) and H'((S*\ (D, U D,)) x I). For each t € I, suppose that
proj, : N xI — N is the projection map. By general position, for each ¢ € / the image
proj, oH(a Ub) C N, is an embedded arc y;. Since the image H'((Dx U Dy) x I)
in the 6-manifold N x I can be arranged to be contained in an arbitrarily small
neighborhood of the 2-dimensional union U,<; y;, it follows by general position
that H'((D; U Dy) x I) has no transverse intersections with the 3-dimensional
H'((S*\ (DxUDy)) x I).

General case. Since by general position any number of self-intersections can be
assumed to have preimages projecting to distinct points in S2, the above construction
moving g € Hy, N Hy, to ¢’ € H; N H/ for t; <t can be carried out iteratively (or
even simultaneously) for any chosen subset of self-intersections while fixing the
complementary subset. 0

2.5. Based self-homotopies. Recall from Section 1.2 of the introduction that, for
a fixed based embedding U, : S* < N, we denote by Ay, the quotient of A
by the image of the indeterminacy homomorphism ¢y, : 73N — A defined by
A u3(A) + Ay (A, [UL]

The following lemma will be used to show that our invariants are well defined.

Lemma 2.10. If J, : S x I & N x I is a generic track of a based self-homotopy
of Uy, then
n3(Jy) =0 €A,

Proof. Since J, is a based self-homotopy, it agrees with U, x I on the 2-skeleton
S? x {0, 1} Ue x I of §? x I, with e € S? the basepoint. So they only differ on
the 3-cell, where U, x [ is represented by By := U.(D?) x I (here D? is the
complement in S? of a small disk around ¢) and J, is represented by a generic
3-ball By : D39 (N x 1)~ v(Us(e) x I). By construction, the boundaries of these
two 3-balls are parallel copies of an embedded 2-sphere in the boundary of a small
neighborhood of U, x {0, 1} U (U.(e) x I).

Gluing By and B; together along a small embedded cylinder S x I between
their boundaries yields a map of a 3-sphere A := B; U (—By) : $3 > N x 1.
To prove the lemma we will show that u3(J.) = @y, 1(A).

First note that on one hand, all contributions to w3(J,) come from the self-
intersections of the immersed 3-ball B;. On the other hand, contributions to w3(A)
come from the self-intersections of B; and the intersections between B; and
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the embedded 3-ball —By. The latter intersections are precisely counted by
—X3(Jy, Up x I), see (2.1). Therefore,

m3(Jx) — pu3(A) = A3(Jy, Uy x 1),
and since Ay (A, Uy) = A3(A, Uy x I) = A3(Jy, Uy x 1), we obtain

w3 (Ji) = u3(A) +An (A, Uy) = ¢pu,)(A). O

2.6. From homotopy to isotopy by adding 3-spheres. The following lemma will
be used to show that our invariants are injective.

Lemma 2.11. Suppose H : S*> x I & N x I is a generic track of a homotopy
between embeddings R : S> < N and R’ : §> < N such that the homotopy restricts
to an embedding U : S < N for some point ty € 1. Then R is isotopic to R’ if
w3(H) =0 € Ay,). Moreover, if H is a based homotopy, then the resulting isotopy
may be taken to be based.

Proof. Since u3(H) =0 € Ay,), there exists A € w3 N such that w3 (H) = ¢y, (A).
By using a small ambient isotopy we may assume that H restricts to a product
U x [ty — €, ty + €] on a small interval around fy. Represent A by a generic regular
homotopy f; : S2 x [to — €, to + €] = N from a local trivial sphere fi,—e = fiy+e
in N to itself via the isomorphism w3 N = m;(Map, (52, N)). Taking a smooth
family of ambient connected sums of f; with U xt C U X [ty — €, tp + €] yields
a self-homotopy J4 of U. We can assume the guiding paths for these connected
sums have interiors disjoint from every f; and U x t, so that u3(J4) = v, (A).
Reversing the ¢-parameter of J4 yields the track —J4 of a self-homotopy of U
with pu3(—J%) = —¢pu,1(A).

Now, deleting H x [to—¢, to+€] from H x I and gluing in —J 4 yields a based ho-
motopy H” between R and R’ with u3(H") =0 € A. It follows from Proposition 2.5
that H° is homotopic rel boundary to an isotopy R between R’. If H is a based
homotopy, then this resulting isotopy inherits the extended whiskers from H. [

3. Homotopy versus isotopy

In Section 3.1 we recall the statement of Theorem 1.7 describing the based setting,
and give a proof. In Section 3.2 we clarify and prove Theorem 1.11, describing the
free setting.

Our convention is to write concatenations of homotopies as unions from left
to right, with a minus sign indicating that the orientation of the /-factor has been
reversed. Recall (Section 2.2) that for the purposes of computing the self-intersection
invariant p3(H) of a homotopy H the whisker on the track of H will be assumed
to be taken at the “start” H (S x 0) C N x 0 C N x I unless otherwise explicitly
specified.
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3.1. The based setting. Theorem 1.7 states that for a fixed based embedding U :
§2 < N° the map

py'U = A,y R fqpy (R = [1a(H)]

for H, any based homotopy from U, to R,, is a bijection.

Here we have p_!'[U,] the set of based isotopy classes of embedded spheres
R, : S? < N? that are based homotopic to Uy. Moreover, the group Ay, is the quo-
tient of A := ZmN/(g+g~", 1) by the image of the indeterminacy homomorphism
¢, : 13N — A defined by

A u3(A) +[An(A, [ULD]

fqq, ) is well defined. 1t suffices to show that fq; ;(Rx) € Ay, is independent of
the choice of H,.

Taking the union along R, of any two based homotopies H,, H, from U, to R,
gives a based self-homotopy J,. = H, Ug, —H,, of U, such that

13 () = ua(He U, —Hy) = p3(Hy) — p3(Hy),

where we are using that u3 is additive under concatenations of based homotopies
and changes sign under reversing the orientation of the time parameter. Since (3(Jy)
lies in the image of ¢py,; by Lemma 2.10, we have [u3(H,)] = [u3(H))] € Ay,

fqpy, | is injective. 1f fqy 1 (Ry) = fqpy, (R;), then there exist based homotopies H,
and H] from U, to R, and R}, such that u3(H,) = pu3(H,) € Ay,;. Taking the
union of these homotopies along U, gives a based homotopy H := H, Uy, —H
from R, to R, with u3(H,) = pus(Hy) — pn3(H,) =0 € Ay,;. It follows from
Lemma 2.11 that R, is based isotopic to R.,.

fqqy, is surjective. Surjectivity follows directly from Lemma 2.4.

3.2. The free setting. This section clarifies the target of the invariants in the free
setting, and proves Theorem 1.11, which we recall here for the reader’s convenience:
For U, a fixed basing of an embedding U : §* < N7, the map

p'UI—= Ay, R fqy (R) :=[us(H)],

where H is any free homotopy from U to R, is a bijection.

Here p~!'[U] is the set of isotopy classes of embedded spheres R : §? < N>
that are freely homotopic to U. Moreover, the group Ay, is the quotient set of the
based target Ay, of Theorem 1.7 by the affine action of Stab[U.] < 71 N given by
Sa=Us+sas™ ' foralla € A,y and s € Stab[U.], with the definition of U, € Ay,
given just after Lemma 3.1 in the next subsection.
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The affine action of Stab[U,] on Ay,;. For each s € Stab[U.] there is a track
Js S2xI—>NxI

of a free self-homotopy of U, such that the projection of J;(e, —) represents s,

where the basepoint e € S? is the preimage of the basepoint of U,. For instance,

such a J; can be taken to be a (level-preserving) subset of the track of any based

homotopy between s - U, and U,. We say that Js represents s € Stab[U.,], and call s

the core of J, frequently using the subscript notation to indicate this representation.
Note the following three properties of core elements:

(1) Any self-homotopy whose core is the trivial element of 1 N is homotopic rel
boundary to a based self-homotopy.

(2) Concatenating self-homotopies multiplies the core elements: J;, = J; U J,.

(3) Reversing a self-homotopy inverts its core: —Jg = Jo-1.

It follows from these three properties that given two free self-homotopies J; and
J| of U, representing the same element s € Stab[U.], we can form a based self-
homotopy J; = J-1 := J;U—J! of U, representing the trivial element 1 € Stab[U.],
with u3(J1) = us(Js) — u3(J)). Together with Lemma 2.10 we immediately get:

Lemma 3.1. If J; and J; are two free self-homotopies of U, representing the same
element s € Stab[U.], then u3(Jy) — n3(J)) =0 € Ay, ). O

As a result of Lemma 3.1, the element

Us .= [n3(Js)] € Ay,

is well defined, and hence so is the affine action ‘a := Uy + sas~! of Stab[U,]
on Ayy,;. This clarifies Definition 1.10 of the target of the free isotopy invariant
fqy, € Ay, as the quotient set of the based isotopy target fq;, | € A(y,) under this
action.

The following lemma illustrates how the affine action describes the effect of free
self-homotopies on the self-intersection invariant.

Lemma 3.2. If H is a homotopy from U, to an embedding R, and J; is a free
self-homotopy of U, representing s € Stab[U.,], then the free homotopy J; U H from
U to R satisfies

w3(Js U H) = ps(Jy) +sps(H) s~ e A,

Proof. 1t is clear that each double point of the track of J; U H is either a double
point of J; or H. By our convention, the computation of u3(J; U H) uses the
whisker for U, at the start of J;. Thus, double point loops of H get conjugated by
representatives of s while traversing Js, so all the double-point group elements of
w3 (H) get conjugated by s. U
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fqy, is well defined. Tt suffices to show that fq, (R)=[u3(H)] €Ay, is independent
of the choice of H. For H and H' two choices of free homotopies from U, to
R, the concatenation J; := H U —H' is a self-homotopy of U, representing some
s € Stab[U,], and by Lemma 3.2 we have

u3(Js) = p3(H) —sps(H') s~ € A,
So
u3(H) = pu3(Jy) +spus(H) s7h =5 (us(H") € Ay, ),
which implies [u3(H)] = [u3(H')] € Ay, , and hence fqy, (R) is well defined.

fqy, is injective. If fqy (R) = fqy (R'), then by the definition of the target Ay,
there exist homotopies H and H' from U, to R and R’, respectively, such that

ua(H) = Us+sps(H) s~ € Ay,

for some s € Stab[U,].

Consider the homotopy H” := —H’ U J; U H from R’ to R, where J; is any
self-homotopy of U, representing s. Using the whisker on Uy in —H'NJ; C H”
we have the following computation in Ay, ;:

wa(H") = p3(—H') + p3(Js) + sz (H) s ™!
= —pus3(H") + Us +sp3(H) s
= —(Uy +sus(H)s™ )+ Us +sps(H) s ™!
=0.

It follows from Lemma 2.11 that R is isotopic to R’.

fqy, is surjective. Surjectivity follows directly from Lemma 2.4.

3.3. Examples. Recall that Corollary 1.12 states that free isotopy classes of null-
homotopic 2-spheres in N are in bijection with Ay, = Ay, /71N, where the action
is by conjugation.

Here we examine some examples of free isotopy classes of essential 2-spheres:

Example. Consider U, = S x {p} C N = §% x M°.

Then Us = 0 for all s € Stab[U,] = 7 N, because any self-homotopy Js can
be chosen to be a self-isotopy which moves p around a loop representing s while
fixing the S2-factor.

So the affine action has trivial translations (see Section 1.3) and free isotopy
classes of spheres homotopic to U, are in bijection with Ay, = Ay, /71 M (with
conjugation action).

Example. Consider again U, = S* x {p} C N = 5 x M>.
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Assume [g, h] # 1 e mM = N. If Uf is the result of doing a g-finger move
on U,, then U = g — sgs™! for each s € Stab[Uf] = 71 N. Here U = pu3(Jy)
where J; is a self-homotopy of U¢ that undoes the g-finger move, then moves p
around a loop representing s while fixing S2, and then redoes the g-finger move. In
particular,

Ui =g—hgh™" #0eAys =AMy,
if 73 M = 0. (To see that Ay¢; = Ay, if 73 M = 0, observe that any representative
of a generator of 73(S2 x M) = 3.5 is homotopic to a generic immersion contained
in the product of S? with a 3-ball, and hence has only double points with trivial
group element, implying that 13 vanishes.)

So in this case the affine action "a = (g — hgh™") + hah™! defining Ays as
a quotient of A;¢; = Ayy,) has nontrivial translations, illustrating how the target
of the free isotopy invariant depends in general on the isotopy class of the fixed
embedding, and not just on its homotopy class.

This suggests the following questions: When does a homotopy class of 2-spheres
in N contain an isotopy class such that the corresponding affine action has trivial
translations? Are stabilizers of elements of 7, N always represented by some
embedded S? x S' C N x §1?

4. A space level approach following Dax

In this section we reprove our two main results, Theorems 1.7 and 1.11, using a
space level approach given in [Dax 1972] and [Kosanovi¢ et al. > 2024].

4.1. The relative homotopy group. Following [Kosanovi¢ and Teichner 2024b]
and [Dax 1972], we compute in [Kosanovi¢ et al. > 2024] the relative homotopy
group g2 (Map(V, X), Emb(V, X), U) for any £-manifold V and d-manifold X,
and a fixed embedding U : V — X taken as the basepoint. In our case of interest,
V =82 and X = N of dimension d = 5, the relevant result is as follows.

Theorem 4.1 [Kosanovic¢ et al. > 2024]. Let N be an oriented connected 5-manifold
and U, : 8* < N a smooth based embedding. Then there are bijections

Dax : ry(Map, (52, N), Emb, (5%, N), U,)

;J/ i rel

m1(Map(S2, N), Emb(S?, N), U)

given on a class [ H] as the sum over double points of the associated group elements
of the track of H : I — Map(SZ, N), defined by I x §> — I x N, (t,v) — (t, H;(v)).



HOMOTOPY VERSUS ISOTOPY: 2-SPHERES IN 5-MANIFOLDS 215

In other words, Dax([lH]) = us(H) is precisely the self-intersection invariant
from (2.2).

Remark 4.2. Using Lemma 2.4 one can define an explicit inverse of Dax. This is
completely analogous to the realization map v in [Kosanovi¢ and Teichner 2024b;
Kosanovié et al. > 2024].

Our main square from Section 1.1 extends to a commutative diagram:

71 (Map, (S2, N), Uy) ——> m(Map(S2, N), U)
Jx J
1 (Map,, Emb,, Uy) L w1 (Map, Emb, U)

(4.3)
7o Emb, (5%, N) ————> 1o Emb(S?, N)

Px p

JT()Map*(SZ, N) ——>» noMap(Sz, N)

The left column is the final part of the long exact sequence of the pair in the based

case,
(Map,, Emb,,) := (Map,(S°, N), Emb, (5%, N)),

whereas the right column is from the long exact sequence of the pair in the corre-
sponding free case.

We use the following standard facts about homotopy groups of mapping spaces,
see [Kosanovi¢ et al. > 2024] for details.

Lemma 4.4. There are isomorphisms
7 (Map, (S%, N), Uy) = mxs2(N)
for k > 0, and a bijection
7o Map(S2, N) = N/ {o — gt}

for the usual action of g € TN on o € maN. For any B € Map, (52, N) there is an
exact sequence

3N = 1 (Map, (5%, N), B) —— m1(Map(82, N), f) —» Stab g,

where
Stabf :={gemN:g8=8¢cmN},

and ev, is induced by the map Map(S?, N) — N given by f — f(e).
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Combining (4.3) and Lemma 4.4 with Theorem 4.1, and denoting by [U,] the
class of U, in m3N = my Map*(Sz, N), we have the commutative diagram:

N ———5 7,(Map(S2, N), U) —=% Stab[U,]
Jx J

711 (Map,, Emb,, U,) ———s 7;(Map, Emb, U) — 22 A

~

4.5)

7o Emb, (82, N) ——— 7o Emb(S2, N)

Px p

N o Map(S%, N)

which will imply desired results, as explained next.

4.2. The proofs. The following recovers Theorem 1.7.

Theorem 4.6. There is a short exact sequence of sets
A/(Daxoi™ o j,(73N)) >—> 7o Emb, (82, N) -5 79 Map, (52, N) = m,N

and Daxoi™o j, = v, from (1.4) of Section 1.2.

Proof. From diagram (4.5) we have ker(p.) = coker(j,) = coker(Daxoi rel o Jx), SO
it only remains to identify the last homomorphism. And indeed, for a class A € m3 N
the element j.(A) : I — Map, is a self-homotopy of U that represents A and
Dax(j«(A)) = u3(j«(A)) by definition. Now, arguing as in the proof of Lemma 2.10
we see that the track of j,(A) has u3(j«(A)) = u3(A) + Any(A, U,), therefore
Daxo0i™ o j,(A) = ¢py,1(A) as desired. O

Similarly, the following recovers Theorem 1.11.

Theorem 4.7. There is a short exact sequence of sets

>—— 7o Emb(S?, N) - noMap(Sz, N),

(A/ (v, )(3N)))

s—Sa

where on the left we take the quotient by the action s — *a of Stab[U,] from (aff)
of Section 1.3.

Proof. From diagram (4.5) we have ker(p) = coker(j) = coker(Daxo j). Using the
leftmost column we can compute coker(Dax o j) in two steps:

(1) First take the cokernel of Daxo joi.

(2) Then mod out the induced action of Stab[U.,], using any section of ev,.
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Note that the action in (2) is well defined, and the set of coinvariants is independent
of the section, since in coker(j oi) we have modded out ker(ev,).

For (1), we simply note that Dax o j oi = Daxoi™ o j, by the commutativity of
the leftmost square in (4.5), and this is equal to ¢[y,; by Theorem 4.6.

For (2), to compute the action, we pick any section; by definition, this sends

s € Stab[U,] to any
Jy € m(Map(S?, N), U),

which we view as a free self-homotopy of U,, for which ev,(J;) = J;(—, e) repre-
sents s.

Then s € Stab[U,] acts by sending @ = Dax(H) to Dax(J; U H). Since we have
Dax(Js; U H) = Dax(J) + sDax(H) s~ by Lemma 3.2 (where u3; notation was
used in place of Dax), we see that the action of s on a is given as claimed by

Dax(Jy) +sas™ ' = us(Jy) +sas™' =%a. O
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A NEW CONVERGENCE THEOREM
FOR MEAN CURVATURE FLOW OF HYPERSURFACES
IN QUATERNIONIC PROJECTIVE SPACES

SHIYANG L1, HONGWEI XU AND ENTAO ZHAO

We investigate the smooth convergence of the mean curvature flow of hy-
persurfaces in the quaternionic projective spaces. We prove that if the
initial hypersurface satisfies a new nonlinear curvature pinching condition,
then the mean curvature flow converges smoothly to a round point in finite
time. Our result improves a smooth convergence theorem due to Pipoli
and Sinestrari (2017).

1. Introduction

There are many famous geometric evolution equations, such as the Ricci flow,
the mean curvature flow and others. Huisken [9] studied the mean curvature flow
from the perspective of partial differential equations, and he proved that convex
hypersurface in the Euclidean space converges to a round point along the flow.
Afterwards, Huisken [10; 11] obtained convergence results for mean curvature flow
of convex hypersurfaces in Riemannian manifolds and pinched hypersurfaces in
spheres. Following the argument of Huisken [9], Andrews and Baker [1] proved a
convergence theorem for the mean curvature flow of closed submanifolds satisfying
a suitable pinching condition in the Euclidean space. Later, Baker [2], Liu et al. [20]
proved sharp convergence theorems for the mean curvature flow in the spheres
and the hyperbolic spaces, respectively. Liu, Xu and Zhao [19] studied the mean
curvature flow of arbitrary codimensional submanifolds in the Riemannian manifold
and proved a smooth convergence theorem. Lei and Xu [15] verified an optimal con-
vergence theorem for the mean curvature flow of submanifolds in hyperbolic spaces,
which implies the first optimal differentiable sphere theorem for submanifolds with
positive Ricci curvature. It should be remarked that an optimal topological sphere
theorem for complete submanifolds with positive Ricci curvature in a space form
with nonnegative curvature has been proved previously by Shiohama and Xu [26].
Lei and Xu [15] also proved sharp convergence theorems for the mean curvature

MSC2020: primary 53E10; secondary 53C40.
Keywords: mean curvature flow, convergence theorem, curvature pinching, real hypersurfaces,
quaternionic projective spaces.

© 2024 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC
BY). Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org/pjm/
https://doi.org/10.2140/pjm.2024.332-2
https://doi.org/10.2140/pjm.2024.332.219
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

220 SHIYANG LI, HONGWEI XU AND ENTAO ZHAO

flow of submanifolds in the sphere [13; 14], which also improve the convergence
theorems due to Huisken [10] and Baker [2]. See [16; 18; 21] for recent progress in
the smooth convergence theory for mean curvature flow of arbitrary codimensions.
As consequences of these smooth convergence theorems, the submanifolds satisfying
the initial curvature conditions are diffeomorphic to the standard sphere. We remark
that some of these differentiable sphere theorems are also proved by using the Ricci
flow, which has proven to be a very useful tool in understanding the topology of
Riemannian manifolds, see [3; 4; 6; 7; 8; 22; 23; 24; 27; 28].

Pipoli and Sinestrari [25] obtained a convergence theorem for mean curvature
flow of small codimension in the complex projective spaces. Later, Lei and Xu [17]
investigated the smooth convergence of mean curvature flow of arbitrary codi-
mensional submanifolds in the complex projective spaces, which improved and
extended the convergence theorem due to Pipoli and Sinestrari [25]. In this paper,
we investigate the mean curvature flow in the quaternionic projective spaces. We
mainly consider the codimension-one case.

Let M be an n-dimensional closed manifold, and let F : M" x [0, T) > N n+l
be a one-parameter family of smooth hypersurfaces immersed in a Riemannian
manifold (N, k). We say that M; = F;(M) is a solution to the mean curvature flow
if F; satisfies

3
—F = —HV,
(1_1) { Jt
F(,O):FO(),
where F;(-)= F(-,t), H and v are the mean curvature of M and the unit outward
normal vector of M respectively, such that H = —Hv is the mean curvature vector
of M.

Pipoli and Sinestrari [25] obtained a convergence theorem for the mean curvature
flow of hypersurfaces in the quaternionic projective spaces, and the proof is the
same as their convergence theorem for mean curvature flow of hypersurfaces in the
complex projective spaces.

Theorem 1.1 [25]. Let M" (n > 11) be a closed real hypersurface in quaternionic
projective space QP"Y/ 4(4), and M, be the mean curvature flow starting from M.
Assume that M satisfies the following pinching condition:

lh|* <

1 2

H"+2.
n—1
Then the flow has a smooth solution on the maximal time interval [0, T') with T < oo.
Moreover, the pinching condition is preserved and M, collapses to a round point as
t—T.

We note that here and in the remaining part of the paper, n = 4m — 1 for m > 2.
The aim of the present paper is to prove the following refinement of Theorem 1.1.
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Theorem 1.2. Let M" be an n(=7)-dimensional closed real hypersurface in quater-
nionic projective space QP"tV/*(4), and M, be the mean curvature flow starting
from M. Assume that M satisfies the following pinching condition:

|h|* < p(H?).

Then the flow has a smooth solution on the maximal time interval [0, T') with T < oo.
Moreover, the pinching condition is preserved and M, collapses to a round point as
t—T.

In Theorem 1.2, ¢(H?) is given by

1
(1'2) w(Hz):2+an+(bn+nT1>H2_\/b%H4+zanan2,

where

an = /81 —5)(n— 1) b, bn:min{ n=> 2n =3 }

8n—1) n+2)(n—1)
Remark 1.3. By a computation, we have ¢(x) > nle +2 forx > 0. So, Theorem 1.2

is an improvement of Theorem 1.1. Furthermore, we have ¢(x) > 44/n — 1 — 6 for
7<n<17, and ¢(x) > 2—|—%§«/n—5 forn > 18.

It is well known that QP! is just the round sphere. By [11; 14], the similar
smooth convergence theorem holds for mean curvature flow of closed hypersurfaces
in QP'.

By Theorem 1.2, we have:

Corollary 1.4. Let M" be an n(> T)-dimensional closed real hypersurface in
quaternionic projective space QP V44 If |n|? < p(H?), then M is diffeomor-
phic to the standard sphere.

The rest of the paper is organized as follows. In Section 2, we introduce some
notations, formulas and basic equations in submanifold theory, and prove a gradient
inequality involving the second fundamental form and the mean curvature for
hypersurfaces in the quaternionic projective spaces. We also recall some evolution
equations along the mean curvature flow in this section. In Section 3, we show that
the pinching condition |A|?> < @(H?) is preserved along the mean curvature flow.
We also derive an evolution inequality of

|AI?
(o — HYn)l=o"

A pinching estimate for the traceless second fundamental form is obtained in

fJ:

Section 4. We give an estimate of the gradient of the mean curvature in Section 5,
which is used to compare the mean curvature at different points. In Section 6, we
show that the hypersurface shrinks to a single round point in finite time.
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2. Notations and formulas

Let QP™ be the m-dimensional quaternionic projective space with the Fubini-Study
metric ggs. Let Ji,, ko =1, 2, 3 be complex structures on QP". We denote by v
the Levi—Civita connection of (QP", ggs). Since the Fubini-Study metric is a
Kéhler metric, we have Vlko =0 for kg = 1, 2, 3. The curvature tensor R of QP"™
can be written as

R(X,Y,Z, W)
= (X, Z) Y, W) — (X, W)Y, Z)

3
+ (X, T Z)Y, Tk, W) — (X, Ty WY, Jiy Z) +2(X, Jig Y Z, g W)
ko=1

and Jy,, ko =1, 2, 3 satisfies
sz():—Id, hh=—hh=hk, Jhh=="0Ji=—J, Lhhi=—0LJi=J.

Let (M", g) be an n-dimensional Riemannian submanifold in (QP", ggs). Let g
be its codimension, i.e., n +¢g = 4m. At a point p € M, let T, M and N, M be the
tangent space and normal space, respectively. For a vector in T, M & N, M, we
denote by (-)7 and ()" its projections onto T, M and N, M, respectively. We
use the symbols V and V+ to represent the connections of tangent bundle TM
and normal bundle NM. Denote by I'(E) the space of smooth sections of a vector
bundle E. For X, Y e I'(TM), & € T'(NM), the connections V and V+ are given
by VxY = (VxY)T and V)%";‘ = (Vy £)N. The second fundamental form of M is
defined as h(X, Y) = (VxY)V.

We mainly consider the codimension-one case. Throughout this paper, we shall
make the following convention on indices:

1<A9B9Ca<n+la lgl,.]vkagn

We choose a local orthonormal frame {e;} for the tangent bundle and let v = ¢, 41
be the unit normal vector field. Denote by {'} the dual frame of {e;}. Let 4 and H
denote the second fundamental form and the mean curvature given by

h:Zhija)i@wj and H:Zhii-
iJ i
Leth=h— %H g be the traceless second fundamental form. We have the relations

P == LH2 VAR = ViR - LivH]
n n
Setting JX‘B?) = (ea, Jy,ep) for ko =1, 2, 3, we have

ko) _ _ 7o) (ko) 7(ko) _ 7(ko) W) ;@ _ ;0
JA; - _‘]BX ’ %:‘]Ag JBCO - ‘]ACOv ’ %:JAB ‘]BC - ‘]AC'
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Similarly, we have
1 570) (@) 2 703 0]
%:J 8J8c=—Jac %:J 85 = Jac

Also, JlgkAO) =0 for any A and k.

Let h;jx and H; denote the components of Vi and VH, the covariant differenti-
ations of & and H, respectively. We have the following sharp gradient inequality
(see Remark 2.2).

Lemma 2.1. For a hypersurface in QP"TY/4 we have
3 2
Vh* > ——|VH|* +6(n —3).
VAP > S| VHP +6(n—3)

Proof. Set S = ZSijk o' ®a)j ®a)k, where Sijk = %(hijk +hjki +hkij). Then Sijk
is totally symmetric for i, j, k. Using the same technique as in Lemma 2.2 in [9],

Z <Z Skk,> :

we have )
|S|” >

n —|—2
By the Codazzi equation, we have

> Siki = 5 2 (hikk + hiki + i)
k k
= 1> (hiwi + 2hgir)
x

=13 (i + 2hixi — 2Rps1ki) = Hi — 3 3" Ry ki
- k

As 3
= k k k k k k
Ryt 1kik = Z(Jn(fl), T = T I +2‘Irf+ofk T,
ko=
one has
3
2 D 2 (ko) 5 (ko) (ko) (ko) (ko) (ko)
-3 ;R’H‘lkik =73 ; kz](‘]n-i?lt ‘] ! Jn-i?lk ‘] ! + 2‘]n-|?1k Jlko )
0=
3
2 (ko) (ko) (ko) (k )
-3 %ﬁ kZI( Tore T =20, T )
o—
3
(k ) pk )
=2 Z Z( n—t?lk‘] ‘
ko=1 k
Then we get

Zskkz = H + zkzl PCANANALLY
0

This implies

(;Skh) = (H)*+4 Z ZH (Jrf’jfl)k J<ko))+4[ Z Z(J,fljffkj(k())] _

kO1 k()l
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Since
S ko) (ko) > ko) k)]
43 [ZHi Sk i }“‘42[ > 2 ]
ko1 L% T Loz %
3 3 2
k ko) k) (ko)
=4 3 [ xH I, 0|+ 4x X s, ]
=1t A i Lio=1 A
3 3 2
=43 [ZHi3n+1i] +4Z[ 28n+1i:| =0,
k=1L i Lio=1
one has
(2-1) ISP > —_|VH[.
n+2

On the other hand, by the Codazzi equation, we have
1SI1? = Y(Siji)* = § X (hikk + hui + hair)
= % S (hijp)* + % > hijk hi;
=13 hij)* + 33 hijiChiji + Rusrije)
=S (hijp)* + % > Rusijki Rutiiji
=|Vh*+ %> Rut1jxi Rus1iji-
Since

Rascp =8ac 85D — 8ap S5c + ki (J&) gk _ gko) pko) oo jko) ko)
o=1
one has
YRt jii Ruriji = l;k [kél(f,flfffk T = T 200 0 0))]
St gt 2, 240

For each kg, according to the special property of matrix (J/gkg)), by direct com-

putation we have
(ko) 2 (ko) (ko) (ko) (ko)
gun:lk) == ;Jnflk Jkngrl == ;Jnfm ]An0+1 =8+ =1,

and (ko) 7o) (ko) 7o) (ko) y(lo) (Jjo)

0 0) _ 0 0) _ 0 0) _ Jo

Xk:‘]rz-i-lk Jpr =— %:Jn-i-lk Jegh =~ %:JHIA Jap = iJn+13v
where £ depends on jjg, ko, [p. By some computations, we obtain
> Rutijki Rus1ijk = —9(n —3).

Hence
ISI> = |VA]* + 3(=9(n — 3)) = |VA]* — 6(n — 3).
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Combining this with (2-1) implies
3 2
Vh|*> ——|VH -3). O
IVh| n+2| |”+6(n—3)

Remark 2.2. For hypersurface M*"~! in QP", one has
3
dm+1
In particular, one has |VA|*> > 24(m — 1), which has been proved previously by
Dong [5]. Dong also proved that a real hypersurface satisfying |VA|*> =24(m —1) is
one of the generalized equators M ,,Q q- See, e.g., [5; 12] for the detailed construction

of generalized equators. From this we see that our gradient inequality is sharp.

|Vh|> > IVH|> 4+ 24(m — 1).

Let F : M x [0, T) — QP"*D/% be a mean curvature flow of hypersurface in the
quaternionic projective space QP +D/4 Set M, = F, (M), where F;(-)=F(-,1).
Following [1; 25], we have the evolution equations.

Lemma 2.3. For mean curvature flow F : M x [0, T) — QP"D/A e have

%|h|2 = Alh|> =2|Vh> =2n|h|® + 2|h|* + 18|h|> + 4H? + 128,

%HZ — AH? —2|VHP +2H2(h]> +n +9),

where 3 . ) -

Si=Y > (hij hia J;; 0) J;kO) —hik hjk Ji(l O)J;IO)).
ko=1i,j.k.l

To do computations involving (Jf(‘kB‘?)) for kg =1, 2, 3, the following well-known

property of skew-symmetric matrix will be important.

Proposition 2.4. Let A be a real skew-symmetric matrix. Then there exists an
orthogonal matrix C, such that C~'AC takes the following form:

0 A
—A1 0
0 A3
—A3 0
(2-2) 0 s

—As 0

We use a notation )
~ i+1, 1 isodd,

I = .
i—1, 1 1iseven.

If a matrix (a;;) takes the form as (2-2), then a;; =0, for all j # i.
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3. Preservation of curvature pinching

For each fixed kg € {1, 2, 3}, we choose a local orthonormal frame {e;} such that
the matrix (J( 0)) takes the form of (2-2). In fact, let {¢y, ..., €,, €,41} be a local
orthonormal frame on QP74 guch that €1,...,€, are tangent to M and €, is
normal to M. Let J(k‘)) = (e4, J* 0 €p). Since (fl-j)nxn is antisymmetric and 7 is
odd, there is an orthonormal matrix C = (c;;j)nxn, Where ¢;;’s are local functions,

such that 0 i

(c;; J(kO)Ckl)nxn= 0 .
0
Here (ci_.l),,xn = (c,-j);in. Sete; = Z, \c Ule], eni1 =€,41. Then
J(ko) (e;, J ko) o i)

— — ko) — k
=<§Cu¢ €, J(ko)(Xl:cjll 61)> ZC o Jll _thk Jhoe,.

This implies
0 A

—A1 O
(J,'(jk()))n xn =

Thus we have

ki ki k P07 ki ki P ki
Zkz(h” ha TS0 TS — by 180 1§y = Y (~highe JEOTED — (g, 1))
i,j L
o (ko) 2
_% Zk(h;k J,(; v + htk JkkO )
<0.
Therefore,

3

° k k e 2 k k

S| = Z [ Z ( ij I (O)J( 0) — i hjk Ji(l O)J;IO))] <0
ko=1%-1,j,k,1

So we get from Lemma 2.3 that
(3-1) %W S AP =2|VRP + 2182 (h)> = n+9).

For a real number ¢ € (0, 1), by the definition of ¢, we define ¢, : [0, +00) — R by

(3-2) 0e(x) = d. +cox —v/b2x2 + 2abx +e,

where a = 8 =35 — Db, b = min{gl=%;, A2, ¢ = b+

d; =2—2¢+a, e =./e. We define ¢ = ¢.

n— 1+£’
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Lemma 3.1. The function ¢ has the following property.
A ;G5 +2<eW) < +n,

(i) p(x) >4/n—1—-6ifn="7,11,15 and ¢(x) >2+%§«/n—5 ifn=4m—1,
m>=5.

Proof. By direct computations, we get

') bx+a ") a?

X)=cp— ——, x) = )

T T U T b6 2ax/b) 7

Since ((p(x) — nxj)” =@(x)’" >0 and lim,_, , ¢'(x) = ﬁ, we have ¢'(x) < ﬁ

Hence we get

2 = lim <<p(x)—L> <(p(x)—L<go(O)=2+a<n.
n—1 n—1

X—>00

We figure out that

. aco a acop a ) )
=gl ———— | =do— — + —Vc§ — b~
r)}l/lgso(x) <p<b EE b) 0= tVa

If n=7,11, 15, we have min,>g ¢(x) =4/n—1—-6. If n =4m — 1, m > 5, then
we have

8v/2

8(n_5)(«/5n—8—\/n+2)>2+?«/n—5. O

2n—5

ming(x) =2+
x=0

Let ¢, = ¢, — %x. We will prove the following lemma.

Lemma 3.2. For sufficiently small e, the function ¢, satisfies

. o o 2 _l
(i) ¢ +2x9) < 2073

(i) @e(x)(@e(x) =n+9) —x@, (x)(@e(x) +n+9) < 6(n—3),
(iil) @e(x) —x@L(x) > 1.

Proof. By direct computations, we have

., 1 b*x +ab
(pg =Ce— — — )
n Jb2x2+2abx +e
oy (b%x +ab)? — b*(b*x* + 2abx +e)
£ (b2x2 4+ 2abx +¢€)3/2 ’
n 3b(a*—e)(bx+a)
b = (b2x2 + 2abx +€)5/2°
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Then we have
@/ + 2)6@// — . — l _ b3x2(bx +3a)+eb(3bx +a)
: ) T (b2x2 +2abx +¢€)3/2
1 1 2mn—1)

<b+——+——--—--< ,
n—1+e n nn+2)

as b= min{ 8(’;;51), @ fz”)?nsil) }, so we get the inequality (i).
Setting
fx)= ¢s(¢s —n+9) _xéé((ps +n+9).
Then

f(x)=d:(d:e —n+9)+e.+2+ab+c.(d. —2n)) x
— (b2x2+2abx —i—e)*l/2
x [b((de —2n) b+ac) x>+ (3(d. —n+3) ab+ec) x +e(2d, —n+9)|.

Then for & small enough we get

. azcg Ce
Iim f(x)= +de(de —n+9)+an—2d. —9)+e 1_3

x—+00 b

2e(n®>— (18 -3 33 — 15¢ 4 2¢?
—6(n—3)+ e(n”—( e)n+ e+ 8)+e L
n—1+e¢ b
=6(n_3)+28(n2—(18—38)n+33—158—1—282)_ Ve
n—1+e¢ n—1+¢e)b
<6(n—73),
and
')
=24ab+c.(d; —2n)
1 3 3 2 2
_ 2 1 2abx T O [b ((de =2n)b+ac,) x” +3ab”((d; —2n) b+ace) x

+ [3a%b*(d, —n +3) — 3eb*(n + 3) + 3abc, e] x
+eab(d, —2n) + e’c).
Then we have

lim f'(x) =2+ab+c.(d; —2n) — (ac, + b(d; —2n)) =0

xX— 400

and

P = 3b%(a* —e)
(b%2x2 4 2abx + e)/?

x [b(b(de +6) — ac,) x* + (ab(ds —n +3) —ec;) x —e(n +3)].

n—>5 2n—5
8(n—1)’ (n+2)(n—1)

b(d; +6)—ac, <0 and ab(d; —n—+3)—ec. <O.

For b = min{ }, we obtain



MEAN CURVATURE FLOW IN QUATERNIONIC PROJECTIVE SPACES 229
So f”(x) < 0. Then we have f’(x) > 0. From this we deduce that
f) < lim f(x) <6(n—3).
X—> 400

Thus, inequality (ii) is proved.

We have
g o =d abx +e -4 abx € 5 o, NG
— X = — _— =/ — — .
‘ S UbxIt2abx e b2 Ae
This implies inequality (iii). U

Suppose that My is an n(=> 7)-dimensional closed hypersurface in Qpr+h/4
satisfying |h|? < (H?). Let

F:M"x[0,T)— Qp®+b/4

be a mean curvature flow with initial value My. We will show that the pinching
condition is preserved along the flow. For convenience, we denote ¢ (H?), ¢.(H 2,

@/ (H?) by ¢, ¢L., ¢/, respectively.

Theorem 3.3. If the initial value My satisfies |h|> < ¢(H?), then there exists a small
positive number &, such that for all t € [0, T'), we have |h]? < (p(Hz) —eH?—¢.

Proof. Since M is closed, there exists a small positive number ¢, such that M
satisfies |1]? < @, .
From Lemma 3.2(i), we have

Gl ° o/ 2 on 2 2 o/
(3-3) (g, A) e =2, +2H" ¢, ) IVHI" +2H - ¢ (@, + 1 +9)
4(n —1) .
> ——n(n+2)|VH|2+2H2-so;(goel +n+9).

Let U = |h|> — ¢,,. We get

li_ U
2\ ot

o 2n—1 o
< —|Vh|2+(—)|VH|2+|h|2<|h|2—n+9>—H2-¢; (k> +n+9).
n(n+?2) !
By Lemma 2.1, we have
o 2n—1)
— Vi + 2 \VH|?* < —6(n —3).
| |+n(n+2)| | < —6(n—3)

At the point where U = 0, we get

8 o o
%(5_ >U<_6(n_3)+¢81(¢81 —”l+9)—H2‘(,0él((,031+n+9)<0.
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Applying the maximum principle, we obtain U < 0 for all ¢ € [0, T'). Choose a

suitable small positive number ¢, we complete the proof of Theorem 3.3. U
Let o
|h|?
Jo = oo

where o € (0, €2) is a positive constant. The following lemma is very useful for
deriving the pinching estimate for |/|2.

Lemma 3.4. If My satisfies |h|> < @(H?), then there exists a small positive num-
ber g, such that the following inequality holds along the mean curvature flow:

26 fo
n|h|?

0 2 , o n ’ &
PYRLES Afa+5|Vfa| Vel — VAP +201h1"fo = — o

Proof. By a straightforward computation, we have

3 Tl Neo l-ofd .
(o)== 2) =5 (5-2) ¢

V.,V Vo|?
y o YO ¢>—o(1—o)fa—||¢72!.

+2(1—0

Using (3-1) and (3-3), we have

(3:4) (E_A)f <oy [_|V/%|2+2<n—1> |VH|2]
ot o Xx4Jo |i;|2 nn+2) ¢

HZ‘ o/
+ZﬁDhF+9—n—{l—o) ¢¢ahﬁ+n+9ﬁ

2 .
+5IVfa| IVgl.

From Lemma 3.2 and Theorem 3.3, we have

|Vi |2 ZM—IHVHP<: VA2 VA2 —6(n—23)

A2 n(m+2) ¢ |h)? ¢
h2—¢ . 6(n—3
<=8 gjp 2=
|h|>@
H?*+1 . 6(n—73
SLl et/ T )
|h|*>¢@ @
< qwip - 2022
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From (ii) and (iii) of Lemma 3.2, we have

2, o

H
P 4+9—n—(1—-0)—L (h>+n+9)

1—0 ) 2 )
=% [(¢—H* N> —H*-¢'(n+9]—n+9+0olhl

<1—U[(o H2 .8 2 2 o 2
< ¢—H" - @)No—eH —e)—H" - ¢'(n+9)]—n+9+olh|
1_
——@-H*¢"p—H*- ¢ (n+9]—n+9+0|h|?
(I1-o0)e . .
— (@~ H-¢)(H*+1)
6(n—3 1—
<(1—o>[n—9+ o )]—n+9+0|h|2——( DE 24y
6(n 3) g
h _— .
olhl® + — 5
Inserting these two estimates into (3-4) will complete the proof. (Il

4. An estimate for traceless second fundamental form

Suppose that the initial value M, satisfies the condition in Theorem 1.2. For
convenience, we put W = ¢. By the conclusion of the previous section, there exists
a sufficiently small positive number ¢, such that for all ¢ € [0, T), the following
pinching condition holds:

4-1) |f°z|2< W —eH?>.

From this inequality and the definition of W, we have W < — ) +n.
We consider the auxiliary function
|hI?
fo =i

In this section, we will show that f,, decays exponentially.

Lemma 4.1. There exist positive numbers ¢ and C depending only on My, such that

f‘] \VA2 + 200 fy — —fo

d 2C, o
(4-2) —fo <Afo+—IV 6] IVh] =

ot |h| nlh
Proof. According to Lemma 3.4, we have the following inequality with some
suitable small ¢ > 0:

d 2
o fo SAfo+ IVl IVW] = f"|Vh| + 20 |h|? fa——fg

nlh|?
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By the definition of W, there exists a constant By, such that [VW| < B{|VH?|
and |H| < Bij~/W. Let C; be a constant such that 2312|VH| < C1|Vh|. From
Lemma 2.1, we have

IVW| _2B)|H||VH| _2B}VH| _C|Vh|
< < < .

(4'3) X ° X > X o
w vV WIh| Al Al

We need the following estimate for the Laplacian of A2
Lemma 4.2. Alh|> > 2(h, VZH) +2|h*(e|h|> — 2n%) — 18|h| |H]|.
Proof. We have
Al =2|Vi]? +2h - Ah = 2|w°z|2+2zii,-j N
and b

Sohij - Ahij = (h, VP H) + 3 Hhip hpj hij — |h*
i,] Lp,J

3 o o o
+3H Y. Y g% g R i — (n49) R 4201k — 68,

in+1 ¥ jn+1
i,j ko=1
> (h, V2 H) + 3 Hhiphpihij — |h|* + (2 = 9) |h]> = 91h| | H].
l’p?.]

It follows from the proof of the Lemma 4.2 in [17], we choose a local orthonormal
frame such that

H=|H|eps and h=diag{i,..., %}
So we have
S Hhjphpjhij—|h|*
i.p.J °3 1 215812 24
:HZAi+r—lH 1) — |i)
i
n—2 o 1 o o
> —|H|—— || + —H?|h)> = |h*
| Imll - |h|= — |h|
o 1 o n—2 o
= h)?( -H? - |h)? - ——|h H)
A (n |h| ml | 1H|

> |E|2[1H2— (H—2 —|—n—sH2) — (n—2)<H—2+n>i|
n nn—1) nn—1)

= |h*(eH? —n(n — 1))

> |h*(e|h|* —n?),

where we have used |22 < W —eH? and W < n(nH_zl) +n. O
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From (4-3) and Lemma 4.2, we have

L2 2
Afng(;(A[h' —<1—o>ﬂ>—2<1—o><vf"’—v+ (1-0) f, ]

|h|? w w2
Alh)? AW 2C1|Vf||Vh|
> fo——(1- )fa d
|| ||
2(h,V?H) fo AW 2C1|V£,||Vh| 18f,|H]|

>0 Lo (elh)P-2nY)—-(1-0) 5 .
T W 7 i

Multiplying both sides of the above inequality by £/ _1, we get
fEAW  2f77h, V2 H)
w o Wl-o
2C1 271V £51 V|
|hl

(4-4) 2efPIh* < fPAfy +(1—0)

18 /5| H|

2rp
n”ff 4 5
i

Then integrate both sides of (4-4) over M,. By the divergence theorem, we get

4-5) f FPVASy dps = —(p 1) / £220 fo P,
M, M,
From (4-4), we have
P
(4-6) M%AWd,bL, /M<V(fw”),vw>dut
p—1
=/M<—pf;’v <Vfa»VW)+f—J|VW|>th
p—1 C2
</(%|Vfa||w|+ L/ |Vh|)
W\ HE

We also have

1 2y
727\, V2 H)
@wn) [ Fie

p—1
,
= 5 (et} it

-1 (7[)_20 1-o) f? pl
:‘/1;4 [%hﬁvl‘fg—%huv W+W Vh,J]V Hd,LL[

—1) P P 1 P 1
</ [%|Vfo|+ |h||VW|+ n|Vh|] |\VH|dp,
M;
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—1 —1
(p—1)f2 Cifs e, I3 . :
\f [—| fol+ <pi=e I VAl + = nIVAl [ Vil duy
M,

|h| Wl—a
n(p—1 fg Cin+n>ff .
</ [#mewwl—ﬂ Vil | du..
wl 1l HE

Putting (4-4)—(4-7) together, we get

f71H]|
4

pfe” 1
Ihlzfé’dut<cz/[ H IVfUIIVhIJr| e VA + fP + ]dut,
M,

M;

where C, is a positive constant depending only on M.
Combining Lemma 4.2 and (4-2), we get

0
4-8 Pd
(4-3) 3[ f Mt

ffp l_fadﬂz /foszd'uf
M, M,
p f(f’_2|:_(p—1)|Vfg|2+(2C1+20‘C2P)f_og|vfo||Vlfl|
M, 2
— (i—20C2)f—|Vh| i|
2n |h|?

6(n—3)e 20C,|H| |H|2)
— Pl ——20C,+ . — - + duy.
pr,f" (n 2 ol /i p )

Now we will show that the L?-form of f, decays exponentially.

Lemma 4.3. There exist positive constants Cs, pg, 0o depending only on My, such
that for all p > py and o < o¢/,/p, we have

1/p
(/ fgpdul) < Cye .
M,

Proof. The expression in the square bracket of the right side of (4-8) is a quadratic
polynomial. With pg large enough and oy small enough, its discriminant satisfies

(2C, +20C p)? —4(p — 1)(% —20C2) <0 and 17ﬁ > po?C3.

We have

6(n—73 20C,|H H|?
_aec, 4 e 20CIH HE e o)
2n|h|? |h| P

™

126 po’C3
TNh12 |k

g
>——20C) > —.
n 2n

[OR
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Here we have used the inequality 5. — 20 C > 0, which is implied by the choices
of po and oy. Then we get

/f" Mt\—— f"duz

So we get fMt frdu, < e‘pe/Z”fMO £ dug, which completes the proof. O

Let g5 = f,e®"/. By the Sobolev inequality on submanifolds and a Stampacchia
iteration procedure, we obtain that g, is uniformly bounded for all # (see [9] or [14]
for the details). Then we obtain the following theorem.

Theorem 4.4. There exist positive constants €, o and Cy depending only on My,
such that for all t € [0, T), we have

A < Co(H> +1)! 7 e™*/2,

5. A gradient estimate
We derive an estimate for |V H | along the mean curvature flow. Firstly, the same
as Proposition 4.3 in [25], we have:

Lemma 5.1. There exists a positive constants C4 > 1 depending only on n, such that
a
§|VH|2 < A|VH|> +C4(H*+ 1) |Vh|2.

Secondly, we need the following estimates.

Lemma 5.2. Along the mean curvature flow, we have

() 2H*> AH*— 12nH?|Vh|* + 2 HS,

(i) Z1h> < AlRI> = 3IVA? + Cs|h>(H? + 1),
(iii) 5 (H2[h?) < AHP|AP) = § H|Vh[? + Co(H? + D2 [h* +C1| VA,
where Cs, C¢, C7 are sufficiently large constants.
Proof. (i) From Lemma 2.3, we derive that

%H‘* = AH*— 12H*|VHP> +4H*(|h> +n +9).

From Lemma 2.1, we have 12H?|VH|* < 12n H?|Vh|2. Obviously, inequality (i)
holds.

(i1) We have
3 . . . . .
EW = Alh|> =2|VA> +2|h|?|h|)? + 18]h)> = 2n|h|* + 128.

From Lemma 2.1, we get |Vf°z|2 > é|Vh|2. Choose a large constant C5, we obtain
inequality (ii).
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(iii) It follows the evolution equation that
%(H%fnz) = AHA) = 2(VH?, VIA®) + 4h° H? B = 20h | VH?
—2H*|\Vh|* +36H?|h|* + 128, H>.
From Lemma 2.1, we get —2H?|Vi|2 < —%H2|Vh|2. From the preserved pinching
condition |l;|2 < W, we have
4A1PH?|h|? + 36 H?|h)* < Co(H* 4 1)%|h|%.
Using Theorem 4.4, we have
—2(VH?, V|i?) <8|H||VH| |h||Vh| < 8ny/Co|H|(H? + 1)1~ |V,
By Young’s inequality, there exists a positive constant C7, such that
—2VH?, VIh*) < (C7+ LH?) VA O
Now we prove a gradient estimate for mean curvature.

Theorem 5.3. For any n € (0, \/¢/4mn), there exists a number V(n) depending
only on n and My, such that

IVH> < [(pH)* + W2 ()] e/,
Proof. Define a scalar function
f=(VHP+Bilh? + ByH? b)) * — (gD,

where By, B, are two positive constants.
From Lemmas 5.1 and 5.2, we obtain

0 A) f
ot
& o L
= JUVHP + Bilh* + ByHP h[?) e/t
5 ) . 9
+e6’/4(5 - A)(IVHIZ—i-Bl|h|2+BzH2|h|2) —n4(5 - A) H*
& ° 0
< (VH + Bi|h]? + ByH|h[?) &/
+ e {(CaC(H? + 1) |VAP) + By (=3I VAP + Cs(H? + DA
+ By(=LH VR + G|V + Co(H? + 1210%))

4
—n4<—12nH2|Vh|2+ —H6)
n

B B
= H?|Vh|? [e“/“ (C4— f) +24nn4] +ef14 |:|Vh|2 (c4— ?1+C7Bz> +§|VH|2]

o 8 4 4
+€81/4|h|2[B1C5(H2+1)+B2C6(H2+1)2+Z(BI+BZH2):| _%lHlé.
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Choose constants By and B», such that C4 — % <—land C4— % +C7B, < —1.
Then applying Theorem 4.4, we get

d 4

(5-1) (E — A) F<eet [33(H2 FDXH P+ D - iHﬁ].
n

Consider the expression in the bracket of (5-1). Since the coefficient of H® is

negative, it has a upper bound W, (7). Then we have (% —A) f<e Uy It

follows from the maximum principle that f is bounded. This completes the proof

of Theorem 5.3. O

6. Convergence

In order to estimate the diameter of M,, we need the well-known Myers’s theorem:

Theorem 6.1 (Myers’s theorem). Let I' be a geodesic of length at least 7w/ K
on M. If the Ricci curvature satisfies Ric(X) = (n — 1) K for each unit vector
X € T, M, at any point x € ', then I has conjugate points.

Now we show that under the assumption of Theorem 1.2, the mean curvature
flow converges to a round point.

Theorem 6.2. If M satisfies 1h|? < @, then T < 0o and M, converges to a round
pointast — T.

Proof. Assume T = 00. Let |H |in(t) = mingy, |H|, |H |max(t) = maxy, |H|.

We claim that H?2-¢%/% is uniformly bounded on [0, c0). Suppose not, then there is
atime  such that |[H |2 (7)-¢"/8 > W/n%. By Theorem 5.3, for every small positive
number 7, there exists a positive number W, such that [VH| < [(nH)> 4+ W]e*/8,
Then we have |[VH| < 2n?|H|?,,, on M.

From Lemma 4.1 in [27], the sectional curvature K of M satisfies

1
(6-1) K}%(2+—1H2—|h|2>.
n J—
By Theorem 4.4, we obtain
1
K>3(2+——H>—Co(H*+ 1) 7e /7).
nn—1)

Hence, we can pick 7 large enough such that K > (1/2n?) H? on M,.

Let x be a point on M; where |H| achieves its maximum. Consider all the
geodesics of length at most (41| H |may) ™! starting from x. As |VH?| < 4n?|H|3,...,
we have

H? > |HZ o — 40 H - @l H max) ™ = (=) [H |2

max max
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along such geodesics. Since |[VH| < 2n?|H |2, and K > (1/2n*) H?> on M., one

has

max

1 2
W(l —n) |H|max

along such geodesics provided

1
n € {0, min ,ﬁ .
32nn 4mn

By Myers’s theorem, these geodesics can reach any point of M;. This implies

> (11— 77)|H|max on M,.

et/8

Combining this inequality with |H |2, () -e*¥/® > W/n? and Theorem 5.3, we get

n*
(I—mn)?

From the evolution equation of H 2 we have that forz > 1

IVH* < (nH)* + H* (1), t>1.

9 2 1 1
6-2 — —A)H?*> 2|VH?+-H*> -H*—
(6-2) (az ) IVH| +- - 2nl |4 (D)

for n > 0 sufficiently small. By the maximum principle, we get H> > |H |12mn(r)
for t > t. Then (6-2) yields

< 9 ) RN
——A)H "> —H", t>r1.
at ~ 2n
By the maximum principle, H? blows up in finite time. This contradicts the infinity
of T. Therefore, we obtain H> < Ce¢'/3 for t € [0, 0o) for a uniform positive
constant C. By Theorem 4.4, |h|2 1>+ L1H|? < Ce™*"/8 for t € [0, 00), which
implies that M, converges to a closed totally geodesic hypersurface M, as t — oo.
However, there is no closed totally geodesic hypersurface in QPUHD/A see, e.g.,
Corollary 7.2 in [25]. Therefore, we get a contradiction, and hence T < oo.

So T is finite, and maxy, ||> blows up as ¢t — T. From the preserved pinch-
ing condition, |H |nmax(f) also blows up as t — T. By Theorem 5.3, for any
n € (0, \/&/4nm), there exists a positive number ¥ = W(n) > 1, such that

IVH| < (nH)*+W¥ fort € [0, T).

Since | H |max () blows up as t — T, there exists a time 7; depending on 7, such that

29 8n

|H|2 > max{ﬁ, ?} on M-,
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where ¢ > 0 is as in (4-1). Then we get |[VH| < 2n*|H|?
above, we obtain

hax On My . Similarly as

(6-3) |H |25 = (1—n) |H|%, on M.

By (4-1) and (6-1), one has K > J(¢H* —n) for all t € [0, T). Hence for small
n > 0, we have the following estimate at t = t;:

K> jeH? + {le(1 =) |H o =201 > je H? + g (6| Hlpu —4n) > foel HI;

max max-*

This implies diam(My,) < 47/ (/€| H |max)-
Furthermore, by Theorem 5.3 and (6-3) one has that for t > 7y,

\VH> <2(H)* +2W* <2 H)* + 10 |H [0 (11) <20 H)* + 30 [ H 25, (11).

Hence for t > 11, we have

ad 2 1 1
6-4 — —A|H?*>> 2IVH*+ZH*> —H*—
(6-4) ((% ) |IVH]| + . 2nl Ioin (T1)
provided that n > O is sufficiently small. By the maximum principle, we get
> |H|%, (1) for t > 11. Then (6-4) yields

0 25 .,
——A|H —H*, t>1.
ot 2n

By the maximum principle, |H|?. (¢) is increasing on [z1, T). So

) Lirri2 v 4n
|H|max(t) |H|m1n(t) |H|m1n(7’—1) > §|H|max(":1) >max F? ?

min

for all + > 7, and for every n > O sufficiently small. Hence |VH| < 2n%|H |m ax

for all ¢+ > 7;. By a similar argument, we get |H|mlIl > (1—n) |H|max for all n

sufficiently small and all # > t;. This implies |H |min/|H |max — 1 ast — T.
Since for t > 14,

K > 1eH* + §(e|Hp o — 4n) > 6| HIY
we have A
diam(M,) < ————
VS e H

for all ¢ > ;. So diam(M,) — 0, and by a similar argument as in [10], M, shrinks
to a single point as t — T.

Now we dilate the metric of the ambient space such that the hypersurface main-
tains its volume along the flow. Using the same method as in [19], we can prove
that the sequence of time-slices of rescaled flow corresponding to any sequence
of times that tends to infinity has a subsequence that converges to a round sphere.
This proves that the limit point of the mean curvature flow is round. ]
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AND FOURIER-JACOBI COEFFICIENTS
OF SIEGEL CUSP FORMS OF DEGREE 2
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The nonvanishing of the first Fourier—Jacobi coefficient of a Siegel eigen-
form F gives us that the vanishing of its m-th Fourier-Jacobi coefficient F | p,,
implies the vanishing of its m-th eigenvalue Ay (m). Conversely, we prove
that for any odd, squarefree m if A () is zero then F | p,, vanishes. While
investigating this converse question and its important consequences, we
generalize certain existing results of Kohnen and Skoruppa (1989) for index 1
Jacobi cusp forms to any arbitrary index, which are also of independent
interest.

1. Introduction

In [6], Kohnen and Skoruppa introduced a novel Dirichlet series attached to any
two Siegel cusp forms of degree 2 involving their Fourier—Jacobi coefficients. More
importantly they could connect the Dirichlet series attached to a Siegel eigenform
and any Siegel cusp form in the Maass space to the spinor zeta function of the Siegel
eigenform. In particular, this connection gives us that the image of the m-th Fourier—
Jacobi coefficient under certain adjoint operator is same as the m-th eigenvalue
times the first Fourier—Jacobi coefficient of the Siegel eigenform (see (1)). Formally
this could be viewed as an analogue of the relation between Fourier coefficients and
eigenvalues of the Hecke eigenforms in the degree 1 case. Therefore it is natural to
explore the relation between Fourier—Jacobi coefficients and eigenvalues further. In
this paper, we take up this problem and investigate it in detail.

To state our results precisely, let us first introduce some notation. Throughout this
article, k stands for an even integer and k > 4. Let S (I"2) be the space of Siegel cusp
forms of weight & for the symplectic group I'; := Sp,(Z). Let J,f}l;p denote the space
of Jacobi cusp forms of weight k and index m for the group SL,(Z) x (Z x Z). For
any /> 1, let Vy, ; : J,f}lnip — J,furffl’ be the linear operator defined by [3, page 41, (2)]
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and let T : J,," — J;," be the I-th Hecke operator on Jacobi forms defined by
[3, page 41, (3)]. For m = 1, Kohnen and Skoruppa [6, page 549, Proposition (i)]
calculated the Fourier coefficients of the adjoint operator V", of the operator V.
For any / > 1, let T; ; denote the /-th Hecke operator on Si ('Fz) and let p; denote
the /-th projection of any element in S (I";) to its /-th Fourier—Jacobi coefficient
in J,:’UISP. By using a result of Kohnen and Skoruppa [6, page 541, Theorem 2], one
gets the following interesting identity [7, Lemma 2.1]. For any F € S¢(I';) and
[ > 1, we have

) F|Tylp1 = Flpel V7).

Note that the above identity gives the first Fourier—Jacobi coefficient of the image of
the /-th Hecke operator T ;. Manickam [7] used this identity crucially to establish
the nonvanishing of the first Fourier—Jacobi coefficient of any Siegel eigenform
in S;(I"2). By using this nonvanishing result, the identity (1) gives us the following
result. For any Siegel eigenform F € Sy (I';) and any / > 1, we have

(2) Flpp=0 = ir()=0,

where F'|T; ; = Ap(l) F. In this article, we investigate the converse of (2) and its
interesting consequences through certain important generalizations.

We first calculate the Fourier coefficients of the adjoint operator V,, ;, which
generalizes the above mentioned result of Kohnen and Skoruppa [6, page 549,
Proposition (i)] to any index m > 1. Our approach is quite different from the one
taken in the literature.

Proposition 1.1. Ler ¢ € J,fu:fl) be a Jacobi cusp form with the Fourier series
expansion

p(r,2)= Y cpn,r)q"E, q=eTT, &=,

n,reZ

r2 <4lmn

Then we have

¢V (1. = Y copvz, (n,r)q"E

n,rez

2 <4mn

where
d—1 2
_ (ms“+rs+n)l (r+2ms)l
c¢|VrZ,l(n,r) = E dk 2 E C¢< d2 s d .
d |l d| (m.:zz-:]rs#—n)

Let J,f’u;p """ denote the space of Jacobi cusp newforms of weight k and in-
dex m, considered and studied extensively in [11, page 138]. As a consequence of
Proposition 1.1 we derive the following identity of the operators on J, kc }lrzp’ " which
generalizes the result of Kohnen and Skoruppa [6, page 549, Proposition (ii)] in the
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index 1 case to any arbitrary index m > 1. We follow the steps of the proof sketched
in the index 1 case with appropriate modifications. For the sake of completion and
for the benefit of the readers we provide the proof in Section 3 highlighting the
main steps.

Proposition 1.2. Let ¢ € J,f u,ip " and [ be any positive integer coprime to m. Then

ANV Vo = ¢‘ dedlﬂ(d) Ty a/a

d|l
where Y (d) = d ], ,(1+ 3)-

Now, we generalize the identity (1) to get the m-th Fourier—Jacobi coefficient of
the image of Siegel cusp forms under the Hecke operator T s, where p is a prime
and § is a positive integer.

Theorem 1.3. Let F € Si(I'2) and p be any prime. Then for any two positive
integers 8§ and m with p t m, we have

3) F|Ts,p5|pm:F|pmp5|V,:’p5-

Also, we have the following two identities:

) FIT,plop=Flop|Vy ,+p" 2 Floi|Vi,
and
(5) FITy 2 lpp=FlpplVy o+ P 2 Flop| Ty p+ p™ F oy,

Note that the algebra of the Hecke operators acting on the space Sy(I"2) is
generated by T , and T >, where p varies over primes. Using the fact that the

operator Vi, : ch ufp — J,:’ lj;p is injective together with the identity (4), we have:

Corollary 1.4. Let p be any prime. For any Siegel eigenform F € S;(I'y) at least
one of the Fourier-Jacobi coefficients F | p, and F'|p > is nonzero.

For any Siegel eigenform F € $;(I'2), we have F|p:| Vl*p2 = Ar(p?) F|pi
from (1). On the other hand, by applying V* pon both sides of the identity (4) and
then by using (1) together with Proposition 1.2, we get:

Corollary 1.5. Let F € 5;(I'2) and p be any prime such that F|T; , = Ar(p) F.
Then we have F|p,2 |V Vi, = (5(p) = p* 2 = p* D) Flp1 = p* 2 Fp1 Ty,

Our next result shows that any nonzero Fourier—Jacobi coefficient of odd, square-
free index of a Siegel cusp form cannot be a newform. In particular, we prove the
following theorem.

Theorem 1.6. Let F € S¢(I'y) and m > 3 be any odd, squarefree integer. If
Flonm € J,f’”;p’"ew then F | p, = 0.
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Our next result shows that the converse of (2) is also true for / odd, squarefree.
More precisely, we prove:

Theorem 1.7. Let F € Si(I',) be a Siegel eigenform with n-th eigenvalue Ap(n).
Then for any odd, squarefree positive integer m, we have

Ap(m)=0 < F|py=0.

Remark 1.8. The reverse direction <= of Theorem 1.7 follows from [7] (see (2))
and that only direction = is proved here. To establish = part for a given odd,
squarefree positive integer m we require the Siegel cusp form to be eigenvector
only for the Hecke operators T ; with /|m. Also, we only need Proposition 1.1,
the identity (3) of Theorem 1.3 and Theorem 1.6, not any other result stated above.

By using the multiplicative property of the eigenvalues of a Siegel eigenform
together with Theorem 1.7, we get:

Corollary 1.9. Let F € S;(I'2) be a Siegel eigenform. Then for any odd prime p,
we have

F|/0p=0 = Flpm=0
for any odd, squarefree positive integers m with p|m.

If m is any positive integer such that A p(m) 7~ O then (2) implies the existence
of infinitely many symmetric, half-integral, positive definite matrices 7 such that
the quadratic form T represents m and ar(T) # 0. Conversely, we establish the
following two corollaries of Theorem 1.7 assuring the nonvanishing of certain
eigenvalues.

Corollary 1.10. Let F € S;(I'y) be a Siegel eigenform with n-th eigenvalue A (n)
and T be a symmetric, half-integral, positive definite matrix such that the T -th
Fourier coefficient ap(T) # 0. If m is any odd, squarefree, positive integer repre-
sented by the quadratic form T then Lp(m) # 0.

Corollary 1.11. Let F € S;(I'2) be a Siegel eigenform with n-th eigenvalue A (n).
Then there exists a positive integer 1 <n < % — 2 such that for any odd, squarefree,
positive integer m of the form x> + ny® we have A p(m) # 0.

Remark (concluding remark). One may ask more generally about the nonvanishing
of the m-th eigenvalue A (m) of a Siegel eigenform F if its m-th Fourier—Jacobi
coefficient F | p,, is nonzero. In this paper, we answer it affirmatively for any odd,
squarefree m but could not address this question for arbitrary m. However, the
intermediate results obtained by us while addressing the question highlight the
importance of the theory of Jacobi forms and provide better understanding of certain
Hecke-type operators on Jacobi forms.

The question of nonvanishing of Fourier—Jacobi coefficients of Siegel cusp
forms of arbitrary degree and eigenvalues of Siegel eigenforms of degree 2 is also
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considered in [2]. However, the results obtained there are of different nature and
do not address the question asked here in this paper.

2. Prerequisites

We refer to [1], [3] and [10] for definitions and basic properties of Jacobi and Siegel
modular forms. In this section we fix notation and recall certain results.

Jacobi forms. Let G’ be the group of triplets [M, X, &], M € SLr(R), X € R2,
& € C with |€] = 1, via the multiplication

(M, X, €M, X', €' = (MM, XM' + X', g&'e* (%)
The group G acts on the set of functions {¢ : H x C — C} as

ab
¢|k,m|:<c d)v ()"9 lu/)a‘i::|(l—’ Z)
— £ (et _|_d)—k62mm(—7”(zt§;;’”2 +A2z+2xz+xu) ¢<af +b z+Art —HL)'

ct+d’ ct+d

We consider the action of the discrete subgroup SL»(Z) x (Z x Z) of G’ on the
set of functions on H x C by fixing & = 1. Let Ji ,, (resp. J,f’u;p) denote the space
of Jacobi forms (resp. Jacobi cusp forms) of weight k£ and index m for the group
SLo(Z) x (Z x Z). For any | > 1, let U;, V; and T; be the operators acting on Ji ,, de-
fined and studied systematically in [3, Section 4]. We are denoting them respectively
by U1, Vin,1 and T ; throughout the paper to avoid certain potential confusions.
The operator Ty : Jx.m — Jr.m is called the [-th Hecke operator on Jacobi forms.
Any ¢(1,2) € J,f}l;p with Fourier series expansion

d(r,2)= Y cpn,r)q"E, q=eMT E =

n,reZ, r:<4mn

admits the following theta decomposition [3, pages 58-59]:

2m—1
(6) d(t,2)= ) hu(T) O (1, 2),
u=0
where
N 2 2
hM(T) = Z C¢( 4+/’L ’ >qN/4m’ 9m,u(f, 7) = Z qr /4mgr.
N>1 m rez
N=—y2(mod4m) r=q(mod2m)

By using the transformation law of the Jacobi form ¢ and the Jacobi theta func-

tions 6,, , with respect to the inversion (7, z) — (—%, %), we get
- ok 2mol wipo/m

, N —— o

™ K\ ¢ 2mt/i Eoe v(®)
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Let J,f}l;p’ " be the space of Jacobi cusp newforms considered in [11, page 138]
giving the direct sum decomposition

1
cusp __ ycusp, new cusp, new
(8) em =Jim < Seimy1azy | Umpia,a Vm/l,l)-
I>1,d>1

1d2\m, 1d2>1

Note that the first direct sum in the above decomposition is orthogonal. If m is
squarefree, then for any divisor / > 1 of m there is only one copy of the newforms
space of index m /[ given by ch’u(srz’/?)ew | Vim/1),1 in the oldforms direct sum decom-
position. By using the Shimura correspondence and the Atkin—Lehner theory for
modular forms on the congruence subgroups ['g(N), we get that for squarefree
index m all the direct sums in the above decomposition (8) are orthogonal with
respect to the Petersson inner product. For a detailed proof of this fact we refer to [5,
Lemma 4]. In [8, Section 5.1], the space of Jacobi cusp newforms has been defined
differently but in [7, page 406] it is observed that this newforms space is same as the
one considered earlier in [11]. To prove Theorem 1.6, we use an important property
of newforms [8, Corollary 5.3] saying that the (n, r)-th Fourier coefficient cy(n, r)
of a Jacobi cusp form ¢ € ch unip’ "™ depends only on the discriminant r> — 4mn
and not on r(mod 2m).

Siegel modular forms. The real symplectic unimodular group of degree 2 is de-
fined by
Sp4(R) = {M € GL4(R) : MJ 'M = J},

where J = (_(}j éi), M denotes the transpose matrix of the matrix M, 0, is the
2 x 2 zero matrix and I is the 2 x 2 identity matrix. Let I'y := Sp,(Z) be the

subgroup of Sp,(R) consisting of matrices with integer entries. Let
Hy:={ZeM(C):Z="Z, Im(Z) > 0}

be the Siegel upper half-space of degree 2. We denote the space of Siegel mod-
ular forms (resp. cusp forms) on H;, of weight k£ for the group 'y by M (1)
(resp. Sx(I"2)). There is an algebra of Hecke operators acting on the space My (I",)
which preserves Si(I'2). For any / > 1, let T ; denote the /-th Hecke operator
on S;(I';). An element in S;(I";) is called a Siegel eigenform if it is a common
eigenvector of all the Hecke operators 7T ;, [ > 1. Note that the space Si(I'2) is a
Hilbert space under the Petersson inner product.
Any F e S;(I'2) has the Fourier series expansion of the form

F(Z) — ZaF(T) ezﬂi trace(TZ)’
T

where the sum varies over the set of symmetric, half-integral, positive definite

2 x 2 matrices. Writing Z = ( ) € Hy, where 7, t’ are in the complex upper
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half-plane H and z € C, we get the following Fourier—Jacobi decomposition [3,
Theorem 6.1]:

F(Z)=F(t,z2,7) =) ¢n(r,2) "7,

m=>1

buriri= X ar( )y 1) e

n,reZ
r2 <4nm

where

belongs to the space J,f}l;p and is called the m-th Fourier—Jacobi coefficient of F.

3. Proof of Propositions 1.1 and 1.2

Proof of Proposition 1.1. Let [, m be any two positive integers. Let I' := SL,(Z).

On the space chu;lp, the index changing Hecke operator V,, ; is defined by

S Vi (r,2) =11 Y (cr+d)—keml(;ii)¢(

(‘C‘ Z)er\Mz(Z)
ad—bc=l

S Y

(6 h)em@
ad=l,b (mod d)

at+b Iz
ct+d’ ct+d

2o e
k,ml

where ¢ (7, 2) := ¢(x, Viz). To prove our claim, first we calculate the image of
Jacobi Poincaré series Py y:n.r, 1, ¥ € Z With r? —4mn <0, under the operator V,, ;.
By using the definition of Jacobi Poincaré series, we have

Pk,m;n,r | Vm,l
= Z /=1 < Z e(nt +rz) |:<i Z), (Aa, AD), 1:|>
(§5)em@ (¢ 5)ersc\r k,m Vilk,ml

ad=1,B(mods) rez 1 [« B
s Do)

Using the definition of ¢ (7, 2) =¢(z, /1z) and then adjusting the stroke operators
in the inner sum, we obtain

Frminr [ Vit = Z (2 Z e(nt +r/1z)

(§5)em@ ( 3 €loo\T, AeZ

G 0) (G 5 L6 5)- 00

k,ml
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In the Jacobi group SL,(R) x (R% x S, where S' :={z € C: |z] = 1}, we have

G oo
[l 8 (I oo

for some ("(‘)/ ’g,) € M»(Z) with «’8’ =1 and (i/ fl:) e I' with the following crucial
property. These matrices vary over a complete set of representatives of the indexing
sets in the above summation as the matrices (g ’g ) and ( i Z) vary over the same,

respectively. Using this and interchanging the order of the summations, we get

Plminr[Vin = Z (e Z e(nt +rv/1z)

/ k,ml
(f// f};)eroo\r (g’ g, )eMz @)

rez o’8'=1,p’ (mod 8)’

1 (o B\ (ra A ad b
e D)) oo

For any A € Z, we write A = A’8’ +s with s (mod §)". Then A’ varies over Z and s
varies over a complete residue system mod &’. Therefore, we have

Pi.min g | Vi1 = Z kD=1 Z e(nr—l—r\/iz)

<a/’ Zi)el“oc\l“ 8|1, 8" (mod 8)/
C

k,ml
s (mod &)’
MNez

1 (178" B\ (s (s+18)f J YN
[ﬁ(o 3/>’(§’f>,1][<c, d/),(ka,kb),l],

I o 1= Z e(nr—i—rﬂz)

Let us first simplify the inner sum. We set
8|/,B(mod &)

s(mod §)

— k2 ZS‘ke(<;—2(ms2+rs+n) T>+<é(r+2sm)z>)

s\l

s(mod §)
Z e(g(ms2 +rs+ n))
B(mod 8)
/ [
=lk/2 Z 5_k+le((8—2(ms2+rs+n) T>+<S(r+2Sm)Z>>
811,5(mod §)

8| (ms®+rs+n)
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Therefore, we have

Pk,m;n,r | Vm,l

I k—1
>3 r X
5|1 s(mod §) (“ }})eroo\r

c d

8| (ms2+rs+n) reZ

e(((sl—z(ms2 +rs+n) r) + <é(i’ + 2sm) Z))

/ k—1
= § g E Pk,ml; (msz-;;ﬁ—n)l , (r+28sm)l .

S| s(mod §)
8 (m32+rs+n)

a b
e onan]

Next, we have

c¢,|V’:J(n, I”)
Q2 (4mn — r?))k=3/2

= 2k_5/21—-(k _ 3/2) mk—2 <¢ | V;;:Js Pk,m;n,r)

Q27 (4mn — r2))k=3/2 A
= 2k_5/2r(k _ 3/2) mk_2 ¢a Z g Z Pk,ml; (msz-ggs+n)1, (r+2$vm)1

S s(mod §)
8| (ms2+rs+n)
:de—z Z s (ms2—|—rs—|—n)l’(r+2sm)l . 0
d? d

d|l s(mod d)
d|(ms>+rs+n)
Proof of Proposition 1.2. For all the facts used in this proof about the operators
T}.1» Vi1 and the space J;»0""" we refer to [3; 11]. Since / and m are coprime,

the right-hand side operator

Ty = Z d* 2Ty /0
il

is multiplicative. Moreover, the operator V,, ; is multiplicative and the Hecke
operator 7, commutes with the operator V,,, ; if gcd(n, Im) = 1. Therefore it is
enough to establish the identity for prime powers, that is, [ = p%, where p is
a prime and « is any positive integer. Since the space J,fﬁfzp """ has a basis of
simultaneous eigenfunctions of all the Hecke operators 7, with ged(n, m) =1,
it is enough to check the identity for such eigenforms. Let ¢ € J,:’u;p’ " be any
such eigenform. The Hecke operators 7, with gcd(n, m) =1 are hermitian and
commute with 7,y and V,, , for gcd(nl’, m) = 1 and ged(n, mt) = 1. Therefore the
Jacobi forms ¢ |V, VY;“’ ; and ¢ | T; are again simultaneous eigenfunctions of all the

Hecke operators T, for gcd(n, Im) = 1 with eigenvalues same as of ¢. By using
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multiplicity one result, we get that the Jacobi forms ¢ |V, ; V,; ; and ¢|T; both are
constant multiples of ¢. To show that both are same we compare their (n, r)-th
Fourier coefficients with the condition that 7> — 4mn is a fundamental discriminant
and prove that they are equal. We have

d—1
_ 1 2 1
O vy, =30 I(Zg 2 1)(7)
t|l d|t $=0
d\rnx2+rs+n

The cardinality of the set
{s (mod d) : ms*>+rs+n=0 (mod d)}
is same as the cardinality of the set {x (mod 2d) : x> = (r> — 4mn) (mod 4d)}. Let
us denote this cardinality by N, (r> — 4mn). By using [3, page 50, (16)], we have
2 1\ _ 5 5) k-2
C(p nt_zyr; - Z M( )XD( ) C¢|T/_([/5,)(nv r),
s1/0)

where D = r? — 4mn and xp denotes the Dirichlet character (Q) By using the
above observations in (9), we see that it is sufficient to prove the following formal
identity of the operators:

Ny (D
(10) Y I R S )0 8 T = Y YO T,

11l dlt 813/t 11l

Since D is a fundamental discriminant, by using [3, page 21, (6)] we get that
Np(D) = (1+xp(p)) and Np«(D)=N,(D)

for any prime p, positive integer a. By using these facts we get that the coefficients
of Ty pa, 1 < a < «a, in both sides of (10) are equal. U

4. Proof of Theorem 1.3

We prove the identities by equating the Fourier coefficients on both sides. First
let us write down the Fourier coefficients of F |7 ,s, where p is a prime and § is a
positive integer [9, Corollaries 2.2, 2.4 and 2.5]. For any positive integer / and any

finite sequence of integers {aj, as, . .., a,}, we use the notation §;(ay, az, ..., a,)
defined to be 1 if /| gcd(ay, az, . .., a,) and O otherwise. Let
F(Z) — Z AF(l’l, r, m) eZm' trace(TZ)’

— /2
T_<r’/12 rm ) >0
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where T > 0 indicates that T is positive definite. Then we have

(11) Ap1,,(n,r,m)= Ap(pn, pr, pm)

p—1 2
ro +mo
+pk_2( Z AF(’H_—,r—I—Zma,mp)

a=0 p
p\(n+rot+mot2) m
+368,(m) Ap|np,r, ;
n r m
+ p*3s p(n,r, m)AF<— - _)
ppp

Also, we have
(12)  Apr, ,(n,r,m)

=Ap(p2n, pzr, pzm)+p2k_35p(n rom)Arpn,r,m)
4k—6 n r m
+p Sp2(n,r,m)Ap (—2, — —)

2
p—1
+pk—2< Z AF( (n+rap+ma r 4 2ma m ))
a=0

P\(n+r<;+mot2>
+68,(m) Ap (p (np, r, ;))

pP-1 2
_ n+ra+moa
—|—p2k 4( E AF(T,r—i—Zma,mﬁ)

a=0
p2 | (n+rot+mot2)

p-1 rpB+m
+ Z AF<np r+2nppB, np? +—>
=0 P
P21 (rpp+m)
s p-! n+roa+ma® r+2ma
+p Z AF 2 ’ »
a=0 p p
P2 | (n+ra+ma),p|r.p|m r m
+3,(n,r)é,2(m) AF(n, E, ?> .
If p {m then we have
(13) AF|Tx‘p5(nvrv m)
= AF(pa(na ra m))
5 pP-1
+Zp(k_2)ﬁ< > Ar(P P (tratma®) pF r+2ma, mPﬁ)))-
ﬂ:l a=0

p/S |(n+ra+ma2)

First we compare the coefficients of both sides of (3). Let (n, r) be any pair of
integers with > < 4mn. By using (13), we have
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(14)  cri1, 5100 (15 7)

= AF|T, (1,7, m)

= Ar(p’(n,r,m))

$ pﬁ—l
+Z p*=2P ( Z Ap((tra+ma®) p*=2P, (r+2ma) p°~F, mP‘s))-
B=1 a=0

pﬂ |(n+rot+ma2)

By using Proposition 1.1, we get

(A5 crip,sive (n.7)
= crp,, (P°n, p°r)
§ pﬁ—l
+y p(k_2)’3< > CFipyys ((ntrs+ms®) p*=2F, (r+2mS)P‘s_’3))-
'B:] s=0

pﬁ |(n+rs+mx2)

Now by comparing (14) and (15) we get that F'|T; ps | pm = F'| pyps |V e
Next we compare the coefficients of both sides of (4) and then of (5). By
using (11), we have

(16) cF‘Ty,p‘pp(n’ r)
= Af, ,(n, 1, p)
= Ar(pn, pr, p%)

pl n+ra+ po?
+pk_2( Z Ap(f,r+2pa, Pz) +Afr(np,r, 1))
a=0

pl(n+ra)

n r
+p*38,(n, 1) AF(—, -, 1).
p p

By using Proposition 1.1, we have

! (ps>+rs+n)p p
0 crnn =T 5 e (P, 20
d | P d| (p.jzj—ors-%—n)
By using [3, Theorem 4.2, 7], we have
_ np r
(18) cripv, )=y d*epy, (E’Z)'

d|(n,r,p)

Comparing (16), (17) and (18), we get that

F|Tplpp="FlpplVy,+p 7 Flpi|Vip.
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By using (12), we have

(19)  criz, 110, (1, 7)
= AF|TW2 (n,r, p)
= Ap(p*n, p°r, p*) + p*38,(n, 1) Ap(n, 1, p)

p—1
+pk—2( Z AF(n +ra+ pa’, (r +2pa)p, 173) +Ap(np, rp. p))

a=0
pl(n+ra)
2_
2U—4 '~ n+ra+ pa’ 3
+p Z Ap\ ———>——r+2pa,p
a=0 p
P2 | (n+ra+pa?) p—1
rB+1
+ D Ar (npz, r+2npp, np> + ﬂ—))
=0 p
PICB+D)
3—5 L n+ra+pa’ r+2pa
+p > Ar 5 ; P
a=0 p p
pz\(n+roz+paz),p|r
By using Proposition 1.1, we have
2 *
(20) CFlpﬁlvp,pz (n,r) d—1 (ps2—|—rs+n)p2 pz
k—2
=X X e (P 2 ).
d|p? 5
d|(ps=+rs+n)

By using [3, page 56, (24)], we have

(21)  cFyp,i1,(n, 1)

crip,(p*n, pr) if ptr,
cFip,(p?n, pr) — p*2cp,, (n, 1) if plr, ptn,
CFlp, (PP1, pr) + P2 (p =D cryp, (1, 1)

2%k—3 x\p—1 n+ra+pa’® r+2pa
+p Zot:O, pz\(n+r<x+pa2)CF|pl>( p? > p )

if p|r, p|n.

Suppose p 1 r. Then there exists unique 8 € {0, 1, ... p — 1} such that p|rg + 1.
Suppose that r8 4+ 1 = Ip for some [ € Z. Then we have

22) (—p r)(n r/2>(—p —5)_( np? (r +2nppB)/2 )
B 1)\r/2 m ro 1) \@r+2npB)/2 nB2+ap+1)/p)

By comparing the three equations (19), (20), (21) and also using (22), we get that

FIT, 2 lop=FlpplVy o+ 0" 2 Flpp|Tsp+ p Flp,.



256 M. MANICKAM, K. D. SHANKHADHAR AND V. SRIVATSA

5. Proof of Theorem 1.6

Suppose F|pn = ¢m € J,f’u;p’ "™ By using the Eichler-Zagier isomorphism Z,,,
given in [8, Theorem 5.4], we get that ¢,, | Z,, is in the space

SR @m) = { f € S,210) 4m) 1ag(n) =0 unless (=1)*"'n =0 (mod 4m)},

where S,j_’[f?;v(4m) is the subspace of newforms inside the Kohnen’s plus space

S,i 1 /2(4m) studied in [4]. Moreover, we have

2
r<—D
a(pmlzmﬂDD = ch (W’ r)

forany 0 > D, r € Z with D = r? (mod 4m). Let p be an odd prime dividing m
and let U > be the level dividing operator ), -, a(n) ¢"+— }_, -, a(p®n) q". Since

Om|Zm € S,j_??;v (4m), by using [4, Theorem 1] we get that

Om|Zm| (Up2 + pk_zwp) =0,

where w), is the involution operator w;’,’y k—1/2 defined in [4, Section 2, page 39].
From [8, Lemma 5.9] we know that w, acts as the identity operator on S,:"]"/z (4m).
Therefore we have @ |Zn |(Up2 + p¥%) = 0. Hence for any 0 > D, r € Z,
D =r? (mod 4m), we have

2

r=—D - r’=D
c‘pm(pz 4m ’pr>+pk 2C‘/’m( 4m ’r>:O'

For any n > 1, r € Z with r> < 4mn, by taking D = r> — 4mn we have

k—2

(23) Con (P70, pr)+ p*%c,, (n,r) = 0.

Suppose F|T; , = G € Si(I';). By using (11), we write down (np, r, %)—th
coefficients of F|T , to get
- rv+vi(m
k2 Z AF(n-i-J,V—FZUQ,m)+AF(p2n,P’"’m)
v (mod p),pl(ru+v2%) p p ( m>
= Agl|np,r, —).
p
Suppose p 1 r. Then there are exactly two choices for v (mod p) in the left-hand

side sum namely v =0 and v = —r(m/p), where m/p denotes the inverse of m/p
modulo p. Assume that (m/p)(m/p) = 1 + Ip for some [ € Z. Then we have

pk2 (Cwm (n,r)+cy, (n +r2(m/p), —r — 2rlp)) +cg, (pn, pr) = CG | pmyp (MD5 T).

Since (r 4+2rlp)> —4m(n+r*l(m/p)) = r> —4mn and @, is in the space
by using [8, Corollary 5.3] we get that ¢y, (n + r2l(m/p), —r = 2rlp) = Cyp (N, 7).

cusp, new
Jk B
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Hence we have

(24) 2p" 2 ¢y, (n, 1) + ¢, (p*n, Pr) =cG|p,,, (P, T).

From (23) and (24), we get that ¢y, (n, r) = cg)p,,,(np,r) foranyn =21, r € Z
with p{r, r? < 4mn. But by using [3, Theorem 4.2, (7)] we get that

CG|Pm/p(”PJ’) = CGlpm/plvm/p.p(n” r)'

But ¢, € J,fyu;p’ " therefore by using [11, Lemma 3.1] we get that ¢,, = F'| p,, =0.

6. Proof of Theorem 1.7 and its corollaries

Proof of Theorem 1.7. We prove the theorem by induction on the number of prime
factors of m.

Let p be any odd prime such that Ag(p) = 0. By using the decomposition given
by (8), we have the following orthogonal decomposition F'|p, = ¢1| Vi , + ¢,
where ¢ € J,f’ufp’ " and op € chf;fp’ "™ Note that J,{C’L;Sp’ e = JkC’ufp. By using the
identity (1) and the fact that A (p) = 0 we get that F'|p,, | ij p= 0. Then we have

<¢1|V1,ps ¢1|V1,p> = (Flpps ¢1|V1,p> = (F|/0p|ijp, ¢1> =0.

Therefore we have F|p, = ¢, € chifp’ " By applying Theorem 1.6, we get that
Flp,=0.

Let m be any odd, squarefree, positive integer which is a multiple of at least 2
primes. Then again by using the decomposition (8), we have

F|pm c Jl:,u;:zp — @ JIS,L;SP’ new | Vl,(m/l) @ ch’u;lp, new‘
I\m,l#m
Note that all the direct sums in the above decomposition are orthogonal. We write

Flpm = Z QI Vi sty + Pms
I\m,l#m

where ¢; € and ¢, . Suppose Ag(m) = 0. First, by using the
identity (1) we deduce that ¢; | V] ,, = 0. Next, by using the multiplicative property
of Arp(m) we get that Ag(p) = 0 for some odd prime p|m. For any [|m, [ # m
with p {1, by using the fact that V; /1y = Vi, m/1p) Vonyp), p We have

cusp, new cusp, new
Jk,l € Jk,

@IV, s> 0l Vi,amyn) = (F L oms @01 Vi 1)

= (F|pm| Vlik(m/l)’ 1) = (F | pm]| V(tn/p),pvlik(m/[p), @r).
By using the identity (3) for § =1, we have F| oy, | V(fn/p)’p =Ar(P)F|pmjp=0.On

the other hand, for any /|m, [ # m with p|l, let p’ be any odd prime dividing m /1.
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Again, by using the fact that V; /1y = Vi, u/1p) Vimyp), p and the identity (3), we
have .
(o] Vl,(m/l), o | Vl,(m/l)) =(F|pm| Vl,(m/l)’ o)
= E10m | Vanspry, Vil a1y 910
= )MF(P/)<F | Pm/p’ | V;f(m/[p,), ).

Since Ap(m/p’) = Ap(p) Ap(m/pp") =0 and m/p’ has fewer prime factors than m,
by using the induction hypothesis we get that F|p,/, = 0. Hence we get that
Flpom =¢m € JIEP Y Now, by using Theorem 1.6 we get that F'|p,, =0. O

k,m
Proof of Corollary 1.10. Let T = ( b/ bé 2) and m = ax3 + bxoyo + cys for some
X0, Yo € Z. Since m is squarefree, we have gcd(xg, yo) =1. Let A= (’y‘i );8) e SL,(Z)
and S =ATA, where ‘A denotes the transpose of A. Then the lower right entry
of § would be m. We have ar(S) =ar('{ATA) = ar(T) # 0 and hence F | p,, # 0.

Using Theorem 1.7, we get the corollary. U

Proof of Corollary 1.11. Since F is a Siegel eigenform, we have the nonvanishing of
the first Fourier—Jacobi coefficient of F [7], that is, F'|p; # 0. Since F |p; € J,f’ufp,
by using (6) we have the following theta decomposition F'|p; = ho 61,0+ h101.1.
Since F'|p; # 0, by using (7) we get that iy # 0. Since hg € S;_1,2(4) and
dim S;_1,2(4) = k/2 — 2 for k even, there exists an ng with 1 <nop <k/2—2 such
that the no-th Fourier coefficient ap,(ng) of h¢ is nonzero. Then we have

no 0
apy(ng) = aF(O 1) # 0.
Now by using Corollary 1.10, we conclude the proof. U
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CONTINUOUS SOBOLEYV FUNCTIONS WITH SINGULARITY
ON ARBITRARY REAL-ANALYTIC SETS

YIFEI PAN AND YUAN ZHANG

Near every point of a real-analytic set in R", we make use of Hironaka’s
resolution of singularities theorem to construct a family of continuous func-
tions in Wlf)’cl such that their weak derivatives have (removable) singularities
precisely on that set.

1. Introduction

Given a domain U in R", n > 1, denote by Wl’;’cp (U) the Sobolev space consisting
of functions on U whose k-th order weak derivatives exist and belong to L{f)C(U ),
k€7, p> 1. We investigate a Sobolev property for the reciprocals of logarithms
of the modulus of real-analytic functions near their zero sets. Namely, given a

real-analytic nonconstant function f on U, consider

(1-1) vi= i/l

As we are solely interested in the Sobolev behavior of v near f = 0, and additional
singularities would be introduced near | f| = 1, we further assume, say, | f| < %
on U. Consequently v is continuous on U. Letting f~!(0) be the zero set of f
in U, we have v|s-1, = 0, and v is differentiable on U \ f ~1(0). Note that
codimg f~'(0) > 1 in general.

According to a classical result of Stein [1993, pp.71], In| f| € BMO for any
polynomial f. On the other hand, Shi and Zhang [2022] showed that for a real-
analytic f on U, if codimg f~'(0) > 2, then In | f| € WIL’CI(U ). It is important
to note that this codimension assumption is essential and cannot be dropped. In
comparison to this result, although v in (1-1) exhibits slightly greater regularity
than In | f|, our first main theorem shows that v belongs to Wl})’cl (U) regardless of
the codimension of f~1(0).
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Theorem 1.1. Let U be a domainin R", n > 1. Let f be a real-analytic nonconstant
function on U and | f| < % on U. Then:

(1) 17 € Wige (U).

loc

loc

(2) If codimg f~1(0) = 1, then m}—f‘ ¢ WP (U) forany p > 1.

The main idea of the proof is to use the coarea formula to transform the integrals
under consideration into new ones along level sets of the function f. The L!-
integrability and the L”-nonintegrability for p > 1 that we seek are thus conse-
quences of certain quantitative properties of the level sets of f, which can be
conveniently established by utilizing the powerful Hironaka’s resolution of singular-
ities theorem and the Lojasiewicz gradient inequality A novelty of Theorem 1.1 is

to provide ample W ! functions. For instance, TNz P @1 € w)

f ! for any polynomial P

near its zeros. It is also interesting to point out that Theorem 1.1 indicates that
Sobolev spaces in general do not satisfy an openness property, in the sense that
there exists a class of functions in WIOC (U) for some p > 1 but not in W1 q(U ) for
any g > p.

Unfortunately our method cannot be applied directly in the smooth category, due
to the absence of a Hironaka-type resolution property for smooth functions. It is
natural to wonder if there is an easy way to verify the optimal Sobolev property
of v, say, for any finitely vanishing smooth function f. For instance, consider

/% ye=1/%* which is smooth near 0 C R? and

the function f(x, y) := y2 —sin(e'/*m)e
vanishes to second order at 0. It turns out, with a straightforward computation, that
lnlfl e Wh! near 0.

As a consequence of Theorem 1.1, the weak derivative Vv exists on U. Specif-

ically, this implies that the singularity set f~'(0) of Vv in the classical sense is

actually a removable singularity in the weak sense. In other words, Theorem 1.1
allows us to construct, for any given real-analytic set, a continuous function in WIL’CI
such that its weak derivative has a removable singularity precisely on that set.

Corollary 1.2. Let A be a real-analytic set in R". For every p e A, there exists an

open neighborhood V of p and a continuous function u € W, (V) such that the

loc
set of removable singularities of Vu is ANYV.

Finally, we study the Sobolev property of v in the special case when f is a
holomorphic function on U C C". Note that in this case codimg f ~1(0) =2 unless
f#OonU.

Theorem 1.3. Let U be a domain in C". Let [ be a holomorphic nonconstant
function on U and | f| < % on U. Then:
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1 1,2
(D In|f| € Wloc (U)

(gﬁfﬂ@%ammﬁh¢wgmnﬁmwp>z

Corollary 1.4. Let A be a complex analytic set in C". For every p € A, there exists
an open neighborhood V of p and a continuous function u € Wllo’cz( V), such that
the set of removable singularities of Vu is ANV.

In view of Theorems 1.1 and 1.3, it seems to have suggested a correlation between
the codimension of the level sets and the Sobolev integrability index. Thus, one may
ask whether v € Wli)’cd(U ) if codimp f~!(0) =d for some 0 <d <n. Unfortunately
we do not have an answer to this question in general.

2. Proof of Theorem 1.1

Recall that the coarea formula states that, given ¢ € L'(U) and a real-valued
Lipschitz function f on U,

@-1) /¢<x>|Vf(x>|dV=/ / 6 (x) dS, dt.
U —o0 J f1()

Here given t € R, S, is the (n—1)-dimensional Hausdorff measure of the level
set f~1(¢) of f defined by

'Oy :={xeU: f(x)=1).

Towards the proof of the main theorems, we shall fix the real-analytic (or holo-
morphic) function f and use the following notation: two quantities A and B are
said to satisfy A < B if A < CB for some constant C > 0 which depends only on
the f under consideration. We say A 2 B if and only if B < A, and A ~ B if and
only if A < B and B < A at the same time.

Given a set A C R", denote by m (A) the Hausdorff measure of A at its Hausdorff
dimension. We first utilize Hironaka’s resolution of singularities theorem to show the
Hausdorff measure of level sets of real-analytic functions is bounded (from above).
This will be essential in proving a Harvey—Polking type removable singularity
lemma for the weak derivatives of v.

Theorem 2.1 [Atiyah 1970]. Let f be a real-analytic nonconstant function defined
near a neighborhood of 0 € R". Then there exists an open set U C R" near 0, a
real-analytic manifold U of dimension n and a proper real-analytic map ¢ : U—>U
such that:

(1) The function ¢ : U \ ]/”T((;) — U\ f~1(0) is an isomorphism, where ]/”T(O/) =
{peU:¢p(p)e f710).
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(2) Foreach p € U, there exist local real-analytic coordinates (yy, ..., y,) centered
at p, such that near p one has

oo =u) [

i=l1
where u is real-analytic and u # 0, k; € Z+ U {0}.

Lemma 2.2. Let f be a real-analytic nonconstant function on U. Then
m(F ) <1 forall |t] < 1.

Proof. Without loss of generality, assume O € U and f(0) = 0. Under the setup of
Hironaka’s resolution Theorem 2.1, for every p € f —1(0), let (\7, 1Y) be a coordinate
chart near p in U such that, for ye€ 1//(\7) c R",

fo®(y)i=fopoy ' =u [
i=1

By properness of ¢, V := ¢(17) is an open subset of U near ¢ (p). Since ¢ is
smooth on U, by shrinking U if necessary, & : w(f;) — V is smooth up to the
boundary of w(V). By change of coordinates formula,

m(f—‘(tmw:/ s,
{f(x)=t}Ne (V)

®* dS, 5/ ds,.

/{fod>(y)=t}ﬁ1/f(V) {fod()=t}Ny (V)

Thus, in view of this and the fact that u # 0 on U, the proof boils down to showing
that the (n—1)-dimensional Hausdorff measure satisfies

(2-2) m(A"()) <1 forall 0 <r <« 1,
where
n
(2-3) A”(t):{ye[R?”:l_[ylk":t,0<yl~<1,i:1,...,n}.
i=1
Here the constant multiple for “<” in (2-2) is only dependent on k;,i =1, ..., n.

Clearly, one only needs to prove the case when all k; > 0. Letk:= ) /_, k;.
We shall employ the mathematical induction on the dimension # to prove (2-2)
for all level sets in the form of (2-3). The n = 1 case is trivial. Assume the n =1

case holds. Namely, for every level set A'(¢) in R defined by (2-3), m(A'(z)) < 1



SOBOLEV FUNCTIONS WITH SINGULARITY ON REAL-ANALYTIC SETS 265

for 0 <t « 1. When the dimension n equals [ + 1, one first has

I+1
Al+l(t) C U A.li-i-l(t)’
j=1

where, foreach j=1,...,14+1,

Al (@)= {y eRF VR <y <1,0<y; <1ifi #j, and ]_[ yhi :tyj_kj}.
1<i<i+1
i#]
Since Alj+1 (¢) is a finite union of smooth hypersurfaces in R‘*! away from a set of
dimension / — 1, by Fubini’s theorem, the /-dimensional Hausdorff measure satisfies

1
I+1
m(A (z)):/ f R dSs, dyj,
I cizignig it =1, L0<yi<lizj

and thus
I+1

1
(2-4) m(Al+1(t))§Z/ f o dS;, dy;.
it Y M cicriing i =ty T 0<yi<Lizj

Further denote f/j =V oo Yjo1s Yjtls o -5 Vigrl) € R,

1o ki
=1y,

and
Alj(t/)::{)?jelR{l:O<y,-<1,i7éj, and ]_[ yfi:z/}.

1<i<i+1!
i#]
Noting that ¢ < t1=ki/k when y > t'/k we obtain from (2-4)
I+1
m(AM @) < (=15 sup  m(AL()).
j=1 0<t/<t'Kj/*

On the other hand, since k; < k, one has t17kilk « 1 when r <« 1. By the induction
assumption and the fact that A’j (¢") is in R/,

sup m(AL(t) S 1 forall 0 <1< 1.

0<t/ <t kilk

This finally gives
m(AT (1) <1 forall 0 <1< 1.

The lemma is proved. 0
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Lemma 2.3. Given a real-analytic nonconstant function f on U with | f| < % onU,
let v be defined in (1-1), and

v
(2-5) g: f

=g Y

Then g € L. (U). One has

loc

Vv=g onU
in the sense of distributions.
1

loc
if necessary, one can assume f to be (globally) Lipschitz on U. Making use of the

Proof. First, we show that g € L, (U). Since f is real-analytic on U, shrinking U

coarea formula (2-1), one gets

V()]
dv, = dv,
./U|g(X)| /U|f<x>|<1n|f<x>|)2
i -1
/ 1 4s, d _/ m(f— @)
o f@ ] f)])2 I n e)?

Lemma 2.2 further allows us to infer

1
/|(x)|dV <[2 ! dt—/ooids<oo
Ug o tnn?r T g s? .

Next, we show that, given any testing function n € C°(U),

(2-6) —/ vVn=/ng-
U U

Since v is differentiable away from f~!(0), a direct computation gives

1
2

=<

_1
2

(2-7) Vv=g on U\ f10).

In particular, (2-6) is trivially true if K := f~'(0) Nsuppn = @.
If K # @, given € > 0 let

K¢ :={x e U :dist(x, K) < €},

where dist(x, K) is the distance function from x to the set K. Let p. € C*°(U) be
such that p. =01in K¢, pc = 1in U \ K3, and |V .| < é on U. See, for instance,
[Hormander 2003, Theorem 1.2.1-2]. Then pen € CZ(U \ f —10)). Using (2-7)

we immediately have
—f vV(pen)=/peng,
U U
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or equivalently,

(2-8) —/ vane—/vpsVn=/peng-
U U U

We shall prove
(2-9) lim | vnVp. =0.
e—~0 Juy

If so, then passing € — 0 in (2-8), we obtain the desired equality (2-6) as a
consequence of Lebesgue’s dominated convergence theorem.
To prove (2-9), first by the assumption on p,
C
T
€ K3E\KE

/ NV pe / vnV pe
U K3e\Ke

for some constant C dependent only on n. Since f is Lipschitz on U, for any
x0 € 710, 1 f ()] =1f(x) = f(x0)| < Ix = xol. In particular,
|f ()] < dist(x, f71(0)).

Thus for all x € K3, \ K¢ (equivalently, € < dist(x, £710)) < 3¢), one has

< 1 1
In| @)l ~ |IndistCx, £71(0)]  [Ine|

(2-10)

lv(x)| =

for all € small enough. Hence by (2-10)

/ NV pe
U

On the other hand, according to a nontrivial result of Loeser [1986, Theorem 1.1]

<

~

Cm(K3e)

(2-11)
€|lne|

and its consequent remarks,

m(K%) < 6codim[;;g f’l(O) <e.

Here the last inequality has used the fact that codimg f~'(0) > 1 due to the real-
analyticity of f. The equality (2-9) follows by combining the above with (2-11). [J

Proof of Theorem 1.1. Since | f| < %, we have |In|f|| > In2 and so [v| < 5 €
L*®(U). Part (1) follows from this and Lemma 2.3. For part (2), we only need to
show that the function g defined in (2-5) does not belong to Lf(’)c for any p > 1 near
any neighborhood of f~1(0).

First, according to the Lojasiewicz inequality, by shrinking U if necessary, there
exists some constant 8 € (0, 1) such that

(2-12) IVFOIZIf)IF, xel.
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As a consequence of this,

/ b / IV f(x)]
[Vo(x)|PdV, = 55 AVx
U ULV £ @)= @=D] £ )P |In ] £ @)

. / IV £ ()]
Tl £ @)= @=DB|In | £ (o)l

Utilizing the coarea formula, we have, for some €y > 0,

€0 1
/IVv(X)I"deZ/ / - dSdi
U —eo St | f (x) [P~ =DB|In | £ (o)

/60 m(f~' (@)

—eo|1]P=(=DB [In 1] |2P

Since codimp f~!(0) =1, there is some xo € f~!(0)NU, such that |V f (xq)| #0.
Let V be a neighborhood of x¢ in U such that [V f| > 1 on V. Then for all # small
enough, m(f ' (1) N V) > 1. Consequently, m(f~!(¢)) > 1 for 0 < ¢ <« 1. Thus

€0 1
p >
/le(x)| dva/O = am 7

Note that p — (p — 1) > 1 necessarily when p > 1 and 8 < 1. Hence the last term

is unbounded. The proof is complete. U

Proof of Corollary 1.2. Since A is real-analytic, there exists an open neighborhood
V CR" of p and a real-analytic function f on V suchthat ANV ={xeV: f(x)=0}.

Then u = is the desired function satisfying the assumptions. ([

1|f|

For functions (such as In | f|) with singularities, its composition with another
logarithm typically exhibits reduced singularities. The following theorem shows
that composing extra logarithms does not improve Sobolev regularity in general.

Theorem 2.4. Let U be a domainin R", n> 1. Let f be a real-analytic nonconstant
function on U and | f| < % on U. Then:

(M 1n1n|f| € WchI(U)
(2) If codimp f~'(0) =1, then 1n1n|f| ¢ W1 ) forany p > 1.

Proof. Applying a similar approach as in the proof of Lemma 2.3, we first have

V( ! ): vy on U
Inflnlf1) £ f1- (infin] £1])*
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in the sense of distributions. Making use of the coarea formula and Lemma 2.2,

J

(o)=L ], 1
In{In | 1] -5, ‘(t)lf(x)lIlnlf(x)ll(lnilnlf(x)ll)

,5/ dt
0 t|1nt|(ln|lnt|)2

o 1 © 1
10 (|Inz]) Inin10?

In the case when p > 1, there exists some 0 < 8 < 1 by (2-12), and some small
€p > 0 such that

1
L ()
vl \n|ln|f(|
[
> dt
~Jo tP=@=DB|In¢|(In|Int|)?

Since p — (p — 1)B > 1, the last term is divergent. This completes the proof of the
theorem. g

’ f IV £ ()]
“Ju | £ P=@=DB|In | £ (x)]|” (In [in | £ 0)1]) >

3. Proof of Theorem 1.3

To prove Theorem 1.3 for holomorphic functions, we shall need the following
well-known complex version Hironaka’s resolution of singularities theorem. See,
for instance, [Smith 2016].

Theorem 3.1. Let f be a holomorphic function defined near a neighborhood of
0 € C". Then there exists an open set U C C" near 0, a complex manifold U of
dimension n and a proper holomorphic map ¢ : U — U such that:

(1) The function ¢ : ﬁ\]/”T(O/) — U\ f~X0) is a biholomorphism, where ]"T(Ol) =
(pel:¢(p)e f~ ).

(2) Foreach p € 17, there exist local holomorphic coordinates (wy, ..., w;,) cen-
tered at p, such that near p one has

fopw)=uw) [Jwf,
i=1

where u is holomorphic and u # 0, k; € Z+ U {0}.
Proof of Theorem 1.3. (1) Since 3 f = 0, and according to Lemma 2.3,

af

_ 1
=27 a2 et
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in the sense of distributions, we only need to show that

0
—f € leoc
[ (nffD?
On the other hand, making use of Hironaka’s resolution of singularities Theorem 3.1
for holomorphic functions, for every p € f~1(0), let ( v, ) be a coordinate chart

near p in U such that, for w € W(V) C {w eC":wj| < %},

).

fwy:=fopoy™ w)=uw) [ [w},

i=1

where u # 0 on w(V) and k; € ZT U {0}. Let V := ¢(?), ®:=¢oy !, and
Jacg be the complex Jacobian of the holomorphic map ®. Note that the inverse
matrix (Jace)~! is smooth on w(V \ £71(0)), and

|Jace) ! (w) - detUace)w)| < 1 forall we y(V\ £710)).

By change of variables formula,

/ 0. f () v
vIf@PM|f@D* T

2
:/ qD*( [0, f (2)] dVZ)
d-1(V\ £-1(0)) | f(@)>(n | f(2))*

</ 180 f (W)I*|Jace) ™" (w)
“ Sy Tey  If)Pn ] fw))t

|det(ace (w))|* d Vi,

</ |8 f (w)?
T Jy@ 1 (w)2An | f (w)D*
Thus, the proof boils down to showing that, for j =1, ..., n,
3w f(w)|?
(3-1) / = | ’f(w~)| dv, S 1.
v | f )2(n ] f(w)D?

For simplicity, let j =1 in (3-1). If k; = 0, then

Bwlf(w) = Oy, u(w) - ]_[ wf".

i=1

Since 1 and u # 0, when w is near 0,

1 <
(n]f)h* ~

e D N (0 S
IF@)An | f@)D*  |u@)Pdn|fw)h* ~
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So (3-1) holds. If k1 > 0, then

awlf(w) = 8w1u(w) : l_[ wl{c,- + kiu(w) - wllq—l . l_[ u)lk'

i=1 i=2
Hence
A R P OOl K2
~ = < . + ~
|f@)Pn]f@)D* 7 [u@)PAn]f@)D*  wi>(n]fw))?
1
<1

lwi[2(In | f(w)*

Note that when w is close to O,

Infu(w)|+ Y ki In |w|

i=1

(3-2) [In | f(w)l| =

> —In|wy|.

~

This leads to

s 2
/N 10 fw)] vw§1+/ U S
v@) | f (w)2(n | f(w))* v [wi|2|In Jwy ||

1

21
<1 ds <1.
~ +/0 s(Ins)* S

Equation (3-1) and thus part (1) are proved.

(2) Let U; be an open subset of U such that f~!(0) N U, is regular. Then there
exists a holomorphic coordinate change on U; such that under the new coordinates

(wy, ..., wy), one has w, = f(z). As a consequence of this,
0 P 0 P
f Z—fz dv, Z/ Z—fz dv,
vl f-(n]f]) uil f - An ] )

1 €0 1
’“/ —dewZ/ il
U1 lwy |7 [In [w, || o sP7HIns|P

for some €y > 0. Since p > 2, the last term is unbounded. This proves part (2). [J

Proof of Corollary 1.4. The proof is similar to that of Corollary 1.2, with Theorem 1.1
substituted by Theorem 1.3, and is omitted. ]

An application of Theorem 1.3 is to provide ample data to the 8 problem in
complex analysis, in particular, within the framework of Hormander’s classical L?
theory for d-closed forms with leOC coefficients. Normally, generating smooth data
is straightforward. In the following, we construct data with singularity on complex
analytic varieties, where Hormander’s theory can still be applied.
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Example 1. Let Q be a pseudoconvex domain in C*. Let f be a nonconstant
holomorphic function on €2 such that f~!(0) # @. Choose a monotone increasing
function x € C*([0, 00)) such that x (1) =1 if 0 <7 < , and x () = J if r > 1.

Then g = m € WIL’CZ(Q) by Theorem 1.3. Furthermore, u := dg is a d-closed

(0, 1) form with L120c coefficients with singularities precisely on f~1(0).
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GRADING OF AFFINIZED WEYL SEMIGROUPS
OF KAC-MOODY TYPE

PAUL PHILIPPE

For any Kac-Moody root datum D, D. Muthiah and D. Orr have defined a
partial order on the semidirect product W of the integral Tits cone with the
vectorial Weyl group of D, and a compatible length function. We classify
covers for this order and show that this length function defines a 7Z-grading
of W¢, generalizing the case of affine ADE root systems and giving a positive
answer to a conjecture of Muthiah and Orr.
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Introduction
Motivation.

Reductive groups over p-adic fields. Let G be a split reductive group scheme with
the data of a Borel subgroup B containing a maximal torus T'. Let W = Ng(T)/T
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be its vectorial Weyl group and Y be its coweight lattice: Y = Hom(G,,, T'). The
action of W on T induces an action of W on Y and allows us to form the semidirect
product W¢ =Y x W. This group, called the extended affinized Weyl group of G,
appears naturally in the geometry and the representation theory of G over discretely
valued fields. A foundational work in this regard was done by N. Iwahori and
H. Matsumoto [1965], when they exhibited a Bruhat decomposition of G(Q),)
indexed by W4.

Let IC be a nonarchimedean local field with ring of integers Ok C K, uniformizer
7 € Ok and residue field Ky = Ox /. Let G = G(K), let K = G(Ox) be its
integral points and let / be its Iwahori subgroup, defined as

I={geK|geB(Kc) mod r}.

The extended affinized Weyl group can be understood as Ng (T (K))/T (Ok), so
it admits a lift in G. Then, G admits a decomposition in /-double cosets indexed
by W¥, the Iwahori-Matsumoto—Bruhat decomposition:

(0.1) G= || In’wl.

TrweWa
The group W¢ is a finite extension of a Coxeter group and thus admits a Bruhat
order which arises from the geometry of the homogeneous space G/I: for any
7w e W4, Izx’*wl is a subvariety of pure dimension £(7*w) in G/I, and its
closure admits a disjoint decomposition in / orbits:

(0.2) Imr*wl = || I=x"vl,
THy<mrw

which extends the Iwahori-Matsumoto decomposition. The connection between the
geometry of G/I and the combinatorial structure of W¢ is deeper. In particular, R-
Kazhdan—Lusztig polynomials introduced by Kazhdan and Lusztig [1980], defined
as the number of points of certain intersections in G/, are also given by a recursive
formula based on the Bruhat order and the Bruhat length of W<.

These polynomials appear in many topics around reductive groups over local
fields, we aim to develop analogous polynomials when G is replaced by a general
Kac—Moody group.

Extension to Kac—Moody groups. Replace G by a general split Kac-Moody group.
Kac—Moody group functors are entirely defined by the underlying Kac—Moody root
datum D, as defined in [Rémy 2002, §2], and reductive groups correspond to root
data of finite type. Then the Iwahori-Matsumoto decomposition no longer holds
on G = G(K). However there is a partial Iwahori-Matsumoto decomposition: there
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exists a subsemigroup G of G such that

0.3) Gt= || In’wl.

rrweWd
The indexing set for this decomposition W¢ is a subsemigroup of W¢ =Y x W, and
it appears naturally in other related contexts, for example, when trying to construct
an Iwahori—Hecke algebra for G [Braverman et al. 2016; Bardy-Panse et al. 2016].
Let us briefly explain how W¢ is defined.

Let @ be the real root system of the root datum D. It is an infinite set (unless D is
reductive) of linear forms on ¥ coming with a subset of positive roots ® C ® such
that =, U—-P . LetYTT={AeY |Vaed,, a(A)>0}and YT =W .Y+
Then W{ is defined as YT x W. In the reductive case, YT coincides with Y and
thus W = W¢. However, W can no longer be conceived as a finite extension of a
Coxeter system, hence there is a priori no Bruhat order on W¢, let alone on W¢. A
well-behaved topology on G* /I would allow us to define an order on W¢ through
the analog of decomposition (0.2), but G* /I does not seem to have a natural variety,
nor even an ind-variety structure.

An order and two lengths on W¢{. In Appendix B2 of their article on the construction
of an Iwahori—Hecke algebra for G an affine Kac—-Moody group over a p-adic field
[Braverman et al. 2016], A. Braverman, D. Kazhdan and M. Patnaik propose the
definition of a preorder on W¢{ which would replace the Bruhat order of W¢ and they
conjecture that it is a partial order. In [2018], D. Muthiah extends the definition of
this preorder to any Kac—-Moody group G, defines a Z@eZ-valued length compatible
with this preorder and hence shows that it is an order. In [2019], D. Muthiah and
D. Orr then show that this length can be evaluated at € = 1 to obtain a Z-valued
length strictly compatible with the order on W¢.

In order to build a Kazhdan—Lusztig theory of p-adic Kac-Moody groups, we
want to understand how close this order is to the Bruhat order of an affine Coxeter
group, which properties still hold and which do not. The definition of a Z-length is
already a significant step, but many important properties, which are known to hold
for Bruhat orders, remain unknown in this context. Several were proved only for
Kac—Moody root systems of affine simply laced type using the specific structure of
an affinized Weyl group of W in this context.

Choice of vocabulary. The order on W¢ is often mentioned in the literature as “the
double affine Bruhat order” and the associated length as “the double affine Bruhat
length” because it is most studied in the case of G a Kac—-Moody group of affine
type (in which case W is an affine Weyl group). We refer to it as “the affinized
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Bruhat order” and “the affinized Bruhat length”, denoted by ¢4, because we do not
suppose that W is an affine Weyl group. Note that, if W is finite, then the affinized
Bruhat length and order on W¢ are just the ones induced by its Coxeter group
structure.

Main result. Our main result is a positive answer to [Muthiah and Orr 2019, Con-
jecture 1.5] in full generality.

For any partial order < on a set X, we say that y covers x if x # y and
{ze X|x <z<y}={x, y}. A grading of X is a length function £ on X strictly
compatible with < and such that y covers x if and only if x < y and £(y) —€(x) = 1.
Gradings thus give an easy classification of covers and more generally of saturated
chains in X. The Bruhat length for a Coxeter group equipped with the Bruhat order
is the prototypical example of a grading.

Muthiah and Orr [2019] prove that if @ is of affine ADE type, the affinized
Bruhat length gives a Z-grading of WY for the affinized Bruhat order and conjecture
this to be true in general. Our main result is a positive answer to this conjecture:

Theorem A. Let D be any Kac—Moody root datum. Then the affinized length £°
on W{ defines a Z-grading of W strictly compatible with the affinized Bruhat
order. Otherwise said, let x, y € W be such that x <'y. Then

(0.4) y covers x if and only if £4(y) — £%(x) = 1.

Along the way, we obtain several geometric properties of covers for the affinized
Bruhat order which we expect to be insightful even if the root datum is reductive (so
W is finite and WY is an affine Weyl group) as they only rely on the Coxeter structure
of W. In particular, we obtain in Proposition 3.20 a classification of covers which
generalize results obtained using quantum Bruhat graphs, in the reductive setting by
T. Lam and M. Shimozono [2010, Proposition 4.4] and F. Schremmer [2024, Propo-
sition 4.5], and in the affine simply laced setting by A. Welch [2022, Theorem 2].

Further directions. In an upcoming joint work with A. Hébert, we prove that any
element of W¢ admits a finite number of covers for the affinized Bruhat order.
We use this finiteness in the context of masures to define R-Kazhdan—Lusztig
polynomials, following Muthiah’s strategy exposed in [2019] and the work on twin
masures of N. Bardy-Panse, A. Hébert and G. Rousseau [Bardy-Panse et al. 2022].
Our understanding of covers is useful to compute these R-polynomials and we
intend to use R-polynomials to define P-Kazhdan—Lusztig polynomials.

Another interesting (but quite long reach) question is the following: W¢ appears
as the affinization of W, which may be taken as an affinized version of a finite
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Coxeter group. Can we iterate the affinization process, e.g., to obtain a valid theory
for reductive or Kac—-Moody groups on valued fields of higher dimensions?

Lastly, little is known on the preorder defined on the whole semidirect product W¢;
it could be insightful to study it and to connect it to the failure of the full Iwahori—
Matsumoto decomposition of G.

Organization of the paper.

Proof strategy. The global strategy is to construct a nontrivial chain from x to y
every time y > x satisfies £“(y) — £%(x) > 1. Let proj Y denote the projection
W =Yt xW — Y*. We distinguish two cases which depend on the form of x
and y: The first case is when proj re (y) lies in the orbit of proj e (x), we call such
covers the vectorial covers. The other case is when pron+ (y) ¢ W -proj” " (x), we
call such covers the properly affine covers.

For vectorial covers we show that the affinized Bruhat order on the set {z € W{ |
x <z < y}is, in some sense, a lift of several Bruhat-like orders on W. We are then
able to construct chains between x and y from chains in W, and we deduce a classi-
fication of vectorial covers. The characterization of properly affine covers is, at first
glance, more involved. Through a careful study of the relation between the vectorial
chamber containing proj? " (x) and the vectorial chamber containing proj e (y), we
show that the length difference £ (y) — £“(x) can be rewritten in a more workable
form, making clear the conditions for which it is equal to one. Then the difficulty is to
build, explicitly, a nontrivial chain every time one of these conditions is not satisfied.

Organization. Section 1 consists of preliminaries. In Section 1.1 we formally define
everything we mentioned in this introduction. In particular we give the definition
of the affinized Bruhat order and the two affinized Bruhat lengths as they are given
in [Muthiah and Orr 2019]. To be more flexible, we chose to define the affinized
Bruhat preorder on the whole affinized Weyl group W¢ =Y x W, on which it may
not be an order.

We show, amongst other preliminary results, that we indeed recover the affinized
Bruhat order on W¢ from this preorder in Section 1.3.

We also give, in Section 1.2, a geometric interpretation of W¢ and its affinized
Bruhat order, which is to be compared with the interpretation of the Bruhat order in
the Coxeter complex of a Coxeter group. Even though it is not clearly mentioned
in the rest of the paper, this geometric interpretation was very useful to construct
chains and understand W¢.

In Section 2, we prove Theorem A for vectorial covers. We define relative
versions of the Bruhat order on W in Section 2.1 and we connect these relative
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Bruhat orders to the affinized Bruhat length in Section 2.2. This is enough to prove
Theorem A when pron+ (y)= projy+ (x) (see Theorem 2.13). Using finer results
on parabolic quotients in Section 2.3, we extend it to vectorial covers such that
pronJr (y)ew. pron+ (x)\ {pron+ (x)} (see Theorem 2.18).

In Section 3, we deal with properly affine covers. We first show in Section 3.1
that these covers are of a very specific form. Namely, if x = 7w with v, w e W
and A € Y+, then y needs to be of the form 7"*+# s, g w or 7 *+F s, 5w
for some B € ®,.

The strategy is then to get enough necessary conditions on v, w, A, 8 for y to
cover x, in order to obtain a simplified expression for £4(y) —£%(x). Proposition 3.3
gives a first result in this direction. In Section 3.2 we fully exploit this strategy to
obtain (3.14) for the length difference.

Finally, in Sections 3.3 and 3.4, we construct various chains from x to y to prove
that the quantities appearing in (3.14) need to be minimal when y covers x, which
allows us to conclude the argument in Section 3.5.

1. Preliminaries

1.1. Definitions and notation. LetD=(A, X, Y, (&;)icy, (oziv),-el) be a Kac—-Moody
root datum as defined in [Rémy 2002, §8]. It is a quintuplet such that:

(1) 1 is a finite indexing set and A = (a;;)(, jyer=1 1S a generalized Cartan matrix.

(2) X and Y are two dual free Z-modules of finite rank, and we write (-, - ) for
the duality bracket.

(3) (@i)ier (resp. (a))ier) is a family of linearly independent elements of X
(resp. Y): the simple roots (resp. simple coroots).

(4) For all (i, j) € I? we have (o', a;) = a;j.

1.1.1. Vectorial Weyl group. For every i € I sets; € Autz(X) :x +— x — (al.v, x)a;.
The generated group W = (s; | i € I) is the vectorial Weyl group of the Kac—-Moody
root datum.

The duality bracket ( -, - ) induces a contragredient action of W on Y, explicitly
siy)=y—{y, oz,-)oziv. The bracket is then W-invariant.

The vectorial Weyl group W is a Coxeter group with set of simple reflections
S = {s; | i € I}; in particular it has a Bruhat order < and a length function ¢
compatible with the Bruhat order. We refer to [Bjorner and Brenti 2005] for general
definitions and properties of Coxeter groups. A reflection in a Coxeter group is any
element conjugated to a simple reflection.
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1.1.2. Real roots. Let ® = W - {«; | i € I} be the set of real roots of D. It
is a root system in the classical sense, but possibly infinite. In particular let
&, =P, .; Ny N P be the set of positive real roots. Then & = & LI —P,, and
we write ®_ = —& for the set of negative roots.

The set ®¥ = W - {a;” | i € I} is the set of coroots, and its subset ®Y =
D, c; Ny’ N Y is the set of positive coroots.

To each root B corresponds a unique coroot 8: if B = w(;) then B = w(a;").
This map B +— B is well defined, bijective between ® and ®" and sends positive
roots to positive coroots. Note that (8, B) =2 for all B € ®.

To each root B we associate areflection sg € W: if B =w(£o;) then sg:=ws; w L
Explicitly it is the map X — X defined by sg(x) =x — (8", x)B. For any p € ®
we have sg = s_g and the map B — sg forms a bijection between the set of positive
roots and the set {ws;w™! | (w, i) € W x I} of reflections of W.

1.1.3. Inversion sets. For any w € W, let
Inv(w) =P, Nw N (P_)={a e P | wla) e dP_}.

These sets are strongly connected to the Bruhat order, as by [Kumar 2002, 1.3.13],
foralloo € ©4

(1.1) aelnv(w) < wsy <w < sqw ' <w™l

They are related to the Bruhat length: £(w) = |[Inv(w)| [Kumar 2002, 1.3.14].

1.1.4. Fundamental chamber and Tits cone. We define the (closed) integral funda-
mental chamber by YT ={A €Y | (A,0;) >0Vi € I}. If A € YT, we say that it
is a dominant coweight. Then, the integral Tits cone is Y :=J, oy w(¥Y ). It is
a convex cone of Y; in particular it is a semigroup for the group operation of Y,
and it is equal to Y if and only if W is finite, if and only if & is finite, if and only
if A is of finite type (see [Kumar 2002, 1.4.2]).

The integral fundamental chamber Y+ is a fundamental domain for the action
of Won Y™, and for any A € Y we define AT to be the unique element of ¥+
in its W-orbit.

There is a height function on Y, defined as follows:

Definition 1.1. Let (A;);<; be a set of fundamental weights, that is to say (ozl.v , A=
8;; for any i, j € I. We fix it once and for all. Let p =)
A € Y define the height of A as

A;. Then for any

iel

1.2) ht(A) = (X, p).
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The height depends on the choice of fundamental weights, but its restriction to
QY =@P,c; Za;’ do not:

ht(Zniaiv> =) n;.
iel iel
Remark 1.2. The height function takes integral values on QV, but not necessarily
on Y. In general, one can choose the fundamental weights such that ht(Y) C NLhtZ
for some Ny € Z~¢. As noted by D. Muthiah and A. Puskas [2024, Remark 2.13],
if D is of finite or affine type then the fundamental weights may be chosen such
that Ny € {1, 2}, but for more general Kac—-Moody root systems the optimal choice
for Ny may be arbitrarily large.

1.1.5. Parabolic subgroups, minimal coset representatives. For A € YT, let ®;
denote the set {& € @ | (A, ) =0} and W, = Staby (A). We say that A is regular
if ®, =0, or equivalently if W, = 1. More generally we say that A is spherical
if W, is finite.

Let v € W be such that A = vA™". Then Wjyv = vW,++ and, since AT is
dominant, W,++ is a standard parabolic subgroup, that is, a group of the form
W; =(s|s € J) where J C § is a set of simple reflections. More precisely,
J={seS§|sAtt)=1TT}.

By standard Coxeter group theory (see, for instance, [Bjorner and Brenti 2005,
Section 2.2]), for any u € W, the left coset u W, ++ =u W has a unique representative
of minimal length which we denote by u”, and one has a decomposition u = u”’u
with u; € Wy such that

(1.3) 0u) =L’y + L(uy).

Notation 1.3. (1) For any J C S, we denote by W the set of minimal length
representatives for W;-cosets in W:

(14) weW < VeW,, t(wh)>Llw) < VseJ, L(ws)>Lw).

If A, € Y*T is such that W) = W/, then we may use W? as an alternative notation
for W.

(2) Forany A € Y+ (not necessarily dominant), we denote by v the minimal length
element in W which satisfies A = v*A1™:

(1.5) v* =minfv e W | A =vA T}

A

In other words, for any u € W such that A = uA*™, we have v* = u’, where J is

the set of simple reflections such that W; = W, ++.
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1.1.6. Affinized Weyl semigroup. The action of W on Y allows us to form the
semidirect product ¥ x W, which we denote by W¢. We denote its elements
by 7*w with AL € Y, w € W.

By definition, Y+ C Y is stable by the action of W on Y; therefore we can form
W¢ =Y* x W which is a subsemigroup of W¢. This semigroup is called the
affinized Weyl semigroup. Muthiah and Orr [2019] define a Bruhat order and an
associated length function on W¢{ which we aim to study in this article.

Denote by proj” T W¢ — Y the canonical projection, which sends 7w onto A.
Denote by proj” " : W¢ — YT+ the projection to Y *+: proi’" " (x) = (proj?” (x))*+.
Let us call proj e (x) the coweight of x, and proj* o (x) its dominance class.
1.1.7. Affinized roots. Let ®* = ® x Z be the set of affinized roots and denote
by B+ nm the affinized root (8, n). The affinized root 8 + n is said to be positive
ifn>0or(n=0and B € ®,) and we write ¢ for the set of positive affinized
roots. We have ®¢ = @4 LI -9,

The semidirect product W¢ acts on ®“ by

(1.6) wrw(B +nm) = w(B) + (n + (1, w(B))).

For any n € Z, its sign is denoted sgn(n) € {—1, +1}, with the convention that
sgn(0) = +1. Note that |n| = sgn(n)n. We also define the sign of an affinized root:
sgn(B+nm) € {—1, +1} and sgn(B + nw) = +1 if and only if B +nw € 4.

ForneZand g € ., set
(1.7) Bln] =sgn(n)B + |n|w € O,

(1.8) Spn] = ﬂnﬁvslg.

We also define B[n] € @4 for B € ®_ by B[n] = (—p)[—n], and sgjn) = 5_g[—n) =
n”ﬂvs,g. The affinized root B[n] is therefore the positive affinized root within the
pair {8 +nm, —(B +nm)}. Note that sgjo; is the vectorial reflection sg.

1.1.8. Bruhat order on W{. Recall Braverman, Kazhdan and Patnaik’s definition
of the Bruhat order < introduced in [Braverman et al. 2016, Section B.2]: Let
x € W{ and let B[n] € @4 be such that xsg,,) € W{. Then,

(1.9)  x <xsgp) < sgn(B+nm)=sgn(x(B+nm)) < x(B[n]) € CDi.
Explicitly, if x = 7*w € W, the right-hand side condition can be written as
sgn(n)(n + (A, w(ﬁ))) >0 or n=—(Aw(B)) and sgn(n)w(B) > 0.

Then we extend this relation by transitivity, which makes it a preorder on W{.
Originally, Braverman, Kazhdan and Patnaik defined it only for affine vectorial
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Weyl groups, but the definition extends to any vectorial Weyl group and Muthiah
[2018] showed that it is an order on W¢ in general.

1.1.9. Extension to W®. As the whole semidirect product W¢ acts on ®¢, (1.9)
makes sense for any x € W¢, and we define < on W as the closure by transitivity
of the relation defined through (1.9) for x € W¢. We show in the next section
that if x < y and y € W{, then x € W{. This ensures that the restriction of the
W¢-preorder to W{ coincides with Braverman, Kazhdan, Patnaik’s order on W{.
However < may not be an order on W¢,

1.1.10. Bruhat order through a right action. We consider multiplication by reflec-
tions on the left. To switch between the right and left actions note that

sgr+npY A+(n—(x,BNBY

(1.10) sgpym*w ="

A
SgW =71 WSy-1(g) =TT WSy—1(B)[n—(x,B)]"

In particular,
(1.11) Slg[()]Tl')"w = s,gn’\w = nsﬂxsﬁw and s,g[oh,g)]rrkw = nkslgw :ﬂkwsw—l(ﬂ).

Using (1.10), the affinized Bruhat order can be recovered using a right action
of W% on ®9.
Proposition 1.4. Let 7*w € W and (B, n) € (& x Z) \ (®_ x {0}). Then
(1.12)  sgm*w > 7*w <= sgn(m)w™' (B) + (In| —sgn(n)(r, B))7 € D
Remark 1.5. The root appearing in the right-hand side of (1.12) is the affinized
root (7*w) ™1 (B[n]).
Proof. Let m*w € W% and B + nm € ®“. Then by (1.9) and (1.10),

spimw > tw <= sgn(B +nw) =sgn(w ' (B) + (n — (x, B))7).

If (B,n) ¢ ®_ x {0}, then B[n] = sgn(n)(B + nm) so this is equivalent to

sgn(n)(w™'(B) + (n — (A, B))m) € D4,
which is (1.12). O

Note that (1.12) is no longer correct if 8 € ®_ and n = 0, in which case it needs
to be applied to (—B)[0]. Applying reflections on the left is better suited for the
geometric interpretation we will give in Section 1.2.

1.1.11. Terminology on partially ordered sets. For p <g € Z, we denote by [ p, g1
theset {reZ|p<r <gq}. If p>gq,then [[p, q] is another notation for [ g, p].
We also write [ p, gl for [p, g\ {p, q}-

Let (P, <) be a partially ordered set. For x, y € P, we say that x and y are
comparable if x <y or y <x. We say that y covers x, written as x <y, if x # y and
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{z|x<z<y}={x, y}. [ P=W_], covers x <y such that projy++(y) :pron++ (x)
are called vectorial covers and covers which are not vectorial covers are called
properly affine covers.

A chain from x to y is a finite sequence (xg, ..., X,) suchthatxo=x,x, =y
and x; < x4 for all k € [0, n — 1]|. If P = W{ (resp. if P is a Coxeter group),
we add the condition that x4 1x;, ! is an affinized reflection (resp. a reflection). A
chain is saturated if x; <\xy1 for all k € [0, n — 1]. We say that a subset C of P
is convex if, for all x, y e C and z € P,

(1.13) x<z<y = zeC.

Equivalently, C is convex if and only if any chain from one element of C to another
is contained in C.

Let £ : P — A be a function with values in a totally ordered set (A, <4). We
say that it is order-preserving if, for all x, y € P,

(1.14) x =y = £x)=at(y).
We say that € is a strictly compatible (A-valued) length function if
(1.15) X <y <= x,y are comparable and £(x) <4 £(y).

We say that a strictly compatible R-valued length function ¢ defines a Z-grading
of P if

(1.16) x4y < x <yand£(y) =4£(x)+ 1.

For instance, the Bruhat length on a Coxeter group W is strictly compatible with
the Bruhat order, and defines a N-valued grading of W. Muthiah and Orr associated
length functions strictly compatible with the Bruhat order on W¢, generalizing the
classical Bruhat length on Coxeter groups. We now formally introduce these lengths.

1.1.12. Length functions on W{.
Definition 1.6. The affinized length function is the map W{ — R @ eZ defined by

¢ (r*w)=2ht(A ) +e(|{eelnv(w ™) [ (A, @) >0} — [{e eInv(w ™) [ (1, a) <0} |).

The affinized length with real values is the affinized length function on which we
sete =1:

e (mrw)=2htA )+ ([{eenv(w ™) | (A, @) > 0}|—[{e eInv(w ™) | (1, ) <0}]).

Theorem 1.7 [Muthiah 2018, Theorem 4.24; Muthiah and Orr 2019, Theorem 3.6].
The affinized length function and the affinized length function with real values are
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strictly compatible with the affinized Bruhat order on W¢{. In other words, for any
x € W¢ and B[n] € @4,

(1.17) XSBn] > X < E;’(xs,g[n]) > KZ(JC) <~ E”(xslg[n]) > K“(x).
In particular the affinized Bruhat order is a partial order.

Remark 1.8. The affinized length functions depend on the choice made for the
height function. However since proj” o (Sgn1x) € plronJr+ (x)+ Q" for any x € W¢
and B[n] € @9 such that sg,)x € W¢ (this is a consequence of Corollary 1.12
below and of (1.10)), by Remark 1.2 the length difference between two comparable
elements do not depend on the choice of height function. By the same remark
if D is of finite or affine type, then the height function may be chosen such that
£“ takes integral values; therefore it was first introduced by Muthiah and Orr as
“the affinized length with integral values”. In general type, £ may take nonintegral
values for every choice of height function but this could be artificially fixed: one
could also define a strictly compatible length with integral values £9 by setting
£5(x) = [£%(x)| (where | - | : R — Z denotes any Z-equivariant function).

In what follows we will mostly use £ and rarely mention £2. We now refer to £¢
as the affinized Bruhat length.

1.2. Geometric interpretation. We introduced everything in a very algebraic way,
but there is a strong geometric intuition behind root systems, vectorial Weyl groups
and the vectorial Bruhat order, developed, for instance, in the context of buildings in
[Ronan 1989]. There is also a geometrical interpretation of the Bruhat order on W¢
which we develop in this paragraph; it takes place in the standard apartment of the
masure associated to a Kac-Moody group with underlying Kac-Moody datum D.

Let V =Y ®z R. The lattice X embeds in its dual V" and the vectorial Weyl
group W acts naturally on it. Inside V we have the (closed) fundamental chamber
C; ={veV|(v,o;) >0} and the Tits cone 7 = W - C}i. A vectorial chamber is
a set of the form w - C ;i for w € W. Since the interior of C ; has trivial stabilizer
in W, the set of chambers is in natural bijection with W by w — C}, ;== w - C}’-.

To each root B € & let Mg ={x € V | (x, B) =0}; it is a hyperplane of V and,
if B = w(e;) with o; a simple root, then C,, N Cy, . C Mg NT. The intersection
C,, NC,,, 1s called the panel of type s; of w.

We can put a structure of simplicial complex on 7, for which chambers are the
cells of maximal rank and panels are the cells of maximal rank within nonchambers.
This simplicial complex is a realization of the Coxeter complex of (W, S). Each wall
splits the Tits cone in two parts, and separate the set of vectorial chambers in two: say
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Figure 1. The Tits cone for a root system of Cartan Matrix (7% _;)

that C}) is on the positive side of Mg if w~(B) > 0. In particular since  is a positive
root, the positive side is always the one which contains the dominant chamber.

Then the vectorial Bruhat order can be interpreted by sgw > w if and only if,
when we split 7 along Mg, the chambers C} and C }i are in the same connected
component of 7, that is to say C} is on the positive side of Mg.

The inversion set of w™!, Inv(w™"), can be interpreted as the set of walls
separating the chamber C;), = w - C}? from the fundamental chamber C]”c.

In Figure 1 we represent the Tits cone and its structure for a root system of rank 2
with Cartan matrix (_% _;), which is of indefinite type. The Tits cone is colored in
blue, and the vectorial chamber C}, is labeled by w. It is an approximation since
W is infinite.

Let us now turn to the interpretation of the W{-Bruhat order. Let A be a real
affine space with direction V, we call A the (standard) affine apartment associated
to D. The tangent space of A is canonically isomorphic to TA = A x V, with, for
any x € A, TYA={x} x V.

The semigroup W has an affine action on A, given by Trw(x) = A +w(x),
which induces an action on TA given by m*w((x, v)) = (=i + w(x), w(v)). To
any positive affinized root B[n] € ®¢ corresponds an affine hyperplane

(1.18) Mg = {x €A | (x, B) +n =0},
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Figure 2. The affine apartment for a root system of Cartan Matrix (7% _;)

the affine wall associated to the affinized root B[n]. For any x € Mg, we have
TxMﬂ[n] = {x} x Mlg C T A.
For any m*w € Wi let

(1.19) Crrp = {—A} x CY, C T_,A C TA,

we call it the alcove of type m*w. Mirroring the classical situation, Cy = {0} x C}
is a fundamental domain for the action of W¢ on Y x 7 C TA and W acts on
{Cx | x € W{} simply transitively. Affine walls separate naturally the set of alcoves
in two and we call the side containing Cy the positive side.

Then the W¢{-Bruhat order can be interpreted geometrically:

A

(1.20) s/g[n]rrkw > m*w <= Cj1y is on the positive side of Mgy,.

We give an illustration of the affine apartment in Figure 2.

In Figure 2 we represent the affine apartment for the same root datum as in
Figure 1. The blue polygons represent the local Tits cones at three different points:
the origin, —A € —Y* and —pu, which is the image of —2X by the reflection along
the wall Mj, (,)[2] (represented in yellow).

We have highlighted three alcoves: In green the alcove Cy; in red the alcove
C = Cpy,5, and in yellow D = Crug, which is the image of C by s, (4,)12]- We
see that D is on the same side of My, (4,)[2] as the fundamental alcove Cop; thus
JT)‘S1S2 = Ssl(az)[Z](T[MSl) > 7T“S1.
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Note that — lies in the negative vectorial chamber —szC}, that is to say that
*s is the minimal length element of 7*W. We will
make this more explicit in Section 2.2.

s2A 1s dominant. Therefore 7

1.2.1. Notation for segments. For any two elements x, y € V =Y ®z R, we define
[x,y]={tx+ (1 —-1t)y|0<t<1} and [x,y[={tx+(1—-1t)y|0<t <1}

Note in particular that, if x € Y and y = x +nB" for n € Z and B € ®, then for any
m € [[0, n]] we have x + mBY € [x, y]NY.

1.3. Preliminary results. Since the affinized Bruhat order is generated on W¢
by the relations sgj,1x > x <= £9(sg(,1x) > £ (x) for affinized roots B[n] € ®%,
covers are always of this form. In the rest of the paper, we always apply affinized
reflections on the left.

Lemma 1.9. Let n*w € W9 and B[n] e o4 Write mhw’ for s,g[n]rr’xw and suppose
that (nkw)_l(ﬂ[n]) € ®4. Then A € [, sgul. In particular

(1.21) ueYt = rev”.

Proof. Explicitly,

\% o \%
mhw' =g sg i w = g g,

Thus
M=5gA +nBY =r+m— (A, BHBY and sgp =X —npBY.

Moreover, since (7*w)~'(B[n]) € 4, by (1.12),

In| —sgn(n)(x, B) = sgn(n)(n — (A, B)) = 0.

Therefore, unless n — (A, 8) = 0, n and n — (A, B) have same sign, and thus
A=sgu+np’ =pu—(n—(r, B))BY liesin [sgu, u]. If n—(x, B) =0 then =1
and the result remains true.

The Tits cone 7T is convex [Kumar 2002, Proposition 1.4.2c¢)] and W-stable,
soif uw € T, then [u, sgu] is contained in 7 for any B € ®. Therefore in the
situation above, if u € YT =T NY, then A € [, spu]NY C TNY =Y7, and thus
nweYt=iert. O

We directly obtain from Lemma 1.9 the following result.

Proposition 1.10. The affinized Bruhat order defined on W¢ coincides with the
restriction of the preorder defined through (1.9) on the whole semidirect product W*.
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1.3.1. Properties of the height function. We give here a few elementary results on
the height function, which will be useful in our study of the affinized Bruhat length.
They are also used in [Muthiah and Orr 2019, Section 3].

Proposition 1.11. Forany w e W,

(1.22) p—wlp)= Y .

y €lnv(w)
Proof. This is [Kumar 2002, 1.3.22, Corollary 3], we prove it by induction on the
length of w.
(1) If w is a simple reflection s, then Inv(sy) = {a} and p — s, (p) = (¢, p)a =«
since (a", p) = 1 by definition of p.

(2) Suppose the result is true for elements of length n, and suppose that £(w) =n+1.
Then write w = w;s, for @ a simple root and w; an element of length n. Then

p—w(p)=p—wi(p)+wi(p—su(P)= ) v+wi(x)
yeInV(wfl)
and since Inv(w™!) = InV(wl_l) U {w; ()} we get the result for w. O

Corollary 1.12. For any positive root € ® we have

(1.23) 2ht(B)= > (B.y).

y€lnv(sg)
All the terms in the sum are positive.
Proof. Let B € @ be a positive root. Note that —sg(8¥) = B and thus (8", p) =
(—=sg(BY), p) = (B", —sp(p)). Therefore by Proposition 1.11,

2ht(BY) =2(BY, p)=(B . p—sp(p)= Y. (B, ¥).

y€lnv(sg)

Also for any y € Inv(sg), by definition y € ® and sg(y) =y — (8", y)B’ € P_
S0, since B is a positive root, the coefficient (8", y) is necessarily positive. (]

Corollary 1.13. Let u € Y and u € W be such that i = u(u™"). Then

(1.24) ht(uw™) =htG) — X (k1)

relnv(u—1)

The terms in this sum are nonpositive integers and
(1.25) ht(u) < ht(u™").

The inequality is strict unless | is dominant.
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Proof. By definition ht(ut*) = (u='(1), p) = (i, u(p)), and, by Proposition 1.11,

b = u) = p— X t)=hw- ¥ (w1
relnv(u—") relnv(u—")
Moreover, for any T € ®, we have (i, 7) = (u*F, u=' (1)), so t e Inv(u™") =
(i, T) <0 and the terms of the above sum are all nonpositive; we deduce (1.25). If
w is not dominant, then there exists T € @, such that (u, ) < 0, and thus

ht(w) < ht(sy ) <ht(u*). O

Amongst other things, Corollary 1.13 directly implies the following result, which
was first indicated to the author by Hébert and Muthiah.

Lemma 1.14. Let 1 € Y and B € . such that sgh # L. Suppose that jv € 1\, sgAl.
Then ht(ut+) < ht(A1TT).

Proof. Note that we do not suppose i € Y. The height function is extended to
V =Y ®z R linearly. Let 7 € 10, 1[ be such that &t =tA+ (1 —1)sgA, and let v € W
be such that © ™t = vu. Then ht(ut™) =ht(vp) = rht(vr) + (1 — 1) ht(vsgh). By
Corollary 1.13, ht(vA) < ht(A™) and ht(vsgA) < ht(A™) and, since sgA # 1, at
least one of the two inequality is strict. We deduce ht(u*+) < ht(A ™). O

Proposition 1.15. Let x € W and B[n] € ® such that sgi,)x € W{. Then
(1.26) proj” " (sppx) = proj’ (x) <= n € {0, (proj"” (x), B)}.

Proof. To simplify notation, let A € Y denote pron B (x). If n € {0, (A, B)} then by
(1.11), pron+ (sgrn1x) € {sg(1), A} and therefore it has same dominance class.
Conversely, if n € ]|0, (A, 8)[[ then

proj"” (sppux) =55 (1) +nB" € 1, 551,
and if n ¢ [0, (A, B)] then
A elspW) +nBY, h—nBY[ = proj’ (sppmx), sp(proj’ (sppx))[-
Either way by Lemma 1.14, ht(pron o ($g[n1x)) # ht(pron o (x)) and in partic-
ular pron++ (sgrnx) # pron++ (x). (I

Remark 1.16. If n = (A, 8), then by (1.11), s,g[n]n)‘w = nkwsw_l(ﬂ). Therefore
Proposition 1.15 indicates that, if y = sg(,)x, then pron++ (y) = proj? o (x) if and
only if y is obtained from x by applying a vectorial reflection either on the left-hand
side (if n =0) or on the right-hand side (if n = (A, 8)). This justifies the terminology
for vectorial covers and properly affine covers.
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Proposition 1.17. Let x, y € W¢{ and suppose that x <'y. Then
(1.27) ht(proj” " (x)) < ht(proj”" " (y)),

with equality if and only if proj” (x) = proi’ " (y).
In particular the function ht o proj” T W — Ris order-preserving.

Proof. 1t is enough to prove it for cover relations, if y = sg(,,jx for some B[n] € .

In that case, by Lemma 1.9 we have pron+ (x) € [pron+ (»), sg (pron+ (y))]. If

pronJr (x) € {pron B (»), 58 pron B (y)} then they have the same dominance class:
y+t y+t . .

proj’ (x) =proj° (y) and we obtain the equality case.

Otherwise, proj* " (x) € Jproj* " (), sg(proj*” (y))[, necessarily s (proj’” (y)) #
pron+ (y) and by Lemma 1.14 we deduce ht(pron++ (x)) < ht(pron++ (y». 0O
Corollary 1.18. For any AT+ € Y, the set {x € W | proj’" (x) = A7) is
convex for the affinized Bruhat order.

Proof. By Proposition 1.17 the function W{ — R : x > hto proj? s compatible
with the affinized Bruhat order. Suppose that x, y € W{ satisfy proj e x) =
pron++ (y)andx < y. Let z € W{ be such that x <z < y. Then by Proposition 1.17,
ht(proj” ™" (x)) < hi(proj”" (2)) < ht(proj” () = ht(proj” " (x)). By the equal-
ity case in Proposition 1.17, we deduce proj” o (z) = proj? o (x). ([

Remark 1.19. Note that, for 2 € Y, the set {x € W{ | proj Y™ (x) = AT} is the
double W-orbit of 7*:

(1.28) {x e W | proj’ " (x) = ATy = wrtw.

We show in Section 2 that the right W-orbits 7*W are also convex for the
affinized Bruhat order.

We end this section with several metric properties of Coxeter groups, the results
stated are proved in the context of Coxeter complexes and buildings in [Ronan
1989].

1.3.2. Metric properties of Coxeter groups. On any Coxeter group (Wp, Sp) we
define a map d : Wy x Wy — Wy by d(v, w) = v 1w, called the vectorial distance
of Wy. It is Wy-invariant: d(uv, uw) = d(v, w) for any u, v, w € Wy. We also
define dN = ¢ o d where ¢ is the Bruhat length on (W, Sp) (note that £ and daN
depend on the set of simple reflections Sy, but the vectorial distance does not). These
maps have properties analogous to the standard distance axioms, which justify the
name (see [Ronan 1989, Chapter 3, §1]).

An unfolded gallery (resp. a gallery) in Wy from w to v is a sequence w =
wo, ..., w, = v such that dN(w;, wi4+1) = 1 (resp. dN(w;, wit1) € {0, 1}) for all
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i €[[0,n—1]. A gallery is said to be minimal if its length n is equal to dN(wy, wy),
and a minimal gallery is necessarily unfolded. We refer to [Ronan 1989, Chapter 2]
for properties of minimal galleries, but note that if (wo, . .., w,) is a minimal gallery
then d™(wg, w;) = i and thus (wy, ..., w;) is a minimal gallery from wy to w;.
Since the distance is Wy invariant, (vwy, ..., vw,) is also a minimal gallery for
any v € Wy. The next lemma is a reformulation of [Ronan 1989, Proposition 2.8].

Lemma 1.20. Let (Wy, So) be a Coxeter system and let vy, vo, w € Wy be such that
vy is not on a minimal gallery from vy to w. Then there is a reflection r € Wy such
that d(vy, rw) > d(vy, w) and d(vy, rw) < d(va, w).

Proof. If v, is not on a minimal gallery from v; to w, by [Ronan 1989, Proposi-
tion 2.8] there is a root « — seen as a half-apartment: o ={u € Wy | €(u) < £(squ)} —
such that v;, w € o and v, ¢ a. Then consider the folding along «, defined by

sqeu  ifu éa,

Yu € Wy, po(u) = { .
u otherwise.

It reduces the vectorial distance (see [Ronan 1989, §2]); hence

d(v, w) =d(pa(V1), pa(Sew)) < d(v1, Sqw),
d(v2, sqw) = d(sqv2, w) = d(pa(v2), Po(w)) < d(v2, w). O

Recall that for J C S, W; is the subgroup generated by the set of simple
reflections J. The Coxeter system (W, J) is an example of Coxeter system for
which we will use Lemma 1.20. For any w € W, the coset wW} is convex, in the
sense that, if wy, wy € wW,, then any minimal gallery from w; to w; lies in wWj,
(see [Ronan 1989, Lemma 2.10]).

Definition 1.21. For any J C § and v, w € W, the projection of w on vWj is
the unique element of vW; which reaches mingc,w, dN(w, 7). It is denoted by
proj,w, (w). Any minimal gallery from v to an element of wW, goes through
projUWJ (w) (see [Ronan 1989, Theorem 2.10]).

2. Restriction to constant dominance classes

We study the affinized Bruhat order restricted to a dominance class, that is to say, for
agiven AT € YT, we study the restriction of the affinized Bruhat order to the subset
(projy++)_1 Ath = Wrt W, By Corollary 1.18 these are convex subsets for the
affinized Bruhat order. We start by showing that, for any A € Y ¥, the subset 7* W =
(proj” )~1(x) of (proj” " )~!(ATF) is also convex for the affinized Bruhat order.
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Lemma 2.1. Let A € Y™, recall Notation 1.3 for v*. Then Inv(wWHHnNo, =2.
In particular for any B € &,

2.1) ht(1) <ht(sgh) <= (A, B) <0 < spv* <v*.

Proof. Let A€ Yt and o € Inv((v*)~") N ®;. Then since « € ®;, s, fixes A, that is,

* < v*, which contradicts the minimality

s« € Wy. Moreover (v!) ™! (a) < 0 s0 sqv
of v* (note that, as W, v* = v* Wj++, v* is also the minimal representative for the
right coset Wy v*). Hence Inv((v")~")N®, = @, and therefore any g € Inv((vM)™)
satisfies (A, B) # 0.

For B € @, (A, B) = (ATT, wW)71(B)). Since A** is dominant, if this is
negative then g € Inv((v*)~"), and since Inv((v*)~!) and ®; are disjoint, the
converse is also true. Since 8 € Inv((W") ™) = s v* < v* we deduce the second
equivalence in (2.1). Moreover ht(sgA) = ht(1) — (A, B) ht(8") by linearity of the
height function, and since ht(8") > 0, the first equivalence in (2.1) is clear. U

Remark 2.2. The fact that Inv((v*)~!) N &, = @ is visible geometrically in the
Coxeter complex of W, in which @, is the set of walls containing A and Inv(v™h)
is the set of walls separating C ;’c and C;. The chamber C}; is the closest chamber
from the fundamental chamber amongst the chambers containing A in their closure,
in other words, v* = proj w, (Iw)-

Proposition 2.3. Suppose that m*w € W and r € W is a reflection such that
rh # A. Then

(2.2) 7 rw > ntw <= rot <ot

For any A+ € Y1 the restriction of the function hto proj”" to (proj” " )~1 (A1)

is order-preserving.

Proof. Suppose that r € W is a reflection which does not fix A. By definition there
exists a positive root 8 € ®_ such that r = s and, since r does not fix A, (A, B) #0.
Note that 7"*rw = sgjo;*w so, using (1.12), we have

atrw s ttw <= —(A, B) >0 < (1, B) <O.

By Lemma 2.1 this is equivalent to rv* < v*, and to ht(A) < ht(rA). This is enough
to obtain (2.2). Moreover by convexity of (pron H)_1 (A1) (see Corollary 1.18)
and by Proposition 1.15 it also implies that hto proj” " : (proj*” )~'(A*) — R is
order-preserving. O

Note that the function ht o proj " is not order-preserving on the whole semi-
group W¢. For example suppose that . € Y *+ and B € . are such that A+8" is also
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dominant. Then we can check that 7% ®) < 79 (A)_ﬂvsﬂ whereas ht(sg(A) — ") <

ht(sg(A)).
Proposition 2.3 implies the convexity of left W-cosets:

Corollary 2.4. Let 1 € Y*. Then the set m*W = {x € W% | proj" (x) = A} is
convex for the affinized Bruhat order.

Proof. Letx,y e m*W suchthatx < yandletx =xyp <x; <--- <X, =y be
a chain from x to y; in particular for all k € [0, n — 11|, let Bx[ni] € @4 be such
that X1 = 5g,[n,1Xk. For k € [0, n]l, write x = ™ wy with Ax € YT, wy € W.
By convexity of (proj* )~1(A*1), proj”"" is constant along the chain, therefore
by Proposition 1.15, for all k € [0, n — 1] we have A;y1 € {Ar, sg,(Ar)}. From

A A

Proposition 2.3 we deduce that vM+ < pM Since g = Ay, = A, 010 = v = A,

and thus v = v*, so A; = A for all k € [[0, n]]. Hence 7*W is convex. O

2.1. Relative length on W. We define a relative length and a relative Bruhat order
on W, which naturally arises in the study of the affinized length £“ on W¢. This
connection was already observed by Muthiah and Orr [2018].

Definition 2.5. For any v, w € W let
(2.3) Ly(w) = Inv(w™ H\Inv(v™H| — Inv(w™H) NInv(v™ ).

This is a signed version of the Bruhat length, in particular £; = £.

We associate an order to £, by setting, for any element w € W and any reflection
re W, w <, wr if and only if £,(w) < £,(wr), and then let <, be the order
generated by these relations. It is strictly compatible with ¢,,. In particular < is
the classical Bruhat order.

As does the Bruhat length, the lengths £, have a geometric interpretation in the
Coxeter complex associated to (W, ). For M a wall of the Coxeter complex and
we W, lete,(M)=—1if M separates C;i and C}, and &,,(M) = +1 otherwise.
Then

2.4 Ly(w) = > g1 (M).
Meeg'(-1)

We will use this relative length to give an alternative definition of the affinized
length. Let us first give an explicit formula for £, depending only on the classical
length £ = ¢;.

Lemma 2.6. If sv > v with v € W and s a simple reflection then for any w € W,
Lyy(w) =Ly (sw) — 1.
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Proof. For any w € W, the map y > sy defines a bijection:
Inv(w™ )\ {or} = Inv(w ™ 's) \ {o ).

Moreover because sv > v, oy € Inv(v~!s) and oy ¢ Inv(v™!).
Therefore
Inv(w™H NInv(v~'s) \ {e}] = [Inv(w ™ s) NInv(v™h)|
and
IInv(w™ )\ Inv(v™"s)| = [Inv(w ") \ nv(v™") U{ey})|.
(1) If g € Inv(w ™) then oy ¢ Inv(w~!s) and
L) = [Inv(w™'s) \Inv(v™ )| = (IInv(w ™ 's) NInv(™ )| + 1)
=£L,(sw)— 1.

2) Ifa, ¢ Inv(w™!) then oy € Inv(w~'s) and

Lpy(w) = (Inv(w™s) \Inv(v™")| = 1) — [Inv(w™'s) NInv(v ™)
=/L,(sw)—1. O

Proposition 2.7. For all v, w € W the relative length €, (w) is given by
(2.5) L, (w) =L 'w) — £(v).

Proof. Since £ = £;, we take a reduced expression for v and apply Lemma 2.6
recursively to get the result. (]

Corollary 2.8. For any v € W, the relative length £, is a grading of (W, <,).

Proof. Let v, w, w' € W. By Proposition 2.7, £, (w") — £, (w) =£(v~'w") —L(v"'w)
and w’ covers w for <, if and only if v~ 'w’ covers v!w for the (standard) Bruhat
order. Since the Bruhat length is a grading of (W, <) (see [Bjorner and Brenti
2005, Theorem 2.2.6]), v~'w’ covers v~ 'w if and only if £(v™'w’) —L(v ™ 'w) =1
and v~ 'w’ = v~ 'wr for some reflection » € W. Hence w’ covers w for <, if and
only if £,(w") — £,(w) = 1 and w’ = wr for some reflection r € W: ¢, is a grading
of (W, <y). U

The order <, also has a geometric interpretation which will be important later
on; it is given by the following corollary.

Corollary 2.9. For any root o € ® and elements w, v € W, we have that w <, sqw
if and only if , in the Coxeter complex of W, C}, and C, are on the same side of the
wall M,
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Proof. We have £, (sqw) — £y, (w) = L0 sqw) —L(v ™ w) =dN (v, sqw) —dV (v, w).
By the definition of the Coxeter complex this is positive if and only if C and C;,
are on the same side of the wall M. O

Therefore <, can be interpreted as a shift of the classical Bruhat order, correspond-

ing geometrically to taking C} as the fundamental chamber in the Coxeter complex.

2.2. Relation with the affinized Bruhat length. We relate the affinized Bruhat
order and the relative order defined in Section 2.1. We start with an alternative
expression for the affinized Bruhat length.

Proposition 2.10. For any coweight . = vAtt € YT, forany w e W,

2.6) [{eenviw™) | (h a) >0} - [fe elnvw ™) | (A, a) <0} =€, (w).

Therefore
(2.7) ¢t w) =2ht(A ) + el (w),
(2.8) 4 (r*w) = 2ht(A ) 4+ £, (w).

Proof. For . € YT and v € W such that A = vA™", o € & satisfies (A, o) > 0 if
and only if @ € ®; U (&, \ Inv(v™")). Hence,

{@env(w ™) | (A, a) >0} = nv(w H\Inv(e™")) || Inv(w™HNInvw™") N d;)
and
Inv(w HNInv(e™) = {a e nv(w™) | (A, @) <0} |_|Inv(w ™ HNInvw™ 1) Nd,).
Therefore
e eInv(w™) | (A, @) > 0} — [{e € Inv(w™") | (A, &) < O}

=L, (w) +2|Inv(w ) NInv(v ™) N, |
By Lemma 2.1 we deduce (2.6). O

Remark 2.11. By combining Corollary 1.13 with Proposition 2.10, we obtain the
formulas already given by Muthiah and Orr [2019, Proposition 3.10].

Corollary 2.12. Let . € Y and w € W. Suppose that t*w" = sgpm’w for some
affinized root B[n] € ®* such that u* = AT+, Then

(2.9) T’ > mtw = Lyp(w”) > L (w).
Forany . € Yt and w,w” € W,
(2.10) Thw <7t = w<pw’.

A

In particular, © v* is the minimal element of T W.
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Proof. Equivalence (2.9) is a direct consequence of (2.8) and strict compatibility of
the affinized Bruhat length and the affinized Bruhat order. It implies by iteration that
a chain for the relative order <, from w to w” lifts to a chain for the affinized Bruhat
order from *w to 7*w”. Conversely, by Corollary 2.4 proj? " is constant along
any chain from 7*w to w*w”, and therefore the projection on W of a chain from
m*w to m*w” induces a chain for the relative Bruhat order <, from w to w”. [J

We deduce a partial version of Theorem A, for vectorial covers with constant
coweight.

Theorem 2.13. Let x, y € W{ be such that proj” T(x) = proj e (y)andx <y. Then
(2.11) X<y < (y)=£(x)+1.

More precisely, if x = w*w then y = w*rw for some reflection r € W such that rw
covers w for the relative Bruhat order <.

Proof. By (2.10), m*w’ covers m*w if and only if w’ covers w for the relative
Bruhat order <,.. By Corollary 2.8, this is equivalent to £, (w’) = £, (w) + 1.
Therefore by (2.8) we deduce that x <y = £9(y) = £%(x) + 1. The converse is
immediate by strict compatibility of the affinized Bruhat length (Theorem 1.7). [J

2.3. Vectorial covers with nonconstant coweight. Here, we prove Theorem A for
vectorial covers with nonconstant coweight.

Beforehand, we need a few results on parabolic decomposition. The first lemma
is an adaptation of a standard result on minimal coset representatives (see [Bjorner
and Brenti 2005, Theorem 2.5.5]), and the second is proved by P-E. Chaput, L.
Fresse and T. Gobet in [Chaput et al. 2021].

Lemma 2.14. Let J be a subset of S, and recall Notation 1.3 for W’ . Let v be an
element of W’ and u be any element of W such that u < v. Then, there is, for the
Bruhat order, a saturated chain

(2.12) U=ug<du; <---duy =v
such that, for any i € [[1, N1, uf_llui does not belong to W;.

Proof. If v covers u, it is clear since u < v is a saturated chain, and as v is a
minimal coset representative, #~'v ¢ W;. By induction it thus suffices, for a
general pair (u, v), to construct u; € W such that u; covers u, utu ¢ W; and
uy < v; the rest of the chain is obtained by induction. Let s; ... s, be a reduced
expression of v. Since u < v, there exists a reduced expression of u obtained from
s1 ... Sy by deleting letters s;,, ..., s;,. Choose one such that iy is minimal. Then



GRADING OF AFFINIZED WEYL SEMIGROUPS OF KAC-MOODY TYPE 297

let t € W be the reflection defined by t =, . .. Siy+18iySiy+1 - - - Sn. We show that
u1 = ut satisfies the desired properties.

(1) By construction, an expression of ut is obtained from s; ... s, by deleting the
N —1 letters s;,, ..., Siy_,. Therefore ut < v.

(2) Since an expression of vt is obtained from s; . .. s, by deleting s;,, vt < v, and
since v is the minimal coset representative of vW, ¢ does not belong to W.

(3) It remains to show that ut covers u. By the first point, we have that £(ut) <
£(u) + 1, so it suffices to show that ut £ u. Suppose by contradiction that ut < u.
Then, by the strong exchange property, an expression of ut is obtained from u by
deleting one letter s, of the reduced expression sy ... §;, ... iy ... s, (Where §;
denotes a letter s; taken away from the expression sj . .. s;).

(a) Suppose that p > iy. Then ¢ can also be written as s, ... Sp415pSp+1 .- Sn,
and v = (vt)f =S| ... Sjy...Sp...S,, which contradicts the hypothesis that
$1...58, 1s reduced.

(b) Suppose now that there is d < N —1 such thatiy < p <iz4+ (with the convention

thatig=—1). Thent=s, ... Siy ... Sigs, -+ Sp.-- Sigyy -+ Siy - Sp,and u =
(ut)t can be written from sy . . . s, by deleting the terms of indices iy, ..., iy—_|
and p < iy, but not iy. This contradicts the minimality of iy . (|

Definition 2.15. For v, w € W, we write
(2.13) V<pw < L(w)="L@)+Lwvh).

Remark 2.16. The relation < is called the weak Bruhat order and it is related to
minimal galleries: v < w if and only if there is a minimal gallery from 1 to w™!
going through v,

Recall that for J € S and x € W, (x”, x;) denotes the unique pair of W' x W,

such that x = x’ .x.

Lemma 2.17 [Chaput et al. 2021, Lemma 8.11]. Let J C S be a subset of simple
reflections. Let u be an element of W and t be a reflection of W \ W; such that ut
covers u. Then (ut); <g uy. In other words ((ut);)~" lies on a minimal gallery
from 1 to (uy)~L.

Theorem 2.18. Let x, y € W be such that proj’” (y) = proj* " (x) and x < y.
Then

(2.14) x4y < (“(y)=£(x)+ 1.
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More precisely, write x = w*w. Let J be the set of simple reflections stabilizing
At and let v e WY be such that & = vAt™ (so v = v* with Notation 1.3). Then, if
x <1y and proj* ! (y) # proj? ! (x), there exists a unique reflection r € W such that:

(1) The reflection r does not stabilize ) and y = 7" rw.

(2) For the Bruhat order on W, v covers rv.

(3) Setu =rv, souy € Wy denotes the element (rv); and rvu}l e W’. Then
vu;1 is on a minimal gallery from v to w in W.

Proof. If proj e (y) = proj’ ’ (x) then (2.14) is given by Theorem 2.13. Moreover
if £9(y) = £%(x) + 1 and y > x then, by strict compatibility of £, y covers x.
We are thus reduced to prove that, if y covers x with proj e (y) # proj e (x) and
proj’ ™ (y) = proj” " (x), then €4(y) = £9(x) + 1.

Write x = 7*w and v = v*. By definition of the affinized Bruhat order, if x < y
then y is of the form sgp,)x for some B[n] € ®4.

Let y = sgjx € W with proj’ " (y) = A1 and proj"” (y) # A, in particular
n # (A, B). By Proposition 1.15, n = 0 so y = n"*rw for the reflection r = s
which does not stabilize A. Let us write u = rv, and note that u/ = v"*. By (2.8),

(2.15) 29(y) —£9(x) = £,0 (rw) — £y (w).
By definition, rv = u’u; with, by (1.3), £(rv) = £(u;) + £(u’). We compute

(2.16) £, (rw)—Ly(w) = £((rv@uy) D rw)—L ™ 'w)+£(v) —Lw?)
=L w)— L w) L) +L(uy) —L(u)
= (L) — L)+ (€ — @ W, w)—a“u;", w))).
From (2.15) and (2.16), we deduce

2.17) £4(p) —€°(x) = (L) — €@)) + (Luy) — @ (v, w) —dVus', w))).

In (2.17), by the triangle inequality and since d" (v, vu}l) ={(uy), the second term
Luy) — (@YW, w) — dN(vuyl, w)) is nonnegative, and it is equal to O if and only
if dV(v, w) = dV (v, vu;l) —{—dN(vu;l, w), so if and only if vu;1 is on a minimal
gallery from v to w.

Recall Definition 1.21 of proj,y, (w). Since vu;1 lies in v W/, a minimal gallery
from vu;1 to w goes through proj,y, (w). Thus £(u ;) — @ (v, w) —dN(vujl, w))
is equal to zero if and only if u;l is on a minimal gallery from 1 to v™! proj,w, (w)
in Wj.

Let us first suppose that u}l is not on a minimal gallery from 1 to v~"proj, L (w).
We want to deduce that y does not cover x. We thus want to produce a nontrivial
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chain from 7*w to 7”*rw. By Lemma 1.20, there is a reflection ¢ € W, such that
d" (1, tv™ " proj,y, (w)) > d™ (1, v~ proj,y, (w)),
d"' 7!, tv~ proj,y, (w)) < d" (u;', v proj,y, (w)).

In W, this implies d (vt, w) > d(v, w) and d(vtu}l, w) < d(vu}l, w).
Let i = vtv~'w. We compute
Co(W) — Ly(w) =dV(vt, w) —dV (v, w) > 0,
L (rw) — L, (rw) = dN(vu;I, w) — dN(vtujl, w) >0,

00 (ri) — £y, (W) = £(v) — £(u) + L(uy) — (dV(, W) —d™(vu, W) > 0.
Hence by Proposition 2.3 and Corollary 2.12,
(2.18) Ttw <7t <7 < ™t rw.
1

Suppose now that vu; " is on a minimal gallery from v to w. Then by (2.17),
£4(y) —£%(x) = £(v) — £(rv). Suppose that £(v) — £(rv) = N > 1. Let

(2.19) rv=ug<u; <l---<luy =v

be a saturated chain in W from rv to v given by Lemma 2.14 and, for i € [1, N, let
Bi € @ be such that u; = sg,u;_1,s0 u; =sg, ... sgu >rv. Note in particular that

(2.20) L)) =L(rv)+i=4L(v)—N+i.

Let us show that it induces a chain for the affinized Bruhat order

(221) 7w =spy0] - - - SpOIT W < Spy_j0] - - - SpOT W < - < T M rw.

Attt

Since sgi0] - - - Sp,0)T Frw = w4t s ... sgrw, by (2.9) it is enough to verify

(2.22) Vi € [0, nll, €,s(sp; - - - sgrw) =Ly (w) + N —i.

We compute

(2.23) €1 Csp, o osprw) = (i) 7)™ sy sprw) — €]
= () v~ 'w) — L)

Since the saturated chain uy < u; < --- < uy is obtained from Lemma 2.14, u;
covers u;_1 such that the reflection ui__llu,- does not belong to W, so by Lemma 2.17,
(u;i)y <g (4;—1); and by iteration we have (u;); <g (4p); = uy. Otherwise said,
(ui);l is on a minimal gallery from 1 to u}l. Therefore v(ui)jl is on a minimal
gallery from v to vu;l, and hence on a minimal gallery from v to w. We deduce

(2.24) () v w) = L™ w) — €((uy) ).
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Combining (2.23) and (2.24) we obtain

(2.25) Euif (sg; .- Sgrw) = e w) — £((ui)y) — E(uij).

Moreover,

(2.26) (i) )+ L) =€) =€) — (N —i)

by (1.3) and (2.20). Combining (2.25) and (2.26), we deduce (2.22). O

3. Properly affine covers

3.1. A few properties of properly affine covers. We now turn to the case of covers
mtw <shw’ in WY with ot % AF. Such covers are called properly affine covers.
By (1.12), if mHsgw =sﬂ[n]7r’\w > m*w with B[n] € %, thenn € Z\ 0, (A, B)[.
Conversely, if n € Z\ [0, (%, B)] then sgp7*w > w*w, however sg(,7*w may not
bein W¢ as A+ZB" ¢ Y*. The limit cases n € {0, (A, B)} correspond to AT+ = p*+
dealt with in the previous section.
We first show that properly affine covers occur only for minimal #, in the

following sense.

Proposition 3.1. Let € YT and w € W, and let B € ® and n € Z. Let us define
o =sgn((, B)) €{l, =1} If thw' = sppm*w > w is a cover with A7 # put,
thenn € {—o, (A, B) +0o}.

Proof. For any v € Y if we identify the Coxeter complex of W with the positive Tits
cone 7 C A, C}, is the closest vectorial chamber, from the fundamental chamber,
containing v in its closure. All the elements of A +0Z.¢B" are on the same side
of Mg; hence by Corollary 2.9, for any two such v, VvV ert+oZ-oBY andany w e W,

3.1) W <pv SBW <= W <, SpW.

Suppose first that n € (A, B) +0Z-1 and let u = A + (n — (A, B))B". Then:
(1) If w <y« sgw, we have the chain

At+opBY

(3.2) MW < SpLp Yo T W =TT spw < th'w < hsgw.

The second inequality comes from 7w = sﬁ[n+g]n”"ﬁvsﬁw and (1.12), and the
third comes from (2.10).

(2) Else spw <y w, s0 by (3.1), sgw <, 110sv w and we have the chain

Aoy Aoy

(3.3) Tt < sﬂm,ﬂ)w]n’\w =7 spw < T w < whsgw.

Here the second inequality comes from (2.10). The third comes from wtsgw =
sﬁ[n+o—]7-[)“+aﬁvw and (1.12).
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Either way, for n € (A, B) + 0Z-1, sgu7*w does not cover 7*w. Forn € —0Z-,
the argument is similar, because all the elements of sgA —0Z.oB" are on the same
side of Mg, in particular on the side of © = sgA +nf".

(1) If w <y« sgw, we have a chain
3.4 tw < s‘g[_g]nkw = nsﬂ(’w"ﬂv)slgw <mlw < atsgw.
(2) Else sgw <yu w S0 sgw < spUctopY) W and we have a chain

sg(A+oBY)

(35  wrw<speiw =m0 < 1 w < whsgw.

So the only possible covers (with varying coweights) are for n € {—o, (A, 8)+0o}. U

Remark 3.2. To follow up on Remark 1.16, by (1.10), we have sgio 1 g7 w =
n’\wswq(ﬂ)[g], where o = sgn({A, 8)). Therefore Proposition 3.1 tells us that, if
y covers x in W¢, then y is obtained from x applying an affinized reflection s Bnl
either on the left (for sgjo; and sg[—5]) or on the right (for sg(x, gy and sg, gy+01)s
withn € {—1,0, 1}.

This is still far from a sufficient condition and many cases of potential covers can
still be eliminated. We give another necessary condition for m#sgw = sgm*w >
7w to be a covers; this is a generalization of the chains produced in the proof of
Theorem 2.18:

Proposition 3.3. Let w'sgw = sgpmtw > 7w with ut+ # AT, Suppose that

A

spvi is not on a minimal gallery from w to v*. Then 'sgw > w*w is not a cover.

Proof. We express the difference of e-length using (2.7):
(3.6)  €i(mtspw) — €t w) = 2ht(utt — AT + e (Cyn (spw) — £ ().

If there exists a reflection » € W such that £, (rw) > £,x(w) and £yu (sgrw) <
Lyu(sgw) then using (2.7) to compute the length £¢, we have a chain

3.7 tw < 7hrw < ahsgrw < w’sgw.

Since £, (rw) — £,(w) = £L(v~'rw) — (v~ 'w) for v, r, w € W, Lemma 1.20 guar-
anties the existence of r, which proves the proposition. U

In Figure 3 below, we give an example of a chain constructed this way in the

Aj-affine case, with Cartan matrix (_g _3)

In this example, @ and § are the simple roots of an A;-affinized root system,
and we have chosen A,w and B[n] such that v* = 5o, V* = sosp and w = sg. 7tw
corresponds to the alcove C in light blue, and its image 7" sgw by sg[6) corresponds

to Cs. Since r = spsqsp satisfies d(v', rw) = sa5p5¢ > d(v*, w) = 5454, and
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Figure 3. Example of a chain constructed as in Proposition 3.3.

A A

d(sgvt, rw) =sg <sgsq =d(sgv", w), thereis achain 7w < 7*rw <whsgrw <

m#sgw which corresponds to the sequence of alcoves (Cy, Ca, C3, Cy4) in Figure 3.

Remark 3.4. Let vg, wg € W, g € Y and o9 € ®. To produce chains, note that
(1.12) applied with the affinized reflection sy, () m+(uo.00)] 10 7 0HOwy gives

(3.8) Vi € Z\ [~ (1o, o), O, w0Wotmes) s, . vwg > 70k .,
Applying the affinized reflection sy(qg)[—m] 0 7wy instead we obtain
(3.9)  Vm e Z\[—{uo, ao), O, o0 Hotmadls, o ywy > 0y,

For m € ]— (1o, ), O[ the inequalities are reversed. The cases m € {—{(ug, ), 0}
need to be treated more carefully since they depend on the sign of the root vy ()
(because (1.12) holds for the affinized reflection sy q,)0; only if vo(ap) € @), on
the sign of (g, og) and on the vectorial element wy.

3.2. Another expression for the affinized length difference. Outside of the case of

VA with

vectorial covers dealt with in Theorems 2.13 and 2.18, if we write x =7
A €Y' v, we W with v of minimal length in vW,, by Proposition 3.1 the only
covers are of the form y € {m"*+8 g, g w, 7VsG+FDs, 5 w) for some p € Dy,

so the rest of this paper is dedicated to covers of this sort.
Notation 3.5. From now on, unless stated otherwise, we use the following notation:

(1) A € YT is a dominant coweight.
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(2) B € ®, is a positive root.

(3) v e W* is the minimal representative of a W, -coset.

(4) w e W is any element of W.

(5) x =n"Wwand y € {7**HF s, gyw, w80+ g, 5w} are elements of W
The choice to denote by A a dominant coweight is made in order to avoid the

heavier notation A**. Recall from Notation 1.3 that W is the set of minimal

coset representatives of W/ W,, where W, is the standard parabolic subgroup
fweW]|wl) =A}L

In this subsection, we give another expression for £4(y) — £%(x).
The next two lemmas give information on the vectorial chamber of v(A + 8Y).

Lemma 3.6. Let A € Y1 be a dominant coweight and let B € ® be a positive
root such that A+ BY € Y. Let u € W be such that >+ B" belongs to the vectorial
chamber C?, that is to say u= (A + BY) € Y. Then

(3.10) L(spu) = L(sp) +£(u).
Proof. Let s, ... s;, be a reduced expression of u, so that £(#) = n and

Inv(u™') = {11, 5¢,(12), ..., 5¢, - .. 52, (Tw))-

We show that s;,, ... ;58 > 5¢ ... 57,856 forall k € [0, n —1]|.

For any o € Inv(u~!) we have (A + 8", &) <0 (because A + 8" € C?). Since A
is dominant this implies (8, «) < 0.

Let k € [0, n — 1. Then (B, sy, ... g (tk+1)) <050

sﬂ(s‘fl - Sy (Tk+1)) =8 ... S (Tk-‘rl) - (13\/9 Sty - .- Sy (Tk+l)>ﬁ

is a positive root as a sum of positive roots. Thus s, ... 5;,5g > Sg, ... 57,58 for
any k € [0, n — 1] and therefore £(sgu) = E(uilsﬂ) =n—+4L(sg) =L(sp)+L(u). U

Lemma 3.7. Let . € YT be a dominant coweight and let B € ® be a positive root
such that »+ B € Y*. Let v e W*, w € W and let u denote the element v* "
Then, if "% s, gyw (resp. T4+, g w) covers x = w*Pw,

Lvu) =L(v) +L(u) (resp. L(vsgu) =L£(v) +L(spu) and L(vsg) = £(v) +L(sp)).

Proof. To simplify the notation, write W; for W gvy++. Note that, with the
notation of Definition 1.21, vu = proj,,y, (v) since u is the element of minimal
length in uWj.

Suppose by contradiction that n”(Hﬂv)sv(lg)w covers x with £(vu) < £(v)+£(u).
Then dN(1, vu) = €(vu) < dV(1,v) +d" (v, vu) = €(v) + £(u), so v is not on a
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minimal gallery from 1 to vu. Therefore by Lemma 1.20, there is a reflection r € W
such that d(1, rvu) > d(1, vu) and d(1, rv) < d(1, v), that is to say rv < v and
rou > vu.

By minimality of u, r is not in vuW;(vu)~': otherwise rvu € vuW; satisfies
d(v, rvu) =d(rv, vu) < d(v, vu), because foldings reduce the vectorial distance
and v, vu are on different sides of the wall M, associated to r.

Since vu is the projection of v on vuW; which is convex (see [Ronan 1989,
Lemma 2.10]), and since the wall M, separates v and vu, any element of vuW; is
on the same side of the wall M, as vu, so rvui > vuu for any u € W;. In particular,
let iz € W; be such that rvuu is the minimal coset representative of rvuW;. Then
by Proposition 2.3, since rvuu > vuu, we have

(3.11) 7O s yw = PGB D g o

- ﬂvuﬁ((l+ﬂv)++)sv('3)w — ﬂv(k—‘rﬂV)sU(ﬂ)w.

Therefore by Proposition 2.3 for the left- and right-hand side inequalities and
(3.8) applied with (uo, ap, vo, wo, m) = (A, B, rv, rw, 1) for the middle one, we
have a chain

(3.12) "Wy < 7Py < nr”(’\+ﬂv)srv(ﬁ)rw

=10 s mw < wPAHE g, pw.

Therefore if ﬂ”(Hﬁv)sv(ﬂ)w covers x then £(vu) = £(v) + £(u).

A

Now assume by contradiction that 7 "¢ O+p v)sv(,g)w covers *w with £(vsgu) <

£(v) + £(sgu). Then, similarly there is a reflection » € W such that rv < v and
rvsguu > vsguu. By Proposition 2.3 for the left- and right-hand side inequalities
and (3.9) applied with (o, g, vo, wo, m) = (A, B, rv, rw, 1) for the middle one,
we have a chain

(3.13) 7' Wy < 7Py < nr”ﬁ(’wﬂv)srv(g)rw

=" s, mw < g g w.

We deduce that if 7" *+8g, 5w covers x then
L(vsgu) = £(v) + L(sgu).
By Lemma 3.6 this is £(v) + £(sg) + £(u), by the triangle inequality we deduce that
L) +L(sg) = L(vsg) > L(vspu) — L(u) = £(v) + £(sp)

and we obtain the second equality in this case. U
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Proposition 3.8. Let L e Y™+ ve W*, w e W. Let B € O, be a positive root such
that >+ BY € YT and let u denote vF" € WO+
Suppose that y € {**F s, gyw, w80+ g, w) covers x = 7P w. Then

(.14) () -0 = ChBE) L) -2+ X (4B D).
relnv(u—1)

Proof. Let W; denote the standard parabolic subgroup W, gv)++. Recall that
u = v 7" is the minimal element of W such that u((x + 8Y)*t) =1+ BY, so it
is the minimal representative of the coset u W;. By Proposition 2.10 we have
(3.15) 9@ * g, gw) — £ (" P w)

=2ht((A +B)T) = 2ht(R) 4 L uupv) (su(pyw) — Ly (w),
(3.16) £ PP, w) — 04 (P w)

=2ht((A 4+ BY)TT) = 2ht(h) 4 £ ugisv) (Su(pyw) — Ly (w).

We unwrap these formulas with the help of previous results.
(1) Inthe case y = "*+F s, 5w, let it € W be such that vuii = (vu)’ = v?*+F"),
The term €, ,6.45v) (sy(pyw) — £ (w) rewrites as
(i) Lspv w) — €(uuit) — L0 w) + £(v).

Since y > x is a covering, by Proposition 3.3, vsguu = sv(ﬂ)(vu)J is on a mini-
mal gallery from v to w, so £(v"'w) = E((vsﬂuﬂ)_lw) + £(sguu). Moreover by

Lemma 3.6, £(sguu) = €(sg) + £(uu) and, by Lemma 3.7, £(vu) = £(v) + £(u).

Finally, by (1.3), since u = u’ = v*™#" and vuii = (vu)’ = v***#") we have

L(ui) = L(u) +£(i) and £(vu) = £(vui) + £(u). Thus

BA7) €uorsv) (Suipyw) — Ly (w) = £((uit) " sgv™ w) — L™ w) — L(vuit) +L(v)
= —{(spuit) —€(vu) + L (i) +£(v)
= —{(sp) — £ (uit) — € (u)+L£ (i)
= —L(sp) —2L(u).

(2) Inthe second case, let # € W be such that vsgui = (vSﬁu)J =v"s(+F") Then
€ usgop) (Supyw) — €y (w) rewrites as £((uit) v~ 1w) —L(vsguit) — (v w)+L(v).
By Proposition 3.3, £((ui) "'v™'w) = £(v™'w) — £(uit). By (1.3),

C(uu) =L(u)+L(u) and L(vsgun) =L(vsgu) —L£(ir).
By Lemmas 3.7 and 3.6,
L(vsgu) =L(v) + L(sgu) = £(v) +L(sp) +£(u).
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Thus, in this case,

(3.18) € uyoep) (Supyw) — Ly(w)
= C((uit) v w) — L(vsguit) — L w) + £(v)

= (v w) — L(uit) — (L(vsgu) — L)) — L™ 'w) + £(v)
= —L(sp) — 2£(u).
(3) By Lemma 1.13 we have

(3.19) 2ht((k+ﬂv)++)=2<ht(k+ﬁv)— ) ()»+,3v,1’)>

relnv(u=1)
=2<ht(x)+ht(ﬂv)— ) (k—i—ﬂv,r)).
relnv(u—!)

By plugging (3.17), (3.19) into (3.15), and (3.18), (3.19) into (3.16) we obtain,
either way,

(y)—£4(x) =2ht(M)+2ht(B)=2 Y (A+BY,t)—2ht(A)—L(sp)—2L(u)

relnv(u—1)

= (2ht(,3v)—ﬂ(s,3))—2<€(u)+ > (B, r)). O
relnv(u=l)

Using Corollary 1.12, it is easy to see that 2ht(8") — £(sp) is always positive
and that, on the contrary, £(u) + ) . elnv(u—l)()‘ + BY, t) is always nonpositive.
Therefore, the length difference is equal to 1 if and only if in the right-hand side
of (3.14), the first term is equal to 1 and the second term cancels out. This motivates
the following definitions.

Definition 3.9. A coweight u € Y™ is almost dominant if and only if
(3.20) Ve oy, (u,t)>—1.

A root B € @ is a quantum root if and only if

(3.21) £(sp) =2ht(B") — 1.

The notion of quantum roots comes from the definition of quantum Bruhat graphs,
(see [Lenart et al. 2015, §4.1]). With Notation 3.5, in Section 3.3 we prove that if y
covers x then A + 8" is almost dominant and we prove in Section 3.4 that 8 needs
to be a quantum root.

Remark 3.10. If A 4+ 8" is dominant, then the second term in the right-hand side
of (3.14) immediately cancels out, since in this case u = 1. In the reductive case,
® is finite and therefore if A is far enough in the fundamental chamber (meaning
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that (A, «;) is large for all i € I, we say that A is superregular), then A+ 8" is always
dominant. Accordingly, covers of 7™ w for A superregular are easier to classify
(see [Lam and Shimozono 2010, Proposition 4.4; Milicevi¢ 2021, Proposition 4.4]).

3.3. Almost-dominance in properly affine covers. We prove that the second term
of the right-hand side of (3.14) need to be zero when y covers x (with Notation 3.5),
through the following proposition:

Proposition 3.11. Let L € YT, v e W* and w € W. Let B € &, be a positive
root such that ).+ B € Y™ and suppose that 7*%*+F Vs, gyw or 7V *F s, g w
covers t*®Mw. Then A+ B is almost dominant, that is to say

(3.22) Vied,, (A +BY,1)>—1.

It is deduced from the following two technical lemmas; we give their proofs after
the proof of Proposition 3.11.

Lemma 3.12. Let A e Y™+, ve Wh, we W, B € ®,. Suppose that there exists a
pair (t,n) € &, x Z such that

i) n>0,
@) (A+nt¥,B)>—1,
(i) n < —(h + Y, 7).
Then, n”(H’sv)sv(ﬂ)w and n”“ﬂ(Hﬂv)sv(ﬂ)w do not cover 1P w.

Lemma 3.13. Let . € Y1 and B € ®, be such that .+ B" liesin Y. Let 1 €
be such that (. + BV, t) < —2 and suppose that {tV, B) < —2. Then

(A+B7,5:(8) = —1.

Proof of Proposition 3.11. We prove the contrapositive: Let t € &, be a pos-
itive root such that (A + B, t) < —2. We will produce nontrivial chains from
7P to w3+ gy w and 7V AHE s, g w. In particular since A is dominant,
(BY, 1) <-2.

The numbers (", 8) and (8", 7) have the same sign [Bardy 1996, Lemma 1.1.10],
and therefore we have that (tV, B) < —1.

Suppose first that (7, B) < —2. Then (r, —((A+B8Y, 1)+ 1)) is a pair which
satisfy the conditions of Lemma 3.12:

(i) This is true since (A +BY,7) <—2,and —((A+8Y,7)+1)>1> 0.
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(ii) By Lemma 3.13, (A 4+ 8", s;(B)) > —1; thus

A= +BY. )+ DTV, B)=(s: A+ B) =B =1, B)
=A+B",5:(B)—2—(t", B)
> A+, 5:(B) = —1.
(iii) Clearly —((BY,t)+ 1) < —(BY, 7).

Suppose now that (¥, 8) = —1. We show that (7, 1) is a pair satisfying the
conditions of Lemma 3.12:

(1) The first point is trivially verified.
(i1) Since (tV, B) = —1 and A is dominant, (A + 1V, 8) > —1.
(iii) Since (A +BY, 1) < -2 we obtain 1 < —(A +BY, 7).

Hence, either way, if such a t € @ exists, then by Lemma 3.12 7°*+£s, 5w
and 77" *+F )5, 5w do not cover M w. U

Proof of Lemma 3.12. We use conditions (i), (ii), (iii) in the statement to produce
chains from 7*®™w to w*C+F g, g w and 7B+ g w.
Suppose first that (ii) is strict. Then we show that we have the chains

(3.23) 7*Ww < g5 < gV OB supw < VT s, g,

(3.24) m*Ww < gP*HTDg S < gUEAHEIOS s ow < TR g o,

(a) By (i), since A is dominant and t is a positive root, applying (3.8) with
(o, @0, vo, wo, m) = (A, T, v, w, n), we have

(3.25) "W < rr”(H"Tv)sv(,)w.
Using (3.9) with the same parameters gives
(3.26) 7' W < n”ST(H"’V)sv(,)w.

(b) Since (Y, t) = 2, (iii) is equivalent to —n < —(A + 8Y +nt", ), so, using
(3.9) for (uo, o, vo, wo, m) = (A + BY +nt", T, vs7, Sy(r)Su(py W, —n), We get

(3.27) nvsf(A+ﬂv+nrv)sv(f)sv(ﬂ)w <7'[U()'+ﬁv)sv(ﬂ)w.
Using (3.8) for (o, oo, vo, wo, m) = (A + BY +nt", T, 088, Sy(g)Sv(r) W, —1),
(3.28) j_[vs,g()»-i-ﬂ +nt)sl](ﬁ)sv(f)w < nvs,s()»-i-ﬂ )Sv(ﬂ)w-

We now split the argument in two cases, according to whether (ii) is strict.
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(1) Suppose that (ii) is strict, so (A +nt", 8) > 0. Then by (3.8) applied with
(1o, @0, vo, wo, m) = (A +nt”, B, vsy, symw, 1), we get

(3.29) nvsr(k—t-nrv)sv(t)w <nvsT(A+ﬁv+nrv)sv(1)sv(ﬁ)w‘
Moreover by (3.9) applied with (10, oo, vo, wo, m) = (A +nt”, B, v, syyw, 1),
(3.30) n,v(k-i—nr )Sv(r)w <n,vs,s(}»+ﬂ +nt )Sv(ﬂ)sv(t)w-

Thus, if (ii) is strict, combining (3.25), (3.30) and (3.28) we obtain the chain (3.24).
Moreover combining (3.26), (3.29) and (3.27) we obtain the chain (3.23). This
proves Lemma 3.12 in this case.

(2) Suppose now that (A+nt", f) =—1. Thennote that A+nt"+B" =sg(A+nt"),
and (3.8), (3.9) cannot be used for the middle inequalities of chains (3.24) and (3.23)
anymore.

(a) Case of n”(“ﬂv)sv(ﬂ)w.
(1) If vs;(B) € @, then we can apply (1.12) to the element 7 ** (H’”v)sv(,)w

and the positive affinized root vs; (8)[0], and since (A+nt", B) =—1<0,
we still have

vs; (AntY) vsy (A+BY+ntV)

(3.31) JTUST(M_’” )sv(,)w<svsr(ﬁ)[o]7r Sy(r)W=T Su(r)Sv(B) W

and the chain (3.23) still holds by (3.26), (3.31) and (3.27).

(ii) If vs;(B) € ®_ note that, since (A +nt", B) <0, (¥, B) <0, so s;:(B)
is a positive root. Therefore vs, (8) € ®_ is equivalent to s, (B) € Inv(v).
Since v € W*, by minimality of v we have (A, s;(8)) # 0. Then, by
Proposition 2.3,

(3.32) "Wy < JTUS”(ﬁ)(}L)SUST BHW

and by (3.9) applied with (10, g, vo, wo, m) = (X, T, VS, (8), Svs, (BYW> 1)
we get

vse (A+B8Y+ntY)

(3.33) nvssf(ﬂ>()»)5wr(ﬂ)w < JTUS’S’SOVHH )Sv(t)sv(ﬂ)w =7 sv(,)sv(ﬂ)w.

For the vectorial elements, we used the fact that sy, (8) = Su(x)Sv(8)Sv(r) =
vsts,gs,v_1 and sy, 4 (1) = vs,s,gstslgstv_], and hence sy, 4 (1)Svs, (B) =
US-,;S,ij_l = Su(t)Sv(B)-

Combining (3.32), (3.33) and (3.27) we obtain the chain

nv()»)w < 7TUsrsﬂsr(A)Sv(r)sv(ﬁ)su(r)w <7Tv(s, (A+ﬂv+nfv))su(r)sv(ﬁ)w < n_u()\-i-ﬂv)sv(ﬂ)w

which replaces the chain (3.23).
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(b) Case of n”“ﬁ(kjLﬂv)sv(ﬂ)w.

() If w'vs. (B) € d_, by (1.12) applied to 71”(’\+”’V)sv(,)w and the affinized
root v(B)[(A +ntY, B)], since (A +nt", 8) <0,

(3.34) 75w < VT vsp Gt B +n7")

Sv(B)Sv(n)W =T Sv(B)Sv(r)W-

Therefore the chain (3.24) still holds by (3.25), (3.34) and (3.28).

(i) If w™vs; (B) € @, then using (1.12) with 7™ w and the affinized root
st (B)[ (%, s:(B))] (which is always possible because if (A, s;(8)) = 0
then by minimality of v, vs;(8) € &), we obtain

(3.35) P w < 715y 50(8) vy W

Moreover, by (3.8) applied with (o, oo, vo, wo, m) =(A, T, v, Sys, (W, 1),
we get

(3.36) ﬂv(k)sv(f)sv(ﬁ)sv(f)w < 7'L'U()”+nr )Sv(/g)sv(f)w.

Hence combining (3.35), (3.36) and (3.28) we obtain a chain

vsg(A+BY+nt")

Jtv(k)w < ﬂv(k)sv(f)sv(ﬂ)sv(f)w <7 Sp(B)Sv(n)W < nvm(k-ﬁ-ﬂv)sv(ﬂ)w.

Therefore, in all cases, if such a pair (,n) exists, then 7"**#"s, 5w and
n“‘yﬁ(Mﬂv)sv(lg)w do not cover 7*WMw. O

Proof of Lemma 3.13. The proof relies on the assumption that A + 8" lies in the
Tits cone, which is equivalent to saying that there is only a finite number of positive
roots « such that (A + 8", a) < 0.

We will show that (A + 8", (s;sg)" (7)) > 0 for n large enough implies

(3.37) (A+B7,s:(8) = —1,

which implies the lemma. To shorten the computation, let us write a = — (8", 1)
and a¥ = —(zV, B). So the assumptions (A + Y, 1) < —2 and (tV,B8) < —2
imply that a > 2+ (A, ) and a” > 2. In the basis (8, t) of R & Rz, the matrix
of 555 is M = ( -loa ). We have xy = X*+ (2 —aa")X + 1; thus, since

—aY aavV—1
aav >4, M?* = (aa” —2)M — I,. Write M" =y, M +v,, I, for n € N. Then an easy
computation shows that v, = —,,—; and u,+1 = (aa” —2) i, — y—1. In particular

since aa” —2 > 2 and o =0 < g, by iteration (w,),en is strictly increasing.
Letx =(A,8)>0and y = (XA, 7) € [0, a —2]]. Then

(3.38)  (A+BY, (se5p)" (D)) = (A + B, apnB + ((aa” — Dty — pin—1)7)
=@ +2una+ ((aa” — Dy — pn—1)(y — a).
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Since A + B lies in the Tits cone, (A + 8", (sys4)" (7)) is nonnegative for n large
enough. Moreover, @,—; < u, for alln € N and a — y > 0. Therefore we deduce
from (3.38) that, for n large enough,

(X +2ppa > (a—y)((aa” = Dpn — pin—1) > (a — y)pun(aa’ —2).
Hence
x+2)>(a —y)(av — 2) =aa" —avy—2+22.
a a
Therefore (A + B, 5:(8)) = x +2+a"y —aa” > =2+ 22 and, since it is an
integer, we deduce (A + BY, s:(B)) > —1 > 1 —a", which proves the result. [J

Corollary 3.14. Let e YT ve W*, w e W. Let B € . be a positive root such
that » 4 BY € Y*. Suppose that y € {m**+F s, gyw, wP#3+F s, g w) covers
x =1 Wy,

Then

(3.39) 24(y) —£4(x) =2ht(B") — L(sp).

Proof. Let u = v*™#" € W. Then for any 7 € Inv(x~"), by Lemma 2.1, (A + 8, 1)
is negative. By Proposition 3.11, (A + 8", ) = —1 for any such 7. Therefore

(3.40) S A8V, ) =—Invu | = —Lu).
relnv(u=1)
We then directly obtain (3.39) from (3.14) and (3.40). O

3.4. Properly affine covers and quantum roots. We now prove in Proposition 3.19
that, with Notation 3.5, if 8 is not a quantum root, then y does not cover x. This is
enough, together with Corollary 3.14, to conclude that £¢(y) — £“(x) = 1. There
is a subtlety if the root g lies in a subsystem of ® of type G,; we suppose that
this is not the case in Lemmas 3.16 and 3.17, and we deal with the G, case in
Lemma 3.18. Let us first give another characterization of quantum roots.

Lemma 3.15. A root B € @ is a quantum root if and only if (8", y) =1 for all
y € Inv(sp) \ {B}.

Proof. Recall that a quantum root is a root § € @ such that 2ht(8") = £(sg) + 1.
By Corollary 1.12, this is equivalent to

(3.41) > (B y)=Lp+ 1.
y€lnv(sg)

For any y € Inv(sg), y is a positive root and sg(y) =y —(B", y) B is a negative root,
and therefore (8", y) > 1. Moreover, (8", B) =2 and |Inv(sg)| = £(sg). Therefore
(3.41) is satisfied if and only if (8", y) is exactly one for all y € Inv(sg) \ {8}. O
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Lemma 3.16. Let . € Y™, ve W we Wand B € ®4. Let y € Inv(sp) \ {8}
be such that (8", y) > 2 and suppose that B ¢ Inv(s,). Then rr”(”ﬂv)sv(ﬂ)w and
7O+ s syw do not cover UMy,

Proof. By the contrapositive of Proposition 3.11, we can suppose that (A4 8", 7) >
—1 for any T € . Let y be as in the statement and write a« =5, (8) € ®,. We
will construct nontrivial chains in the same fashion as in the proof of Lemma 3.12.
Beforehand, we show by computation that (A +y ", a) > —1. If (¥, B8) =1=
—(yV, a) this is clear since A is dominant. If {yV, B) > 2,

Aty ey =+ ="+ = (B, ¥y, a)
=G+ a)+0 =B yDy’ @) =2
=(A+B"a) (B, y) =Dy, B)—2.
Since (BY,y)>2and (y", B) > 2, ((BY,y)— 1){y", B) > 2, and by assumption
(A+BY,a) > —1. Thus, (A +y", a) > —1 either way.

We construct chains which are slight modifications of the ones constructed in
the proof of Lemma 3.12. We prove that, except in a few particular cases, we have
the chains
(3.42) ﬂv(k)w < nv(k+yv)sv(y)w < nv(k+yv+av)sv(a)sv(y)w < JTU()"F'BV)S,,(Ig)w,

(3.43) 7'My < n”V(HVV)sU(V)w < 71”SVS“(HVVJF“V)SI)(V)SU(Q)w < n”sﬁ(Hﬂv)svw)w.
Indeed:

(1) The coweight A is dominant and y € ®, so (A, y) > 0 and (3.8) (resp. (3.9))
applied with (ug, g, vo, wo, m) = (A, v, v, w, 1) proves the leftmost inequality in
the chain (3.42) (resp. (3.43)).

(2) Note that A+ B8 = (A +yY +aY)+ ({(BY,y)—1)yY. Moreover

(3.44) 0<(BY,y)—1
and
(3.45) Ay '+l y) =B v) =L y)=2< (", y)— L

Therefore by applying (3.8) (resp. (3.9)) to
(10, @0, vo, wo, M) = A+ ¥+, ¥, v, Su@) Sy w, (B, ¥) — 1)
(resp. (1o, &0, Vo, Wo, M) =A+y " +a”, ¥, v, S, Su)Sv@W, (B, ¥) —1))

we obtain the rightmost inequality in the chain (3.42) (resp. (3.43)).
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Let us now split cases in order to either prove the second inequality in chains (3.42)
and (3.43) or provide alternative chains.

(1) Suppose first that (A + ", @) > 0. Then (3.8) (resp. (3.9)) applied with

(3.46) (10, &0, v0, wo, m) = (A + ¥, &, v, SyHw, 1)
(347) (resp' (I’LO’ oo, Vo, Wo, m) = ()" + yv’ «, Us}” SU(V)w’ 1))

prove the middle inequality in the chain (3.42) (resp. (3.43)).

(2) Suppose that (A+y",a)=—1. Then A+ y" +a” =s,(L+y") and the above
chains do not always hold. We focus here on the case of 7***#")s, g w.

(a) If v() € @, since (A +y Y, @) < 0, the inequality n”sa(Hyv)sv(Q)sv(y)w >
w00+7 5,0 w still holds, by (1.12) applied with s,(0;. Therefore the
chain (3.42) still holds.

(b) If v() € ®_, then vs, < v, and we have a chain

(3.48) 7'My < n”‘x(k)sv(a)w < JTUS“(HVV)SU(Q)SU(),)w

— g VOAY +a?) v(A+BY)

Sy(@)Sv(y) W < T Sp(B)W.

The reflection used for the first inequality is 5_,(«)[0], and it holds by (1.12)
because (v(A), —v(a)) = —(A, @) < 0. Note that this is nonzero because v

is the minimal representative of vW, and thus vs, < v implies s, ¢ W, so
(A, a) # 0. By (3.44) and (3.45) we can use (3.8) with

()\" )/, vS(x’ su(a)wa 1)
(3.49) (ko a0, vo, wo, m) = {
()" +(x\/ + VV, Y, U, sv(a)sv(y)w» (ﬂ\/’ V) - 1)

in order to obtain the second and third inequalities of chain (3.48), respectively.

(3) We suppose that (A+y ", «) = —1. We deal with the case of n”sv(f’)(“ﬂv)sv(ﬁ)w.
Then

(3.50) 7TUSVSQ(A+yv+av)sv(y)sv(a)w = ”vsy(k—i_yv)svs;/(a)sv(y)w

)\‘ \2
]JTUSV( iR )sv(y)w.

= Svs, (@[(A+yY.a)
Moreover (sy(yw) ™ (vsy (@) = wlv(a). Thus, since (A +yY, @) < 0:

(@) If w™lv(@) € d_, by (1.12), 7 7 Dy < ¥srsaCty +a0g, sy gyw
and the chain (3.43) still holds.

(b) If w™lv(a) € 4, then, since (A, ) = (¥, B) — 1 > 0, by (1.12), 7*"Pw <
Su@l(ranT ' Pw = 1Py w. Then, by (3.9) with (1o, o, vo, wo, m) =
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()"7 V, v, su(a)w, 1), we haVe

\ Vv Vv
T P suosu@Suw < 7T sy gy sypw = =G D g sy @w
and we have a chain
ij(A)w < nv(k)sv(a)w < 7_[vsysa(k+yv+aV)Sv(y)Sv(a)w < nusﬂ()»—}-ﬂv)sv(ﬁ)w‘ 0

Lemma 3.17. Let B € @ be a positive root and suppose that there exists y €
Inv(sg) \ {B} such that (", y) >2and (B”, y)(y"~, B) # 3. Then y can be chosen
such that B ¢ Inv(s,).

Proof. Note that, by [Bardy 1996, Lemma 1.1.10], for any B,y € ®, (8, y)
and (y", B) have the same sign, so if (8, y) >2and (B8, y)(y", B) # 3, either
(BY, y)(yY) >4, either (B, y) =2 and (y", B) = 1. We treat separately these
cases:

(1) Let us first suppose that there exists y € Inv(sg) such that (8, y) =2 and

(y", B)=1. Suppose that € Inv (s, ),so s, (B)=B—y <0,and sg(y) =y —28 <O0.
Then we show that 8 ¢ Inv(sy) for y = —sg(y):

s7(B) =spsysp(B) =—sp(B—y) =y =B =—5,(B) > 0.

Moreover sg(y) = —y <0and (8, y) = (B", y) = 2; therefore, y can be chosen
such that 8 ¢ Inv(s, ).

(2) Let us now suppose that there exists y € Inv(sg) such that (8", y) > 2 and
(BY,y)(yY,B) =4 Write B = vg(Bo) = Sa, - - - Sa, (Bo) Where the «; and B are
simple roots, and suppose that » is of minimal length amongst possible expressions
of B. Therefore sy, . .. Sa,58,5a, - - - Sa; 18 a reduced expression of sg and

Inv(sg) ={sq, e Sa, (ap)| p=ni{BIU{sq, ... Sa,58)Sa, - - - Sty i1 p (@n—p) | p=<n}.

Let k be the smallest such that yx = sg, ... Sq,_, (k) satisfies (8", yx) > 2 and

\2 \%
(B, vi)v’s B) = 4.
The expression Sy, . .. Soy_ Sa;Say_; - - - So; 1 an expression of sy, ; thus

IHV(Syk) - {Sal . --soc,,_l(ap) I p= k — 1} U {Vk}

U A{Saqy - SoySey_y -+ Sy, (@hk—p) | p <k — 1}

Suppose by contradiction that 8 € Inv(s,, ). Since vg is of minimal length, 8 is not in
the first set; thus thereis p € [1,k—1] such that 8 =5, ... S0 Se;_, - - - Sosr—p @k—p)-
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We show that yx_p, = Sq, - .. Soy_,_, (tk—p) € Inv(sp) satisfies (8", yx—,) > 2,
which contradicts the minimality of k. Note that 8 = —s,, (yx—,). We compute

(B", vi—p) = (=5, ), Vi—p)
=== v Veep))
=87, v)n’, B) —2.

Sosince (8", yi) (v, B) =4, we get (8", yk—,) =2, and with a similar computation,
we find that (" ), B) = (BY, yk—p) = 2 as well, so (B", yx—p) (1" ,» B) = 4. This
contradicts the minimality of k and thus 8 ¢ Inv(s,, ). [l

Lemma3.18. Let A€ YT, ve Wrand w e W. Let B € d and let y € Inv(sp)
be such that B € Inv(s,) and (", y) =3, (y'.B) =1
Then 7%+ sy gyw and 7¥# %8s, 5w do not cover w*®w.

Proof. We show that, with the assumptions of the statement, 8 and y appear as
positive roots of a root subsystem of ® isomorphic to G,, and we use this system
to construct chains replacing the ones in the proof of Lemma 3.16.

First, note that —s, (B8) lies in Inv(sg) (so sgs, (B) is positive). Indeed, we can
write, as in the proof of Lemma 3.17, B = sq, ... S, (Bo) for a minimal n, and
Y =Sq; - - Say_, (a) for some k < n. Then, since 8 € Inv(s, ), B is also of the form
Say -+ S Say_y - - sak7p+1(o¢k_p) for some p <k — 1, and thus

=8y (B) =Say - -+ Sy, (@k—p) € Inv(sp).

Therefore we have the following positive roots, and their associated coroots (the
notation will become clear afterwards):

(1) 61 :=—s,(B) =y —PB € P, with associated coroot 0" = —s, (") =3y~ —B".
Q) B:= —sg(y) =3B —y € @, with associated coroot BY = —sg(y)=p"—yp".

(3) y = sps,(B) = 2B — y € ¥4, with associated coroot y" = sgs,(8Y) =
28" —3yV.

Let us also define 6, = 54, (y) = 38 — 2y, with associated coroot 6," = " —2y".
Then one can check that {6, 6} form the positive simple roots of a G, root
system (in the sense that (0,", 6) = —3 and (0,’, 6;) = —1), such that y = s, (62),
B = s0,50,(01), ¥ = 50,(01) and B = 56,50, (62). However, 6, may not be a positive
root in ®, and we thus need to distinguish these two cases.

Let us first suppose that 6 lies in @ . Notice that

(3.51) 0y +BY+6, =3By =)+ B -y +(BY -2¢y") =8,
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and
(3.52) S6,5 556, = 0, (56,56, 56,50,50,)56, = 56,56,56, 56,56, = 56,5 359, = Sg-
Moreover, we have
(3.53) 0y, B)=(B" —2v".3—y)=1>0,
(3.54) 0 +BY,01) = (28" =3y, y =By =—1.
(1) Suppose first that (1, 6;) > 0. Since A is dominant and by (3.53), (3.54),
—(A4+6Y,B) <0 and — (146, +B",6,) <0.

Using (3.8) (resp. (3.9)) with (uo, ag, m) = (A, 6, 1) for the first inequality,
(120, &g, m) = (A+6y, B, 1) for the second and (1o, @, m) = (A +6y + B, 61, 1)
for the third (recall (3.51), (3.52)), we obtain the chain (3.55) (resp. (3.56))

(3.55) 7'Pw < 7O+ w < n”(H@ZVJF’sV)sU(/g)Su(az)w < 7" * s g w,

(3.56) 7"Mw < n”392(’\+92v)sv(92)w

vsg, s5(A+65 +B) vsg(A+BY)

< SU(Gz)su(B)w <TT Sy(pWw.

(2) If (A,60,) =0, then —(1 + 6, + BY,6,) =1 so the last inequality in the
chains (3.55) and (3.56) do not always hold, we have the following case distinction,
which we already encountered in Lemmas 3.12 and 3.16:

(a) Ifv(01) € P, the chain (3.55) still holds, else vsg, <v, A+B" =sg, (A 406, +B)
and we instead have the chain

vsg, () vsg, (A+6y) vsg, (A+05 +B)

ﬂv(k)w <7 SyopWw <7 Sv@)Sv@HHW < TT sv(gl)sv(ﬁ)sv(gz)w,

where the last term is actually equal to 7°*+8 s, g w.

(b) If w™'v(6;) € ®_, then since (A + 6y + BY,601) < 0, by (1.12) applied
with the affinized root vsg,s i ODN+ sz + ,5 v, 601)1, the third inequality of
chain (3.56) still holds, and thus the whole chain remains correct. Otherwise
if w™lv(h)) € ®, we instead have the chain

) vsg, (A+65) vsg, s5(A+65 +B)

ﬂv(k)w <m? Sv@eHW <7 Sv(6,)Sv(0) W <TT sv(gz)sv(ﬁ)sv(gl)w,

where the last term is actually equal to 7**#*+8 s, 5w since A + 6, + ¥ =
S@I ()L + ﬂv)

We now turn to the case of 6, € ®_. Notice that ¥ = —6," + y¥ + y" and
Sg = $y8780, = 86,57y. Moreover, (—6,,y) = 2yY —BY,28 —y) = —1 and
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(=0 +vY,y)=(BY —y",y) = 1. Therefore, since A is dominant and —6, is a
positive root:

(1) If (&, y) > 0, then using (3.8) (resp. (3.9)) with (u, a9, m) = (x, —62, 1) for
the first inequality, (A — 6)’, ¥, 1) for the second and (A —6," +y", y, 1) for the
third, we obtain the chain (3.57) (resp. (3.58))

v(A =8y +7) v(A+BY)

(3.57) 7'Pw < n”()‘_GZV)sv(gz)w <7

(3.58) 7"Mw < 7m0 4w

So@)Sv@)W < 7T Sv(p)W

s, 5 (A—05'+7") vsg(A+8")

<7 Sv@)Sv()W < TT Sv(g)W-

(2) Suppose now that (A, y) =0,s0 A —6) +y =55 (A —6,). Then:

(a) If v(y) € @, the chain (3.57) still holds. Else, vs; < v and we instead have
the chain

sy (A—65)) v(+BY)

(359) JTU()L)w < JTUSV(A)SU(];)IU <TT Su)Sve)W < TT Sv(B)W,

where the first inequality comes from Proposition 2.3 and the two others
from (3.8).

(b) If w—lv(y) € ®_, then the chain (3.58) still holds. Else w™'v(y) € &, and
we instead have the chain

vsg, (A—065) vsg(A+BY)

(3.60) 7'My < n”(l)sv(y)w <7 Su()SvG)W < T Su(pW,

where the first inequality is deduced from (1.12) used with the affinized root
v(P)[{A, )], and the two others from (3.9) as for the chain (3.58). O

Proposition 3.19. Let A e Y™+, ve W* and w e W. Let B € & and suppose that
n”(’“ﬁv)sv(ﬁ)w or wv%# (Hﬁv)sv(lg)w cover 1" M w. Then B is a quantum root.

Proof. We prove the contrapositive. Suppose that 8 is not a quantum root. By
Lemma 3.15, there is y € Inv(sg) \ {8} such that (8Y,y) > 2. If B ¢ Inv(s,)
we apply Lemma 3.16. We can also apply it in case (8", y)(y",B) # 3 by
Lemma 3.17. Finally if 8 € Inv(s,) and (8", y)(y", B) =3 we apply Lemma 3.18.
Therefore if f is not a quantum root then 7 **+# s, s w and V¥ *+F s, 61w do
not cover 7*Mw. O

3.5. Conclusion. We now have everything to prove Theorem A:

Theorem A. Suppose that 'y, x € W¢ are such that x < y. Then

(3.61) x4y < (“(y)=£(x)+ 1.
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Proof. If x < y with £%(y) = ¢%(x) + 1, then by strict compatibility of £¢
(Theorem 1.7), y covers x. Conversely suppose that y covers x. If y and x
have same dominance class then Theorem 2.18 implies that £ (y) = £%(x) + 1. Else,
if pron+ > ew. pron+ (x), by Proposition 3.1, y is of the form Jr”(“’ﬂv)sv(ﬁ)w
or wU#AHF s s, for x = 7w with A € Y, v e W, we W and f € ®,.
Then, by Corollary 3.14, we have £(y) — £*(x) = 2ht(8") — £(sg). Moreover, by
Proposition 3.19, g is a quantum root and therefore, in this case as well,

e (y) — 04(x) = 1. O

Along the way, we have obtained a classification of covers, which we summarize
in Proposition 3.20. This is to be compared with [Schremmer 2024, Proposition 4.5].

Proposition 3.20. Let x = 7*Mw € Wi with € YT, ve W and w € W. Let
J C S be the set of simple reflections such that W, = W, and recall Notation 1.3
and Definition 3.9. Then covers of x are the elements of the following form:

(1) n”(’\)sv(ﬂ)w = XSy-1yp)01.for B € ® such that E(slgvflw) =l 'w)+ 1.
(2) U Wsypw = sypy01x for B € 4 such that:

(@ (A, B) #0.

(b) £(vsg) =£(v) — 1.

(¢) If u denotes vsg and uj the maximal W j-suffix of u, then vu;1 is on a minimal
gallery from v to w.

3) ﬂv(}”+ﬁv)sv(’3)w = Sy(B)[(A,B)+11X = xswflv(ﬂ)[l]for B € ®, such that:
(a) B is a quantum root.

(b) A+ BY is an almost dominant coweight.

(¢) Foru=v""F" v is on a minimal gallery from 1 to vu, that is to say £(vu) =
L(v) + £(u).

(d) For 9 = v*@*+F7"), Sy(p)V is on a minimal gallery from v to w.
4 JTUSﬂ()"-l_'BV)SU(}g)w = sv(ﬂ)[_l]xfor Bed, such that:

(a) B is a quantum root.

(b) A+ BY is an almost dominant coweight.

(¢) Foru=v""*", v is on a minimal gallery from 1 to USgll.

(d) For o = pUssO+8"), Sy(p)V is on a minimal gallery from v to w.
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In particular, suppose that A € Y+ is regular and is such that A+ 8" is also regular
for any quantum root 8 € ®_. We then say that A is superregular. Proposition 3.20
can be simplified for superregular coweights. This is to be compared with [Lam
and Shimozono 2010, Proposition 4.4] and [Welch 2022, Theorem 2].

Proposition 3.21. Let x = 7*™w € WY with A € Y™ a superregular coweight
and v, w € W. Then covers of x are the elements of the following form:

(1) xspo; = 7*Pwsg for B € O such that L(v"'wsg) = (v~ w) + 1.
(2) sgiox = nsﬁ”(”sﬁwfor B € @4 such that £(sgv) = £(v) — 1.

(3) xsy-1yp)111= n”(H’gv)sv(ﬂ)wfor B € ® a quantum root such that v lw) =

1

L(sg) +£(Sﬂv_1w) (otherwise said sgv~" w <pg v lw).

4 sup)-11x = ﬂ”sﬂ(“rﬁv)sv(ﬂ)wfor B € @4 a quantum root such that £(vsg) =
L(v) + £(sp) (otherwise said sg < vsp).

For Kac—-Moody root systems, the existence of superregular coweights is not
clear a priori. However in an upcoming joint work with Hébert we prove that any
Kac—Moody root system admits a finite number of quantum roots, which ensures
the existence of superregular coweights. We also use this finiteness to deduce that
any element of W, admits a finite number of covers; in particular intervals in W,
are finite.

Acknowledgements

I am especially grateful to Auguste Hébert for his help in understanding the affinized
Bruhat order and his feedback throughout the conception of this paper, as well as
to Stéphane Gaussent for his supervision and his careful rereading. I would also
like to thank the anonymous referee for help and corrections.

References
[Bardy 1996] N. Bardy, Systéms de racines infinis, Mémoire Nouvelle Série 65, Société Mathématique
de France, Paris, 1996. MR Zbl

[Bardy-Panse et al. 2016] N. Bardy-Panse, S. Gaussent, and G. Rousseau, “Iwahori-Hecke algebras
for Kac—-Moody groups over local fields”, Pacific J. Math. 285:1 (2016), 1-61. MR Zbl

[Bardy-Panse et al. 2022] N. Bardy-Panse, A. Hébert, and G. Rousseau, ‘“Twin masures associated
with Kac—Moody groups over Laurent polynomials”, preprint, 2022. arXiv 2210.07603

[Bjorner and Brenti 2005] A. Bjorner and F. Brenti, Combinatorics of Coxeter groups, Graduate
Texts in Mathematics 231, Springer, 2005. MR Zbl

[Braverman et al. 2016] A. Braverman, D. Kazhdan, and M. M. Patnaik, “Iwahori-Hecke algebras
for p-adic loop groups”, Invent. Math. 204:2 (2016), 347-442. MR Zbl


http://msp.org/idx/mr/1484906
http://msp.org/idx/zbl/0880.17019
https://doi.org/10.2140/pjm.2016.285.1
https://doi.org/10.2140/pjm.2016.285.1
http://msp.org/idx/mr/3554242
http://msp.org/idx/zbl/1347.17011
http://msp.org/idx/arx/2210.07603
http://msp.org/idx/mr/2133266
http://msp.org/idx/zbl/1110.05001
https://doi.org/10.1007/s00222-015-0612-x
https://doi.org/10.1007/s00222-015-0612-x
http://msp.org/idx/mr/3489701
http://msp.org/idx/zbl/1345.22011

320 PAUL PHILIPPE

[Chaput et al. 2021] P.-E. Chaput, L. Fresse, and T. Gobet, “Parametrization, structure and Bruhat
order of certain spherical quotients”, Represent. Theory 25 (2021), 935-974. MR Zbl

[Iwahori and Matsumoto 1965] N. Iwahori and H. Matsumoto, “On some Bruhat decomposition and
the structure of the Hecke rings of p-adic Chevalley groups”, Inst. Hautes Etudes Sci. Publ. Math. 25
(1965), 5-48. MR Zbl

[Kazhdan and Lusztig 1980] D. Kazhdan and G. Lusztig, “Schubert varieties and Poincaré duality”,
pp. 185-203 in Geometry of the Laplace operator (Honolulu, HI, 1979), edited by R. Osserman and
A. Weinstein, Proc. Sympos. Pure Math. 36, Amer. Math. Soc., Providence, RI, 1980. MR Zbl

[Kumar 2002] S. Kumar, Kac—-Moody groups, their flag varieties and representation theory, Progress
in Mathematics 204, Birkhiuser, Boston, 2002. MR Zbl

[Lam and Shimozono 2010] T. Lam and M. Shimozono, “Quantum cohomology of G /P and homol-
ogy of affine Grassmannian”, Acta Math. 204:1 (2010), 49-90. MR Zbl

[Lenart et al. 2015] C. Lenart, S. Naito, D. Sagaki, A. Schilling, and M. Shimozono, “A uniform
model for Kirillov—Reshetikhin crystals, I: Lifting the parabolic quantum Bruhat graph”, Int. Math.
Res. Not. 2015:7 (2015), 1848-1901. MR Zbl

[Milic¢evi¢ 2021] E. Mili¢evi¢, “Maximal Newton points and the quantum Bruhat graph”, Michigan
Math. J. 70:3 (2021), 451-502. MR Zbl

[Muthiah 2018] D. Muthiah, “On Iwahori—Hecke algebras for p-adic loop groups: double coset basis
and Bruhat order”, Amer. J. Math. 140:1 (2018), 221-244. MR Zbl

[Muthiah 2019] D. Muthiah, “Double-affine Kazhdan—Lusztig polynomials via masures”, preprint,
2019. arXiv 1910.13694

[Muthiah and Orr 2018] D. Muthiah and D. Orr, “Walk algebras, distinguished subexpressions,
and point counting in Kac—Moody flag varieties”, pp. 187-203 in Representations of Lie algebras,
quantum groups and related topics, Contemp. Math. 713, Amer. Math. Soc., Providence, RI, 2018.
MR Zbl

[Muthiah and Orr 2019] D. Muthiah and D. Orr, “On the double-affine Bruhat order: the ¢ = 1
conjecture and classification of covers in ADE type”, Algebr. Comb. 2:2 (2019), 197-216. MR Zbl

[Muthiah and Puskds 2024] D. Muthiah and A. Puskas, “Pursuing Coxeter theory for Kac—-Moody
affine Hecke algebras”, preprint, 2024. arXiv 2406.14447

[Rémy 2002] B. Rémy, Groupes de Kac—Moody déployés et presque déployés, Astérisque 277,
Société Mathématique de France, Paris, 2002. MR Zbl

[Ronan 1989] M. Ronan, Lectures on buildings, Perspectives in Mathematics 7, Academic Press,
Boston, 1989. MR Zbl

[Schremmer 2024] F. Schremmer, “Affine Bruhat order and Demazure products”, Forum Math. Sigma
12 (2024), art.id. 53. MR Zbl

[Welch 2022] A. Welch, “Classification of cocovers in the double affine Bruhat order”, Electron. J.
Combin. 29:4 (2022), art.id. 4.7. MR Zbl

Received June 12, 2023. Revised October 4, 2024.

PAUL PHILIPPE

INSTITUT CAMILLE JORDAN
UNIVERSITE JEAN MONNET
SAINT-ETIENNE

FRANCE

paul.philippe @univ-st-etienne.fr


https://doi.org/10.1090/ert/584
https://doi.org/10.1090/ert/584
http://msp.org/idx/mr/4329194
http://msp.org/idx/zbl/1491.14075
http://www.numdam.org/item?id=PMIHES_1965__25__5_0
http://www.numdam.org/item?id=PMIHES_1965__25__5_0
http://msp.org/idx/mr/185016
http://msp.org/idx/zbl/0228.20015
http://msp.org/idx/mr/573434
http://msp.org/idx/zbl/0461.14015
https://doi.org/10.1007/978-1-4612-0105-2
http://msp.org/idx/mr/1923198
http://msp.org/idx/zbl/1026.17030
https://doi.org/10.1007/s11511-010-0045-8
https://doi.org/10.1007/s11511-010-0045-8
http://msp.org/idx/mr/2600433
http://msp.org/idx/zbl/1216.14052
https://doi.org/10.1093/imrn/rnt263
https://doi.org/10.1093/imrn/rnt263
http://msp.org/idx/mr/3335235
http://msp.org/idx/zbl/1394.05143
https://doi.org/10.1307/mmj/20175356
http://msp.org/idx/mr/4302552
http://msp.org/idx/zbl/1484.14098
https://doi.org/10.1353/ajm.2018.0004
https://doi.org/10.1353/ajm.2018.0004
http://msp.org/idx/mr/3749194
http://msp.org/idx/zbl/1390.22019
http://msp.org/idx/arx/1910.13694
https://doi.org/10.1090/conm/713/14317
https://doi.org/10.1090/conm/713/14317
http://msp.org/idx/mr/3845915
http://msp.org/idx/zbl/1458.20006
https://doi.org/10.5802/alco.37
https://doi.org/10.5802/alco.37
http://msp.org/idx/mr/3934828
http://msp.org/idx/zbl/1414.05304
http://msp.org/idx/arx/2406.14447
http://msp.org/idx/mr/1909671
http://msp.org/idx/zbl/1001.22018
http://msp.org/idx/mr/1005533
http://msp.org/idx/zbl/0694.51001
https://doi.org/10.1017/fms.2024.33
http://msp.org/idx/mr/4732064
http://msp.org/idx/zbl/1537.20092
https://doi.org/10.37236/10745
http://msp.org/idx/mr/4497219
http://msp.org/idx/zbl/1503.05129
mailto:paul.philippe@univ-st-etienne.fr

PACIFIC JOURNAL OF MATHEMATICS
Vol. 332, No. 2, 2024

https://doi.org/10.2140/pjm.2024.332.321

CM POINTS ON SHIMURA CURVES
VIA QM-EQUIVARIANT ISOGENY VOLCANOES
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We study complex multiplication points on the Shimura curves X (? (N) /g and
X ID (N) 0, parametrizing abelian surfaces with quaternionic multiplication
and extra level structure. A description of the locus of points with CM by a
specified order is obtained for general level, via an isogeny-volcano approach
in analogy to work of Clark and Saia in the D = 1 case of modular curves.
This allows for a count of all points with CM by a specified order on such
a curve, and a determination of all primitive residue fields and primitive
degrees of such points on X, (l,)(N )/a- We leverage computations of least
degrees towards the existence of sporadic CM points on X (? (N)a-
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1. Introduction

The restriction of the study of torsion of elliptic curves over number fields to the case
of complex multiplication (CM) has seen considerable recent progress. In particular,
Clark [2022] and Clark and Saia [2022], continuing a program of research in this area
from the perspective of CM points on modular curves (see, e.g., [Clark et al. 2013;
2022; Bourdon and Clark 2020]), approach the study of the CM locus on the modular
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curves Xo(M, N) g and X{(M, N),q via a study of CM components of isogeny
graphs of elliptic curves over Q. For K an imaginary quadratic field and A = f2Ag
the discriminant of the order o(f) of conductor f in K, let jo € X (1), denote the
closed point corresponding to elliptic curves with CM by the order of discriminant A.
The work of [Clark 2022; Clark and Saia 2022] results, for instance, in a description
of all points in the fiber of the natural map Xo(M, N),o — X (1),q over ja. This
description provides the list of residue fields of A-CM points on the first curve,
along with a count of closed points in this fiber with each specified residue field.

We study the Shimura curves Xé) (N))@ and X lD (N) @ parametrizing abelian
surfaces with quaternionic multiplication (QM) by the indefinite quaternion alge-
bra B over Q of discriminant D, along with certain specified level structure. Our
main result allows for a similar description of the CM loci on these curves.

In particular, we show that if x € X(I)) (N),@ has CM by the order o(f) of
conductor f in the imaginary quadratic field K, then the residue field Q(x) is
either a ring class field K (f”) for some f’ with f | f"| Nf, or is isomorphic to an
index 2 subfield of such a field K (f’). The ramification index of x with respect
to the natural map from X(l)) (N) to Xé) (1) is always 1 when the CM order has
discriminant f2Ax = A < —4. In general, this index is at most 3. The paper
culminates in a determination of the residue fields and ramification indices of all
CM points on X (? (N), and putting together the casework based on the quaternion
discriminant, level and CM order gives a result of the following form.

Theorem 1.1. There exists an algorithm which, given as input
o an indefinite quaternion discriminant D over Q,
e a positive integer N coprime to D and
e an imaginary quadratic discriminant A = f>Ag,
returns as output the complete list of tuples (is_fized, f', e, ¢), consisting of
e a boolean is_fized,
e a positive integer [’ (necessarily with f | f'),
e aninteger e € {1, 2, 3} and
e a positive integer ¢
such that there exist exactly c closed 0-CM points x on X (’? (N) @ with the properties

o the residue field of x over K is K(x) = K (f'), the ring class field of conduc-
tor f’ associated to K,

e Q(x) EK(f) if is_fizedis False,
o [K(f"):Q(x)]=2if is_fizedis True and

o x has ramification index e with respect to the natural map to X(l)) 1/aq.
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This algorithm, outlined in Algorithm 8.2, has been implemented, and is publicly
available at [Saia 2024], as is code for all other computations described. All
computations were performed in Magma [Bosma et al. 1997].

The outline towards developing this algorithm is as follows: in Section 2 we
provide relevant background and prior results on CM points on the Shimura curves
of interest. This includes results on concrete decompositions of QM abelian surfaces
with CM as products of CM elliptic curves. The main result here is Theorem 2.13.
In Sections 3 and 4, we then consider QM-equivariant isogenies and the QM-
equivariant £-isogeny graph G [D . We prove in Theorem 4.5 that a CM component
of this graph for a prime £ and quaternion discriminant D has the structure of an
£-volcano for CM discriminant A < —4. We handle the slight deviation from the
structure of an £-volcano in the A € {—3, —4} case in Proposition 5.3.

We study the action of Gal(@/Q) on such components in Section 5, allowing
for an enumeration of closed-point equivalence classes of paths in these graphs and
hence a description the CM locus on a prime-power level Shimura curve X(l)) ") 0
as provided in Section 6. The algebraic results of Section 7 then feed into a
description of the CM locus on X é) (N) @ for general level N coprime to D provided
in Section 8, which provides the algorithm mentioned in Theorem 1.1.

The ability to transition to information about the 0-CM locus on X f) (N)q is
explained in Section 9, in which we prove the following result. While this does
not determine the list of residue fields of CM points on X f)(N ) in the vein of
Theorem 1.1, it allows us to count all CM points on X ID (N) of specified degree and
list their corresponding CM orders. Otherwise put, this is enough data to determine,
for a fixed discriminant D and degree d, all levels N such that there exists a QM
abelian surface (A, ¢) and a torsion point P € A(@) of order N such that the induced
point [A, ¢, Ple X lD (N) has residue field of degree d.

Theorem 1.2. Suppose that x € XOD (N),q is a point with CM by the imaginary
quadratic order of discriminant A. Let 1y : XID(N)/@ — X(l))(N)/@ and g :
Xé) (N),q denote the natural morphisms. Then:

(1) The scheme-theoretic fiber of | over x consists of a single closed point.
(2) The map m is unramified over x if any of the following hold:
e A < —4,
e x is ramified with respect to mg or
e N <3
(3) If N > 4 and x is unramified with respect to w, then, in the A € {—3, —4} case,

2 if A=—4, d(N)/4 if A=—4,
e (x) = . and  fr, (x) = / .
3 if A=-3, ¢(N)/6 if A= -3,
are the ramification index and residue degree of x, respectively, with respect to 1.
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We define a primitive residue field (respectively, a primitive degree) of an 0-CM
point on X é) (N) @ to be one that does not properly contain (respectively, does not
properly divide) that of another 0-CM point on the same curve. Our work allows for
a determination of all primitive residue fields and primitive degrees of 0-CM points
on Xé) (N),q, as discussed in Section 8.4. An abridged version of our main result
on primitive residue fields and degrees is as follows, with Theorem 8.3 providing
the complete result:

Theorem 1.3. Suppose that K splits B, let f be a positive integer, and let N be a
positive integer relatively prime to D with prime-power factorization N = E‘l” R A
One of the following occurs:

(1) There is a unique primitive residue field L of o(f)-CM points on XOD (N)/a,
with L an index 2, totally complex subfield of a ring class field K (Hf) for
some H | N.

(2) There are exactly 2 primitive residue fields of such points, with one of the same
form as L in part (1) and the other being a ring class field of the form K (Cf)
withC < H and C | N.

Knowledge of all primitive degrees provides the ability to compute the least
degree do’CM(X(I)) (N)) of an 0-CM point on X, OD (N) @ for any imaginary quadratic
order o. In Section 10, we discuss minimizing over orders o to compute the least
degree dCM(Xé) (N)) of a CM point on X (’)) (N) @, and Proposition 10.1 allows one
to transition from this to computations of least degrees of CM points on X lD (N)a-

A closed point x on a curve X g is said to be sporadic if there are finitely many
points y on X o with deg(y) < deg(x). We apply our least degree computations
towards the existence of sporadic CM points on X (1)) (N) @ with the following end
result (see Theorem 10.9).

Theorem 1.4. Let F be the set of all 393 pairs (D, N) appearing in Table 1 or
Table 2. If (D, N) &€ F consists of a quaternion discriminant D > 1 over Q) and a
positive integer N which is relatively prime to D, then XOD (N),q has a sporadic
CM point. If (D, N) is such a pair with

(D, N) ¢ FU{(91, 5)},
then X f) (N),q has a sporadic CM point.

The appearance of the pair (91, 5) in this result comes down to the fact that while
Xgl (5) /@ has a sporadic CM point of degree 2, the curve X?l (5)/q has 4 as the
least degree of a CM point. See Theorem 10.9(4) for details.

Our work determining residue fields of CM points on X(l)) (N),q can be viewed
as a generalization of prior work on the Diophantine arithmetic of Shimura curves
via an alternate approach (specifically work of Jordan [1981] and Gonzélez and
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Rotger [2006] —see Theorem 2.8). Of course, our results are aimed towards
better understanding the torsion of low-dimensional abelian varieties over number
fields, via restriction to a case with extra structure. On this point, the question of
which number fields admit abelian surfaces with certain specified rational torsion
subgroups is closely related to our results, just as in the classical modular curve
case. A result of Jordan (see Theorem 2.6) clarifies this relationship.

Unlike the modular curves X((N),q, the curves Xé) (N)q for D > 1 have no
cusps. For this reason, understanding the CM points on Shimura curves may be
of even greater interest, as they provide the most accessible examples of low-
degree points and could afford techniques (see, e.g., [Bayer and Travesa 2007]) for
computing models in the absence of techniques involving expansions around cusps.

Additionally, while our approach is in analogy to that of [Clark 2022] and [Clark
and Saia 2022] in the modular curve case, there are interesting deviations arising in
this work due to technical differences in the D > 1 case. Namely, while the field
of moduli Q(x) of any CM point x € X(1),g has a real embedding, a result of
Shimura [1975, Theorem 0] states that X (1) s has no real points for D > 1. This
fact also opens the door for the potential of Hasse principle violations by Shimura
curves, which has been a subject of significant study (see, e.g., [Clark 2009; Clark
and Stankewicz 2018; Rotger et al. 2005; Siksek and Skorobogatov 2003]). If one
aims to study the Hasse principle for Shimura curves over some fixed number field
(respectively, over a fixed degree), then studying the CM points rational over that
field (respectively, over number fields of that degree) seems to be a natural initial
point of investigation, and so our results may be of interest in that direction.

2. Background

2.1. Shimura curves. The main source here is the foundational work of Shimura
[1967], while for the background material on quaternion algebras and quaternion
orders we recommend the classic [Vignéras 1980] as well as the modern treatment
in [Voight 2021]. Throughout, we let B/Q denote the indefinite quaternion algebra
of discriminant D over (2. We denote by W an isomorphism

U:B®RgR > My(R).

As B is indefinite, the discriminant D is the product of an even number of distinct
rational primes, namely those at which B is ramified. We will let O denote a maximal
order in B, which is unique up to conjugation. We will also fix, following [Voight
2021, §43.1], an element u € O, satisfying MZ = — D, which induces the involution

ar> o i=plan

on O. We refer to u as a principal polarization on O.
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We start by defining the moduli spaces we are considering and discussing the
moduli interpretations of those families of particular interest to us in this study.
Let ©' denote the units of reduced norm 1 in @, which we realize as embedded
in SL,(R) via W. The subgroup I'°(1) := W(O') C SL,(R) is discrete, and it is
cocompact if and only if D > 1. Via the action of this subgroup on the upper-half
plane H we define over C the Shimura curve

X2 :=rP)\H.

For D =1 we have B = M,(Q), which recovers the familiar modular curve setting.
We are interested in the D > 1 case, and so moving forward we make this assumption
on D. This implies that X (1) is a compact Riemann surface. For any z € H, we get
a rank-4 lattice A, via the action of O on (z, 1) € C? via the embedding W above:

A:=0-(5)C C2.
From this we obtain a complex torus
A, :=C*/A,

of dimension 2, which comes equipped with an O-action ¢, : O < End(A;). We
require some rigidification data, namely a Riemann form, in order to recognize A, as
an abelian surface. It turns out that we always obtain such data in this setting [Voight
2021, Lemma 43.6.23]; there is a unique principal polarization A, , on A; such
that the Rosati involution on End®(A) := End(4) ® Q agrees with the involution
induced by the polarization p on W (O).

Definition 2.1. An (O, w)-OM abelian surface over F is a triple (A, ¢, 1) consisting
of an abelian surface A over F, an embedding ¢ : © < End(A) which we will refer
to as the quaternionic multiplication (OM) structure, and a polarization A on A
such that the following diagram is commutative:

B —— End’(A)

b

B —— End’(A)

where 1 denotes the Rosati involution corresponding to A. An isomorphism of QM
abelian surfaces (A, ¢, 1) and (A’, ', A') is an isomorphism f : A — A’ of abelian
surfaces such that f ot = o f and such that f*A’ = A.

With this definition, we have [Voight 2021, Main Theorem 43.6.14] that XP (1) is
the coarse moduli space of (O, ©)-QM abelian surfaces over C, with the association
2= [(Ag, 1z, )“z,u)l
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Remark 2.2. For an abelian variety A over a field F, by End(A) we mean the ring
of endomorphisms defined over F. For an extension F C L, we will write A for
the base change of A to L and End(A) for the ring of endomorphisms rational
over L.

More generally, if I' < I'?(1) € SLy(R) is an arithmetic Fuchsian group,
we can consider the curve I'\H, and for I < T" there is a corresponding cov-
ering of curves I'"\H — T'\H. Our focus will be on the families of Shimura
curves X(L))(N) and XID(N), for N a positive integer with gcd(D, N) = 1, with
XP(1)=XxP 1) =XP(1) being a special case of each.

With setup following the careful exposition of [Buzzard 1997, §1], let

R:= lm Z/mZ
—
ged(m,D)=1

and fix an isomorphism « : B ®7z R — M>(R). This map « induces, for m relatively
prime to D, a map

OR7 — My(Zy).
We get from here a map
Uy : O' = GLy(Z,).

The curve X é) (N) can then be described as the Shimura curve corresponding to the
compact, open subgroup

rP(N) = \p(u;v‘ ({(‘; %) € GLy(Zy) | ¢ =0 (mod N)})) <r2().

That is, Xé) (N)Y(©C) = F(l)) (N)\H. Equivalently, fixing a level N Eichler order Oy
in B, the curve X¢(N) can be described, in the manner mentioned above, as that
associated to the arithmetic group of units of reduced norm 1 in Op. The Shimura
curve X f) (N) corresponds to the compact, open subgroup

PP = (uy! ({(45) € GLa@y) | e=0and d =1 (mod M)} )) = T2(1).

It follows from a celebrated result of Shimura [1967, Main Theorem I] that the
curve X (N) has a canonical model X (N) /g 1-€., such that

X(?(N)/@ ®aC = XP(N),

and similarly for the curve X f) (N).

Because we are assuming that N is relatively prime to D, the notion of “level N
structure” is group-theoretically just as in the modular curve case. In particular, the
natural modular map XID(N)/@ — Xé) (N))aisa (Z/NZ)* /{£1}-cover. Hence, it
is an isomorphism for N <2 and it has degree ¢ (N)/2 for N > 3, where ¢ denotes
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the Euler totient function. We now recall moduli interpretations for these families
of Shimura curves as provided in, for example, [Buzzard 1997, §3].

Definition 2.3. Suppose that (A, ¢, 1) and (A’,, ') are (O, 1)-QM abelian sur-
faces over F. We will call an isogeny ¢ : A — A’ of the underlying abelian surfaces
a QM-cyclic N-isogeny if ¢*(A") = A and both of the following hold:

o The isogeny ¢ is QM-equivariant. That is, for all « € O we have
V(@) op=g¢ot(a).
o The kernel ker(¢) is a cyclic O-module with
ker(p) =Z/NZ x Z/NZ.

For example, a QM-cyclic 1-isogeny is the same as an isomorphism of QM
abelian surfaces.

Proposition 2.4. The Shimura curve Xé) (N),q is isomorphic to the coarse moduli
scheme associated to any of the following moduli problems:

(1) Tuples (A, t, A, Q), where (A, t,A) is an (O, u)-OM abelian surface and
Q < A[N1] is an order N* subgroup of the N -torsion subgroup of A which is
also a cyclic O-module.

(2) OM-cyclic N-isogenies ¢ : (A, 1, 1) = (A, !, X)) of (O, n)-OM abelian sur-
faces.

The curve X f) (N) @ has the following moduli interpretation: triples (A, t, A, P),
where (A, t, A) is a QM abelian surface and P € A[N] is a point of order N.

These interpretations hold for any choice of principal polarization u of O. That
is, if u and ' are two such polarizations then they both induce the same coarse
moduli scheme X(I)) (N) @ up to isomorphism (as discussed, for example, in [Rotger
2004, §6]). Of course, the exact moduli interpretation does depend on p, and
we refer to [Rotger 2004, Proposition 4.3] for more on how the corresponding
spaces fit into the moduli space of principally polarized abelian surfaces. Because
a principal polarization A on a pair (A, ¢) is canonically determined from a fixed wu,
moving forward we will suppress polarizations and refer simply to QM abelian
surfaces (A, t). By the same point, the condition on the polarizations in the defini-
tion of a QM-cyclic N-isogeny is redundant; it follows from the QM-equivariant
condition.

Letting Oy denote an Eichler order of level N in B, the curve X(I)) (N),q has
the equivalent interpretation of parametrizing pairs (A, ¢) where A/C is a QM
abelian surface and ¢ : Oy — End(A). (We just stated that we would no longer
remark on polarizations, but we note that the polarization corresponding to such
an ¢ will not be principally polarized, but (1, N)-polarized in general.) That said,
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interpretations (1) and (2) in Proposition 2.4 will be the primary ones used in our
study — see Remark 2.9 for related comments. Thus, we will mainly speak of QM
by maximal quaternion orders, and it will benefit us to spell out the connection
between interpretations (1) and (2) here. Let (A, t) be a QM abelian surface. The
N-torsion of A is acted on by ¢(0), and the corresponding representation factors
through O ®7 Z/NZ = M(Z/N Z). The resulting map must then be equivalent to

a0b 0

N b 0a0b

M,(Z/NZ) — End(A[N]) = M4(Z/NZ), (j d) - | g i
0cO0d

This can be viewed as a case of Morita equivalence, but it is worth being explicit
here: let e; and e, denote the standard idempotents in M,(Z/NZ),

(10 d (00
€1—00 an €2—01.

We then have A[N] =e;- A[N] @ e; - A[N], and M»(Z/NZ) acts on this direct
sum in precisely the way noted by the above map.

Any proper, nontrivial, O-stable subgroup Q < A[N] must then have order N2
(this justifies our definition of QM-cyclic isogenies, along with the equivalence
of the moduli interpretations presented above). Further, such a subgroup Q is
determined by a cyclic order N subgroup of A[N]: we have Q = ¢1(Q) ® e2(0Q)
where each summand is cyclic of order N, and conversely Q = O-¢;(Q) fori =1, 2.

For our applications in Section 10, the genera of our Shimura curves of interest
will be of use. Let iy denote the Dedekind psi function. The derivations are
standard — for example, the formula for Xé) (N) can be found in [Voight 2021,
Theorem 39.4.20]:

Proposition 2.5. We have

Py = 14 PR _aD.N) D, N)

12 4 3 ’
where
—4 —4
=G0 ) e
el(D,N)=#[1,|_l[)< P [l,l_ll\, p
0 if4|N,

o | TIC-GNTI( (F) worn

0 fIIN,
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b

are, respectively, the numbers of elliptic Z[«/ -1 ]—CM and elliptic Z[ 1+2 = ]—CM
points on Xg) (N). For N <2 we have

XP(N) = X5 (N,
and for N > 3 we have

¢(N)P(D)Y(N)

gXP(N) =1+ N

2.2. CM points. Let (A, ) be a QM abelian surface over a number field F', such that
End’(A) & B.

If A is nonsimple, such that A ~ E| x E» is geometrically isogenous (i.e., isogenous
over CED) to a product of elliptic curves, then it must be the case that £ and E; are
isogenous elliptic curves with complex multiplication (CM). In this case, A ~ E?
where E is a CM elliptic curve, say with corresponding imaginary quadratic CM
field K. Here it is forced that K splits the quaternion algebra B:

B®g K = My (K).

In this case in which A is nonsimple, we refer to (A, ) as a QM abelian surface with
CM and we call the induced point [(A, t)] € XD(I)/@(F) a CM point. We call a
point x on X(?(D)/@ or XP(N)/@ a CM point if it lies over a CM point on XD(I)/@.

Generalizing our definition for isogenies, we call an endomorphism « € End(A)
OM-equivariant if x o t(y) = t(y)oa forall y € O. If (A, ) has K-CM, then the
ring Endqm(A) of QM-equivariant endomorphisms of A is an imaginary quadratic
order in K. This means that we have some f € Z" such that

Endom(A) = o(f),

where o( f) denotes the unique order of conductor f in K. In other words, o(f) is
the unique imaginary quadratic order of discriminant f2Ag, where Ax denotes
the discriminant of K, i.e., that of the maximal order ox = 0(1). We will call this
f the central conductor of (A, 1). We will refer to [(A, 1)] € XP (1), or to any point
in the fiber over [A, (] under some covering of Shimura curves X — X?(1), as an
o(f)-CM point when we wish to make the CM order clear. Note that the QM on A
is by definition defined over F, so if A is isogenous to E? over an extension L/F
then E necessarily has its CM defined over L.

2.3. The field of moduli of a QM-cyclic isogeny.

2.3.1. The field of moduli. The field of moduli of a QM abelian surface (A, ()
defined over Q is the fixed field of those automorphisms ¢ € Gal(Q/Q) such
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that (A, 1) := (A%, %) is isomorphic to (A, t) over Q. The conjugate abelian
surface A? is defined as the fiber product A Ogpec @ Spec Q over o:

A —— A

! !

Spec@ —Z— Spec @

and (“ is defined via the action of o on endomorphisms of A. (We are suppressing
polarizations at this point, but recall this is justified as there is a unique principal
polarization on A° compatible with (°.) Equivalently, the field of moduli of (A, ¢)
is the residue field @(x) of the corresponding point x = [(A, t)] on XP (1) /Q-

More generally, for a QM-cyclic isogeny ¢ : (A, 1) — (A’, (') defined over Q,
the field of moduli of ¢ is the fixed field of the group

B (A%,17) =L (A)°, ())
H(p) := 10 € Gal(Q/Q) ‘ 1 1 commutes,
(A, ) —2— (A,0)

and the vertical maps are isomorphisms .

For clarity: the vertical maps above are those induced by o and membership
of o in H(¢) means that both (A, ) and (A’, (') are isomorphic to their conjugates
by o. In other words, the field of moduli of ¢ is the minimal field over which ¢ is
isomorphic to all of its Gal(Q/Q)-conjugates. Equivalently, it is the residue field
of the corresponding point [¢] on X (’,j (N) @ (which follows from the much more
general theory of [Shimura 1966, Theorem 5.1], as exposited more specifically
towards our case in [Shimura 1967, p. 60]).

We call a field F a field of definition for a QM-cyclic isogeny ¢ as above, or say
that ¢ is defined or rational over F, if ¢ and both (A, ¢) and (A’, ") can be given
by equations defined over F. We then have a model ¢’ over F so that ¢’ @ Q = ¢.
It follows that if x € X é) (N),q is induced by ¢, then any field of definition for ¢
contains the field of moduli Q(x).

It is not generally the case that fields of moduli are fields of definition for
(polarized) abelian varieties of dimension bigger than 1, and this is a source of
difficulty and interest in the study of their arithmetic. For instance, Shimura [1972]
proved that the generic principally polarized even-dimension abelian variety does
not have a model defined over its field of moduli. Particular towards our interests
here, a QM abelian surface (or, more generally, a QM-cyclic isogeny) need not
have a model over its field of moduli. However, we have the following result of
Jordan [1981, Theorem 2.1.3]:
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Theorem 2.6 (Jordan). Suppose that (A, 1)/Q is a OM abelian surface with QM
by B and with Autgm(A) = {£1} (equivalently, (A, t) does not have CM by A €
{=3,—4}). Let x =[(A, )] € X(l))(l)/@ be the corresponding point. Then a field L
containing Q(x) is a field of definition for (A, 1) if and only if L splits B.

2.3.2. The field of moduli in the CM case. Our attention in this study will primarily
be aimed at determining fields of moduli, particularly in the presence of CM. We
now recall prior work determining the field of moduli of a CM point on X (1) /Q-

The answer begins with a fundamental theorem of Shimura [1967, Main The-
orem 1]. Fixing an imaginary quadratic field K and a positive integer f, we let
o(f) denote the order in K of conductor f and K (f) denote the ring class field
corresponding to o(f).

Theorem 2.7 (Shimura). Let x € XD(I)/@ be an o(f)-CM point with residue
field Q(x). Then

K-Q(x)=K(f)

This tells us that in this setting there are two possibilities: either (X(x) is the ring
class field K (f), or it is an index 2 subfield thereof. Jordan [1981, §3] proved when
each possibility occurs in the case where x has CM by the maximal order of K (the
f =1 case). Work of Gonzélez and Rotger [2006, §5] allows for a generalization
of Jordan’s result to arbitrary CM orders.

To state their result, we first set the following notation: for D a quaternion
discriminant over @ and K an imaginary quadratic field splitting the quaternion
algebra B of discriminant D over Q, let

D)= [] »p
p|D

($)=—1

The assumption that K splits B is exactly the assumption that no prime divisor of D
splits in K. From this we see that D(K) =1 if and only if all primes dividing D
ramify in K, while D(K) > 1 exactly when some prime dividing D is inert in K.

Theorem 2.8 (Jordan, Gonzalez—Rotger). Let x € X D(1) /@ be an o( f)-CM point.
(1) If D(K) =1, then we have Q(x) = K (f).

(2) Otherwise, [K(f): Q(x)] = 2. In this case, Q(x) C K (f) is the subfield fixed
by
o =to0, € Gal(K(f)/Q),

where T denotes complex conjugation and o, € Gal(K (f)/K) is the automorphism
associated via the Artin map to a certain fractional ideal a of o( f) with the property
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that

~ Ak Nkja(a)
e (2r o)

More specifically, a is such that

wpk)(x7) = 1(x),

where wp) denotes the Atkin—Lehner involution on X D(1) /@ corresponding
to D(K).

Remark 2.9. Gonzélez and Rotger provide a generalization of Jordan’s result to
all CM points on Xé) (N),q for squarefree N. We state their result only for trivial
level N =1 in part because it is all we will need, but also because some translation
would be needed for the statement of their result as in their work to the conventions
of this work. In comparing our work to [Gonzalez and Rotger 2006], the definition
of an 0-CM point on X OD (N) @ that they work with is different from ours; whereas
our definition is that a CM point has 0-CM for an imaginary quadratic order o if
it lies over an 0-CM point on XD(I)/@, their definition is that x € XOD (N)q has
0-CM if it corresponds to a normalized optimal embedding of o into an Eichler
order of level N in B. The definition used in [Gonzdlez and Rotger 2006] provides
a pleasantly uniform result similar to Jordan’s N = 1 case, with every o(f)-CM
point x € X(? (N),q having field of moduli Q(x) with K - Q(x) = K (f). It will not
be the case in our work, for level N > 1, that all 0-CM points have the same residue
field. While our set of K-CM points on X(? (N) is the same as that as defined in
[Gonzélez and Rotger 2006], the specific orders we attach may not agree.

The convention used by Gonzdlez and Rotger is common in the literature, ap-
pearing in the work of Rotger and his collaborators and also in work of Padurariu
and Schembri [2023] in which the authors compute rational points on all Atkin—
Lehner quotients of geometrically hyperelliptic Shimura curves. The difference in
convention one takes is motivated by which moduli problem one chooses for the
course moduli scheme X (’? (N): our choice of working with maximal orders results
in having natural modular maps from Xé) (N)to X (1)) (1) for all N, while working
with Eichler orders of level N naturally situates X(I)) (N) as the base Shimura curve.
Because we want to work with general level, we work with maximal orders. A
main difference between our work and that of [Gonzélez and Rotger 2006], beyond
the generalization from squarefree N to all positive integers N, is that we consider
not just the CM points on a fixed curve X(l)) (N) but the fiber of the covering
XP(N);o — XP(1),q over any CM point.

2.4. Decompositions of QM abelian surfaces with CM. Restricting to the case of
a QM abelian surface (A, ¢) with CM over C, we have seen that A is isogenous to a
square of an elliptic curve with CM. Through a correspondence between QM abelian
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surfaces with CM and equivalence classes of certain binary quadratic forms, Shioda
and Mitani [1974, Theorem 4.1] proved the following strengthening of this fact:

Theorem 2.10 (Shioda—Mitani). If (A, 1)/C is a QM abelian surface with K-CM
for an imaginary quadratic field K, then there exist K-CM elliptic curves E1, E;
over C such that

A= E 1 X Ez.

The number of distinct decompositions of a given A as above is finite, resulting
from finiteness of the class number of any imaginary quadratic order in K. This
theorem was generalized to higher-dimensional complex abelian varieties isogenous
to a power of a CM elliptic curve independently by Katsura [1975, Theorem] and
Lange [1975], and Schoen [1992, Satz 2.4] later provided a simple proof as well. A
generalization from C to an arbitrary field of definition F is a result of Kani [2011,
Theorem 2]:

Theorem 2.11 (Kani). If A/F is an abelian variety which is isogenous to E"
over F,where E | F is an elliptic curve with CM over F, then there exist CM elliptic
curves E1/F, ..., E,/F such that we have an isomorphism

AZE| x---E,
over the base field F.

Kani [2011, Theorem 67] says more, which is relevant in the case of QM abelian
surfaces with CM: fixing a K-CM elliptic curve E/F with endomorphism ring of
conductor fg, there is a bijection between the set of F-isomorphism classes [E’]
of elliptic curves E’ isogenous to E with CM conductor fr' | fg, and the set of F-
isomorphism classes of abelian surfaces A/F isogenous to E> with corresponding
central conductor f4 = fr. Explicitly, this bijection sends an F-isomorphism
class [E’] to the F-isomorphism class [E x E'].

In order to obtain concrete decompositions of QM abelian surfaces with CM,
the remaining task is to identify which such products of CM elliptic curves have
potential quaternionic multiplication (that is, which can be given QM structures),
and to further describe the classes of QM abelian surfaces with CM. The following
result provides the number of such classes ([Alsina and Bayer 2004, Theorem 6.13]
interprets this count as a certain class number, or equivalently as an embedding
number, and [Vignéras 1980, Corollary 5.12] provides a formula for these class
numbers which we use in the N =1 case).

Proposition 2.12. Let K be an imaginary quadratic field splitting B, and let f € 7.
Let b denote the number of primes dividing D that are inert in K. The number of
geometric o( f)-CM points on XP (1) is then 2° - h(o(f)), where h(o(f)) denotes
the class number of the order o( f).
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Ufer [2010] touches on this topic of taking QM structures into account. In
particular, he proves the following [Ufer 2010, Theorem 2.7.12]: with the notation
of Proposition 2.12, there exists a 2b_to-1 correspondence

{K-CM points in XD(I)(C} — {K-CM elliptic curves over C}/ =.

Based on the proof therein, it seems that Ufer could have said more, and so we
do that here with reference to his argument. As above, let b denote the number of
primes dividing D which are inert in K.

Theorem 2.13. Let (A, 1)/C be a QM abelian surface with CM by o(f). There is
then a unique o(f)-CM curve E 4 /C, up to isomorphism, such that

AZ=ZC/o(f) x E4.
There is a 2°-to-1 correspondence
{o(f)-CM points on XD(I)} — {0(f)-CM elliptic curves over C}/ =
sending a point [(A, 1)] € XP(1) to the class of E 4.

Proof. Part (2) of the proof of [Ufer 2010, Theorem 2.7.12] details the construction
of a QM-structure by a maximal order O in B on E x E’ for E and E’ both o(f)-
CM elliptic curves. The product E x E’ with the constructed QM structure then
corresponds to a CM point on X (1) with central conductor f.

Let E, E’ be K-CM elliptic curves. Part (3) of Ufer’s proof explains that if the
abelian surface E x E’ has potential quaternionic multiplication then in fact it has 2°
nonisomorphic QM structures. Put differently but equivalently to therein: let W be
the group generated by the Atkin-Lehner involutions w, on X D(1) for p| D inert
in K. The group W x Pic(o(f)) then acts simply transitively on the set of o( f)-CM
points on X D(1). If[(A, )] € XP(1) is such a point, then the action of any element
w € W leaves [A] unchanged, providing the claim (this is proved by Jordan [1981]
in the f =1 case, and extended to the general case by Gonzdlez and Rotger [2006,
Proposition 5.6]). By the count of Proposition 2.12, Theorem 2.10 and the fact that
C/o(f) x EZEC/o(f) x E' implies E = E’, the claimed result follows. O

Corollary 2.14. Let (A, 1)/ F be a QM abelian surface with CM by 0 C 0. Suppose
that we have an F-rational isogeny A ~ E? to the square of an elliptic curve. Fix
E/F any elliptic curve with 0-CM. There then exists an 0-CM elliptic curve E,/ F,
unique up to isomorphism over F, such that A = E| x E; over F.

Proof. Let f be the central conductor of A (i.e., such that o = o(f)). By
Theorem 2.11 and the discussion of Kani’s results following this theorem statement,
there exists a CM elliptic curve E,/F, with endomorphism ring of conductor fg,
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satisfying fx, | f, such that A = E; x E, over F. This curve Ej is unique up to
isomorphism over F. Base changing this entire picture to C, we have

A/C = EI/C X Ez/@.

Now because A ¢ (and hence Ej,c X Ec, by transport of structure through our
isomorphism) has QM and E ¢ has CM conductor f, Theorem 2.13 implies that
fE, = f as well. O

3. QM-equivariant isogenies

Our goal in the following section will be to determine the residue field of a CM
point on Xé) (N),q for any N coprime to D, generalizing Theorem 2.8. A main
component in accomplishing this is the study of the structure of, and the action of
automorphisms on, components of certain isogeny graphs. Paths in these graphs
of consideration will be in correspondence with isogenies of QM abelian surfaces
which commute with their QM structures.

Here, we prove facts about QM-equivariant isogenies needed in the proceeding
section. Much of what we do in both this section and the next is in strong analogy
to the case of isogenies of elliptic curves over @ studied in work of Clark [2022]
and Clark and Saia [2022]. We provide proofs here for completeness and for clarity
of said analogy.

Lemma 3.1. Let F be a field of characteristic zero, and let (A, 1) be a QM abelian
surface over F which does not have CM by an order of discriminant A € {—3, —4}.
For £ a prime number, the number of QM-cyclic L-isogenies with domain (A, t)
which are Gal(F/F)-stable, up to isomorphism, is either 0, 1,2, or £ + 1.

Proof. Note that £ being prime means we are counting isomorphism classes of
QM-cyclic £-isogenies. The hypotheses on A are equivalent to Aut(A, 1) = {£1}.
In this case, we have a bijective correspondence between isomorphism classes
of QM-cyclic £-isogenies and nontrivial, proper cyclic O-submodules of A[{].
Under this correspondence, the isogenies which are Gal(F / F)-stable correspond
to Gal(F / F)-stable submodules.

Now we have that e (Q) < e (A[£]) = (Z/EZ)2 is a cyclic subgroup of order ¢,
and in this way we have a bijective correspondence between the nontrivial proper
QM-stable subgroups of A[f] and cyclic order £ subgroups of e;(A[£]). This
correspondence preserves the property of being Gal(F/F)-stable. We have thus
reduced to the situation of the elliptic curve case, and may proceed as such: We are
counting Gal(F / F)-stable cyclic order £ subgroups of (Z/£Z)*. The total number
of cyclic order £ subgroups is £ 4 1, and if more than 2 such subgroups are fixed
then Gal(F/F) is forced to act by scalar matrices on (Z/£Z)?. U
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3.1. Compositions of QM-cyclic isogenies. The following result is in analogy with
[Clark 2022, Proposition 3.2].

Proposition 3.2. Suppose that ¢ = @ o ¢y is a QM-cyclic isogeny, where @; :
(Ai, i) > (Ajt1, tiv1) is a QM-cyclic isogeny fori =1, 2.

(1) We have
Q(p) € Q(g1) - Q(g2).

(2) If (Aa, 1) does not have CM by A € {—3, —4}, then

Q(p) = Q1) - Qp2).

Proof. The containment of part (1) is clear. The assumption that (A», t;) does
not have —3 or —4 CM is equivalent to Aut((A;, 1)) = {£1}, and in this case the
reverse containment in part (2) follows by the same argument as in [Clark 2022,
Proposition 3.2]. O

3.2. Reduction to prime power degrees. First, let us say something about rationality.
Letg: (A, 1) — (A, ) be a QM-cyclic N-isogeny which is rational over F', where
N has prime-power decomposition N =¢£{" - - - €. Letting Q =ker(p) be the kernel
of this isogeny, we have that ¢ is isomorphic to the quotient (A, t) — (A/Q, ).
(The latter pair indeed provides an O-QM abelian surface, as Q is stable under ¢(O)
and O is maximal, though we are abusing notation by referring to the QM-structure
on the quotient as t.) We have a decomposition Q = C @ D with each of C and
D cyclic of order N, such that O-C = O - D = Q. This cyclic subgroup C then
decomposes as

C=é€,~,
i=1

where C; < C is the unique subgroup of order Z?" . Letting Q; = O - C;, each Q; is
QM stable and isomorphic to (Z/¢;% 7)?.

From the uniqueness of C; < C, and hence of the corresponding O-cyclic
subgroup Q; < Q, we get that each Q; is F-rational, resulting in F-rational QM-
cyclic E?"—isogenies @i (A, 1) > (A/Q;, ) for each i. On the other hand, given
a collection of F-rational QM-cyclic £-isogenies with kernels Q;, we get an
F-rational QM-cyclic N-isogeny (A, () - (A/Q, () where Q = EB;:I 0;.

As for fields of moduli, more towards our needs for the following section, we
have the following:

Proposition 3.3. Let Ny, ..., N, € Z" be pairwise coprime, let k be a field of
characteristic zero, and let x € XP (1) /k be a closed point which does not have CM
by discriminant A € {3, —4}. For each i, let m; : X(?(Ni)/k — XD(l)/k be the
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natural map, let F; = nl._l(x), and let F be the fiber over x of 7 : Xé)(N)/k —
XD(I)/k where N = Ny ---N,. Then

F = F1 Qspeck(x) " * OSpeck(x) Fr-

Proof. This follows as in the D =1 case of [Clark 2022, Proposition 3.5], using
that X(l)) (N) for D > 11is a cover of X” (1) with the same corresponding subgroup
of GL,(Z/NZ)/{£1} as in the case of Xo(N) — X(1). U

It follows that if x € Xé) (N),q is a point which does not have —3 or —4-CM
and N =[]/_, ¢/, with 7; : XP(N),0 = X ¢]") g the natural maps, then

Qx) = Q1 (x)) - - - Qr, ().

4. QM-equivariant isogeny volcanoes

Fixing a prime £, we describe CM components of £-isogeny graphs of QM abelian
surfaces over @. We will use this work to study CM points on the curves X, é) "0
fora € Z* and D > 1, in analogy to the D = 1 modular curve case of [Clark 2022;
Clark and Saia 2022].

This study, like that of [Clark 2022; Clark and Saia 2022], is motivated by the
foundational work on isogeny volcanoes over finite fields by Kohel [1996] and by
Fouquet [2001] and Fouquet and Morain [2002]. We also recommend, and will
refer to, a more recent, expository account of isogeny volcanoes in the finite field
setting by Sutherland [2013].

4.1. The isogeny graph of QM abelian surfaces. Fix a prime number ¢ and an
imaginary quadratic field K. In [Clark 2022] and [Clark and Saia 2022], the authors
consider the multigraph with vertex set that of j-invariants of K-CM elliptic curves,
and with edges corresponding to C-isomorphism classes of cyclic £-isogenies.

Here, we seek an analog for abelian surfaces with QM by a fixed maximal
order O of the indefinite quaternion algebra B of discriminant D over Q, with £1 D.
We let G ZD denote the directed multigraph with

« vertex set consisting of C-isomorphism classes of O-QM abelian surfaces, and

e edges from v; =[(A1, t1)] to v = [(A3, t»)] corresponding to C-isomorphism
classes of QM-cyclic £-isogenies ¢ : (A, 1) = (A2, t2).

A given vertex v has £ + 1 edges emanating from it, via the correspondence of QM-
stable subgroups of A;[£] with cyclic order £ subgroups of e;(A[£]) = (Z/ZZ)2
discussed in Lemma 3.1.

Because a QM structure ¢ determines a unique principal polarization, we have
dual edges via dual isogenies as in the elliptic curve case. As long as the source
vertex v; corresponds to an isomorphism class [(A, ()] having only the single
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nontrivial automorphism [—1], we obtain a bijection between the edges from v;
to v, and those from v; to vy; in this case, outward edges from v; are in bijective
correspondence with QM-stable subgroups of A[£] of order ¢%. This occurs
precisely when [(A, t)] does not have CM by discriminant A = —3 or A = —4.

Our attention will be to vertices in g;’ corresponding to QM abelian surfaces
with CM. For an abelian variety (A, ¢) with QM by O and K-CM, recall from
Section 2.2 that the central conductor of (A, ¢) is defined to be the positive integer f
such that Endgm(A) = o(f) C ok.

Lemma 4.1. Suppose ¢ : (A, 1) — (A', ) is a QM-cyclic N-isogeny, with (A, 1) a
OM abelian surface with K-CM. Then:

(1) The QM abelian surface (A', ') also has K-CM.

(2) Let f and f' denote the central conductors of (A, ) and (A’, '), respectively.
Then f and f' differ by at most a factor of N:

fINf' and f'|Nf.

Proof. The argument is similar to that of the elliptic curve case. In our context,
we need only remember that we care specifically about those endomorphisms
commuting with the QM.

Consider the homomorphism

F :End(A, 1) — End(A",!), Y @oyo.
Because ¢ is assumed to be QM-equivariant, this restricts to a homomorphism
Endom(A, t) = Endom(A’, ).

As in the argument in the elliptic curves case, the algebras of endomorphisms
commuting with the quaternionic multiplication are isomorphic by the multiple %F
of the map above. That is,

K =ZEndgm(A, 1) ® Q = Endgm(A’, () ® Q.
This completes part (a). Moreover, that
%F :Endom(A, 1) ® @ — Endgm(A’, ()
is an isomorphism tells us that
N -Endgm(A, 1) € Endgm(A’, (),

yielding f’ | Nf. Via the dual argument, we obtain f | Nf'. O
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For an imaginary quadratic field K, we are therefore justified in defining G ,?7 , to
be the subgraph of G f’ consisting of vertices corresponding to QM abelian surfaces
with K-CM. An edge in g,’?’ , corresponds to a class of QM-cyclic £-isogenies
[p: (A, 1) — (A, )] between QM abelian surfaces with K-CM, and the above
lemma tells us that as we move along paths in Qllg’ ¢» the central conductors of
vertices met have the same prime-to-£ part. It follows that g,’g’ , has a decomposition

D D
gK,e = |_| gK,E,fo’
(fo,0)=1

where G¢ , . denotes the subgraph of G¢ , with vertices having corresponding
central conductors of the form fyf* for some a € N.

Any edge in Gk ¢, 5, has vertices with corresponding central conductors f and f’
satisfying f/f’ € {1, £, £~'}. Defining the level of a vertex in g,?,&fo having central
conductor f to be ord,(f), we note that a directed edge can do one of three things:

« increase the level by one, in which case we will call the edge ascending,
o decrease the level by one, in which case we will call the edge descending, or

« leave the level unchanged, in which case we will call the edge horizontal.

We will refer to ascending and descending edges collectively as vertical edges.
For a connected component of g,’?’ 0 for We refer to the subgraph consisting of level 0
vertices and horizontal edges between them as the surface of that component. In
other words, the vertex set of the surface consists of vertices with corresponding
central conductor fy. This choice of terminology is reflective of the fact that we
cannot have an ascending isogeny starting at level 0, and of the fact that horizontal
edges can only occur between surface vertices, as the following lemma states.

Lemma 4.2. Suppose that there is a horizontal edge in g,? ¢ f, Connecting ver-
tices v| and vy. Letting f; denote the central conductor corresponding to v; for
i =1,2, we then have f| = f, = fo. The number of horizontal edges emanating
from a given surface vertex in G ,?, ¢ fo is 14 (%), hence is

e Oiflisinertin K,
o 1 if € ramified in K, and
e 2iflis splitin K.
Proof. That f| = f5 is part of our definition of horizontal edges. What we must

prove is that £ does not divide f := f; = f5.
The given edge corresponds to a QM-cyclic £-isogeny

@ : (A1, 1) — (A2, 12),
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where (A;, ;) has central conductor f for i = 1, 2. By Theorem 2.13, we have
a decomposition of these two QM abelian surfaces resulting in an isomorphic
isogeny ¥ as below:

(A, 1) —5— (A2, 10)

IE 2

(Ey x E|,11) —2— (Ey x E}, 1)

where each E; and each E] is an elliptic curve with K-CM by conductor f for
i =1,2. Restricting ¥ to E and to E{, respectively, yields isogenies of K-CM
elliptic curves

Ei — Y(E\) =1 E C E; x Ej,

(1) / / / /
E| — y(E}) = E' C E, x E}.

This provides the decomposition
E2 X Eé =Ex E/.

The conductors of the endomorphism rings of E and E’, each of which must
divide f and have the same coprime to £ part as f, must then have least common
multiple f. This provides that either E or E’ must have CM conductor f.

The conductors of the endomorphism rings of E and E’ must each be in the set
{ £, Lf, % f } and must have least common multiple f. This provides that either E
or E’ must have CM conductor f.

We now consider the corresponding isogeny of K-CM elliptic curves of conduc-
tor f from (1). In doing so, [Clark and Saia 2022, Lemma 4.1] tells us that we must
have £t f. There, the result is reached using the correspondence between horizontal
£-isogenies of o( fy)-CM elliptic curves over C with proper o( fy)-ideals of norm £.
This also gives us the count of horizontal isogenies mentioned; we have the count
in the elliptic curve case as in [Clark and Saia 2022], and from a horizontal isogeny
of elliptic curves as in (1) we generate a QM-cyclic isogeny of our QM abelian
surfaces via the QM action. O

Each surface vertex has 1+ (%) horizontal edges emanating from it, and therefore
has £ — (%) descending edges to level 1 vertices. For vertices away from the surface,
we have the following:

Lemma 4.3. If v is a vertex in Q,I? 0.f At level L > 0. then there is one ascending
vertex from v to a vertex in level L — 1, and the remaining € edges from v are
descending edges to distinct vertices in level L + 1.

Proof. We will use the same type of counting argument one may use in the elliptic
curve case, as in [Sutherland 2013, Lemma 6]. The action of Gal(Q/Q) on G }g’ e fo



342 FREDERICK SAIA

preserves the level of a given vertex, and hence preserves the notions of horizon-
tal, ascending, and descending for edges. As a result, the number of ascending,
respectively descending, edges out of v must be the same as for any other vertex at
level L by transitivity of this action on vertices at each level.

For L =1, there are

A
(z _ (TK» P h(o(fo)) = 2P h(0(Efo))

total descending vertices from surface vertices (where b is as in Proposition 2.12).
The equality above states that this is equal to the total number of level 1 vertices,
and so the edges must all be to distinct level 1 vertices. For L > 1, the result follows
inductively using the same counting argument along with the fact that

h(o (€ fo)) = € - h(o (L fy)). O

4.2. QM-equivariant isogeny volcanoes. For a prime number ¢, we define here
the notion of an £-volcano. This notion for the most part agrees with that in the
existing literature, with the only caveat being that in the original context of isogeny
volcanoes over a finite field one has volcanoes of finite depth. In our case, working
over an algebraically closed field as in [Clark 2022; Clark and Saia 2022], we adjust
the definition to allow for infinite depth volcanoes.

Definition 4.4. Let V be a connected graph with vertices partitioned into levels

v=[|v.
i>0
such that if V; = & for some d, then V; = & for all i > d. If such a d exists, we
will refer to the smallest such d as the depth of V and to V, for d the depth as the
floor of V, and otherwise we will say that the depth of V is infinite.
Fixing a prime number ¢, the graph V with its partitioning is an £-volcano if the
following properties hold:

(1) Each vertex not in the floor of V has degree ¢ + 1, while any floor vertex has
degree 1.

(2) The subgraph V, which we call the surface, is regular of degree 0, 1 or 2.

(3) For 0 <i <d (colloquially: “below the surface” and “above the floor”), a vertex
in V; has one ascending edge to a vertex in V;_1, and £ descending edges to dis-
tinct vertices in V; 1. This accounts for all edges of V which are not horizontal,
by which we mean edges which are not between two surface vertices.

The results of the previous section immediately imply the following theorem,
declaring that in most cases connected components of the subgraphs G ,l() ¢ fo of G Ilg ¢
are isogeny volcanoes. In such a case, we will refer to this graph as a QM-equivariant
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isogeny volcano. This justifies our use of terminology regarding edges and vertices
in these subgraphs.

Theorem 4.5. Fix an imaginary quadratic field K, a prime ¢ and a natural
number fo with (£, fo) = 1 and fOZAK < —4. Consider the graph gll(),é,fo as
an undirected graph by identifying edges with their dual edges as described above.
Each connected component of this graph has the structure of an £-volcano of infinite
depth.

A path in Qll{)’ t.fo refers to a finite sequence of directed edges, say ey, ..., e,
such that the terminal vertex of e; is the initial vertex of ¢;+; forall 1 <i <r—1. In
the fozA k < —4 case, because the edges in G I’?’ ¢ fo all have canonical inverse edges
we are justified in using the following terminology: we call an edge backtracking
if e;11 is inverse to e; for some edge e; in the path. Note that in the case of £
ramified in K, a path consisting of two surface edges always is backtracking. If £ is
split in K, then there is a horizontal cycle at the surface. In this case, concatenation
of this cycle with itself any number of times does not result in backtracking.

Our definitions and the results of this section lead us to the following correspon-
dence:

Lemma 4.6. Suppose that fOZA k < —4. We then have a bijective correspondence
between the set of geometric isomorphism classes of QM-cyclic £°-isogenies of QM
abelian surfaces with K-CM and central conductor with prime-to-£ part fy, and
the set of length a nonbacktracking paths in G 1?, e for This associates to an isogeny
its corresponding path in this isogeny graph.

Proof. This result is in exact analogy to [Clark 2022, Lemma 4.2], and the proof is
as therein. O

In Section 6, we will describe the Galois orbits of such paths in order to describe
the K-CM locus on X é) (£%) via the above correspondence. For this, the following
observation will be of use: any nonbacktracking length a pathin G IL()’ tfo for fOZA K<
—4 can be written as a concatenation of paths P;, P, and P3, where P; is strictly as-
cending, P, is strictly horizontal and hence consists entirely of surface edges, and P3
is strictly descending, such that the lengths of these paths (which may be 0) sum to a.

4.3. The field of moduli of a QM-cyclic L-isogeny. A QM-cyclic £-isogeny ¢
of K-CM abelian surfaces with ¢ { D corresponds to an edge e in g,’?, ¢ fo> SAY
between vertices v and v’ in levels L and L’, respectively. Assume that the path is
nondescending (L > L"), so either it is horizontal (L = L) or ascending (L = L’ +1).

An automorphism fixing e must fix both v and v’, and so by Theorems 2.7 and 2.8
we have that either Q(¢) = K (¢% fy), or [K (£F f) : Q(¢)] = 2. In the latter case,
there exists an involution o € Gal(K (£F f)/Q) fixing v, and we know precisely
when this occurs by Theorem 2.8 — that is, when D(K) = 1.
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Assume that fOZA k < —4, such that g,?, ¢, f, has the structure of an £-volcano.
(We will deal with the case of fOZA k € {—3, —4} in the remarks leading up to
Proposition 5.3.) If e is the unique edge between v and a vertex in level L’, then e is
fixed by o if and only if v is. This is the case unless L = L’ =0 and ¢ splits in K, in
which case there are two edges from v to surface vertices (which are not necessarily
unique, or distinct from v). In either of these cases, consider [(E x E’, t)], with E
having CM by o( fp), a decomposition of our QM abelian surface corresponding
to vy. The two outward edges from v then have corresponding kernels ¢(O) - E[p]
and ¢(O) - E[p], with p a prime ideal in o( fy) of norm ¢£.

We claim that, in this situation, the involution o € Gal(K ( fy)/Q) fixing v cannot
fix p, and hence cannot fix our edge e. Indeed, the exact statement of Theorem 2.8
says that o = to, for a certain ideal a of o( f), so to fix e it would have to be the
case that o, acts on e and hence on v by complex conjugation. It follows from
[Gonzdlez and Rotger 2006, Lemma 5.10] that this cannot be the case, as wp k)
acts nontrivially on v. From this discussion, we reach the following result regarding
fields of moduli corresponding to our edges.

Proposition 4.7. Let ¢ be a QM-cyclic £-isogeny corresponding to an edge e from
viov'in gll(),z,fo as above, with fOZAK < —4.

e If D(K) # 1, i.e., if there is a prime p| D which is inert in K, then Q(¢) =
K (€ fo).
e Suppose that D(K) = 1.

— If 9 is a QM-cyclic isogeny of QM abelian surfaces with CM by o( fo) and ¢
splits in K, then Q(¢) = K(fp).

— Otherwise, [K (¢" fy) : Q)] = 2, with Q(¢) equal to the field of moduli
corresponding to v as described in Theorem 2.8.

S. The action of Galois on G 1? 0 f

5.1. Action of Gal(@ /Q). We have an action of Aut(C) on G Ilg’ ¢.f,+ an automor-
phism o maps a vertex v corresponding to an isomorphism class of QM abelian sur-
faces [(A, )] to the vertex corresponding to [(o(A), o (1))], and edges are mapped
to edges via the action on the corresponding isomorphism classes of isogenies. This
action factors through Gal(Q/Q), and preserves the level of a vertex. It follows
that it also preserves the notions of ascending, descending and horizontal for paths.

For a fixed level L >0, let G I?’ 0 foL denote the portion of G I’?’ tfo from the surface
(level 0) to level L:

L

D . g D
gK,E,fo,L = |_| Vic gK,ﬁ,fo'
i=0
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By Theorem 2.7, the action of Gal(Q/Q) on the graph GII?, ¢. f,.1, Tactors through
Gal(K (¢X f)/Q). If D(K) # 1, i.e., if there is some prime p | D which is inert
in K, then Theorem 2.8 says that the action of this group on Vy is free. Otherwise,
each vertex v in level L is fixed by some involution o, and the class of QM abelian
surfaces corresponding to v has field of moduli isomorphic to K (¢£ f,)°.

We now fix a vertex v in level L in g,lg’&fo, and suppose that o € Gal(K (¢ £o) /@)
is an involution fixing v. (This forces D(K) = 1.) In the following two sections,
we provide an explicit description of the action of o on G I’?’ 0 foL in all cases. First,
we note here the number of vertices at each level fixed by o.

Proposition 5.1. Let x € XD(l)/@ be an o(£L fy)-CM point fixed by an involution
o € Gal(K (¢ fo)/Q). Let b denote the number of prime divisors of D which are
inertin K. For 0 < L’ < L, the number of vertices 0]”9,’:(’,“1-O in level L' fixed by o is

2 #Pic(o (¢ fo)2].

Proof. By Theorem 2.8, the involution ¢ is of the form o = 7 o gy for some o €
Pic(o(£F fy)), where T denotes complex conjugation. The set of vertices of QII?’ ¢ fo
at level L’ has cardinality 2b -h(a(ZL/ f0)), consisting of 2% orbits under the action of
Pic(o(ﬂL/ fo)). Each orbitis a Pic(o(ﬂL/ fo))-torsor, and oy yields a bijection on each.

As a result, we have that the number of level L’ vertices in a given orbit which
are fixed by o is the same as the number of elements of Pic(o(ﬁL/ fo)) fixed by 7.
As shown in [Clark 2022, Proposition 2.6], this count is equal to #Pic(o(EL' fonl21,
as T acts on Pic(o(ﬂ” fo)) by inverting ideals. O

Regarding this count, by [Cox 2013, Proposition 3.11] we have the following:

Lemma 5.2. Let r denote the number of distinct odd prime divisors of a fixed
imaginary quadratic discriminant A. Then Pic(oa)[2] = (Z/27)", where

r—1 ifA=1 (mod4)or A=4 (mod 16),

w=3r if A=28,12 (mod 16) or A =16 (mod 32),

r+1 if A=0 (mod32).
5.2. The field of moduli of a QM-cyclic £*-isogeny. Let ¢ be a QM-cyclic £¢-
isogeny of K-CM abelian surfaces inducing a A = f2>Ax-CM point on Xé) ") 0,
with £ 4 D and D > 1. Let P be the length a nonbacktracking path in g,lgv ¢ fo

corresponding to ¢, via Lemma 4.6, for the appropriate fy € Z*. The ordered edges
in P correspond to a decomposition

Y=¢10--:00@q,
where each ¢; is a QM-cyclic £-isogeny. If A < —4, then Proposition 3.2 provides

Qp) = Q1) - - - Q(@a),
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and for fOZA k < —4 Proposition 4.7 determines Q(gp;) for each i. Note that if Q(¢p;)
is a ring class field for any i, then Q(¢) must contain K

For fOZAK € {—3, —4}, it is impossible to have D(K) = 1, as Ak has only a
single prime divisor while D has at least 2. This is of course consistent with, and
can be seen from, the general fact that Shimura curves have no real points; the
residue field of a —3-CM or —4-CM point on X D(1) @ must be K in this situation.
By these observations and the discussion of the Galois action in the previous section,
we have the following proposition.

Proposition 5.3. Let ¢ : (A, 1) — (A’, ) be a QM-cyclic £*-isogeny. Suppose that
(A, 1) has K-CM with central conductor fa = €% fy and that (A', (') has central
conductor fa = Iz fo. Let L =max{a, a’}. Let P be the path corresponding to ¢
in g}g,&fol.

e If D(K) # 1, i.e., if there is a prime p| D which is inert in K, then Q(¢) =
K (" fo).

o Suppose that D(K) = 1.

— If € splits in K and ¢ factors through an £-isogeny of OM abelian surfaces
with f§Ag-CM, then Q(p) = K (€- fy).

— Suppose that we are not in the previous case. Let o € Gal(K (¢F fy)/Q) be
an involution fixing the class of (A, ) or (A, ). If o fixes the path P, then
Q(p) = K (£" fo)°. Otherwise, Q(p) = K (£~ fy).

We now explicitly analyze the Galois action in all cases as done in [Clark 2022,
§5.3] and [Clark and Saia 2022, §4.2] in the D =1 case. Borrowing the notation
therein, for a specified K, fp, and £ we let

11 1= #Pic(o(¢L fo))[2].

By Proposition 5.1, the number of vertices in level L’ in g,’g, ¢. f, that are fixed by
an involution o € Pic(£ fy) of the type we are studying is 2° - 7.

5.3. Explicit description, I: fo2 Ak < —4. Here, we assume fOZA xk < —4, such
that each component of G 1?7 tf has the structure of an £-volcano of infinite depth.
This is in exact parallel to [Clark 2022, §5.3], bearing the same structure of results.

Let0<L'<L,andleto €Pic(¢" fo) be an involution fixing a vertex v in G, o
in level L. In the following lemmas, we describe the action of o on g,?, ¢ foL- 10
each case, we provide example figures (Figures 1-9) of a component of g,?, ¢.f, (Up
to some finite level). In these graphs, vertices and edges colored purple (gray) are
fixed by the action of the designated involution o, while black edges and vertices
are acted on nontrivially by o. Without loss of generality based on the symmetry
of our graph components, we will always take v to be the left-most vertex in level
L in our figures.
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@ @
Figure 1. ¢ =3 inert in K with L = 2.

Lemma 5.4. Let £ > 2 be a prime which is unramified in K and fy € Z+ with
fOZAK < —4. Let v, L and o be as above with L > 1, and consider the action of o on

L
| |vicdRis
i=0
Each surface vertex has two descendants fixed by o inlevel 1. For 1 < L' < L, each
fixed vertex in level L' has a unique fixed descendent in level L' + 1.

Proof. By Lemma 5.2 we have t; = 21, while t;» = 1774 for 1 <L’ < L. The
number of edges descending from a given vertex in level L’ > 1 is ¢, hence is odd,
and so we immediately see that each fixed vertex in level L’ with 1 < L’ < L must
have at least one fixed descendant in level L’ + 1, hence exactly one by our count.

The number of descending edges from a given surface vertex is either £ + 1 or
£ — 1 depending on whether £ is inert or split in K, hence is even in both cases.
With our involution being of the form o = t 0y, a translated version of the argument
of [Clark and Saia 2022, Corollary 5.5] gives that each fixed surface vertex has at
least one fixed descendant in level 1. Therefore, each fixed surface vertex must
have at least two fixed descendants in level 1 by parity, giving the result. ]

Lemma 5.5. Let £ > 2 be a prime that ramifies in K and fy € Z+ with fOZAK < —4.
Let v, L and o be as above, and consider the action of o on

L
| [vicdR, .
i=0

B\ N\

Figure 2. ¢ =3 splitin K with L = 2.
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o
Figure 3. ¢ = 3 ramified in K with |Vy| =1 and L =2.

Any vertex V' in level L' with 0 < L' < L which is fixed by o has exactly one
descendant in level L' + 1 fixed by o.

Proof. Each vertex in level L’ has £ descendants in level L'+ 1. A descendant of v’
must be sent to another descendant of v’ by o, by virtue of v’ being fixed by o. At
least one descendant must be fixed by o by the assumption that £ is odd. Lemma 5.2
gives that T,/ = 77741, and so there must be exactly one fixed descendant of v'. [J

Lemma 5.6. Suppose that £ =2 is unramified in K and that fozAK # —3. Letv, L
and o be as above with L > 1, and consider the action of o on

L
| [vicaRa s
i=0

(1) Every surface vertex fixed by o has a unique fixed descendant in level 1.

(2) Suppose L > 2. Each vertex in level 1 which is fixed by o has all of its
descendants in levels 2 to min(L, 3) fixed by o.

(3) Let 3 < L' < L. If V' is a vertex in level L' fixed by o, then the vertex w in
level L' which shares a neighbor in level L' — 1 with v’ is also fixed by o, and
exactly one of v/ and w has its two descendants in level L' + 1 fixed by o.

Proof. (1) Lemma 5.2 provides 7; = 7. If 2 is inert in K, then each fixed surface
vertex has three neighbors in level 1, and hence at least one must be fixed. The count

NADNNAN

Figure 4. ¢ = 3 ramified in K with |Vy| =2 and L =2.
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v

Figure 5. ¢ =2 inert with L = 4.

then implies exactly one of these neighbors must be fixed. If 2 splits in K, then each
fixed surface vertex has exactly one neighbor in level 1 which then must be fixed.

(2) Lemma 5.2 provides 73 = 21, and tp = 21;. As each nonsurface vertex has two
immediate descendants in the next level, the claim follows.

(3)For3<L’'<L,wehave t;/1; =1. Let vy be a fixed vertex in level L’ having a
fixed neighbor vertex in level L'—1. By a parity argument, there must then be another
fixed vertex wy in level L with the same neighbor in level L' — 1 as v;/. By the
count, it suffices to show that vy and w;/ cannot both have descendants fixed by o.

Suppose to the contrary that vy and wy 4 are o -fixed neighbors of vz and wy/,
respectively, in level L’ + 1. We find that this cannot be the case as in [Clark 2022,
Lemma 5.6¢)]; this would imply that we have a QM-cyclic 2*-isogeny which, upon
restriction, would provide a cyclic, real 2*-isogeny of elliptic curves with CM by
A = 2%+2 fozA k- This in turn implies the existence of a primitive, proper real
o(2L+1 fo)-ideal of index 16, which does not exist. |

In the case of £ = 2 ramifying in K, the discriminant of K must be of the form
Ag =4m form =2 or 3 (mod 4), and so Ax = 8 or 12 (mod 16). Hence, the
discriminant of the order o( fy) corresponding to the surface of QI?’Z’ % will also
lie in one of these congruence classes mod 16. Whether these components have a
surface loop is answered by the following lemma.

Lemma 5.7. Consider a component of g,?’z’ # with 2 ramified in K. The surface Vy
of this component consists of a single vertex with a single self-loop if and only if
Ak € {—4, -8} and fy=1.

L

© o ®© 0o @ o ®© 0o
Figure 6. ¢ =2 split with L = 4.
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Figure 7. f}Ax =—8and ¢ =2 with L =3.

Proof. This proof comes down to a simple argument about ideals of norm 2 in o( fj),
as in [Clark 2022, Lemma 5.7] O

The following lemmas therefore cover all possible cases.

Lemma 5.8. Let Ay = —8 and £ =2, and let v, L and o be as above with L > 1.
Consider the action of o on

L
| [vicgRa
i=0
(1) The two descendants in level 1 of the single surface vertex are fixed by o.

(2) For 1 < L' < L, there are two vertices in level L' fixed by o and they have
a common neighbor vertex in level L' — 1. One of these must have both
descendants in level L' 41 fixed by o, while the other has its direct descendants
swapped by o.

Proof. There is a single vertex on the surface, as the class number of K is 1.
Lemma 5.2 tells us that 7y = 27 in this case, so both descendants of the surface
vertex are fixed by o. For 1 < L' < L, we have

T+ =T =2,

so one of the fixed vertices in level L’ must have both descendants in level L’ + 1
fixed by o, while the other has its vertices swapped by o. U

i

Figure 8. Ax # —4 with £ =2, ordy(Ag) =2 and L = 3.
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CnKnEndn

Figure 9. Ax < -8 with £ =2, ord;(Ag) =3 and L = 3.

Lemma 5.9. Suppose that Ax =12 (mod 16) and fOZAK #* —4 with€ =2. Let v,
L and o be as above with L > 1. Consider the action of o on

L
| [vicaR,
i=0

(1) There are two surface vertices, both fixed by o. One surface vertex, which we

will denote by vy, has both descendants in level 1 fixed by o, while the other has its
level 1 descendants swapped by o.

(2) If L = 2 (such that the action of o is defined at level 2), then each of the four
vertices in level 2 which descend from vy are fixed by o.

(3) For2 < L’ < L and for a vertex v' in level L' fixed by o, let w denote the other
level L' vertex sharing a neighbor vertex in level L' — 1 with v’ (which must also be
fixed by o). Exactly one of v’ or w has both descendants in level L' + 1 fixed by o,
while the other vertex has its direct descendants swapped by o.

Proof. In this case the surface has two o -fixed vertices with a single edge between
them. We have

T1=17 and 1, =27
by Lemma 5.2, giving parts (1) and (2). For 2 < L’ < L, we have
T =T -1

so half of the o-fixed vertices in level L’ — 1 must have both descendants in level L’
fixed by o, while the other half have their descendants in level L’ swapped by o.
That there must be exactly one pair of fixed vertices in level L’ descending from a
given fixed vertex in level L’ — 2 follows as in part (3) of Lemma 5.6. O

Lemma 5.10. Suppose that Ag =8 (mod 16) with Ax < -8 and £ =2. Let v, L
and o be as above with L > 1. Consider the action of o on

L
| [vicaR, .
i=0
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Figure 10. f7Ax = —4,¢ =2 up to level 3.

(1) There are two surface vertices, both fixed by o, and all four vertices in level 1
are fixed by o.

(2) For 1 < L' < L and for a vertex v' in level L’ fixed by o, let w denote the other
level L' vertex sharing a neighbor vertex in level L' — 1 with v'. Exactly one
of vV or w has both descendants in level L' + 1 fixed by o, while the other
vertex has its direct descendants swapped by o.

Proof. In this case again we have two o-fixed vertices comprising our surface. Here
Lemma 5.2 gives 7| =21, providing part (1). For 1 <L’ < L, Lemma 5.2 gives 1,/ =
77/—1. The same argument as in part (3) of Lemma 5.9 then provides part (2). [

5.4. Explicit description, I1: f02A k € {—3, —4}. Keeping our notation from the
previous section, we now assume fop =1 and Ag € {—3, —4}. As mentioned earlier,
we always have D(K) # 1 in this case. Therefore, the action of Gal(K L £)/Q)
on Vy is free for all L > 0. This is splendid news for us; while the CM fields Q(i) and
@(\/—_3) require extra attention at other points in this study, they cause absolutely
no difficulties as far as determining the explicit Galois action on G ,L()’ ¢.1- This is
to be compared with the D =1 case of [Clark and Saia 2022, §4], wherein much

Figure 11. fOZAK = —4, ¢ split (£ =5, left) and inert (£ = 3, right)
up to level 2.
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L cnsn

Figure 12. fOZAK = —3,¢ =3 uptolevel 2 (left) and £ =2 up to
level 3 (right).

£

Figure 13. fOZA k = —3, £ split (£ =7, left) and inert (£ =5, right)
up to level 2.

care goes into defining and explicitly describing a meaningful action of complex
conjugation on CM components of isogeny graphs in these cases.

Still, we provide here example figures (Figures 10-13) of components of Gk ¢ ;
(up to finite level L) for each case as reference for the reader for the path-type
analysis and enumeration done in Section 6. In these cases, edges from level O to 1
have multiplicity as exposited in [Clark and Saia 2022, §3] due to the presence of
automorphisms that do not fix kernels of isogenies. We therefore do not have a
one-to-one identification between edges and “dual” edges in this case, and so as
in the referenced study we clearly denote edges with orientation and multiplicity
between levels 0 and 1.

6. CM points on X (£9)

We fix £¢ a prime power and A = fZAK = EZLfOZAK, with ged(fp, £) =1, an
imaginary quadratic discriminant. We describe the A-CM locus on X(? ") 0. To
this aim, we fully classify all closed-point equivalence classes, by which we mean
Gal(Q/Q) orbits, of nonbacktracking, length a paths in G Ilg’ ¢ f,- We record the
number of classes of each type with each possible residue field (up to isomorphism).
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In the fOZA k € {—3, —4} cases, the notion of backtracking in Q,[(” ¢.1 has subtlety
between levels 0 and 1 that is not present in isogeny volcanoes. We address this
now: traversing any edge from a vertex v in level O to a vertex w in level 1 followed
by the single edge from w to v corresponds to a composition of dual isogenies, and
thus is backtracking. On the other hand, for a given isogeny ¢ corresponding to the
edge e from w to v, there is a single edge from v to w corresponding to its dual @.
Therefore, traversing e followed by the other edge (respectively, either of the two
other edges) from v to w does not count as backtracking in the case of fOZA k=—4
(respectively, f7Agx = —3).

With b denoting the number of prime divisors of D which are inert in K, we have
25 closed A-CM points on XP(1) /@, with the fibers over each under the natural
map from X, (1)) £*) g 0o X D(1) so being isomorphic via Atkin—Lehner involutions.
In all cases, we then have

Z epd, =2deg(Xo(£%) — X (1)) = 2Py (%) =20 (0" 4 ¢471),
C(p)

where our sum is over closed-point equivalence classes C(¢) of QM-cyclic £¢-
isogenies ¢ with corresponding CM discriminant A.

The map X OD £ 0—> X D(1) s has nontrivial ramification over a closed A-CM
point if and only if A € {—3, —4}. For A € {—3, —4} and path length a, we have that
a closed-point equivalence class has ramification, of index 2 or 3 in the respective
cases of A = —4 and —3, if and only if the paths in the class include a descending
edge from level O to level 1. This allows for a check on the classifications and
counts that we provide.

If D(K) = 1, then the path types showing up in our analysis of each Q,’?‘ ¢ f, Are
exactly those appearing in [Clark 2022] and [Clark and Saia 2022]. In this case,
each graph g,’g’ ¢ f, consists of 2" copies of the analogous graph G ;. f, from the
D =1 modular curve case. We have shown that the action of relevant involutions
on each component is identical to the action of complex conjugation in the D =1
case, up to symmetry of our graphs. In each place where the isomorphism class
of a residue field in the referenced D =1 analysis is a rational ring class field, we
have in its place here some totally complex, index 2 subfield of a ring class field as
described in Theorem 2.8.

If at least one prime dividing D is inert in K, i.e., if D(K) > 1, then all of the
residue fields of A-CM points on X2 (1) /@, and hence on X 6) (£) ), are ring class
fields. The path types showing up are exactly those in [Clark and Saia 2022], but the
counts will in general differ from the case of the previous paragraph. Specifically, a
given path type in our analysis in the case of D(K) = 1 consists of m classes with
corresponding residue field K (f”) and n classes with corresponding residue field an
index 2 subfield of K (f”) for some f' € Z* and m, n > 0. In the case of D(K) > 1,
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the same path type then consists of 2m +n classes, each with corresponding residue
field K(f').

Example 6.1. Suppose that K = Q(i) splits B, and consider the case of A =—4 and
0% =2. We have 2°*! closed-point equivalence classes of QM-cyclic 2-isogenies
of QM abelian surfaces with —4-CM. Each corresponding point on Xé) (2) @ has
residue degree 1 over its image on X” (1) g, having residue field K. Half of these
classes, corresponding to self-loop edges at the surface, have no ramification, while
each of the 2” classes C(¢) corresponding to a pair of descending edges to level 1
has e, = 2.

A nonbacktracking length a path in Gk ¢ ; starting in level L consists of ¢
ascending edges, followed by & horizontal edges, followed by d descending edges
for some c, h,d > 0 with ¢ +h +d = a. We denote this decomposition type of the
path with the ordered triple (c, &, d).

6.1. Path-type analysis: general case. We begin here by considering the portion
of the path-type analysis that is independent of £ and Ag.

I. There are classes consisting of strictly descending paths, i.e., with (c, h,d) =
(0,0, a). If D(K) # 1, then there are 2° such classes, each with residue field K (¢4 f).
Otherwise, there are 2 such classes, each with corresponding residue field an index 2
subfield of K (£ f).

IL. If a < L, there are classes of strictly ascending paths, that is, with (c, &, d) =
(a,0,0). If D(K) # 1, then there are 2b such classes, each with corresponding
residue field K (f). Otherwise, there are 2” such classes, each with corresponding
residue field an index 2 subfield of K (f).

III.If L=0and (%) =0, then there are classes of paths with (c, &, d)=(0, 1, a—1).
If D(K) # 1, then there are 2° such classes, each with corresponding residue

field K (£4~! ). Otherwise, there are 2° such classes, each with corresponding
residue field an index 2 subfield of K (¢4~} .

IV.If L =0 and (%) =1, then for each & with 1 < h < a there are classes of
paths with (c, i, d) = (0, h, a — h) and residue field K (¢“~" ). There are 2!
such classes if D(K) # 1, and there are 2° such classes otherwise.

X.Ifa>L >1 and (AE—K) =1, then there are classes of paths with (c, h,d) =

(L,a — L,0) and residue field K (f). There are 2°*! such classes if D(K) # 1,
and there are 2% such classes otherwise.

6.2. Path-type analysis: £ > 2. Here we assume that £ is an odd prime.

V. If L > 2, then for each ¢ with 1 < ¢ <min{a — 1, L — 1} there are paths which
ascend at least one edge but not all the way to the surface, and then immediately
descend at least one edge, with (c, h,d) = (c,0,a — ¢). Each such class has
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corresponding residue field K (¢™2@=2¢.0} £y~ There are 2°(¢ — 1)¢mintc.a—c}=1
such paths if D(K) # 1, and 2271 (¢ — 1)¢minlc.a=c}=1 gych paths otherwise.

VL.Ifa>L+1>2and (%) = —1, then there are paths which ascend to the surface
and then immediately descend at least one edge, with (¢, h,d) =(L,0,a—L). If
D(K) # 1, then there are 22¢™in{L-¢—L} classes of such paths with corresponding
residue field K (¢m2{¢=2L.0} £y Otherwise, there are 201 (¢mintL.a—L} _ 1) classes
of such paths with corresponding residue field K (¢™2{¢=2L.0} £ "and 2 classes of
such paths with corresponding residue field an index 2 subfield of K (¢™ax{a¢=2L.0} £y

VIL.Ifa>L+1>2and (%) =0, then there are paths which ascend to the surface
and then immediately descend at least one edge, with (c, h,d) = (L,0,a — L).
Each such path has corresponding residue field K (¢m2{¢=2L.0} £y If D(K) # 1,
then there are 2°(¢ — 1)¢™n{l-a=L}=1 clagses of such paths. Otherwise, there are
2b=1(¢ — 1)gmin{L-a—LI=1 ¢lagses.

VIIL Ifa> L+1>2and (ATK) =0, then there are paths which ascend to the surface,
follow one surface edge, and then possibly descend, with (c, h,d)=(L,1,a—L—1).
If D(K) # 1, then there are 22 ¢minL-a—L=1} ¢lagses of such paths with corresponding
residue field K(EmaX{“_zL_l’O}f). Otherwise, there are 20~ ! (¢min{L.a—L=1} _ 1)
classes of such paths with corresponding residue field K (£ma¢—=2L=10} £y "and
2% classes of such paths with corresponding residue field an index 2 subfield of
K(Emax{a—QL—l,O}f).

IX.Ifa > L+1>2 and (%) = 1, then there are paths which ascend to
the surface and then immediately descend at least one edge, with (c, h,d) =
(L,0,a—L). If D(K) # 1, then there are 27 (¢ — 2)¢™intL-a—Li=1 ¢]agses of such
paths with corresponding residue field K (¢™@¢=2L.0} £y - Otherwise, there are
2b=1((g — 2)gmintL.a=L}=1 _ 1y classes of such paths with corresponding residue
field K (¢maxta—2L.0} £y "and 2 classes of such paths with corresponding residue
field an index 2 subfield of K (¢max{a=2L.0} £

XL.Ifa>L+2>3and (%) =1, then for each 1 <h <a—L—1 there are paths which
ascend to the surface, traverse 4 edges on the surface, and then descend at least one
edge, with (c, h,d) = (L, h, a — L — h). Each such path has corresponding residue
field K (¢maxta=2L=h.0} £y 'If D(K) # 1, then there are 207! (¢ — 1)gmin{L.a—L=h}—1
classes of such paths. Otherwise, there are 27 (¢ — 1)¢minL-a—L=hi=1 ¢]aqces.

6.3. Path-type analysis: £=2, (3%) #0. Here we assume that £ =2 with A odd.

V.If L > 2, we have classes consisting of paths which ascend at least one edge but
not all the way to the surface, and then immediately descend at least one edge. We

have the following types:
V. If a = 2, then there are classes with (¢, h,d)=(1,0,a—1). If D(K) # 1, then
there are 2” such classes, each with corresponding residue field K (2972 f).



CM POINTS ON SHIMURA CURVES VIA ISOGENY VOLCANOES 357

Otherwise, there are 2” such classes, each with corresponding residue field
an index 2 subfield of K (2472 f).

V,. If L > a > 3, then there are classes with (¢, h,d) =(a—1,0,1). If D(K) #
1, then there are 2 such classes, each with corresponding residue field
K (272 f). Otherwise, there are 2” such classes, each with corresponding
residue field an index 2 subfield of K (2472 f).

Vi. If a > L 4+ 1 > 4, then there are paths with (¢, h,d) = (L — 1,0,a —
L +1). If D(K) # 1, there are 2mina—L+1LL=1l+b=1 (]agses of such paths
with corresponding residue field K (2ma*{¢=2L+2.0} £y " Otherwise, there are
2b(gmin{a—L+1.L=1}=2 _ 1y classes of such paths with corresponding residue
field K (2maxta—2L+2.0} £y "and 25+! classes of such paths with corresponding
residue field an index 2 subfield of K (2max{a—2L+2,0} )

V4. For each ¢ with 2 < ¢ < min{L — 2, a — 2}, there are paths with (c, &, d) =
(¢, 0, a—c). Each such path has corresponding residue field K (2max{¢=2¢.0} £y,
There are 2min{-a—c+b=1 equivalence classes of such paths if D(K) # 1.
Otherwise, there are 2min{¢.a—c}+0=2 gych classes.

VLIfa>L+1>2and (8%) = —1, there are paths that ascend to the surface and
then immediately descend at least one edge, with (¢, h,d) = (L,0,a — L). Each
such class has corresponding residue field K (2m@—2L.0} £y 'If D(K) # 1, then
there are 2Min{L-a=L}+b ¢lagses of such paths. Otherwise, there are 2min{L,a—Li—1+b
such classes.

XLIfa>L+2>3and (3) =1, thenforall | </ <a— L — 1 there are paths
which ascend to the surface, traverse A horizontal edges, and then descend at least
once, with (c, h,d) = (L, h,a— L — h). Each such class has corresponding residue
field K (2maxta—2L=h.0} £y If D(K) # 1, then there are 2™iML-¢—L—=h}+b clagses of
such paths. Otherwise, there are 2™iML-a—L=hl+b=1 gych classes.

6.4. Path-type analysis: £ =2, ord;(Ag) = 2. Here we assume that £ = 2 with
ordr(Ag) =2.
V.If L > 2, we have classes consisting of paths which ascend at least one edge but

not all the way to the surface, and then immediately descend at least one edge. We
have the following types:

V. If a = 2, then there are classes with (¢, h,d)=(1,0,a—1). If D(K) # 1, then
there are 2” such classes, each with corresponding residue field K (2472 f).
Otherwise, there are 2” such classes, each with corresponding residue field
an index 2 subfield of K (2472 f).

V,. If L > a >3, then there are classes with (c, h,d)=(a—1,0, 1). If D(K) #1,
then there are 2 classes of such paths, each with corresponding residue
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field K (f). Otherwise, there are 2° classes of such paths, each with corre-
sponding residue field an index 2 subfield of K (f).

For each ¢ with 2 < ¢ < min{L — 1, a — 2}, there are paths (c, h,d) =
(c, 0, a—c). Each such class has corresponding residue field K (2max{a—2c,0} ).
If D(K) # 1, then there are pmin{e.a—cl+b—1 ¢lagses of such paths. Otherwise,
there are 2min{e.a=cl+b=2 gych classes.

VL. If L > 1, then we have paths which ascend to the surface and then immediately de-
scend at least one edge, with (¢, h,d) = (L, 0, a — L). We have the following cases:

VI.

VI,.

VIs.

VIIIL.

Suppose L =1 and a > 2. If D(K) # 1, then there are 2 classes of such
paths, each with corresponding residue field K (2¢~2 f). Otherwise, there are
2% such classes, each with corresponding residue field an index 2 subfield of
K (2972 f).

Suppose a = L+ 1> 3. If D(K) # 1, then there are 2° classes of such paths,
each with corresponding residue field K ( f). Otherwise, there are 2° such
classes, each with corresponding residue field an index 2 subfield of K (f).

Suppose a > L+2 > 4. If D(K) # 1, then there are pmin{L.a—L}+b=1 ¢]agses of
such paths, each with corresponding residue field K (2m®¢=2L:0} £y Other-
wise, there are 22 (2minL-a—L1=2_1) classes of such paths with corresponding
residue field K (2m2*{¢=2L.0} £y "and 2°F! classes of such paths with corre-
sponding residue field an index 2 subfield of K (2max{e¢—2L.0} £y

Ifa > L+ 1> 2, then we have paths which ascend to the surface, and

then traverse the unique surface edge, and then possibly descend, with (c, i, d) =
(L,1,a— L —1). We have the following cases:

VIII;. Suppose a = L + 1. If D(K) # 1, then there are 2% classes of such paths,

each with corresponding residue field K (f). Otherwise, there are 2° such
classes, each with corresponding residue field an index 2 subfield of K (f).

VIII,. Suppose a > L + 2. Each such path has corresponding residue field

K (maxta=2L=L0} £y If D(K) # 1, then there are 2™iML.a—1=Li+b ¢]ages
of such paths. Otherwise, there are 2™ME-a—1=LI+b=1 gch classes.

6.5. Path-type analysis: £ =2, ordy(Ag) = 3. Here we assume that £ = 2 with
ordy(Ag) = 3. The types of paths occurring here are the same as in the previous
section, owing to the fact that the structure of g,?’ ¢, f, here is the same as therein. The
corresponding residue field counts may differ, though, as the Galois action differs.

V. The analysis of this type is exactly as in Section 6.4.

VL If L > 1, then we have paths which ascend to the surface and then immediately de-
scend at least one edge, with (¢, h,d) = (L, 0, a — L). We have the following cases:
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VI;. Suppose L =1 and a > 2. If D(K) # 1, then there are 2 classes of such
paths, each with corresponding residue field K (22 ). Otherwise, there are
2% such classes, each with corresponding residue field an index 2 subfield
of K (222 f).

VI,. Suppose a = L+ 1> 3. If D(K) # 1, then there are 2° classes of such paths,
each with corresponding residue field K ( f). Otherwise, there are 2 such
classes, each with corresponding residue field an index 2 subfield of K (f).

VIs. If a > L 4+ 2 > 4, then each such class has corresponding residue field
K(ZmaX{“_ZL’O}f). If D(K) # 1, then there are pmin{L.a—L}+b—1 ¢ch classes.

Otherwise, there are 2MiML.a—LI+b=2 ¢,ch classes.

VIIL. If a > L + 1 > 2, then we have paths which ascend to the surface, and
then traverse the unique surface edge, and then possibly descend, with (c, i, d) =
(L,1,a— L —1). We have the following cases:

VIII;. Suppose a = L+ 1. If D(K) # 1, then there are 2 classes of such paths,
each with corresponding residue field K (f). Otherwise, there are 2° such
classes, each with corresponding residue field an index 2 subfield of K (f).

VIII,. Suppose that a > L +2. If D(K) # —1, there are pmin{L.a—1-L}+b ¢laqqes
of such paths, each with corresponding residue field K (2m3{a—2L=10} £y
Otherwise, there are 22 (2min{l-a=1=L}=1 _ 1) classes of such paths with
corresponding residue field K (2m@@—2L=1.0} £y " and 2041 classes with
corresponding residue field an index 2 subfield of K (2max{a—2L—10} £y,

6.6. Primitive residue fields of CM points on X (? (£*))g. Fixing A an imaginary
quadratic discriminant and N € Z™ relatively prime to D, we say that a field F is a
primitive residue field of a A-CM point on X(I)) (N) g if

« there is a A-CM point x € XOD(N)/@ with Q(x) = F, and
« there does not exists a A-CM point y € Xé) (N))o withQ(y) =L with L C F.

The preceding path-type analysis in this section allows us to determine primitive
residue fields for prime-power levels N = £%. It follows from this analysis that,
in all cases, there are at most two primitive residue fields, and that each primitive
residue field is either a ring class field or an index 2 subfield of a ring class field.
The cases occurring here are in line with those in [Clark 2022] and [Clark and
Saia 2022], though here the primitive residue fields depend on whether D(K) = 1.
In particular, if some prime dividing D is inert in K, then all residue fields of CM
points on XOD (€%) are ring class fields, and hence there can only be one primitive
residue field. This necessarily happens, for instance, if the class number of K is
odd. We provide Case 1.5b with the alternative title of “the dreaded case,” in [Clark
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2022], to warn the reader that it will have an important role in later results on
primitive residue fields and degrees.

Case 1.1. Suppose £ = 2.

Case 1.1a. Suppose (5) # —1. If D(K) = 1, then the only primitive residue field
is an index 2 subfield of K (f). Otherwise, the only primitive residue
field is K (f).

Case 1.1b. Suppose (5) = —1. If D(K) = 1, then the only primitive residue field
is an index 2 subfield of K (2 f). Otherwise, the only primitive residue
field is K (2f).

Case 1.2. Suppose £¢ > 2, L =0 and (%) = 1. If D(K) = 1, then the primitive
residue fields are K (f) and an index 2 subfield of K (£ f). Otherwise, the only
primitive residue field is K (f).

Case 1.3. Suppose ¢4 > 2, L =0 and (%) = —1. If D(K) = 1, then the only
primitive residue field is an index 2 subfield of K (£ f). Otherwise, the only
primitive residue field is K (¢4 f).

Case 1.4. Suppose €9 >2, L=0and ($) =0. If D(K) =1, then the only primitive
residue field is an index 2 subfield of K (¢4~! f). Otherwise, the only primitive
residue field is K(Z“‘lf).

A
Case 1.5. Suppose £ > 2, L > 1 and (TK) =1.

Case 1.5a. Suppose a <2L. If D(K) = 1, then the only primitive residue field
is an index 2 subfield of K (f). Otherwise, the only primitive residue
field is K(f).

Case 1.5b (the dreaded case). Suppose a > 2L + 1. If D(K) = 1, then the prim-

itive residue fields are K (f) and an index 2 subfield of K (ge—2L ).
Otherwise, the only primitive residue field is K (f).

Case 1.6. Suppose £ >2, L > | and (8£) = —1.

Case 1.6a. Suppose a <2L. If D(K) = 1, then the only primitive residue field
is an index 2 subfield of K (f). Otherwise, the only primitive residue
field is K (f).

Case 1.6b. Suppose a >2L+1. If D(K) =1, then the only primitive residue field
is an index 2 subfield of K (£~2F f). Otherwise, the only primitive
residue field is K (¢472L f).

Case 1.7. Suppose £ >2, L > 1 and (%) =0.

Case 1.7a. Suppose a <2L + 1. If D(K) = 1, then the only primitive residue
field is an index 2 subfield of K (f). Otherwise, the only primitive
residue field is K (f).
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Case 1.7b. Suppose a > 2L + 2. If D(K) = 1, then the only primitive residue
field is an index 2 subfield of K (£4~2L~! f). Otherwise, the only
primitive residue field is K (¢472L~1 f).
Case 1.8. Suppose £ =2,a>2,L > 1 and (%) =1.
Case 1.8a. Suppose L = 1. If D(K) = 1, then the primitive residue fields
are K(f) and an index 2 subfield of K (24 f). Otherwise, the only
primitive residue field is K (f).

Case 1.8b. Suppose L >2 and a <2L —2. If D(K) = 1, then the only primitive
residue field is an index 2 subfield of K (f). Otherwise, the only
primitive residue field is K (f).
Case 1.8c. Suppose L > 2 and a > 2L — 1. If D(K) = 1, then the primitive
residue fields are K (f) and an index 2 subfield of K (2¢72L+2 f).
Otherwise, the only primitive residue field is K (f).
Case 1.9. Suppose £ =2,a >2,L > 1 and (85) = —1.
Case 1.9a. Suppose L = 1. If D(K) = 1, then the primitive residue fields are
K (272 f) and an index 2 subfield of K (2¢ f). Otherwise, the only
primitive residue field is K (2472 f).
Case 1.9b. Suppose L >2 and a <2L —2. If D(K) = 1, then the only primitive
residue field is an index 2 subfield of K(f). Otherwise, the only
primitive residue field is K (f).
Case 1.9¢. Suppose L >2anda >2L—1. If D(K) # 1, then the primitive residue
fields are K (2maxta—2L.0} f) and an index 2 subfield of K (20—2L+2 ).
Otherwise, the only primitive residue field is K (2m{e¢=2L.0} ),
Case 1.10. Suppose £ =2,a>2, L > 1, (%) =0 and ordy(Ag) =2.

Case 1.10a. Suppose a <2L. If D(K) # 1, then the only primitive residue field
is an index 2 subfield of K (f). Otherwise, the only primitive residue
field is K (f).

Case 1.10b. Suppose a > 2L + 1. If D(K) # 1, then the primitive residue fields
are K (272L=1 £) and an index 2 subfield of K (272 f). Otherwise,
the only primitive residue field is K (2¢72L~1 f).

Case 1.11. Suppose £ =2,a>2,L > 1, (%) =0 and ordy(Ag) = 3.
Case 1.11a. Suppose a <2L 4+ 1. If D(K) =1, then the only primitive residue
field is an index 2 subfield of K (f). Otherwise, the only primitive
residue field is K (f).
Case 1.11b. Suppose a > 2L +2. If D(K) = 1, then the only primitive residue

field is an index 2 subfield of K (2¢72L~! f). Otherwise, the only
primitive residue field is K (Qe2L=1fy,
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6.7. Primitive degrees of CM points on X é) (£%)j@- A positive integer d is a prim-
itive degree for a A-CM point on X(l)) (N) g if

o there is a A-CM point of degree d on XOD (N),q, and
« there does not exist a A-CM point on X (l)) (N) @ of degree properly dividing d.

If d is such a degree, then the residue field of a degree d point on Xé) (N)gis a
primitive residue field of a A-CM point on X é) (N),q. For N = £ a prime power,
we then have from the previous section that there are at most two primitive degrees.

Although there are several cases that admit two primitive residue fields when
D(K) =1, the only case admitting two primitive degrees is Case 1.5b (the dreaded
case). In Case 1.5b, our two primitive residue fields are K(f) and an index 2
subfield L of K (¢47%L f), with degrees [K(f) : @] = 2h(o(f)) and [L : Q] =
072Lp(o(f)), respectively. As £ is odd, we indeed have two primitive degrees in
this case.

7. Algebraic results on residue fields of CM points on X (1) /Q

We develop here algebraic number-theoretic results on fields which arise as residue
fields of CM points on X (1) @ which will feed into our main results. In particular,
a determination of composita and tensor products of such fields will be needed
in determining information about the CM locus on Xé) (N)q for general N from
information at prime-power levels.

For an imaginary quadratic field K, we let K(f) denote the ring class field
corresponding to the imaginary quadratic order o( f) of conductor f in K, i.e., that
of discriminant f2Ag.

Proposition 7.1. Let K denote an imaginary quadratic field of discriminant Ag.
(1) If Ax & {—3, —4}, then for any fi, f» € Z+ we have
K(f1)-K(f2) = K(Iem(f1, f2)).
(2) Suppose Ak € {—3, —4}.
(a) Forany fi, f» € Z+ with gcd(f1, f») > 1, we have
K(f1) - K(f2) = K(em(f1, f2)).

(b) If the class number of the order of discriminant fle k is 1, that is, if fle K €
S={-3,—-4,—-12, —16, =27}, then

K(f1)- K(f2) = K(f2).

(c) Suppose we have positive integers f1, ..., fr which are all pairwise relatively
prime and not in the S defined above. Then K (f1)--- K(f:) C K(f1--- fr),
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with

271 ifAg = —4,

31 ifAg =-3.

3) In all cases, K (f1) and K (f,) are linearly disjoint over K (gcd( f1, f2)).
Proof. Part (1) is [Clark 2022, Proposition 2.10], while part (2) is [Clark and Saia

2022, Proposition 2.1] and part (3) follows from the combination of these two
propositions. O

[K(fl---fr)iK(fl)--'K(fr)]={

We now use Proposition 7.1 to get analogs of [Clark 2022, Proposition 2.10]
and [Clark and Saia 2022, Proposition 2.2], in which “rational ring class fields” are
exchanged for those index 2 subfields of rings class fields which arise as residue
fields of CM points on X2 (1) q.

Corollary 7.2. Suppose that x| € X{ (N1),q and x, € X (N2)q are o(f)-CM
points, where o( f) is an imaginary quadratic order in K. Fori = 1,2, let f; € Z*
such that

K-Qx;) =K(f).

Let M = gcd(Ny, No) and m = lem(Ny, N;), and suppose that x € X(l)) (M) is a
point lying above x| and x, which is fixed by an involution o € Gal(K(M)/K). Let
T X(? (M) 0 — XD(I)/@ denote the natural map. Then:

(1) The fields Q(x1) and Q(x3) are linearly disjoint over Q (7 (x)).
(2) We have

Q(x1) ®a(r(x)) Qx2) = Q(x).
(3) We have

Q(x1) ®a(z(x)) K (x2) = K (x).

Proof. The ring class fields K (f1) and K (f>) are linearly disjoint over K (m) by
Proposition 7.1. That @(x;) and @Q(x;) are linearly disjoint over Q(sr (x)), and that

[Q(x) : Qx1) - Q)] = [K(x) : K(x1) - K(x2] = [K(m) : K(f1) - K(f2)],

follow by the same type of arguments as in the analogous case of rational ring class
fields in [Clark 2022, Proposition 2.10] and [Clark and Saia 2022, Proposition 2.2],
using that K (x) = K (x1) - K (x2) = K(f1) - K(f>) via Proposition 3.3 (note that the
assumption that x is fixed by o forces f2Ag < —4, so this proposition applies.).

Part (2) now follows from the preceding remarks, combined with Proposition 7.1.
As for part (3), first note that the fact that Q(x) is fixed by some involution o €
Gal(K (M)/K) immediately implies that A(o(f)) > 1 (as XD(I)/@ has no real
points). We note that the map

Qx) x K(x2) > K(x1) - K(x2),  (x1, x2) > x1 - X2,
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is Q (s (x))-bilinear, and the induced map on the tensor product over Q(7r (x)) must
be an isomorphism

Q(x1) @) K(x2) = K(x1) - K(x2)

as the two finite Q( f)-algebras here have the same dimension. The result then

follows as K (x1) - K(x3) = K (x). [l
Corollary 7.3. Suppose that x1, x2, . . ., x, are o( f)-CM points with x; € Xé) (N o
foreachi =1, ..., r, where o(f) is an imaginary quadratic order in K. For each
i=1,...,r, let f; € Z" such that

K- Q) ZEK(fp).

Let M = ged(Ny, ..., Ny) and m = lem(Ny, ..., N,). Let w : X (M), —
XD(I)/@ denote the natural map. Let S = {—3, —4, —12, —16, —27} be the set of
discriminants of imaginary quadratic orders of class number 1 with Ag € {—3, —4}.

(1) Suppose thatr =2. If fi € S, then we have

K (x1) @z (x) K(x2) = K(x2) X K (x2).
Now assuming f1, f» € S, if Ax < —4 orif gcd(f1, f2) > 1 then

K (x1) ®aerx) K (x2) = K(M) x K(M).
(2) Suppose that Ax € {—3, —4}, that fi1, ..., f, € S,and that f1, ..., f, are all
pairwise relatively prime. We then have

Q1) Bae@) -+ Bame) Q) = K (1) ®aww) -+ ®aewy) K(x) =L,

with L a subfield of K(M) of index 2"~ if Ax = —4 and index 3" if Ax = —3.
Proof. (1) Using part (3) of Corollary 7.2, we have

K (x1) ®ar(x) K (x2) = (Qx1) ®a(r ) K (*)) ®ar(x) (Q(x2) ®ar(x)) K(x))
= (Q(x1) Bar () A(x2)) ®a(x(x)) (K (X) ®a(r(x) K (x))
= (Q(x1) Bar(x) Qx2)) ®aer(x) (K (x) x K(x))
= (Qx1) ®a(r () K (x2)) X (Qx1) ®a(r(x)) K (x2)).
The stated result then follows from another use of Corollary 7.2 part (3) if Q(x;)
properly embeds in the ring class field K (f1). Otherwise, Q(x;) = K (f;) fori =1, 2

and Q(r(x)) = K(f). The case of f; € S is then clear, so assume f1, f> € S and
at least one of Ax < —4 or ged(f1, f2) > 1 holds. Then, by Proposition 7.1,

K (x1) ®amx)) K (x2) = (K(f1) ®kr) K(f2) x (K(x1) k) K(f2))
~ K (M) x K(M).
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(2) This result follows similarly to the above argument using Proposition 7.1 once
more. Our assumption that the f; are relatively prime forces Q(x;) to be a ring class
field for each i; this assumption gives K - Q(;r(x)) = K (1) = K as Ag € {—3, —4},
and our Shimura curves have no real points so indeed Q(7r(x)) = K. O

8. CM points on X (N) /g

We describe the A-CM locus on X OD (N),q for any N € Z™ relatively prime to D
and any imaginary quadratic discriminant A. For A < —4, this description is
possible using the foundations we have built thus far, specifically Propositions 3.3
and 5.3, along with the path-type analysis in Section 6. For A = Ag € {—3, —4},
however, Proposition 3.3 does not apply.

We first elaborate on the description in the former case, and then provide a result
for compiling across prime powers in the case of A € {—3, —4}. Following this,
we discuss primitive residue fields and degrees of A-CM points on X é) (N)a.

8.1. Compiling across prime powers: A < —4. For a fixed prime £ relatively
prime to D, let A = ¢2F fOZA x with ged(fy, £) = 1 be an imaginary quadratic
discriminant. Fixing a € Z*, consider the natural map 7 : X OD €Y —>X D(1) /Q
and the fiber 7 ! (x) over a A-CM point x € X OD (1))q. There are 2% such fibers by
Theorem 2.13, and any two are isomorphic via an Atkin-Lehner involution w, for
some prime p | D which is inert in K. We then have 7 (x) = Spec A with

) A= ]_[ L% x ]_[ K (5 f)e
j=0 k=0

for some nonnegative integers b;, cx, where L; is an index 2 subfield of K (¢/ f)
for all 0 < j < a. The explicit values b; and ci, based on £ and A, are determined
by our path-type analysis in Section 6.

Next assume A < —4, let N denote a positive integer relatively prime to D, and
consider the fiber 7 ~!(x) of the map 7 : Xé) (N)@ — X(1),g over a A-CM point
xe XP) 0. Let N = £" - - - £% be the prime-power factorization of N, and for
each 1 <i <r consider the fiber 7Ti_1 (x) of m; : Xé)(ﬁi”")@ — XD(l)/@ over x. We
then have

nl._l (x) = Spec A;,

with each A; of the form given in (2). Proposition 3.3 then provides that 7 lx) =
Spec A with
A=A Qaw - Baw) Ar.

It follows that A is a direct sum of terms of the form

M =M Qqu) - - ®aw) My,
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where for each 1 <i <r we have that M; is isomorphic to K (Z{i f), or a totally
complex, index 2 subfield thereof, for some 0 < j; < a;.

Let s be the number of indices 1 < i < r such that K is contained in M;, i.e.,
such that M; = K (E{i) is a ring class field. The results of Section 7 then tell us that

~ |L if s =0,
K- 0 £ otherwise,

where L C K (Z{l . -E{’) is a totally complex, index 2 subfield in the s = O case.
(Note that E{" A €{—12, —16, —27} can only occur, due to the A < —4 assumption,
if j; =0, so these possibilities do not require special attention here.)

8.2. Compiling across prime powers: A € {—3, —4}. Here, we determine how
to compile residue field information across prime-power level for A € {3, —4}.
Our result here should be compared to [Clark and Saia 2022, Proposition 8.2 and
Theorem 8.3], wherein more work is required due to the fact that residue fields
of —3 and —4-CM points on X((N) g do not always contain the CM field K.

Theorem 8.1. Let N € Z be coprime to D with prime-power factorization N =
Z‘l” -+ L%, and suppose x € X(?(N)/@ is a A-CM point with A € {—3, —4}. Let
T Xé) (N)j@ — X(l)) (Z‘f])/@ denote the natural map and let x; = m;(x) for each
1 <i <r. Let P; be any path in the closed-point equivalence class of paths in g,lgy 01
corresponding to x;, and let d; > 0 be the number of descending edges in P; (which
is independent of the representative path). We then have

Q) = KD - o).

Proof. Because A € {—3, —4}, we know that the residue field of the image of x
under the natural map to X D(1) /@ is necessarily K. Therefore, K C Q(x;) for
each i, and hence Q(x;) = K(Kfli) foreach 1 <i <r.

Let ¢ : (A,1) — (A’,!) be a QM-cyclic N-isogeny over @(x) inducing x
(necessarily there is such an isogeny, as K € Q(x)). Let Q =ker(p), let C =¢1(Q),
and for each 1 <i <r let C; < C be the Sylow ¢; subgroup of C. Let ¢; : (A, 1) —
(A/(O-Cy), ;) be the £;-primary part of ¢, and let f; denote the central conductor
of (A/(O-C;), ) (where by ¢ here we really mean the induced QM structure on
the quotient). Put

Z:={i|di>0}={i|ordg(f;) >0} C{L,...,r}
and

0":=({0-Cilier) = 0.

Our original isogeny ¢ then factors as ¢ = ¢” o’ where ¢’ : (A, 1) - (A/Q’, ). Be-
cause a QM-cyclic £;-isogeny preserves the prime-to-¢; part of the central conductor,
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the central conductor of (A/Q’, t) must be divisible by E‘fl - -Zf’. We then have
K- 67 c Q) S Qp),

and it remains to show the reverse containment. If the central conductor of (A, () is
also 1, then (up to isomorphism on the target) ¢ is a QM-equivariant endomorphism
of (A, ), and therefore Q(¢) C K as desired. Otherwise, the dual isogeny ¢
induces a A’-CM point x" € X(?(N)/@ with A’ < —4. We have Q(x) = Q(x'), and
the claim then holds via an application of Proposition 3.3 to x’. (I

8.3. The main algorithm. We have now built up all we need to prove our main
result, Theorem 1.1.

Proof of Theorem 1.1. The existence and structure of this algorithm follows from our
prior results. We summarize the steps of the algorithm with appropriate references
for individual steps here:

Algorithm 8.2 (the 0-CM locus on X (N) ).

Input: an indefinite quaternion discriminant D over Q, a positive integer N coprime
to D, an imaginary quadratic discriminant Ax and a positive integer f.

Output: the complete list of tuples (is_fixed, f’, e, ¢), consisting of a boolean
is_fixed, apositive integer f', an integer e € {1, 2, 3} and a positive integer c, such
that there exist exactly ¢ closed f 2Ax-CM points x on Xé) (N) /g with K(x) =
K(f"), with Q(x) = K(f’) if is_fixed is False and with [K(f’) : Q(x)] =2
otherwise and with ramification index e with respect to the natural map to X? (1) /Q-

Steps:

« Compute the prime-power factorization N = £{' - - - £¢r of N.

e Foreachindexi € {1, ..., r}, compute using the path-type enumeration results
of Section 6 information on all f2A gx-CM points on X(I)) (€{") - This information
is stored as a list of lists (is_fixed;, fi, €;, ¢;) as in our desired output at general
level. (If D =1, this information is originally obtained in the path-type analysis at
prime-power level given in [Clark 2022] and [Clark and Saia 2022].)

 For each tuple (Py, ..., P,), in which each P; is the information of an f ZAk-
CM point on X(I))(E?")/@ of the form (is_fixed;, fi, e;, c¢;) as computed in the
previous part, compute the information (is_fixed, f’, e, c) of all f2Agx-CM
points on X 5’ (N),@ with image a point with information given by P; under the
natural map to Xé) () g foralli € {1, ..., r}. This is done as follows:

— The boolean is_fixed is true if and only if the boolean is_fixed; is true
foralli e {1, ..., r} by Proposition 3.3 and the results of Section 7.
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— The CM conductor f’ of such a point is equal to the least common multiple of
the conductors f1, ..., f, at each prime-power level. This is by Proposition 3.3
and the results of Section 7, as also spelled out at the start of Section 8.1, if
Ak < —4, and is Theorem 8.1 in the case of Ag € {—3, —4}.

— The ramification index e is equal to the maximum among the indices e; (so in
particular is 2 or 3 if and only if fOZA k € {—3, —4} and at least one of the P;
has ¢; =2 or ¢; = 3).

— If A < —4, then the count c is given by the results of Section 8.1. If A €
{—3, —4}, then this count is given by the results of Section 8.2 if D > 1 and is
given by the results of [Clark and Saia 2022] if D = 1. O

This algorithm has been implemented, and is the function CM_points_XDO in
the file shimura_curve_CM_locus.m in [Saia 2024].

8.4. Primitive residue fields of CM points on X é) (N)/q. The preceding results
imply that the residue field of any A-CM point on X é) (N),q is isomorphic to either
a ring class field or a totally complex, index 2 subfield of a ring class field as
described in Theorem 2.8. As a result, there are at most two primitive residue fields
of A-CM points on X é) (N),@- There exists a positive integer C such that an index 2
subfield of K (Cf) is a primitive residue field of a A-CM point on X(? (N)q if and
only if for each 1 <i < r there exists a positive integer C; such that an index 2
subfield of K (C; f) is a primitive residue field of a A-CM point on X OD (E?i ).

We begin by investigating the cases in which we do have such a field as a primitive
residue field, determining when we have two primitive residue fields and, if so,
whether we have two primitive degrees of residue fields. Note that this assumption
requires D(K) =1, and hence A < —4. Let H; = E?" | ¢/ be the unique positive
integer such that an index 2 subfield L; of K(H; f) is a primitive residue field of a
A-CM point on X (£") o for each 1 <i <r. Setting

H=H - H,,

we have that a totally complex, index 2 subfield L of K (Hf) is a primitive residue
field of a A-CM point on X(l)) (N),q by the results of Section 8.1.

If L; is the unique primitive residue field of a A-CM point on X(l)) (") q for each
1 <i <r, then L is the unique primitive residue field for Xé) (N),q. Otherwise,
let C; = £ | £} be the smallest positive integer such that there is a A-CM point
on X (? (E?" ), with residue field isomorphic to either K (C; f) or an index 2 subfield
thereof for each 1 <i <r. Setting

c=cC---C,

we then have that K(Cf) is also a primitive residue field for X, é) (N)a-
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Now assume that we have two primitive residue fields, L C K(Hf) with
[K(Hf):L]1=2and K(Cf), of A-CM points on X (N)q. Set

di:=[L:Q] and d,:=[K(Cf):Q].

We note C; < H; for each 1 <i <r by the definitions of these quantities. Further, by
assumption we have at least one value of i such that K (C; f) is a primitive residue
field for X (¢") @, and thus

[K(Cif): Q] < \K(H): Q=L : Q]

It follows that dy < d;. Therefore, we have a unique primitive degree of a A-CM
point on Xé) (N),q@ if and only if d; | dy, in which case d; is the unique primitive
degree. The following result determines when this occurs:

Theorem 8.3. With the setup and notation as above, let s be the number of indices
1 <i <r such that K(H; ) is a primitive residue field of a A-CM point on X(I)) (48]
(or equivalently, such that C; < H;).

(1) If s = 0, then L is the unique primitive residue field of a A-CM point on
Xé) (N) @, and d, is the unique primitive degree.

(2) Suppose that s > 1 and that for some 1 <i <r with C; < H; we are not in
Case 1.5b (the dreaded case) with respect to A and the prime power Zf" . We
then have that L and K (Cf) are the two primitive residue fields of A-CM
points on Xé) (N) @, while d; is the unique primitive degree.

(3) Suppose that s > 1 and that for all 1 <i <r with C; < H; we are in Case 1.5b
(the dreaded case) with respect to A and the prime power £;'. We then have that
L and K (Cf) are the two primitive residue fields of A-CM points on X (1)) (N),a,
and that d| and dy are the two primitive degrees of such points.

Proof. The proof follows exactly as in [Clark 2022, Theorem 9.2]; the main inputs
here are the degrees of our residue fields, which are the same for our totally complex,
index 2 subfields of ring class fields as they are for the rational ring class fields
appearing in the D = 1 modular curve study. (I

9. CM points on X2 (N) g

We prove Theorem 1.2, showing that there is a very close relationship between
CM points on the Shimura curves X (1)) (N)/g and X f) (N)@. This is a generalization
of [Clark and Saia 2022, Theorem 1.2], which was specific to the D = 1 case,
and allows us to go from our understanding of the A-CM locus on X(l)) (N)a
based on Section 8 to an understanding of, at the very least, degrees of CM points
on XP(N)q.
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Proof of Theorem 1.2. We first recall some relevant facts about ramification under
the natural map 7 : X (N),o — XP(N),q. All points on X (N),q not having
CM by discriminant A € {—3, —4} are unramified over their image on X (1) Q-
For N >4, just as in the D =1 case, the curve X ID (N) over C has no elliptic points
of periods 2 or 3, from which it follows that all —4 and —3-CM points on X f) (N)/a
are ramified with ramification index 2 or 3, respectively. The curve X f) (2))@ has a
single elliptic point of period 2, unramified with respect to , lying over each of
the 2° points on XP (1) sa with —4-CM. The curve X f) (3)a has a single elliptic
point of period 3, unramified with respect to 7, lying over each of the 2° points
on XP(1) @ with —3-CM. (One can see these claims regarding elliptic points and
ramification from elementary arguments involving congruence subgroups. For
example, for D = 1 this is [Diamond and Shurman 2005, Exercise 2.3.7].)

First, suppose that A < —4. If N < 2 then the map = is an isomorphism, so
assume N > 3 in which case it is a (Z/NZ)*/{x1}-Galois covering, and hence has
degree ¢(N)/2. Let f be the conductor of A, such that A = f?Ag, and consider
a point X € 7! (x). It suffices to show that [K (X) : K(x)] = w, viewing 7 as a
morphism over K.

Take ¢ : (A, 1) — (A’,!') to be a QM-cyclic N-isogeny over K (x) inducing
x € Xé) (N)/k. We know such an isogeny exists over K (x) by Theorem 2.6,
because K (x) contains Q(x) and splits B. By Theorem 2.7 we have K (x) = K (f).
We have a well-defined +1 Galois representation

py : Gal(K /K (f)) = GLa(Z/NZ)/{+1)

not depending on our choice of representative for x, as Aut(A, ) = {£1}. Let
O =ker(¢p) < A[N] and let P € Q be a choice of generator (of e;(Q) as an abelian
group, or equivalently of Q as an O-module). The action of Gal(K /K(f))on P is
then tracked by an isogeny character

A:Gal(K/K(f)) — (Z/NZ)/{£1)}.

Theorem 2.13 gives that A¢ := A ®spec & (x) Spec C has a decomposition ¥ : Ac —
C/o(f) x E4, where E4 is a A-CM elliptic curve over C. The elliptic curves in
this decomposition both have models over K ( f), as they both have models over
Q(f) = Q(ja) where ju is the j-invariant of a A-CM elliptic curve. Hence, a
K (f)-rational model for this product is a twist of A.

It then suffices, as our representation is independent of the choice of K (f)-
rational model, to consider the case A = E x E’ with E and E’ being A-CM elliptic
curves over K (f). Here, our QM-stable subgroup Q < A[N] corresponds to a cyclic
subgroup of E[N], and A is induced by the Galois action on this cyclic subgroup.
This 1 character A is surjective by [Bourdon and Clark 2020, Theorem 1.4] (in
which the authors state a result of [Stevenhagen 2001] in this form). Therefore,
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if {P, — P} is stable over an extension L of K (f), such that Gal(@/L) is in the
kernel of A, we have

TN I[L: K (O],

and so indeed we have [K (X) : K(x)] = ¢ (N)/2.

We next tackle case (2)(a), assuming that x is a ramified point of the map
Xé) (N)a — XD(I)/@. In this case, we have that a representative (A, ¢, Q),/k (x)
inducing x, where Q < A[N] is a QM-cyclic subgroup, is well-defined up to
quadratic twist, as all models for (A, ¢) are defined over K (x). This is because,
working geometrically for a second, a —3 or —4 CM point x € X (’? (N) over C is
ramified with respect to the natural map to X (1) if and only if it is nonelliptic; it
has the trivial stabilizer {41}, while its image is an elliptic point of order 3 or 4.
The same argument as in the A < —4 case above then applies.

We now assume that x is a A-CM point on XOD(N)/@ with A € {-3, —4}
which is unramified with respect to the map to X2 (1) yo- If N =2, then 7 is an
isomorphism, so the claim is trivial. If N = 3, the fact mentioned above that there
is one point lying over each elliptic point on X (1) is exactly the inertness claim.
For N > 4, we know that every point in 7 ~!(x) is ramified with respect to the map
XP(N),@ — XP(1)q, giving the claimed ramification index. The residue degree
is therefore at most the claimed residue degree in each case.

To provide the lower bound on the residue degree, we modify the argument of
the A < —4 case slightly in a predictable way. If A = —4, then a representative
for x is well-defined up to quartic twist. We consider a representative of the form
(E1 X Ep,t,O0-C) where E|, E, are o(f)-CM elliptic curves and C < E{[N] is
a cyclic order N subgroup (again, via the type of argument as in the A < —4
case using Theorem 2.13). Let gy : 0x — 0gx/Nog denote the quotient map. By
tracking the action of Galois on a generator P of C we get a well-defined reduced
mod N Galois representation

pn 1 Gal(Q(x)/Q) — (ox /Nok) ™ /qn(0k),

which is surjective (see [Bourdon and Clark 2020, §1.3]). As {P, —P,iP, —i P} is
stable under the action of Gal(Q(x)/Q) for X € 7~ !(x), we must have

19 (N) = #(oN (Gal(@(%)/@))) | [A(F) : Q)]

giving the result for A = —4. For A = —3, exchanging “quartic” for “cubic” and
wa for ps3 results in the required divisibility %¢(N )| fr(X). O

10. Sporadic CM points on Shimura curves

Fix D > 1 an indefinite quaternion discriminant over @ and N € Z* relatively prime
to D. In analogy to prior work on degrees of CM points on certain classical families
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of modular curves [Clark et al. 2022], we may consider the least degree dcyv(X) of
a CM point on a Shimura curve X for the modular Shimura curves X = Xé) (N)a
and X = X ID (N),q. For an imaginary quadratic order o, the results of Section 8.4
allow us to compute all primitive residue fields and degrees of 0-CM points
on Xé) (N),a, and hence to compute the least degree d, cm (X (1)) (N)) of an 0-CM
point on XOD (N) . The least degree of an 0-CM point on X OD (N) @ always satisfies

h(0) | do.cm(XE (N)).

Using a complete list of all imaginary quadratic orders o of class number up to 100,
it then follows that if we have some order oy with

doy cm(XE (N)) < 100,

then we can solve the minimization over orders problem to compute the least degree
of a CM point on X(?(N)/@:

dem (X (N)) = min{d, cm(X§ (N)) | h(0) < 100}.

We have implemented an algorithm to compute least degrees over specified orders
and, when possible, to compute dO,CM(X(? (N)) exactly as described above. The
relevant code, along with all other code used for the computational tasks described
in this section, can be found at the repository [Saia 2024]. One may also find there a
list of computed exact values of dCM(X(I)) (N)), along with an order minimizing the
degree, for all relevant pairs (D, N) with DN < 10°. All computations described
in this section are performed using [Bosma et al. 1997].

Theorem 1.2 provides all of the information we need to go from least degrees
of CM points on X(l)) (N) @ to least degrees of CM points on X ID (N),q. For ease
of the relevant statement, we first generalize some terminology from [Clark et al.
2022]: we will call a pair (D, N) with N > 4

o type I if D splits @(+/=3), we have ord3(N) < 1, and N is not divisible by
any prime £ =2 (mod 3), and

o type I1 if D splits @(+/—1), we have ord>(N) < 1, and N is not divisible by
any prime £ =3 (mod 4).

Proposition 10.1. Let D > 1 be a quaternion discriminant over Q and N € 7™ be
coprime to D.

(1) If (D, N) is type I, then
dem(XT (N)) = 3¢ (N).
(2) If (D, N) is not type I and is type II, then
dem(XT (N)) = 3¢ (N).
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(3) If (D, N) is not type I or type II, then

dem(XP (N)) = 3¢ (N) - dem (X (V).

Proof. The natural map XP(N),q@ — X&(N) g has nontrivial ramification exactly
when (D, N) is either type I or type II. In these cases, we have dCM(XéJ(N)) =2,
which is as small as possible as the D > 1 assumption implies these curves have no
rational points. The statements then follow immediately from the residue degrees
with respect to this map provided by Theorem 1.2. O

For a curve X g, let §(X) denote the least positive integer d such that X has
infinitely many points of degree d. We call a point x € X sporadic if

deg(x) :=[Q(x) : Q] < §(X).

That is, x is a sporadic point if there are only finitely many points y € X with
deg(y) < deg(x). Sporadic points on modular curves have been objects of interest
in several recent works, including [Najman 2016; Bourdon and Najman 2021; Clark
et al. 2022; Smith 2023; Bourdon et al. 2019; 2024].

In the rest of this section, we apply our least degree computations towards the
question of whether the curves X (? (N)/g and X f) (N) @ have sporadic CM points.

10.1. An explicit upper bound on dcy (X 6) (N)). In analogy to the Heegner hy-
pothesis of the modular curve case, we make the following definition:

Definition 10.2. Let D be an indefinite quaternion discriminant and N a positive
integer relatively prime to D. We will say that an imaginary quadratic discriminant A
satisfies the (D, N)-Heegner hypothesis if

(1) for all primes € | D, we have (%) = —1, and
: A
(2) for all primes ¢ | N, we have (7) =1.
If A satisfies the (D, N)-Heegner hypothesis, this implies the existence of a
A-CM point on X(l)) (N),@ which is rational over K(f), the ring class field of
conductor f where A = f>Ag. This point therefore has degree at most 2 - h(o( f)).

We provide an upper bound on the least degree of a CM point on X é) (N)q as
follows: Let L be the least positive integer such that

. (%) = —1 for all odd primes p | D,
. (%) = 1 for all odd primes p | N, and

e we have
B 5 (mod8) if2|D,
~ 11 (mod8) otherwise.
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Then 0 < L <8DN, and so dy =L —16DN is an imaginary quadratic discriminant

satisfying the (D, N)-Heegner hypothesis with —16DN < dy < —8DN. It follows

that there exists a fundamental discriminant A g of an imaginary quadratic field K

satisfying the (D, N)-Heegner hypothesis with |[Agx| < 16 DN; take K such that d

corresponds to an order in K, and hence dy = f>Ag for some positive integer f.
For an imaginary quadratic field K of discriminant Ag < —4, we have

e
hg =h(o(Ak)) < 37V |d|log|d|

(see, e.g., [Clark et al. 2013, Appendix]), such that the above provides
4

3) dCM(X(?(N)) <2-hg < —evDNlog(16DN).
T

10.2. Shimura curves with infinitely many points of degree 2. 1f §(X (l)) (N)) =2,
then as Xé) (N),q has no real points it certainly does not have a sporadic point.
We mention here all pairs (D, N) for which we know 8(X(§’ (N)) =2 based on the
existing literature.

All genus 0 and 1 cases necessarily have § (X é) (N)) =2, as we have no degree 1
points. Voight [2009] lists all (D, N) for which X(? (N) g has genus zero:

{(6, 1), (10, ), (22, D},
and genus one:

{(6, 5), (6,7), (6,13), (10, 3), (10, 7), (14, 1),
(15, 1), (21, 1), (33, 1), (34, 1), (46, 1)}.

By a result of Abramovich and Harris [1991], a nice curve X defined over @ of
genus at least 2 with § (X)) =2 is either hyperelliptic over Q, or is bielliptic and emits
a degree 2 map to an elliptic curve over Q with positive rank. The pairs (D, N)
for which X 6) (N) @ is hyperelliptic of genus at least 2 were determined by Ogg!
[1983]:

{(6, 11), (6, 19), (6, 29), (6, 31), (6, 37), (10, 11), (10, 23), (14, 5), (15, 2),
(22,3), (22,5), (26, 1), (35, 1), (38, 1), (39, 1), (39, 2), (51, 1), (55, 1), (58, 1),
(62, 1), (69, 1), (74, 1), (86, 1), (87, 1), (94, 1), (95, 1), (111, 1), (119, 1),
(134, 1), (146, 1), (159, 1), (194, 1), (206, 1)}.

As for the bielliptic case, Rotger [2002] has determined all discriminants D such that
XP(=Xx (? (1) is bielliptic, and further determined those for which X (1) /@ 18

lActually, for the pairs (10, 19) and (14, 5), the referenced work of Ogg says that the corresponding
curves are hyperelliptic over R. Ogg does not say whether that is the case over @, but Guo and Yang
[2017] answer negatively for the former pair and positively for the latter.
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bielliptic over (2 and maps to a positive rank elliptic curve. All such discriminants D
with g(X¥ (1)) > 2 and with X’ (1) g not hyperelliptic are

{57, 65,77, 82,106, 118, 122, 129, 143, 166, 210, 215, 314, 330, 390, 510, 546}.

10.3. Sporadic CM points. In order to declare the existence of a sporadic CM
point on a Shimura curve X (l)) (N) @, a main tool for us will be the following result
of Frey [1994, Proposition 2] on the least degree § (X) over which a nice curve X /¢
has infinitely many closed points:

Theorem 10.3 [Frey 1994]. For a nice curve X defined over a number field F,
3VF(X) <8(X) < yr(X),

where yp(X) denotes the F-gonality of X, i.e., is the least degree of a nonconstant
F-rational map to the projective line.

It follows from Theorem 10.3 that if
4) dem(X(N)) < 57a(X§ (N)),

then there exists a sporadic CM point on X OD (N),q- To complement this, a result of
Abramovich provides a lower bound on the gonality of a Shimura curve. Our cases
of interest in applying this result are Xé) (N) = XF(?(N) and XID(N) = XFID(N) (or,
equivalently, Xé) (N)=X ol where Oy is an Eichler order of level N in B, for the
former curve).

Theorem 10.4 [Abramovich 1996]. Let Xt be the Shimura curve corresponding to
I' < O! a subgroup of the units of norm 1 in an order O of B. Then

o= (g(Xr) — D) < ye(Xr) < yo(Xp).

Proof. This is a version of [Abramovich 1996, Theorem 1.1], where the constant has
been improved using the best known progress due to Kim and Sarnak on Selberg’s
eigenvalue conjecture [Kim 2003, p. 176]. O

The following result will allow us to transfer information about the existence of
sporadic points on X (N) g to those on XP(N) q:

Proposition 10.5. Let 7w : X f) (N)jo— X OD (N) q denote the natural modular map.
Suppose that Py € X(l)) (N),q satisfies

deg(Py) < ror (8(X§ (N)) — 1).

Then any P € XID(N)/@ with w(P) = Py is sporadic.
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Proof. For sucha P € X lD (1)@, using the notation and results of Proposition 2.5,

deg(P) < deg(Py) - deg ()
= deg(Py) - 3¢(N)
< 12 (DY (N) — Je1(D, N) — 3e3(D, N)) - 3¢ (N)
< 12 (3 (NP (D)Y (N))
= 732 (g(XP(N) = 1).
It then follows from Theorem 10.4 that P is sporadic. (]

We now obtain a lower bound on the genus of X é) (N) that will be amenable to
our arguments:

Lemma 10.6. For D > 1 an indefinite quaternion discriminant over Q and N € Z+
relatively prime to D, we have

DN( 1 )_7@

XPN) —1>
g(Xg 12 \e loglog D + i &

- DN ( 1 ) 7D
— 12 \e”loglog (DN) + —10g130g6 3
Proof. We make use of the trivial bound ¢ (N) > N, and the lower bound
D

e loglogD+@'

¢(D) >

For M € Z*, let w(M) and d(M) denote, respectively, the number of distinct prime
divisors of M and the number of divisors of M. We then have

€1(D, N), e3(D, N) <2°PN) < 4(DN) <d(D)-d(N) <4vDN.

Using these bounds along with the fact that D > 6 and N > 1, we arrive at the
stated inequalities from the genus formula given in Proposition 2.5. (]

The combination of this lemma with (3) and (4) guarantees a sporadic CM point
on X (N),q if

4 325DN 1 2275 DN
2 VDN 1og(16DN) < ( ) - .
T

65536 \ e” loglog(DN) + 10g130g6 16384

This inequality holds for all pairs (D, N) with DN > 4.27512-10'°,
Ranging through pairs (D, N) with DN below this bound, we attempt to deter-
mine the fundamental imaginary quadratic discriminant Ag of smallest absolute
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value satisfying the (D, N)-Heegner hypothesis. If found, we check whether we
have a Ag-CM point of degree at most half yg (X 5’ (N)) via the inequality

325¢(D)y(N)  2275v/DN

5 h
) K= """65536 16384

We confirm that (5) holds, and thus a sporadic CM point on X, 6) (N) g is ensured,
for all pairs (D, N) with DN > 14982 aside from the 20 pairs comprising the
following set Fi:

Fi= {(101959, 210), (111397, 210), (141427, 210), (154583, 210),
(164749, 210), (165053, 330), (174629, 330), (190619, 210),

(192907, 210), (194051, 210), (199801, 330), (208351, 210),

(218569, 210), (233519, 210), (240097, 210), (272459, 210),
(287419, 210), (296153, 210), (304513, 210), (307241, 210)}.

For each pair (D, N) € Fj, it is not that (5) does not hold. Rather, there is
no imaginary quadratic discriminant of class number at most 100 satisfying the
(D, N)-Heegner hypothesis, such that we fail to perform the check using only such
discriminants. For each of these pairs, we compute den (X OD (N)) exactly and find
that for each the inequality

325¢(D)y(N)  2275V/DN

dom(Xg'(N)) < 32768 8192

holds. By the preceding remarks, this confirms that the curve X(I)) (N)/g has a
sporadic CM point for all (D, N) € Fj.

There are exactly 4392 pairs (D, N), each with DN < 14982, for which (5) does
not hold. These are listed in the file bads_list.m in [Saia 2024]. For each of
these, we perform an exact computation of dCM(Xé’ (N)). By the above, a sporadic
CM point on Xé) (N),q is guaranteed if

6)  dem(X§ (N)) < 157 (50 (D)W (N) — Jer(D, N) — Jes(D, N)).

Lemma 10.7. There are exactly 574 pairs (D, N) consisting of a quaternion dis-
criminant D > 1 over Q and a positive integer N coprime to D such that (6) does
not hold. For all such pairs we have dCM(X(I))(l)) € {2, 4, 6}, and the largest value
of D occurring among such pairs is D = 1590.

Proof. This follows from direct computation. The 574 referenced pairs are listed in
the file fail_dcm_check.m in [Saia 2024]. [l
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Lemma 10.8. Set

D:= {85, 91,93, 115, 123, 133, 141, 142, 145, 155, 158, 161, 177, 178, 183,
185, 187,201, 202, 203, 205, 209, 213, 214, 217, 218, 219, 221, 226, 235,
237,247,249, 253,254,259, 262, 265, 267, 274, 278, 287, 291, 295, 298,
299, 301, 302, 303, 305, 309, 319, 321, 323, 326, 327, 329, 334, 335, 339,
341, 346, 355, 358, 362, 365, 371, 377, 381, 382, 386, 391, 393, 394, 395,
398, 403,407,411, 413,415,417,422,427,437, 445, 446, 447, 451, 453,
454,458, 462,466,469, 471, 478, 482, 485, 489, 501, 502, 505, 514, 519,
526,537,538, 542, 543, 554, 562, 566, 570, 573, 579, 586, 591, 597, 614,
622, 626, 634, 662, 674, 690, 694, 698, 706, 714, 718, 734, 746, 758, 766,
770,778, 794, 798, 802, 838, 858, 870, 910, 930, 966, 1110, 1122, 1190,

1218, 1230, 1254, 1290, 1302, 1326, 1410, 1518, 1590}.

and

&= {(85, 2), (85, 3), (85,4), (91, 2), (91, 3), (93, 2), (93, 4), (93, 5), (115, 2),
(115, 3), (123, 2), (133, 2), (141, 2), (142, 3), (145, 2), (155, 2), (158, 3),
(161, 2), (177, 2), (178, 3), (183, 2), (201, 2), (202, 3)}.

For each of the 181 pairs (D, N) with either D € D and N =1 or with (D, N) € €,
the curve X(I)) (N),q has a sporadic CM point.

Proof. For each such pair (D, N), we know from Section 10.2 that XOD 1,0
does not have infinitely many degree 2 points, and hence X, é) (N),q does not have
infinitely many degree 2 points. At the same time, we compute that this curve has a
CM point of degree 2, which is therefore necessarily sporadic. U

We are now prepared to end with the main result of this section:

Theorem 10.9. (1) For each of the 64 pairs (D, N) in Table 1, the Shimura curve
XOD (N) @ has no sporadic points, and we have dcwm (Xé) (N)) =2.

(2) For each of the 64 pairs (D, N) in Table I except for possibly the 10 in the set
{(6,5),(6,7), (6, 13), (6, 19), (6, 29), (6, 31), (6, 37), (10, 7), (14, 5), (22, 5)},

the Shimura curve X lD (N),q has no sporadic CM points.

(3) There are at most 329 pairs (D, N), consisting of an indefinite quaternion
discriminant D > 1 over Q and a positive integer N coprime to D, which do not



CM POINTS ON SHIMURA CURVES VIA ISOGENY VOLCANOES 379

6,1 (6,5 (67 (6,11 (6,13 (6,19 (6,29 (6,31
6,37)  (10,1) (10,3) (10,7) (10,11) (10,23) (14,1) (14,5)
(15, 1)  (15,2) @1, (22,1) (22,3) (22,5 (26,1) (33,1)
G4, 1) (35,1) (38, 1) (39,1) (39,2) (46,1) (51,1) (55,1)
(57,1)  (58,1) (62,1) (65,1) (69,1) (74,1) (77,1) (82, 1)
86,1)  (87,1) (94,1) (95,1) (106,1) (111,1) (118,1) (119,1)
(122, 1) (129,1) (134,1) (143,1) (146,1) (159,1) (166,1) (194, 1)
(206, 1) (210,1) (215,1) (314,1) (330,1) (390,1) (510,1) (546, 1)

Table 1. 64 pairs (D, N) with ged(D, N) = 1 for which
S(XOD (N)) =2, and hence XOD (N) @ has no sporadic points.

appear among the 64 listed in Table 1 and for which the Shimura curve Xé) (N)a
does not have a sporadic CM point. These are listed in Table 2.

(4) Let (D, N) be a pair consisting of an indefinite quaternion discriminant D > 1
over Q and a positive integer N coprime to D. If (D, N) is not listed in Table 1 or
Table 2 and is not equal to (91, 5), then the Shimura curve Xf) (N) @ has a sporadic
CM point.

Proof. (1) These Shimura curves XOD (N) g are exactly those for which we know
that 8(Xé) (N)) = 2 via Section 10.2. That each such curve has a CM point of
degree 2 follows from direct computation.

(2) For each pair in this table, we have
S(XP(N) <2-deg(XP(N) — X¢ (N)) = max{2, ¢ (N)}.
For each pair in this table other than the 10 listed pairs, we compute that
max{2, ¢ (N)} < dem(X7'(N)).

(3) This is an immediate consequence of the preceding discussion, including Lem-
mas 10.7 and 10.8.

(4) By Proposition 10.5, we have that X f) (N) @ has a sporadic CM point for all
pairs (D, N) aside from possibly the 574 referred to in Lemma 10.7. Of the 181 pairs
listed in Lemma 10.8, we compute that each pair except for (D, N) = (91, 5) satisfies

dem(XP(N)) =2 < 8(X{ (1)) < 8(XP(N)),

and hence we have a sporadic CM point on X lD (N) @ for all such pairs. The result
then follows from part (2). O

Remark 10.10. For all 329 pairs (D, N) listed in Table 2, we have dCM(X(l)) (N)) e
{2, 4, 6}. For all but 56 of these pairs, we have dCM(Xé) (N)) = 2. For such pairs,
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(6, 17) (6,23) (6,25) (6, 35) (6,41)  (6,43) (6,47)
(6, 49) (6, 53) (6, 55) (6,59) (6,61) (6,65  (6,67)
(6,71) (6,73) (6,77) (6,79) (6,83) (6,85 (6,89
6,91) (6,95  (6,97)  (6,101) (6,103) (6,107) (6, 109)
6,113) (6,115  (6,119)  (6,121)  (6,125) (6,127) (6, 131)
6,133)  (6,137)  (6,139)  (6,143) (6, 145) (6, 149) (6, 151)
6,155)  (6,157)  (6,161)  (6,163) (6,167) (6,169) (6, 173)
6,179)  (6,181)  (6,191)  (6,193)  (6,197) (6,199) (6,203)
6,287) (6,295 (6,319)  (10,9)  (10,13) (10,17) (10, 19)
(10,21)  (10,27)  (10,29) (10,31) (10,33) (10,37) (10,39)
(10,41)  (10,43)  (10,47) (10,49) (10,51) (10,53) (10,57)
(10,59)  (10,61) (10,63) (10,67) (10,69) (10,71) (10,73)
(10,77)  (10,79)  (10,83)  (10,87) (10,89) (10,91) (10,97)
(10,103) (10,119) (10,141) (10,161) (10,191) (14,3) (14,9
(14,11)  (14,13) (14,150  (14,17)  (14,19) (14,23) (14,25)
(14,27)  (14,29) (14,31) (14,33) (14,37) (14,39) (14,41)
(14,43)  (14,47) (14,53) (14,59) (14,61) (14,87) (14,95)
(15,4) 15,7) (15, 8) (15,11)  (15,13) (15,14) (15,16)
15,17y  (15,19)  (15,22) (15,23) (15,26) (15,28) (15,29)
(15,31)  (15,32) (15,34) (15,37) (15,41) (15,43) (15,47)
21,2) (L4 (21,5 (L8 (1,100 (21,11) (21,13)
(21,16)  (21,17) (21,190 (21,23) (21,25 (21,29) (21,31)
(21,38)  (22,7) (22,9 (22,13) (22,15) (22,17) (22,19)
(22,21)  (22,23)  (22,25) (22,27) (22,29) (22,31) (22,35)
(22,37)  (22,51)  (26,3)  (26,5)  (26,7) (26,9 (26,11
(26,15)  (26,17)  (26,19) (26,21) (26,23) (26,25) (26,29)
(26,31)  (33,2) (33,4 (33,5 (33,7) (33,8 (33,10
(33,13)  (33,16) (33,17) (33,190 (34,3) (34,5) (34,7)
(34,9)  (34,11) (34,13) (34,15) (34,190 (34,23) (34,29
(34,35) (35,2 (35,3) (35,4) (35,6) (35,8 (35,9
(35,11) (35,12) (35,13)  (38,3) (38,5) (38,7 (38,9
(38,11) (38,13) (38,17) (38,21) (39,49 (39,5 (39,7)
(39,8) (39,100 (39,11) (39,31) (46,3) (46,5) (46,7)
(46, 9) (46,11) (46,13) (46,15 46,17) (51,2) (51,4
Table 2. All 329 pairs (D, N) with D > 1 for which we remain

unsure whether X (l)) (N) @ has a sporadic CM point (continued below).
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(51,5  (51,7)  (51,8) (51,100 (51,11) (51,200 (55,2)
(55,3)  (55,4) (55,7) (55,8) (57,2) (57.4) (57,5)
(57,70 (58,3) (58,5) (58,7) (58,9) (58,11) (58,13)
62,3) (62,5 (62,7) (62,9) (62,11) (62,15) (65,2)
65,3)  (65.4) (65,7) (69,2) (69,4) (69,5 (69,7)
69,11)  (74,3) (74,5) (74,7) (77,2) (71,3) (77,4
(77,5)  (77,6) (82,3) (82,5) (82,7) (86,3) (86,5)
(86,7) (87.2) (87,4) (87,5) (87,8) (94,3) (94,5)
94,7)  (95,2) (95,3) (106,3) (106,5) (106,7) (111,2)
(111,4) (118,3) (118,5) (119,2) (119,3) (119,6) (122,3)
(122,5) (122,7) (129,2) (129,7) (134,3) (134,5) (134,9)
(143,2) (143,4) (146,3) (146,7) (159,2) (166,3) (183,5)
(194,3) (215,2) (215,3) (326,3) (327,2) (335,2) (390,7)

Table 2. (continued).

it follows that the curve XOD (N) g has a sporadic (CM) point if and only if it is
not bielliptic with a degree 2 map to an elliptic curve over Q) of positive rank. An
extension of the results of [Rotger 2002] mentioned in Section 10.2 to general
level N would then allow us to determine whether Xé) (N) @ has a sporadic CM
point for all but at most 56 pairs (D, N) with D > 1. Such an extension will appear
in work of the author and Oana Padurariu [2024].
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STRATIFICATION OF THE MODULI SPACE
OF VECTOR BUNDLES

MONTSERRAT TEIXIDOR I BIGAS

We show that on a generic curve, a bundle obtained by generic successive
extensions is stable, so long as the slopes satisfy natural conditions. We
compute the dimension of the set of such extensions. We use degeneration
methods specializing the curve to a chain of elliptic components. This extends
our previous work (1998, 2000).

Take a generic (compact, nonsingular) curve C of genus g defined over the
complex numbers. A vector bundle E on C of rank r and degree d is said to
be stable (resp. semistable) if for every vector subbundle E; of E of rank r; and
degree d,, the inequality f—: < ‘7’ (resp. <) is satisfied. The moduli space U(r, d)(C)
parametrizes isomorphism classes of stable vector bundles of rank r and degree d
on C. Itis a nonsingular variety of dimension r>(g—1)+1 which can be compactified
by equivalence classes of semistable vector bundles.

Fix E €eU(r,d)(C) and an integer r; < r. Define s,, (E) = r;d —r max{deg E}
where E; moves in the set of subbundles of E of rank ry. As E is stable, s, (E) >0
for all ;. On the other hand, for a generic E, s,, (E) is the smallest integer greater
than or equal to ry (r —r1) (g —1) and congruent with r;d modulo r [Lange 1983, Satz,
p. 448; Lange and Narasimhan 1983]. Fix then s such that 0 <s <r(r —r;)(g —1).
The (proper) subset of the moduli space of vector bundles given as

U (r,d)(C) = {E €U(r,d)(C) such that 5, (E) = s}

generically coincides with the space of stable bundles E,; that fit in an exact
sequence
0— Erl’dl — Er,d — Erfrl,dfdl — 0.

Lange conjectured that a generic choice of the two bundles E;, 4,, E;—;, .d—a, tO-
gether with a generic choice of the extension would give rise to a stable E, ; and
therefore U* (r, d)(C) would be nonempty and of the expected dimension. Lange’s
conjecture was proved in full generality in [Russo and Teixidor 1999].
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Our goal here is to extend this result to the case of several successive extensions.
We show the following:

Theorem 0.1. Let C be a generic curve of genus g. Fix a rank r and degree d.
Choose a collection of integers r| <ry <--- <ry=r and degreesdy, ...,dy =d
such that

d d dy

—_— < — < P < —

r n Tk
and

ridy —rady <ri(ra—r)(g—1),

rady —r3dy <ra(r3 —r2)(g — 1),

Fe—1dy —ride—1 < r—1(re —re—1)(g — 1.

DefineU(ry, ..., re;dy, ..., dy)(C) CU(r, d)(C) as the set of stable E, 4 obtained
after a sequence of extensions

0— Eh,dl - Erz,dz - Ei’z—rl Jdo—di ™ 0,

0— Erzydz - Ers,da g Er3—r2,d3—d2 — 0,

0— Erkfl’dkfl — Er,d — Er—rk—lyd—dk—l — 0.

Then,U(ry, ..., r; di1, ..., dy)(C) is nonempty, irreducible and of codimension (in
U(r,d)(C))

(ri(rp—r1)+r@s—r)+-- +rlx —r—1))(g—1)
— (ridy —rdy +r2dzs —r3dy + - - - + r—1di — redi—1)

Following the ideas in [Teixidor 1998; 2000], we will use a degeneration ar-
gument. We first prove the result for a particular reducible nodal curve and then
we extend it to the generic curve. The condition on the curve being generic is a
by-product of our method of proof. It is unlikely to be necessary. On the other hand,
the genericity of the extensions seems essential. This was already the case when
we considered a single extension. Then, we were able to give geometric conditions
identifying the nonstable extensions (see [Russo and Teixidor 1999]).

We became interested in this question while studying families of rational curves
in the moduli space of vector bundles on a fixed curve. The stability of a successive
extension is crucial for the construction of families of rational curves in the moduli
space (see [Mustopa and Teixidor 2024]).
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The result in the case of a single extension has found applications to a variety of
other topics, in particular to the study of Brill-Noether theory for vector bundles (see,
for instance, [Casalaina-Martin and Teixidor 2011; Hitching et al. 2021; Kopper
and Mandal 2023]) and to the existence of Ulrich bundles on ruled surfaces (see
[Aprodu et al. 2020]). We expect that this more general result will find similar
applications.

1. The problem on the reducible curve

Tensoring with line bundles results in isomorphisms between U (r, d)(C) and
U(r,d +tr)(C), so there are only, up to isomorphism, at most r nonisomorphic
moduli spaces of vector bundles on a curve (in fact, about half of that if you consider
also dualization, but this is irrelevant to us now). Without loss of generality, we
will assume that 0 <d < r.

We will be using bundles on reducible, nodal curves as limits of vector bundles
on nonsingular curves. More specifically, we will consider chains of elliptic curves
defined as follows: Let Cy, ..., C, be g elliptic curves, P; # Q; arbitrary points
on C;. Glue Q; to Pi+1,i=1,...,g—1, to form a nodal curve C of genus g that
we call a chain of elliptic curves.

On a reducible curve, stability for a bundle depends on a choice of polarization.
A polarization is usually defined as the choice of a line bundle on the variety. For
our goal of defining stability of a vector bundle, what matters is the relative degree
of the restriction of this line bundle to each component, that is, the numbers

i:%, i=1,...,8,0<a <1, Zai:l.
Then, a vector bundle £ on C of constant rank r is said to be ag;-stable if for every
subsheaf F of E

X (F) x(E)
> ajrank(Fic,) =T

Fixing a polarization, there is a moduli space of (a;)-stable vector bundles on the
chain of elliptic curves (see [Seshadri 1982]). Stability forces the degree of the
restriction of the vector bundle to each component of the curve to vary in certain
intervals that depend on the (a;). The moduli space of (a;)-stable vector bundles on
the chain is reducible, each component M 4;) corresponding to a choice of allowable
degrees d; on the component C;. Let us look now at the particular case in which
the components of C are elliptic

From results of Atiyah [1957], a vector bundle on an elliptic curve is stable if and
only if it is indecomposable (not a direct sum of other bundles) of coprime rank and
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degree. The indecomposable vector bundles that are not of coprime rank and degree
are semistably equivalent to a direct sum of stable (and therefore indecomposable)
vector bundles all of the same rank and degree. This is similar to what happens
for vector bundle on a rational curve, where each vector bundle is a direct sum of
line bundles. On rational curves, vector bundles appearing in families tend to be
balanced, that is, most of the time they have degrees that differ in just one unit. An
analogous result holds for families of vector bundles on reducible curves whose
components are elliptic; we describe these known results below.

Fix a collection (d;) in the range of degrees allowed by stability and denote
by M(4;) the component of the moduli space of vector bundles on C associated
Z—" and

i

to this choice. Write h; for the greatest common divisor of d;, r, dl.’ =
rank r/ = hr_, Then, a vector bundle corresponding to a generic point in M ;)
restricts to C; to a direct sum of &; indecomposable bundles of degree d; and rank r;.
That is, a vector bundle corresponding to a generic point in My, restricts to C; to a
direct sum of stable vector bundles all of the same rank and degree (see [Teixidor
1991, Theorem; 1995, Theorem 3.2]).

Our goal is to use results from the chain of elliptic curves to deduce similar
conditions for nonsingular curves. When dealing with a family of curves in which
the general member is nonsingular and the special member is the chain of elliptic
curves, we can modify a vector bundle in the family tensoring with a line bundle
with support on the special fiber. This action leaves the vector bundle on the general
fiber unchanged but moves the degree on the various components of the special
fiber by multiples of the rank. This allows us to choose the distribution of degrees
among the components up to multiples of » and ignore the actual distribution of
degrees among components of the curve imposed by the polarization, focusing
instead on the remaining conditions needed for stability.

Proposition 1.1. Letr C be a chain of elliptic curves of genus g. Fix a rank r and
degree d,0 < d < r, and a collection of integers ri <ry < --- <ry =r. Choose

degrees dy, ..., dy = d with dy_, the largest degree such that [rl:—:ll < f—]’(‘, di—> the
largest degree such that (Z]’:—j < %, ..., d the largest degree such that ‘rl—ll < ‘rl—;

Then, there exists a stable bundle E that contains a chain of subbundles
Er1,d1 g Erz,dz g tt g Erk,dk =F

with E,, 4, stable of degree d; and rank r;. This E contains at most a finite number

of such chains.

Proof. On the moduli space of vector bundles on the chain of elliptic curves, we
focus on the component whose restriction have degree d < r on C; and degree zero
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on the remaining components. Write % for the greatest common divisor of d, r.
Define d’, r' by d = hd’, r = hr'. As explained above, on the chosen component of
the moduli space of vector bundles, the generic vector bundle restricts to a direct
sum of & indecomposable bundles of degree d’ and rank " on C; and as a direct
sum of line bundles of degree zero on C, ..., C,.

More generally and in keeping with the discussion above, for any r;, d;, we will
say that E,, ;4 is a generic vector bundle of degree d; and rank r; if it is a direct
sum of /; indecomposable vector bundles of coprime rank and degree:

E q QB F/,  hi=ged(r;, d;), r; =hir}, d; = hid}, deg F; =r/, rank F; =r/.

On Cy, choose a generic vector bundle E rod of degree d; and rank ry, a generic
vector bundle E, ! , 4, Of degree d> and rank r», ..., a generic vector bundle E o, Of
degree d; and rank .

The conditions f—ll < f—j < < ‘ri—k guarantee (see [Teixidor 2000, Lemma 2.5])

that there exist inclusions

E! , CE| CE]

= rzd— rrdi

In fact, as E} , = @hi Fj Ely=Eyq = @?—1 Fl, Hom(E, ;. E, ;) =
D, Hom(F] Fj) Then, from
d d d d
L =—<

A T

the space of morphisms of F/ to F/ " has dimension rid" —r'd!. Therefore, the
space of morphisms of E - a 10 E o, has dimension hh; (r}d' —r'd)) =r;d —rd; > 0,
in particular, it is nonernpty. We can choose the inclusions from Erll_’ 4 10to Ey g,
so that the image does not coincide with any of the finite number of destabilizing
subsheaves of E,, 4 (it is enough to make sure that none of the morphisms Fij
to ij, 1S zero).

We now describe a vector bundle on the chain by giving a vector bundle on each
component and the gluing at the nodes:

On the curve C' take the vector bundle E rlk’ o =F rl 4 We just described. On the
curves Cs, ..., Cg, choose a direct sum of r line bundles of degree zero. On each
of Cy, ..., Cg, select a first set of 1 among the r line bundles in the direct sum.
Select then a second set of r, among the r line bundles containing the initial subset
of r| already chosen, Select a third set of r3 line bundles containing the subset of r»
chosen in the previous step and so on. Form now a bundle on the chain of elliptic
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curves by gluing the bundles on each component so that when identifying Q; with
Piy1,i=2,...,g—1,each of the sets of r; line bundles j =1, ..., k on C; glues
with the set of ; line bundles on C; 41, j =1, ..., k (but the gluings are otherwise
generic). At Qj, glue each set of r; line subbundles on C; with the fiber of the
image of the Erlj’ d; (but the gluings are otherwise generic). In this way, we obtain
bundles of ranks r; < r, < --- < ry and degrees dy, . .., d; on the whole curve C
each contained in the next.

On a reducible nodal curve, gluing vector bundles that are semistable on each
of the components and of the degrees allowed by the polarization, one obtains a
semistable bundle on the whole curve. Moreover, if one of the bundles we are
gluing is stable or if none of the subbundles that contradict stability glue with each
other, the whole vector bundle on the reducible curve is stable (see [Teixidor 1991;
1995]).

By construction, the vector bundles on each C; are semistable. On Cy, the only
subbundles of the bundle E ,lk o= EB? ] Erj o= @?:1 F, kj that contradict stability
are the i subsheaves Fj / of degree d’ and rank " and their direct sums. Our choice
of the inclusions of the subbundles in the bundle on C; and the gluings at the nodes
guarantee that we have a stable overall bundle.

Note also that our choice of d; means that r;d;+1 —ri+1(d; +1) < —1 or equiv-
alently r;d; 11 — rip1d; < riy1 — 1. In the interval 1 <r; <r;;; — 1, this implies
that r;d;+1 — riv1d; <r;(rix1 —r;). Therefore, given a subspace of dimension r; of
the fiber of E!

rigt,dig
whose immersion in E

at Q1, there is at most a finite number of subbundles E rl,», d;
vt dien glue with that fixed subspace (see Proposition 2.8 of
[Teixidor 2000]). Therefore, the number of chains for a fixed E, 4 on the reducible
curve is finite. ([

2. Extending the result to the nonsingular curve

We start by using the results on the reducible curve to extend it to a generic,
nonsingular curve.

Proposition 2.1. Let C be a generic curve of genus g. Fix a rank r and degree d,
0 <d < r, and a collection of integers ri <rp, < --- < ry =r. Choose degrees

di,...,dy =d with dy_ the largest degree such that dk !

dk 2 et L
-2 Tk—

there exists a stable bundle E that contain a chain of subbundles

d" ,dr_o is the largest

degree such that ., dy the largest degree such that d]‘ < E Then,

Erlydl < Er2,d2 c---C E"kydk =E

with E,, 4 stable of degree d; and rank r;.
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Proof. Take a family of curves where the special fiber is a chain of elliptic curves
and the generic curve is nonsingular. Then, the result follows from Proposition 1.1
using the openness of the stability condition. ]

We proved stability of the various steps of a chain of extensions under the harder
conditions on slopes. This implies the similar result when the slopes are not as close:

Proposition 2.2. Let C be a generic curve of genus g. Fix a rank r and degree d,
0 <d < r, and two collections of integersry <rp <---<ry=r,dy,...,dy=d

such that
dy d» dy
— < — < P < —

ry r rk.

Then, there exists a stable bundle E that contain a chain of subbundles
Erl,dl g Erz,dz g Tt g Erk,dk =F
with E,, g4, stable of degree d; and rank r;.

Proof. Fix integers r, d, r, d| with ‘ri—l‘ < ‘r—l The set of vector bundles of rank r and
degree d which contain a subbundle of rank r; and degree d; — 1 is contained in the
closure of those vector bundles that contain a subbundle of rank r; and degree d;
(see [Russo and Teixidor 1999] Corollary 1.12) Therefore, the result follows from
Proposition 2.1. O

Let us now look at dimension and irreducibility:

Proposition 2.3. Fix integers di, d», r1, ro such that f—l‘ < ‘f—j. Let Uy be an irre-
ducible family of stable vector bundles of rank ry and degree d;. Let U> be an
irreducible family of stable vector bundles of rank ro — r\ and degree d» — d;. Then,
the family of extensions

0— E1—>E—>£Tz—>0, Eleul,E_zesz
is also irreducible of dimension
dim(@U) +dim@h) +r1(ry —r)(g — 1) +ridy — rady — 1.

Proof. For fixed E;, E, the space of extensions as above is parameterized by
H'(E,* ® E;). We claim that H*(E>* ® E;) = 0. If this were not the case then
there would be a nonzero morphism of E, > E;. Its image I would be both a
quotient of E and a subsheaf of E;. The stability of the two bundles implies that

di — dr — d
— =p(E) < pul) <u(Er) = .
7 rp —nr
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This contradicts the assumption of our initial choice of ranks and degrees. It
follows that HO(E,* ® E;) = 0 and therefore H!(E,* ® E;) has dimension equal
to ridy —rady +r1(ra —r1)(g — 1), irrespectively of the choice of E7, E,. Then the
statement about the dimension follows. U

Proof of Theorem 0.1. Denote by U the space of all vector bundles of degree d; and
rank 71, U, the space of all vector bundles of degree d» —d; and rank r, —ry, ..., Uy
the space of all vector bundles of degree dy — dx—1 and rank ry — rp—;. From
Proposition 2.1, the set of bundles E that can be obtained by successive extensions
is nonempty. Proposition 2.3 allows us to compute successively the dimensions of
the space of extensions, starting with

dim@h) =ri(g— D +1,
dim@h) = (r —r))* (g — D +1,
dim@) = (g —re—1)*(g — D + 1.

The last claim in Proposition 1.1 ensures that each vector bundle appears only a
finite number of times as an extension of the given form. U
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CORRECTION TO THE ARTICLE
LOCAL MAASS FORMS AND EICHLER-SELBERG
RELATIONS FOR NEGATIVE-WEIGHT VECTOR-VALUED
MOCK MODULAR FORMS

JOSHUA MALES AND ANDREAS MONO
Volume 322:2 (2023), 381406

We correct two errors in our article titled ‘“Local MaaB forms and Eichler-
Selberg relations for negative-weight vector-valued mock modular forms”.

1. Modifications to the published version

(1) Throughout the paper, we add the assumption that our homogeneous polyno-
mial p inside the Siegel theta function is equal to 1. Otherwise, the Siegel theta
function might not split into a positive definite and a negative definite part in general.
In particular, one has to add additional assumptions on the isometry i as well as on
the polynomial p to obtain such a splitting; see [5, Lemma 2.2] and the discussion
preceding it. Finding a preimage of ® p under the shadow operator § might not
be guaranteed for nonconstant polynomials p, and our Proposition 4.1 is wrong if
p # 1 since the Laplacian depends on the given polynomial; see [4, Proposition 2.5]
for the correct version.

(2) In Theorem 1.2, we need to specialize the signature of the lattice L to (2, 1)
instead of (2, s). This is necessary, because the nature of the singularities of the lift
is different in higher dimensions; see [1]. In particular, the first condition in our
definition of a local Maal} form on page 389 simplifies to the usual scalar-valued
modularity condition; see Bringmann, Kane and Viazovska [2, Subsection 2.4] as
well. In general, the Siegel theta function is invariant under the discriminant kernel
of O(L) as a function of Z € Gr(L); see [3, p.40]. In the case of signature (2, 1),
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we have Gr(L) = H, and choosing a particular lattice of that signature leads to
further identifications, which in turn yield the framework of [2]. This is described
in Section 5 of our paper.
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