Volume 338 No. 2 October 2025



PACIFIC JOURNAL OF MATHEMATICS

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

msp.org/pjm

EDITORS

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

Matthias Aschenbrenner Vyjayanthi Chari Atsushi Ichino
Fakultit fiir Mathematik Department of Mathematics Department of Mathematics
Universitit Wien University of California Kyoto University
Vienna, Austria Riverside, CA 92521-0135 Kyoto 606-8502, Japan
matthias.aschenbrenner @univie.ac.at chari @math.ucr.edu atsushi.ichino@gmail.com
Robert Lipshitz Kefeng Liu Sucharit Sarkar
Department of Mathematics School of Sciences Department of Mathematics
University of Oregon Chongging University of Technology University of California
Eugene, OR 97403 Chongging 400054, China Los Angeles, CA 90095-1555
lipshitz@uoregon.edu liu@math.ucla.edu sucharit@math.ucla.edu
Dimitri Shlyakhtenko Ruixiang Zhang
Department of Mathematics Department of Mathematics
University of California University of California
Los Angeles, CA 90095-1555 Berkeley, CA 94720-3840
shlyakht@ipam.ucla.edu ruixiang @berkeley.edu
PRODUCTION

Silvio Levy, Scientific Editor, production@msp.org

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

The subscription price for 2025 is US $677/year for the electronic version, and $917/year for print and electronic.

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

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

PJM peer review and production are managed by EditFLOW® from Mathematical Sciences Publishers.

PUBLISHED BY
:I mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2025 Mathematical Sciences Publishers


http://msp.org/pjm/
mailto:blasius@math.ucla.edu
mailto:matthias.aschenbrenner@univie.ac.at
mailto:chari@math.ucr.edu
mailto:atsushi.ichino@gmail.com
mailto:lipshitz@uoregon.edu
mailto:liu@math.ucla.edu
mailto:sucharit@math.ucla.edu
mailto:shlyakht@ipam.ucla.edu
mailto:ruixiang@berkeley.edu
mailto:production@msp.org
http://msp.org/pjm/
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://apps.isiknowledge.com
http://msp.org/
http://msp.org/

PACIFIC JOURNAL OF MATHEMATICS
Vol. 338, No. 2, 2025

https://doi.org/10.2140/pjm.2025.338.209

EQUIVARIANT RIGIDITY OF RICHARDSON VARIETIES

ANDERS S. BUCH, PIERRE-EMMANUEL CHAPUT AND NICOLAS PERRIN

We prove that Schubert and Richardson varieties in flag manifolds are
uniquely determined by their equivariant cohomology classes, as well as a
stronger result that replaces Schubert varieties with closures of Biatynicki-
Birula cells under suitable conditions. This is used to prove a conjecture of
Buch, Chaput, and Perrin, stating that any two-pointed curve neighborhood
representing a quantum cohomology product with a Seidel class is a Schubert
variety. We pose a stronger conjecture which implies a Seidel multiplication
formula in equivariant quantum K -theory, and prove this conjecture for
cominuscule flag varieties.

1. Introduction

A Schubert variety Q2 in a flag manifold X = G/ P is called rigid if it is uniquely
determined by its class [€2] in the cohomology ring H*(X). More precisely, if Z C X
is any irreducible closed subvariety such that [Z] is a multiple of [Q2] in H*(X),
then Z is a G-translate of €2. This problem has been studied in numerous papers;
see, e.g., [Hong 2005; 2007; Coskun 2011; 2014; 2018; Robles and The 2012;
Coskun and Robles 2013; Hong and Mok 2020; Liu et al. 2024]. In this paper we
show that all Schubert varieties and Richardson varieties are equivariantly rigid. In
other words, if 7 C G is a maximal torus, Q2 C X is a T-stable Richardson variety,
and Z C X is a (nonempty) T-stable closed subvariety such that the 7 -equivariant
class [Z] € H}(X) is a multiple of [2], then Z = Q.

More generally, let T be an algebraic torus over an algebraically closed field, let X
be a nonsingular projective 7'-variety, and let 2 C X be a T -stable closed subvariety.
Let Q7 denote the set of T-fixed points in Q. We will say that Q is T -convex if,
for any T -stable closed subvariety Z C X satisfying Z7 C Q, we have Z C Q.
A fixed point p € X7 is called fully definite if all T-weights of the Zariski tangent
space T, X belong to a strict half-space of the character lattice of 7. We show that if
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all T-fixed points in X are fully definite, then any irreducible 7 -convex subvariety
of X is also T-equivariantly rigid. Here €2 is called T-equivariantly rigid if €2 is
determined by its class in the 7 -equivariant Chow cohomology ring of X.

Let G,, C T be a one-parameter subgroup such that X7 = X% and assume that
this fixed point set is finite. The associated Bialynicki-Birula decomposition of X is
givenby X =J ,cxr X, where X = {x € X : lim;.o 7 - x = p} is the Biatynicki-
Birula cell of points attracted to p by the action of ¢t € G,,. This decomposition is
called a stratification if each cell closure X ;,r C X is a union of smaller cells. In this
case we show that all cell closures are 7T-convex. We arrive at the following result
combining Theorem 4.3 and Proposition 5.3.

Theorem. Let X be a nonsingular projective T -variety with finitely many T -fixed
points, and choose G,, C T such that XT = X5n.

(a) Assume that the Biatynicki-Birula decomposition of X is a stratification. Then
each cell closure X ; is T-convex.

(b) Assume that all T -fixed points in X are fully definite. Then any irreducible
T -convex subvariety of X is T -equivariantly rigid.

This result applies to Schubert and Richardson varieties in flag varieties, as
well as positroid varieties in Grassmannians, so these subvarieties are both T-
convex and T -equivariantly rigid. However, projected Richardson varieties do not
in general enjoy these properties; see Remark 6.5. Our theorem also covers a class
of horospherical varieties, which includes all nonsingular horospherical varieties of
Picard rank 1 [Pasquier 2009].

Our theorem has additional applications in quantum Schubert calculus. Let
X = G/P be a complex flag manifold. A Schubert class [X"] is called a Seidel
class if the Weyl group element w is the minimal representative of a point in some
cominuscule flag variety G/Q. Multiplication by Seidel classes in the quantum
cohomology ring QH(X) is given by the identity [X™] « [X*] = qd(w’”)[Xw”],
where d(w, u) is the unique minimal degree of a rational curve connecting the
opposite Schubert varieties X, and X* [Seidel 1997; Belkale 2004; Chaput et al.
2009]. This implies that [X™*] is equal to the class of the curve neighborhood
Law,u)(Xwow, X*), defined as the union of all stable curves in X of degree d(w, u)
connecting X,,,,, to X*. We conjectured in [Buch et al. 2023] that this curve
neighborhood is in fact the translated Schubert variety

(1) Catw. Kugws X*)=w™'- X",

This has been proved in some cases when X is cominuscule, in all cases when X is
a flag variety of type A [Li et al. 2025; Tarigradschi 2023], and for X = SG(2, 2n)
[Benedetti et al. 2024]. Using that I'g(y,u) (Xwew, X*) and w~ . X¥* define the
same class in H;(X) by an equivariant version of the Seidel multiplication formula
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from [Chaput et al. 2009; Chaput and Perrin 2023], the identity (1) follows from
our result that Schubert varieties are equivariantly rigid.
In this paper we conjecture the more general identity

2) Catw.reXugws X*) = Co(w™H (X)),

where the right-hand side is the union of all stable curves of degree e that pass
through w1 . X¥*_ This union is a Schubert variety [Buch et al. 2013] whose
Weyl group element was determined in [Buch and Mihalcea 2015]. Denote by
M i, uy+e(Xwow, X*) the moduli space of three-pointed stable maps to X of de-
gree d(w, u) + e and genus zero, which send the first two marked points to
Xuwow and X", respectively. We further conjecture that the evaluation map evs :
Maw wy+e(Xwow, X*) — O (w™(X%")) is cohomologically trivial. This conjec-
ture implies a Seidel multiplication formula in the equivariant quantum K -theory
ring QK7 (X). We prove this conjecture when X is a cominuscule flag variety,
thereby obtaining an equivariant generalization of our Seidel multiplication formula
from [Buch et al. 2023]. This generalized Seidel multiplication formula has also
been obtained for Grassmannians of type A in [Gorbounov et al. 2025] using
different methods. Based on suggestions from Mihail Tarigradschi, we finally apply
the methods of [Tarigradschi 2023] to prove the identity (2) when X = GL,(C)/P
is any flag manifold of Lie type A.

Our paper is organized as follows. In Section 2 we recall some basic facts and
notation related to torus actions. In Section 3 we show that if all T-fixed points
of X are fully definite, then the fixed point set Z” of a T-stable subvariety Z C X is
determined by its equivariant class [Z] € H}(X). This is used in Section 4 to prove
part (b) of the above theorem. Section 5 proves part (a). Section 6 interprets our
theorem for flag varieties, which is used in Section 7 to prove the conjecture about
curve neighborhoods from [Buch et al. 2023]. Section 8 discusses the more general
conjecture as well as its consequences in quantum K -theory. Finally, Section 9
interprets our theorem for certain horospherical varieties.

2. Torus actions

We work with varieties over a fixed algebraically closed field K. Varieties are
reduced but not necessarily irreducible. A point will always mean a closed point.
The multiplicative group of K is denoted by G, = K \ {0}. An (algebraic) torus is
a group variety isomorphic to (G,,)" for some r € N.

Let T = (G,,)" be an algebraic torus. Any rational representation V of T is a
direct sum V =P, V, of weight spaces V; ={ve V :t-v=A(t)v Vt € T} defined
by characters A : T — G,,. The weights of V are the characters A for which V, # 0.
The group of all characters of T is called the character lattice and is isomorphic
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to Z". Given a T-variety X, we let X” C X denote the closed subvariety of T-fixed
points. A subvariety Z C X is called T-stable ift -z € Z forallt € T and z € Z.
In this case Z is itself a T-variety.

Definition 2.1. The T-fixed point p € X is nondegenerate in X if T acts with
nonzero weights on the Zariski tangent space 7, X. The point p is fully definite if
all T-weights of T), X belong to a strict half-space of the character lattice of 7.

Equivalently, p € X7 is fully definite in X if and only if there exists a cocharac-
ter p : G, — T such that G, acts with strictly positive weights on 7, X though p.
For example, if X = G/P is a flag variety and T C G is a maximal torus, then all
points of X” are fully definite in X (see Section 6). Any nondegenerate T-fixed
point must be isolated in X”. Fully definite T-fixed points are called attractive
in many sources, see, e.g., [Brion 1997]; here we follow the terminology from
[Biatynicki-Birula 1973].

Remark 2.2. If X is a normal quasiprojective T-variety, then X® = XT holds
for all general cocharacters p : G, — T. Here a cocharacter is called general if
it avoids finitely many hyperplanes in the lattice of all cocharacters. This follows
because X admits an equivariant embedding X C P(V), where V is a rational
representation of 7 [Kambayashi 1966; Mumford 1965; Sumihiro 1974].

In the rest of this paper we let X be a nonsingular 7 -variety. The T -equivariant
Chow cohomology ring of X will be denoted by H; (X); see [Fulton 1998; An-
derson and Fulton 2024]. This is an algebra over the ring H7 (point), which may
be identified with the symmetric algebra of the character lattice of 7. Given a
class 0 € H7(X) and a T-fixed point p € XT, we let o, € H}(point) denote the
pullback of ¢ along the inclusion {p} — X. When X is defined over [ = C, Chow
cohomology can be replaced with singular cohomology. In fact, our arguments will
only depend on equivariant classes [Z], € H}(point) obtained by restricting the
class of a T'-stable closed subvariety Z C X to a fixed point, and these restrictions are
independent of the chosen cohomology theory. Similarly, we can use cohomology
with coefficients in either Z or Q.

3. Equivariant local classes

Let Z be a T-variety, fix p € ZT, andletmcC O 7, p be the maximal ideal in the local
ring of p. Then the tangent cone C,Z = Spec(@ m /mi+1) is a T-stable closed
subscheme of the Zariski tangent space T),Z = (m/m?)Y = Spec(Sym(m/mz)).
The local class of Z at p is defined by (see [Anderson and Fulton 2024, §17.4])

3) npZ=1[C,Z] € H;(T,Z) = H(point).

When p is a nonsingular point of Z, we have n,Z = 1.
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Proposition 3.1. Let Z be a T-variety and let p € ZT be fully definite in Z. Then
npZ # 0 in H(point).

Proof. We may assume that p is a singular point of Z, so that C,Z has positive
dimension. Choose G, C T such that G, acts with positive weights on 7,Z.
It suffices to show that the class of C, Z is nonzero in Hgm (TpZ). Let {vy, ..., v}
be a basis of T),Z consisting of eigenvectors of G,,. Then the action of G, is given
by ¢ - v; = t%v; for positive integers ay, ..., a, > 0. Set A = ]—[;':1 a;, and let G,
acton U = K" by ¢ -u = t4u. Then the map ¢ : T,Z — U defined by

D1V + -+ cav) = ([N, cMan)

is a finite G,,-equivariant morphism. By [Edidin and Graham 1998, Theorem 4]
we obtain

HEM(U ~{0HQ=H"(PU)®Q,
where PU = (U . {0})/G,, = P"~! is the projective space of lines in U, and
¢«[CpZllu~j0) = deg(®)[d(CpZ N {0})/Gp] € H*(PU) ® Q.

The result now follows from the fact that every nonempty closed subvariety of
projective space defines a nonzero Chow class. U

Corollary 3.2. Let X be a nonsingular T -variety, Z C X a T -stable closed subva-
riety, and p € ZT a T-fixed point of Z. If p is nondegenerate in X and fully definite
in Z, then [Z], # 0 € H} (point).

Proof. By [Anderson and Fulton 2024, Proposition 17.4.1] we have
[Z]p = Cm(TpX/ TpZ) “NpZ,

where m = dim 7, X — dim T), Z. The result therefore follows from Proposition 3.1,
noting that 7" acts with nonzero weights on 7, X/ T, Z. U

The following example rules out some potential generalizations of Corollary 3.2.

Example 3.3. Let G,, act on A* by
t.(a,b,c,d)=(ta, tb, t_lc, t_ld).

Set Z =V (ad —bc) C A*, and let p = (0, 0, 0, 0) be the origin in A*. Then
T,Z=T,A*=A* and C,Z=Z.

Since G,, acts trivially on the equation ad —bc, we have ,Z =[Z]=01in Hgm (A%
(see [Anderson and Fulton 2024, §2.3]).
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4. Rigidity of convex subvarieties

Let T be an algebraic torus and let X be a nonsingular 7'-variety. We will show in
Section 6 that Schubert varieties and Richardson varieties in a flag variety X satisfy
the following two definitions.

Definition 4.1. A T-stable closed subvariety 2 C X is T -equivariantly rigid if it is
uniquely determined by its 7T'-equivariant cohomology class up to a constant. More
precisely, if Z C X is any T -stable closed subvariety such that [Z] = ¢ [2] holds
in H7(X) for some 0 # ¢ € Q, then Z = Q.

Definition 4.2. A T-stable closed subvariety 2 C X is T -convex if, for any T -stable
closed subvariety Z C X satisfying Z7 C 2, we have Z C Q.

When the action of T is clear from the context, we frequently drop 7" from
the notation and write simply equivariantly rigid and convex. Both notions are
properties of the T-equivariant embedding 2 C X; for example, any T-variety
is convex as a subvariety of itself. Intersections of T-convex subvarieties are
again T-convex (with the reduced scheme structure). Most of this paper concerns
applications of the following observation.

Theorem 4.3. Let X be a nonsingular projective T -variety such that all fixed
points p € X1 are fully definite in X. Then any irreducible T-convex subvariety
of X is T -equivariantly rigid.

Proof. Let Q@ C X be irreducible and convex, and let Z C X be any T -stable
closed subvariety such that [Z] = ¢ [2] holds in H}(X), with 0 # ¢ € Q. Then
Corollary 3.2 shows that ZT = QT = {p € XT : [Z], # 0}. Since S is convex, we
obtain Z C 2. Finally, the assumption [Z] = ¢ [2] implies that Z and €2 have the
same dimension, so we must have Z = Q. O

Example 4.4. Let X be a nonsingular projective T -variety, let H;(X) be the T-
equivariant Chow cohomology ring, and let £ be a T -equivariant line bundle. Given
a section f € I'(X, £), the associated divisor D = Z(f) is T -stable if and only
if f is semi-invariant, that is, f € I'(X, £), for some character . In this case f
is an equivariant section of £L® K_;, and hence [D] = ¢1(£) — ¢1(K;) € Hf (X).
Moreover, the T-stable effective Cartier divisors D’ satisfying [D’] = [D] are
in bijective correspondence with P(I'(X, £),). It follows that if D is reduced
and dim'(X, £%™),,, = 1 for all m € N, then D is T-equivariantly rigid. This
observation can be used to produce examples of equivariantly rigid subvarieties that
are not convex. For example, if T = (G,,)"+! acts on P” through the standard action
on [K"*!, then any reduced T -stable divisor D C P" is equivariantly rigid, but D
is convex only if it is irreducible; see Theorem 6.3. We have not found an example
of an irreducible T -stable subvariety that is equivariantly rigid but not convex.
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5. Rigidity of Bialynicki-Birula cells

The multiplicative group G,, is identified with the complement of the origin in A'.
Given a morphism of varieties f : G,, — X, we write lim,_,.o f(¢) = p if f can be
extended to a morphism f : Al — X such that f(0) = p. This limit is unique when
it exists, and it always exists when X is complete.

Let X be a nonsingular projective G,,-variety such that X®» is finite. Then each
fixed point p € X® defines the (positive) Biatynicki-Birula cell

X ={xeX:limz-x=p).
, =1x i R P}

A negative cell is similarly defined by X = {x € X : lim; ot~ x = p}. By
[Biatynicki-Birula 1973, Theorem 4.4], these cells form a locally closed decompo-
sition of X,

4 x=J x;.

peXGm

that is, a disjoint union of locally closed subsets. In addition, each cell X ;r is
isomorphic to an affine space.

Lemma 5.1. For any G,,-stable closed subset Z C X, we have

Proof. For any point x € Z, we have x € X7, where p =lim;_ot-x € Z®». 0O

Definition 5.2. A locally closed decomposition X = J X; is called a stratification
if each subset X; is nonsingular and its closure X, is a union of subsets X j of the
decomposition.

The Biatynicki-Birula decomposition (4) typically fails to be a stratification, for
example, when X is the blow-up of P2 at the point [0, 1, 0], where G, acts on P2
by ¢ - [x, y, z] =[x, ty, t*z]; see [Biatynicki-Birula 1976, Example 1]. Lemma 5.1
shows that the Biatynicki-Birula decomposition is a stratification if and only if
X; C X;f holds for each fixed point g € (X ;,F)G'". It was proved in [Biatynicki-
Birula 1976, Theorem 5] that the decomposition is a stratification when each positive
cell X IJ; meets each negative cell X~ transversally. In particular, this holds when
X = G/P is a flag variety and G,, C G is a general one-parameter subgroup;
see [McGovern 2002, Example 4.2] or Lemma 6.1. When both the positive and
negative Biatynicki-Birula decompositions are stratifications, all cells X ;r and X~ of
complementary dimensions meet transversally, and hence the positive and negative
cell closures form a pair of Poincaré dual bases of the cohomology ring H*(X); see
[Benedetti and Perrin 2022, Lemma 3.11]. In this paper we utilize the following
application, which is a consequence of Lemma 5.1.
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Proposition 5.3. Assume that the Biatynicki-Birula decomposition of X is a stratifi-
cation. Then each cell closure X ;,'“ C X is G,,-convex.

Corollary 5.4. Let T be an algebraic torus and X a nonsingular projective T -
variety such that all fixed points p € X are fully definite in X. Assume that
XT = X% for some one-parameter subgroup G,, C T, such that the associated
Biatynicki-Birula decomposition of X is a stratification. Then each cell closure X ;,r
is T-convex and T -equivariantly rigid.

Proof. The cell X;; is T-stable because T is commutative and p € X”. The result
now follows from Theorem 4.3 and Proposition 5.3. U

Question 5.5. We do not know whether Proposition 5.3 and Corollary 5.4 are
true without the assumption that the Biatynicki-Birula decomposition of X is a
stratification. It would be very interesting to settle this question.

Example 5.6. Let X be a nonsingular projective toric variety, with torus 7 C X, and
choose G,, C T such that X7 = X®»_ We show that the conclusion of Corollary 5.4
holds, even though the Biatynicki-Birula decomposition is rarely a stratification.
All fixed points p € X7 are fully definite in X, as the weights of 7, X form a basis
of the character lattice of 7. The T-orbits O, C X correspond to the cones t of the
fan defining X, and we have O, C 0, if and only if 7 is a face of o; see [Fulton
1993, §3.1]. In particular, the T-fixed points in X correspond to the maximal
cones o. Since X is complete, each cone 7 is the intersection of the maximal
cones o corresponding to the T-fixed points in O;. Since all cell closures X ;
are T-orbit closures, it suffices to show that each orbit closure O, is T-convex.
Let Z C X be a T-stable closed subvariety such that ZT ¢ O,. We may assume
that Z is irreducible, in which case Z = O, is also a T-orbit closure. Since « is
the intersection of the maximal cones given by the fixed points in Z”, we obtain
T C k and O, C O, as required. Now assume that X has dimension two. By
[Biatynicki-Birula 1973, Corollary 1 of Theorem 4.5], there is a unique repulsive
fixed point b € X® with X ; = {b}, and a unique attractive fixed point a € X®» such
that X is a dense open subset of X. For all other fixed points p € X Gn {a, b}, the
cell X IJ; 'E_Al is a line. If the Biatynicki-Birula decomposition of X is a stratification,
then b € X ;,r for all p € X®. The T-fixed point b corresponds to a maximal cone o,
and b is connected to exactly two T -stable lines corresponding to the rays forming
the boundary of this cone. We deduce that X contains at most four 7'-fixed points.
Higher-dimensional toric varieties for which the Biatynicki-Birula decomposition
is not a stratification can be constructed by taking products. We do not know if the
cell closures X ;r are G,,-convex when X is a toric variety.'

1"gidy Gonzales and Chayim Lowen [> 2025] have recently produced several examples showing
that X [J,r may not be G,;-convex when X is a nonsingular projective toric variety.
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6. Rigidity of Richardson varieties

Let X =G/P ={g.P : g € G} be a flag variety defined by a connected reductive
linear algebraic group G and a parabolic subgroup P. Fix a maximal torus 7" and a
Borel subgroup B such that 7 C B C P C G. The opposite Borel subgroup B~ C G
is defined by BN B =T. Let ® be the root system of nonzero weights of 77 G, the
tangent space of G at the identity element. The positive roots ®* are the nonzero
weights of 71 B. Let W = Ng(T)/T be the Weyl group of G, Wp = Np(T)/T the
Weyl group of P, and let W C W be the subset of minimal representatives of the
cosets in W/ Wp. The set of T-fixed points in X is given by X7 ={w- P :w € W},
where each point w - P depends only on the coset wWp in W/ Wp. Each fixed
point w - P defines the Schubert varieties X, = Bw - P and X* = B~w - P. For
w € W we have dim(X,)) = codim(X%, X) = £(w). The Bruhat order < on W*
is defined by

u<w <= X, CXy < X'DX" &< X'NX, #02.

A Richardson variety is any nonempty intersection X = X,, N X" of opposite
Schubert varieties in X. More generally, any G-translate of X} will be called a
Richardson variety. Any Richardson variety is reduced, irreducible, and rational;
see [Deodhar 1977; Brion and Kumar 2005, §2].

Recall that a cocharacter p : G,, — T 1is strongly dominant if {«, p) > 0 for all
positive roots o € ®*, where («, p) € Z is defined by a(p(t)) =t'**) for t € G,,,.
The following lemma is well known; see, e.g., [McGovern 2002, Example 4.2] or
[Benedetti and Perrin 2022, Corollary 3.14].

Lemma 6.1. Let p : G,, — T be a strongly dominant cocharacter. Then the
associated Biatynicki-Birula cells of X are given by X; =B-p,forpeXT.

Proof. Let G, act on G by conjugation through p. The fixed point set for this
action is [Springer 1998, (7.1.2), (7.6.4)]

T={geG:tgt™' =gVteG,),
and the corresponding Biatynicki-Birula cell is [Springer 1998, (8.2.1)]
B={geG: lin(l)tgfl eT).
t—
This implies B - p C X ;,“ for any fixed point p € X®. We deduce from (4) that the
positive Biatynicki-Birula cells in X are the B-orbits. ]

Lemma 6.2. Let Y be any G-variety, and Q C Y a T-stable closed subvariety. Any
T -stable G-translate of Q2 has the form w - Q, with w € Ng(T).
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Proof. Let Q' = g - Q be a T-stable translate, and let H C G be the stabilizer
of Q'. Since T and gTg~! are maximal tori in H, we can choose & € H such that
T =hgTg 'h~'. We obtain hg € Ng(T) and Q' =h - Q' =hg -, as required. [J

Theorem 6.3. Any T-stable Richardson variety in the flag variety X = G/P is
T -convex and T -equivariantly rigid.

Proof. It follows from Proposition 5.3 and Lemma 6.1 that all Schubert varieties X,
and X" are convex. This implies that every Richardson variety X, = X,,NX" is con-
vex; hence all T-stable Richardson varieties in X are convex by Lemma 6.2. The B-
fixed point p = 1- P is fully definite in X because the weights of 7}, X are a subset of
the negative roots of G. Since W acts transitively on X7, this implies that all T-fixed
points in X are fully definite. The result therefore follows from Theorem 4.3. [J

Let E = G/ B denote the variety of complete flags, and let 7 : E — X be the nat-
ural projection. A projected Richardson variety in X is the image IT) (X) =m(E})
of a Richardson variety in E. Projected Richardson varieties in the Grassmannian
X = Gr(m, n) of type A, obtained as images of Richardson varieties in Fl(n), are
also called positroid varieties.

Corollary 6.4. Let X = Gr(m, n) be a Grassmannian of type A, and let T = (G,,)"
act on X through the diagonal action on K". Then all positroid varieties in X are
T -convex and T -equivariantly rigid.

Proof. It was proved in [Knutson et al. 2013] that any positroid variety €2 is defined
by Plucker equations. Equivalently, €2 is an intersection of T -stable Schubert
divisors, so €2 is convex by Theorem 6.3 and equivariantly rigid by Theorem 4.3. [J

Remark 6.5. Corollary 6.4 does not hold for projected Richardson varieties in
arbitrary flag Varieties X =G/ P. Each simple root 8 defines a projected Richardson
divisor Dg = p (X), where wO denotes the longest element in W ”. It frequently
happens that two “distinct divisors Dg and Dgr have the same T'-equivariant coho-
mology and K -theory classes, which implies that these divisors are not equivariantly
rigid. For example, this is the case for the quadric hypersurfaces of dimensions seven
and eight, of Lie types B4 and Ds, and the two-step flag variety FI(1,4;5) of
type Ay4. For other flag varieties X, all projected Richardson varieties have distinct
equivariant classes, but some projected Richardson divisor Dg contains all T'-fixed
points in X, which rules out that Dg is convex. For example, this is the case for
the Lagrangian Grassmannian LG(2, 4) of type C, and the maximal orthogonal
Grassmannian OG(4, 8) of type Da. This is a special case of [Benedetti and Perrin
2022, Lemma 3.1], which can be used to produce many more examples.

Any element u € W has a unique factorization u = u”u p for which u” € W¥ and
up € Wp, called the parabolic factorization with respect to P. This factorization
is reduced in the sense that £(u) = £(u”) + ¢(up). The parabolic factorization of
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the longest element wg € W is wg = w(‘; wo, p, Where wg and woy_p are the longest
elements in W* and Wp, respectively. Since wg and wq, p are self-inverse, we have
wo,p = Wo w(’; . As preparation for the next section, we prove the following identity
of Schubert varieties.

Lemma 6.6. Let Q C G be a parabolic subgroup containing B and set w = wOQ.

Then w1 - X% = Xuwow-
Proof. Since Xy, , is a O-stable Schubert variety, we have Xy, , = wo,0 * Xu o-
, 0 : :

By translating both sides by w = w;", we obtain w - Xy,u = wo - Xygw = X*. U

7. Seidel neighborhoods

In this section we prove a conjecture about curve neighborhoods from [Buch et al.
2023]. Since this conjecture and its proof relies on the moduli space of stable maps,
we will restrict our attention to varieties defined over the field K = C of complex
numbers. As in Section 6, we let X = G/ P denote a flag variety.

For any effective degree d € H(X, Z), we let M; = ./\_/10,3 (X, d) denote the Kont-
sevich moduli space of three-pointed stable maps to X of degree d and genus zero;
see [Fulton and Pandharipande 1997]. The evaluation map ev; : My — X, defined
for 1 <i < 3, sends a stable map to the image of the i-th marked point in its
domain. Given two opposite Schubert varieties X, and X", the Gromov—Witten
variety Mj(X,, X") is the variety of stable maps that send the first two marked
points to X, and X*:

My(X,, X*) =evi ' (X,) N X7 (X") € My.

The curve neighborhood T';(X,, X") is the union of all stable curves of degree d
in X connecting X, and X":

Fa(Xy, X*) =ev3(Ma(X,, X)) C X.

Let Z[q] = Span,{q“ : d € Hy(X, 7) effective} be the semigroup ring defined by
the effective curve classes on X. The equivariant quantum cohomology ring of X is
an algebra over Hj (point) ®7 Z[q], which is defined by QH7 (X) = H;(X) ®7z Z|q]
as a module. The quantum product of two opposite Schubert classes is given by

(X% [X“] =) g% evs [Ma(X,, X")],
d>0

where the sum is over all effective degrees d € Hy(X; 7).

A simple root y € ®7 is called cominuscule if, when the highest root is written
in the basis of simple roots, the coefficient of y is one. The flag variety G/Q is
cominuscule if Q is a maximal parabolic subgroup corresponding to a cominuscule
simple root y, that is, s, is the unique simple reflection in W<. Let Weomin ¢ W
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be the subset of point representatives of cominuscule flag varieties of G, together
with the identity element:

weomin — {wOQ : G/Q is cominuscule} U {1}.

This is a subgroup of W, which is isomorphic to the quotient of the coweight
lattice of ® modulo the coroot lattice [Bourbaki 1981, Proposition VI.2.6]. The
isomorphism sends w(? to the class of the fundamental coweight a); corresponding
to Q. Notice that y is the unique simple root for which wOQ -y < 0. In the following
we set d(w(?, u) = a))f —u~! a); € Hy(X; Z) for any u € W. Here we identify
the group H>(X, Z) with a quotient of the coroot lattice, by mapping each simple
coroot 8" to the curve class [X sp) if sg € WP, and to zero otherwise.

The Seidel representation of W™ on QH(X)/(g — 1) is defined by w - [X*] =
[X™]*[X*] for w € W™ and y € W. In fact, we have [Seidel 1997; Belkale

2004; Chaput et al. 2009]
(5) [X"]*[X"] = g?™ [ x""]

in the (nonequivariant) quantum ring QH(X). This implies that d (w, ) is the unique
minimal degree d for which I'y(X ., X*) is not empty [Fulton and Woodward
2004; Buch et al. 2020]. More generally, it was proved in [Chaput et al. 2009;
Chaput and Perrin 2023] that the identity

(6) [XV]*[w- X"] = g?@W[x""]

holds in the equivariant quantum cohomology ring QHr(X). We will discuss
generalizations to quantum K -theory in Section 8.

It follows from (5) and the definition of the quantum product in QH(X) that
[T aw,u)(Xwow, X*)1=[X""] holds in H*(X). Conjecture 3.11 from [Buch et al.
2023] asserts that Iy, u) (Xwow, X*) is in fact equal to the translated Schubert
variety w~! - X“. This is proved below as a consequence of Theorem 6.3 and (6).
This result was known when X = G/ P is cominuscule and w = w(’)D [Buch et al.
2023], when X is a Grassmannian of type A and [X™] is a special Seidel class
[Li et al. 2025, Corollary 4.6], when X is any flag variety of type A [Tarigradschi
2023], and when X is the symplectic Grassmannian SG(2, 2n) [Benedetti et al.
2024, Theorem 8.1].

Theorem 7.1. Let X = G/ P be a complex flag variety. For w € W™ and u ¢ W
we have T g, u) (Xwow, X*) = w. xwe,

Proof. By applying w™! to both sides of (6) and using Lemma 6.6, we obtain

[Xuowl * [X"*] =g [w™" . x""]
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in QH7 (X). By definition of the quantum product, this implies that
[w™" - X = 3. [ Magw.) Kugws X1 = ¢ [T, Kugws X
holds in H}(X), where c is the degree of the map
ev3 : Maw,u)(Xwow» X*) = Taw,u) Xwow, X*).

The result therefore follows from Theorem 6.3. |

8. Seidel products in quantum K -theory

In this section we discuss a generalization of the Seidel multiplication formula to
quantum K -theory. We start by briefly recalling the definition of quantum K -theory.
A more detailed discussion can be found in [Buch et al. 2018a, §2].

Let X = G/P be a flag variety defined over K = C. The equivariant K-
theory ring K7 (X) is an algebra over the representation ring I' = K7 (point).
The equivariant quantum K -theory ring QK7 (X) was originally constructed by
Givental [2000] and Lee [2004]. This ring is an algebra over the formal power
series ring I'[q]l =T'[lgp : sp € WP, which has one variable qp for each simple
reflection sg in WP. As a module over I'[¢] we have QK7 (X) = KT(X)®r I'lq].
The undeformed product of two opposite Schubert classes in QK7 (X) is defined by

[Ox,10[0xu] = Z q° ev3 «[Omyx,, xm]-
d>=0

Let ¥ : QK7 (X) — QK7 (X) be the I'[[¢]]-linear map defined by

V([Oxe]) =Y ¢ [O0r,xm)],
d>0

where the curve neighborhood I'y(X") = evz(evl_](X %)) is defined using the
evaluation maps from M. This curve neighborhood is a Schubert variety in X by
[Buch et al. 2013, Proposition 3.2(b)], whose Weyl group element was determined
in [Buch and Mihalcea 2015]. By [Buch et al. 2018a, Proposition 2.3], Givental’s
quantum K -theory product x is given by

(7) [0x,1%[Oxu] =¥ ([0x,]10 [Ox]).

The following conjecture is the K -theoretic analogue of the Seidel multiplication
formula (6) in QH7(X) proved in [Chaput et al. 2009; Chaput and Perrin 2023].

Conjecture 8.1. For w € W™ gnd u € W we have

[Ox, 1% [Ox:] =g [Oy-1 xuu] and [Oxw]*[Oy x:]=q* " [Oxm]

wow

in QK (X).
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The two identities in Conjecture 8.1 are equivalent by Lemma 6.6. The nonequiv-
ariant case of this conjecture was proved in [Buch et al. 2023, Corollary 3.7]
when X is a cominuscule flag variety. When X is a Grassmannian of type A,
the conjecture is equivalent to [Gorbounov et al. 2025, Corollary 10.4]. We will
prove Conjecture 8.1 for cominuscule flag varieties below, based on the following
conjectural generalization of Theorem 7.1. Recall that a morphism 7 : Z — Y is
called cohomologically trivial if 7,07z = Oy and Rim,©, =0 for j=>1.

Conjecture 8.2. Let w € weomin e Woand let e € Hy(X, Z) be effective.
(@) We have T g uy+e(Xuwgw> X*) = To(w ™1 - X¥1).

(b) The evaluation map ev3 : Mg u)+e(Xwow> X*) = Taw,u)y+e Xwow, X*) is
cohomologically trivial.

Conjecture 8.2 is a variant of the quantum-equals-classical theorem for Gromov—
Witten invariants as stated in [Buch et al. 2018b, Theorem 4.1]; see also [Xu 2024,
Theorem 1.2]. The conjecture is true for e = 0; part (a) is equivalent to Theorem 7.1,
and part (b) holds because the map evs : Myy,u) (Xwows X*) = Taw,u) Xwow, X*)
is birational by [Belkale 2004; Chaput et al. 2009], and Mgy i) (Xww, X*) has
rational singularities by [Buch et al. 2013, Corollary 3.1]. For e > 0, Theorem 7.1
implies that

®)  Tow . X") = To(Caqw.u) Xuwpws X)) C Taqwarte Xugw> X,

and ')+ (Xwow, X*) 1is irreducible by Corollary 3.8 in [Buch et al. 2013].
Conjecture 8.2(a) is therefore true if and only if Iy, u)+e (Xwow, X*) and T (X*")
have the same dimension. We prove below that Conjecture 8.2(a) is true when
X = GL(n)/P is any flag variety of Lie type A. Conjecture 8.1 follows from
Conjecture 8.2 by the following observation.

Lemma 8.3. Given w € W™ gnd y € W, the identity

[Ox, 1% [Ox] =g ™ [Oy1 ym]

llloul
holds in QK (X) if and only if
(9) eV3s*[OMd(w,u)Jre(XwOuwX")] = [OFe(w*I.XW)]
holds in K7 (X) for all effective degrees e € Hy(X, 7).

Proof. Both assertions are equivalent to the identity

[OX"’O'“] O [Ox«]= Z qd(w,u)+e [OFe(w”.X“’”)]
e>0

by the definition (7) of the quantum product in QK7 (X). U

Theorem 8.4. Conjectures 8.1 and 8.2 hold when X is a cominuscule flag variety.



EQUIVARIANT RIGIDITY OF RICHARDSON VARIETIES 223

Proof. Assume that X is cominuscule. Then Conjecture 8.2(b) is a special case of
[Buch et al. 2018b, Theorem 4.1], and Conjecture 8.2(a) follows from Theorem 7.1
and [Buch et al. 2022, Corollary 8.24], noting that g¢*-*) is the maximal power
of g occurring in the quantum cohomology product [ X, ]*[X"“] by [Belkale 2004;
Chaput et al. 2009]. This proves Conjecture 8.2, which implies Conjecture 8.1 by
Lemma 8.3. (]

We finish this section by proving that Conjecture 8.2(a) can be reduced to the case
where X is a flag variety of Picard rank 1. In particular, Conjecture 8.2(a) follows
from Theorem 8.4 in type A. These results were proved for e = 0 in [Tarigradschi
2023]. We thank Mihail Tarigradschi for suggesting that his methods might apply
to the general case of our conjecture.

Recall that X=G/P. Let Q1, Q> C G be parabolic subgroups such that P=0 1N Q».
Set Y; = G/Q; and let r; : X — Y; be the projection, for i € {1, 2}. Given a degree
d € Hy(X, Z), we also let d denote the image 7; .(d) of this degree in H>(Y;, Z).
Let ['y(Y; , Y/*) CY; be the union of all stable curves of degree d in Y; that connect
the Schubert varieties Y; , = 7;(X,) and Y = m;(X"), for u, v € W. The next result
generalizes [Bjorner and Brenti 2005, Theorem 2.6.1; Tarigradschi 2023, Lemma 4].

Lemma 8.5. We have T'y(X") = ;' (T4(Y1)) N7ty ' (Ta(Y2)).

Proof. Let disty(X,, X") denote the unique minimal degree of a rational curve
in X connecting X, and X“. It follows from [Buch et al. 2020, Theorem 5]
that this degree is uniquely determined by m; . (distx (X,, X*)) = disty, (¥; », ¥})
fori € {1, 2}. Using that v- P € I';(X") holds if and only if d > distx (X,, X*), we
deduce that I';(X*) and 7'[1_1 (Ta(Yy )N 712_] (T'4(Y3')) contain the same T-fixed
points. The lemma follows from this, as both sets are B~ -stable subvarieties of X. [J

The following result implies that Conjecture 8.2(a) follows from the case where X
has Picard rank 1. It was proved for e = 0 in [Tarigradschi 2023, Theorem 3].

Theorem 8.6. Let X = G/P, Y1 = G/Q1, and Y, = G/Q> be flag varieties
such that P = Q1N Qy. Let w € weomin e W, oand let e € Hy(X,Z) be any
effective degree. If T gw,uy+e(Yiwow» ¥{') = I, (w™! -Y"") holds fori € {1, 2}, then
Fd(w,u)+e(Xw0w, Xu) = Fe(w_l ' qu)-

Proof. The assumptions and Lemma 8.5 imply that

Fd(w,u)—b—e(Xwow, Xu) - 771_1 (Fd(w,u)-‘re(Y],wow’ Ylu)) m7'[2_1 (Fd(w,u)+e(Y2,w0wa qu))
= (Ce(w™ ¥ Ny ' Ce(w™ - ¥}")) =Fe(w™ - X",

and the opposite inclusion holds by (8). ([

Corollary 8.7. Conjecture 8.2(a) is true when X = GL(n)/ P has Lie type A.

Proof. This follows from Theorems 8.4 and 8.6, noting that all flag varieties of
type A with Picard rank 1 are Grassmannians, and therefore cominuscule. (]



224 ANDERS S. BUCH, PIERRE-EMMANUEL CHAPUT AND NICOLAS PERRIN

9. Horospherical varieties of Picard rank 1

In this section we interpret Theorem 4.3 and Proposition 5.3 for a class of horo-
spherical varieties that includes all nonsingular projective horospherical varieties
of Picard rank 1 (except flag varieties) by Pasquier’s classification [2009]. Let G
be a connected reductive linear algebraic group, B C G a Borel subgroup, and
T C B a maximal torus. Let V| and V, be irreducible rational representations of G,
and let v; € V; be a highest-weight vector of weight A;, for i € {1, 2}. We assume
that A # A;. Define

X=G [vi+v] CPV, éW).

If X is normal, then X is a horospherical variety of rank 1; see [Timashev 2011, Chap-
ter 7]. We will assume that X is nonsingular and K = C, even though many claims
hold more generally; this implies that X is fibered over a flag variety G/ P, with
nonsingular horospherical fibers of Picard rank 1; see Remark 9.5. Any G-translate
of a B-orbit closure in X will be called a Schubert variety. Our next result uses the
action of T x G, on X defined by (¢, z)-[u14uz] =¢-[u1+zu>], for u; € V;. We have
XT*6n = XT and a Schubert variety is T-stable if and only if it is 7 x G,,-stable.

Theorem 9.1. Any T -stable Schubert variety in X is T X G,,-convex and T x G, -
equivariantly rigid.

Before proving Theorem 9.1, we sketch elementary proofs of some basic facts
about X, which are also consequences of general results about spherical varieties;
see [Timashev 2011; Perrin 2014; Pasquier 2009].

Given an element [u| 4+ uo] € P(V) @ V2), we will always assume u; € V;, and
i will always mean an element from {1, 2}. We consider °(V;) as a subvariety
of P(Vi @ V,). Let ; : P(Vy @ V,) \ P(V3_;) = P(V;) denote the projection
from V3_;, defined by m; ([u +u2]) = [u;]. Set Xo =G - [v; +v2] CP(Vi @ V2),
Xi=G-[vi] C Uj’(\/i), and X1, =G - ([vi], [v2)) C P(Vl) X p(Vz). Since v; is a
highest-weight vector, the stabilizer P; = Gy, is a parabolic subgroup containing B.
It follows that X; = G/P; and X, = G/(P; N P,) are flag varieties. In particular,
X; is closed in P(V;), and X, is closed in P(V;) x P(V,). Notice also that
Xo=G/H, where H C P;N P, is the kernel of the character A — XAy : PyN Py — Gy,.
This shows that X is a G,,-bundle over X, so X is a nonsingular projective
horospherical variety of rank 1 (but not necessarily of Picard rank 1; see Remark 9.5).

Let W be the Weyl group of G, and recall the notation from Section 6.

Lemma 9.2. We have X = Xy U X{ U X,. The B-orbit closures in X are
Bw-[vi]= |J Bw -[v;] for we Wl andie(l,2),

w' <w

Bw-[vi+un]= U (Bw -[v; +v]UBw - [vi]UBw -[1a]) for we WH"P,

w' <w
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Proof. Set Pg = P(Vy & V,) ~ (P(V)) UP(V32)). Since A; # Ay, it follows that
T - [v] + v;] is the line through [v] and [v;] in P(V| & V,). This implies Xg =
(1 x m2)~ (X 12); hence X is closed in Py and Xo = X N[Py. We also have
X;CcXnNnPWV;) C nl._l(Xi) NP(V;) = X;, which proves the first claim. To finish
the proof, it suffices to show w’ - [v;] € Bw - [vy + v7] if and only if w’ < w
(when w’ € WP). The implication ‘if> holds because w’ - [v;] € Tw’ - [v| + v2],
and ‘only if” holds because w; (Bw - [v; + v2] \ X3_;) C Bw - [v;]. O

Define an alternative action of P; on V3_; by peu = A; (p)_lp -u, and use this
action to form the space

Gx"Vii={lg.ul:g€G, uecVs}/{lgp,ul=1lg, peul:pe P}

Define a morphism of varieties ¢; : G x” V3_; — P(V; @ V») by

¢i(lg. ul) =g - [vi +ul.

This is well defined since p - (v; +u) = A;(p)(v; + p e u) holds for p € P; and
ue Vi_;. Set E; = (P;»v3_;) U{0} C Vs_;. Noting that E; is the cone over
P; - [vs_;] = P;/(P; N Py), it follows that E; is closed in V3_;.

Lemma 9.3. The restricted map ¢; : G x E; — XoU X; is an isomorphism of
varieties. In particular, E; C V3_; is a linear subspace.

Proof. Assume ¢;([g, u]) = ¢;([g’, u']), and set p = g~'g’. We obtain p € P; and
[vi+ul=p-[vi+u']l=[vi+ peu'] in P(V; @ V2); hence

g, ul=1Ig, peu'l=1Igp,u'l1=1g", u']

in G x% V5_;. We deduce that ¢; : G x¥ E; — XqU X; is bijective, so the lemma
follows from Zariski’s main theorem, using that Xo U X; is nonsingular. ]

Fix a strongly dominant cocharacter p : ,, — T. For a € Z, define the map
Pa Gy —> T x Gy, by p,(2) = (0(2), 2%). The resulting action of G, on X is given
by pq(2) - [u1 +uz] = p(2) - [u; + z%u5].

Lemma 9.4. All T-fixed points in X are fully definite for the action of T x G,,.

Proof. Lemma 9.3 shows that [v;] has a T x G,,-stable open neighborhood in X
isomorphic to B~ -[v;] x E, where the action is given by (¢, z)-(x, u) = (¢-x, tezu).
If a is sufficiently negative, then G,, acts through p, on 1,1 X = 11,1 X1 ® E with
strictly negative weights; hence [v;] is fully definite in X for the action of 7' x G,,.
A symmetric argument shows that [v;] is fully definite. The result follows from
this, since all T-fixed points in X are obtained from [v;] or [v;] by the action of
the Weyl group W. ]
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Proof of Theorem 9.1. For a sufficiently negative, it follows from Lemma 6.1 that
the Biatynicki-Birula cells of X defined by p, are
X+

w-[v

1= Bw-[v;] and X

w-[vz

1= Bw-[vi+v]UBw - [vy].

These cells form a stratification of X by Lemma 9.2, so Proposition 5.3 implies that
Bw -[vi] and Bw - [v] 4+ v2] are T x G,,-convex for w € W. A symmetric argument
applies to Bw - [v2]; hence all T-stable Schubert varieties in X are T x G,,-convex
by Lemma 6.2. The result now follows from Theorem 4.3 and Lemma 9.4. U

Remark 9.5. The exact sequence of [Perrin 2014, Theorem 3.2.4] implies that
Pic(X) is a free abelian group of rank equal to the rank of X (which is one) plus
the number of B-stable prime divisors in X that do not contain a G-orbit. Any
B-stable prime divisor meeting X¢ has the form D = Bwgsg - [vi + v2], where
B is a simple root, and Lemma 9.2 shows that D contains X; if and only if g
is a root of P;. Let Pj; C G be the parabolic subgroup generated by P; and P;.
We obtain Pic(X) = Z & Pic(G/Py2). Let m : X — G/ Py be the map defined
by (g - [vi +v2]) =7 (g - [vi]) = g - P1». This is a G-equivariant morphism of
varieties, as its restriction to Xo U X; is the composition of 7; : XoU X; — G/ P;
with the projection G/P; — G/ Py. The fibers of 7 are translates of 7 ! (1 Pj») =
L-[vi+v;] C P(Vy & V,), where L is the Levi subgroup of P, containing 7.
Moreover, 7~ (1 - Pj,) is a nonsingular projective horospherical variety of Picard
rank 1, so it is either a flag variety or one of the nonhomogeneous spaces from
Pasquier’s classification [2009].

Question 9.6. Let X be any projective G-horospherical variety fibered over a flag
variety G/ P with nonsingular horospherical fibers of Picard rank 1. Is it true that
X is isomorphic to an orbit closure G - [v; + v2] C P(V), where V is a rational
representation of G, and vy, v, € V are highest-weight vectors?

Example 9.7. Let X be the blow-up of P? at a point p, let 7 : X — P! be the
morphism defined by projection from p, and set G = SL(2, C). Then X is G-
horospherical and fibered over P! with fiber P'. This variety X is isomorphic
to G - [v; + vp] C P(V) @ V,), where v is a highest-weight vector in V| = C2, and
v, is a highest-weight vector in V» = Sym?(C?).
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GENUS THREE GOERITZ GROUPS
OF CONNECTED SUMS OF TWO LENS SPACES

HAO CHEN AND YANQING ZOU

We prove that the mapping class groups of the genus three Heegaard split-
tings of the connected sums of two lens spaces are finitely generated, and the
corresponding reducing sphere complexes are all connected.

1. Introduction

It is well known that every closed orientable 3-manifold N admits a Heegaard
splitting V Uy W, which is a decomposition of N into two handlebodies V and W
of the same genus. Their common boundary surface ¥ is called Heegaard surface,
and the genus of X is called the genus of the Heegaard splitting. Two Heegaard
splittings of N are said to be isotopic if their corresponding Heegaard surfaces are
ambient isotopic. The Goeritz group G(N, X), first introduced by Goeritz [1933],
is the group of isotopy classes of orientation-preserving diffeomorphisms of N
that preserve these two handlebodies of the splitting setwise. As a subgroup of the
mapping class group of X, there is an open question about it in [Gordon 2007].

Question. Is the Goeritz group finite or finitely generated?

By the works of Johnson [2010], Namazi [2007], as well as Zou and Qiu [2020],
the Goeritz groups of almost all Heegaard splittings of distance at least 2 are finite.
However, if V Uy W is weakly reducible, or equivalently, of distance at most 1,
G(N, %) is infinite as shown in Namazi’s construction. We focus on studying the
finite generation problem for the Goeritz group of reducible Heegaard splittings.

A Heegaard splitting V Uy W is reducible if there is a 2-sphere S C N that
intersects X transversely in one essential simple closed curve. Such a 2-sphere §
is called a reducing sphere for 3. When V Uy W is reducible, we can decompose
it as a connected sum of two Heegaard splittings of smaller genus, denoted by
VUs W =N §N,, where Ny =V Uxg, W; and N, = Vo Usx, Ws. A natural question
arises: If both G(Ny, £1) and G(N,, X») are finitely generated, is G(N, X) also
finitely generated?

MSC2020: 57K30, 57K31.
Keywords: reducing sphere complex, Goeritz group, Heegaard splitting.
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If g(£1) + g(%2) = 2, Cho and Koda [2019] proved that G(N, X) is finitely
presented. Here we study the case g(X;) + g(X2) = 3 and give an answer to the
Question as follows.

Theorem 1.1. If N =V Us W is a genus three Heegaard splitting' for a connected
sum of two lens spaces (£ S>, S x §2), then G(N, %) is finitely generated.

Furthermore, we study the reducing sphere complex % for V Uy W, which is a
subcomplex of the curve complex spanned by those curves that bound disks in both
handlebodies. As a corollary, we have the following.

Corollary 1.2. Under the same condition as in Theorem 1.1, Z is connected.

For any reducible Heegaard splitting V Uy W = (V1 Ug, W1) #f (V2 Ux, Wa), let
@ = SN X be the intersection of a reducing sphere S and the Heegaard surface 3.
Although the method in the proof of Theorem 1.1 does not apply in general, it
provides insight into the widely studied subgroup G, < G(N, %), the stabilizer
of wu, which is a key subgroup of G(N, ¥). By its definition, it is not hard to see
that there is a natural homomorphism from G, to G(N;, X;) for each i. Thus, it
is of interest to determine whether G, is finitely generated (or finitely presented)
when both of those two Goeritz groups are finitely generated (or finitely presented).
Using standard combinatorial techniques, we obtain the following result.

Theorem 1.3. If G(Ny, X1) and G(N,, Xo) are both finitely generated (or finitely
presented), then so is Gu-2

Overview of the proof. We first show that the Goeritz group under consideration
can be generated by three stabilizers of reducing curves, as shown in Theorem 4.8.
As a corollary, the corresponding reducing sphere complex is connected. Next, we
carefully study the stabilizer of a reducing sphere and give a proof of Theorem 1.3.
Finally, by the previous work [Cho and Koda 2019] on genus two reducible Heegaard
splittings, we arrive at the finite generation of each stabilizer.

This paper is organized as follows. We introduce some notations in Section 2
and study two classes of automorphisms, eyeglass twist and visional bubble move,
in Section 3. Next, we carefully study the properties of three stabilizers in Section 4.
After all preparations have been done, we complete the proof of Theorem 1.1 and
Theorem 1.3 in Section 5.

Notations. We respectively denote the isotopy class of a curve u in a surface and
of a diffeomorphism A of a manifold by & and 2. When u is endowed with an
orientation, we denote it by fi. For an oriented curve ji, we denote its isotopy

by [/i].

1By Haken’s lemma, the Heegaard splitting is reducible.
2Here, N; (i =1, 2) is not necessarily a lens space.
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2. Preliminaries

Throughout the paper, we respectively denote the isotopy class of a curve p and of
a diffeomorphism f by ji and f. From now on, we assume that N is the connected
sum of two lens spaces unless otherwise specified, and V Uy W is a genus three
Heegaard splitting of N. Let Diff" (N, ) be a subgroup of Difft (N) defined as

Diff™ (N, E)d=ef{ f eDifft (N): f(¥)=X and f preserves the orientation of E}.
It is clear that if an orientation-preserving diffeomorphism of N preserves the
Heegaard splitting of N, it must preserve the orientation of X. Hence, the natural
homomorphism p; : Difft (N, £) — G(N, ¥) is an epimorphism.

Definition 2.1. Two reducing spheres S, S, (for X) are isotopic if there is an isotopy
H :(N,X)—> (N, Y), O0=r=1,
such that Hy =id and H;(S;) = 5.

Definition 2.2. A triplet 7 = (Si, S2, S3) of pairwise nonisotopic reducing spheres
for X is called a sphere triplet (for X), and spheres S; (i = 1, 2, 3) are called the
components of 7. We say the triplet is complete if the reducing spheres are pairwise
disjoint (i.e., its three components span a 2-simplex in the corresponding reducing
sphere complex).

Definition 2.3. Two sphere triplets 77, 7, are isotopic if there is an isotopy
H :(N,X)—> (N,%), O0=r=l,
such that Hy =id and H(7T7) = 7>.

Note 2.4. We usually make no notational distinction between triplets and their
isotopy classes when the context is clear.

Definition 2.5. Two sphere triplets 77, 7, are congruent if they differ by a permuta-
tion. For instance, (51, S2, S3) is congruent with (S3, S, $2).

We designate a complete sphere triplet 7 = (51, Sz, $3) for X, as depicted in
Figure 1, such that (1) S; (i =1, 2) cuts off a genus one Heegaard splitting of M; \B3;
(2) S5 cuts off a genus one Heegaard splitting of a 3-ball. Clearly, S; and S, are
two reducible 2-spheres and cobound S? x I in N. We also write i; = S; N X, for
i = 1,2, 3. Throughout the remainder of this paper, we fix the notations S; and wu;
for these designated reducing spheres in Figure 1 and corresponding reducing curves
respectively.

Lemma 2.6. Up to congruences, G(N, X) acts transitively on the set of isotopy
classes of complete sphere triplets for X.
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Figure 1. Heegaard surface X and triplet 7 = (S, Sz, S3).

Proof. 1t suffices to show that for any given triplet 7" = (S}, S}, S}), there exists a
diffeomorphism / € Diff" (N, £) such that 4(7) is congruent to 7'. Firstly, each
reducing sphere S; cuts off a genus one summand of X. Then, by uniqueness of
the prime decomposition of 3-manifolds, one of the three reducing spheres bounds
a 3-ball B C N. By assumption, N \ int(8) does not admit a genus one Heegaard
splitting. This implies that ¥ N B is a torus with a open disk removed. Thus, the
other two reducing spheres are isotopic in N and each cuts off a genus one Heegaard
splitting of a once-punctured lens space. It follows that U?:1 S! divides N into four
parts, a 3-ball, a thrice-punctured 3-sphere, and two once-punctured lens spaces.
Since U?:l S! divides N into four parts of the same diffeomorphism type as those
divided by U?Zl S;, we glue all diffeomorphisms of these four parts along spheres
to obtain the desired 4. (]

Using similar arguments, we can prove the following lemma.

Lemma 2.7. If S is a common component of these two complete sphere triplets T
and T, then there exists a diffeomorphism h € Difft (N, ¥) such that h(T) =T’
and h(S) = §.

3. Eyeglass twist and visional bubble move

A Heegaard splitting N = A Uy, B is weakly reducible if there are two properly
embedded disjoint essential disks, a C A and b C B. We call (a, b) a weakly
reducing pair for X. An eyeglass is a triple (a, b, 1), where (a, b) is a weakly
reducing pair for ¥ and A C X is an arc connecting @ and b with its interior disjoint
from them. For an eyeglass n = (a, b, 1), we refer to (a, b) as the lenses of 7
and A as the bridge of 1. Given a normal direction 7 pointing toward the interior
of B, we can push the 1-handle a x I around the circumference of the disk b in a
counterclockwise direction as in Figure 2 (left). In fact, it is exactly an excursion
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Figure 2. Left: eyeglass twist. Right: regular neighborhood A.

of the handlebody A that ends at the initial position. More formally, an eyeglass 7,
defines a natural automorphism 7, : (N, ¥) — (N, X), known as the positive
eyeglass twist. The inverse of this operation, which involves a clockwise excursion
of A, is called negative eyeglass twist and denoted by T5. For an eyeglass twist T,
the eyeglass 7 is referred to as its base eyeglass. It is not hard to see that an eyeglass
twist preserves the isotopy classes of its lenses.

Note 3.1. The above definition does not depend on the order of the two lenses of the
eyeglass. In other words, if n = (a, b, A) and n’ = (b, a, A), then we have T,=T,.

Let n = (a, b, A) be an eyeglass, where « défaa, B défab, and let A be a regular

neighborhood of o U A U § in surface ¥. Denote by y the component (as in
Figure 2 (right)) of d A, which is isotopic to neither & nor 8. We can now describe

the above situation as X

Iy=tw-t-1,,
where 77 denotes the left-handed Dehn twist. See more details in [Zupan 2020,
Lemma 2.5].

Remark. Although different choices of regular neighborhoods of the eyeglass 7,
yield different eyeglass twists, they are all equivalent up to isotopy. Therefore, for
the eyeglass n, we obtain two eyeglass twists T, T; € G(N, X).

Definition 3.2. Suppose n; and 17, are two eyeglasses in N. They are isotopic
if there is an isotopy H; : (N, X) — (N, X), 0 <t < 1, such that Hy = id and
Hi(n1) = 1. Furthermore, the isotopy class of an eyeglass 7 is denoted by [n].

It is not hard to see that the eyeglass twist 7;, depends only on the isotopy class
of n. In analogy to the case for Dehn twists, we have the following lemma.

Lemma 3.3. Given any ¢ € G(N, X), we have Ty, =¢ - T, oL

When a lens of an eyeglass 7 is decomposed into two disks, the corresponding
eyeglass twist 7, can be expressed as the composition of two new eyeglass twists.
We write it as the following lemma.
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Lemma 3.4 [Freedman and Scharlemann 2018, Figure 8]. Let n = (a, b, A) be an
eyeglass in N. If b is the band sum of two disks b\ and b, along arc ¢ such that
Bi = db; is disjoint from both the bridge A and the disk a, then fori =1, 2, we can
choose a proper arc ,; which connects o and B;, in the planar surface bounded
by o, B1, B and y. Given such a choice, we can obtain two new eyeglasses, 0y
(= (a, by, M1)) and ny (= (a, by, Lp)). Moreover, there exists a suitable choice {\;}
such that T, is a composition of T, and T,,.

Proof. Let P C X be the pair of pants bounded by 81, 2, and 8, and let p = AN .
Let £ C P be an embedded arc that connects p and another point in 8. Clearly, £
divides P into two annuli A; and A; that contain §; and S, respectively. Next,
we choose for each i € {1, 2} an embedded arc A; C A; that connects p and p;.
Finally, let A; = AUA}. We can verify that {};} is a desired choice. We also provide
a specific choice in Figure 3, in which T, =T, - T,,. g

Definition 3.5. Suppose 7 is an eyeglass in N, and S a reducing sphere for . We
say S separates 7 if these two lenses of 5 are disjoint from S and lie in different
components of N \ S.

Definition 3.6. Suppose S is a reducing sphere for X, u; =SNX%, and n C N (with
on=aUBUL)) an eyeglass with lenses disjoint from S. The geometric intersection
number between S and 7 is defined as I(n, S) = f(k, ), where f( -, +) is the
geometric intersection number up to isotopies (of X) that leave o and g invariant.

Definition 3.7. For any separating reducing sphere S for X, we associate it with a
subgroup & (S) of G(N, X) for each k € N defined as

E(S) = (Ex(S)),
where
Ex(S)={T, € G(N, X) : S separates n and I (1, S) < k}.

By definition, we have E;(S) C Ex41(S). Then we have the ascending sequence
EI(S) =&(8) =&(8) <---.
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Let us return to the setting from the previous section, in which N =V Uy W is a
genus three Heegaard splitting for a connected sum of two lens spaces and each S;
(i =1,2,3)1is a fixed separating reducing sphere for X, as in the previous section.
Then we have the following lemma.

Lemma 3.8. Fori =1, 2,3 and k € N4, we have E1+1(S;) < E(S)).

Proof. 1t is sufficient to prove that Ex1(S;) C & (S;). Consider an eyeglass twist T,
(suppose = (a, b, A) and dn = o U BUA) representing an element of E1(S;). We
aim to show that T, € E}(S;). Without loss of generality, we assume that 8 lies in
the genus one component of X\ S;, and the bridge X intersects u; (= S;NX) atk+1
points. Let one of these points, say p, be closest to «, as depicted in Figure 4. The
point p divides A into two segments, A; and A, where A; denotes the one that is
disjoint from w;.

Next, we choose an arc A3 in the pair of pants X \ (S; U 8) that connects the
point p and B, and whose interior does not intersect 8 (see Figure 5 (left)). Then
we obtain a new eyeglass n’ = (a, b, A1 U A3), with the corresponding two eyeglass
twists @1 and ¢ (@1 = Ty, 2 = Ty). Let y C X be a curve such that «, 8, and y
cobound a pair of pants A C ¥ containing 7', as shown in Figure 6. Notice that
I(n', S;) = 1, which implies that ¢, g2 € E(S).

Pushing the 1-handle a x I along the path ¢, as illustrated by the green line in
Figure 5 (left), produces an eyeglass twist. This twist is exactly ¢2 (=1, - 17 ! “Ty).
After the excursion of the 1-handle a x I along path ¢, the intersection points p
and p’ are eliminated, as shown in Figure 5 (right). To see this, we assume that ¢,
is supported in A. Thus, we only need to observe where the arcs A N A are sent
by ¢». The precise picture is illustrated in Figure 5 (middle). Let £ C AN A be the
component that is closest to « (i.e., {p, p'} C £). After having removed all bigons,
we can see that ¢, (£) is disjoint from S; (See details in Figure 5 (right).) On the
other hand, for any other component £’ C AN A, |@2(¢) N S;| = [£/ N S;|. This
implies that 7 (¢2(n), S;) <k+1. By Lemma 3.3, we then have T, = (p{l “Tor(p) - 92
Since both T, ;) and ¢ belong to £ (S;), it follows that T,, € & (S;). O

In summary, we have the equation

E1(S) =&E(S8) =&(S)="--
fori=1,2,3.
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Figure 6. Specific neighborhood A of 7.

Scharlemann [2022] defines a class of automorphisms of a Heegaard splitting,
called bubble moves, which generalize one of the five automorphisms proposed by
Powell [1980]. In this work, we extend the concept to a more general setting.

Definition 3.9. For a 3-manifold N with a Heegaard splitting N = AUy B, a bubble
is a 3-submanifold B of N, whose boundary is a 2-sphere. If the boundary 953 is a
reducing sphere for X, we call B a bubble for X. The genus of BN X is referred to
as the genus of B. In addition, a bubble is called trivial if it is a 3-ball, otherwise it
is called essential.

Definition 3.10 [Scharlemann 2022, Section 2]. Let N = A Uy B be a Heegaard
splitting, and B a trivial bubble for X. A bubble move is an isotopy of B along a
closed path in X \ int(B) that starts and ends at B, returning (B, BN X) to itself.
See Figure 7 (left).

For essential bubbles, we introduce a new class of automorphisms defined as
follows.

Definition 3.11 (visional bubble move). Let N = A Uy B be a Heegaard splitting
for a closed 3-manifold N, and B a bubble for ¥ with S as its boundary. The
submanifold N \ int(53) is also a bubble for X, which we refer to as the dual bubble
of B and denote by . By capping off the sphere boundary of B’ with a 3-ball,
we obtain a new manifold N (B). The manifold N (B) inherits a Heegaard splitting,
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N

bubble N

Figure 7. Left: bubble move. Right: Heegaard surface ¥'.

with its Heegaard surface X’ being the boundary sum of X \ int(53) and a bordered
torus (torus with an open disk removed), as illustrated in Figure 7 (right). Clearly,
N(B) \ int(B') is a trivial bubble in N (B), bounded by the sphere S, denoted by B.
As in the case of trivial bubbles, a bubble (5%) move induces a diffeomorphism
h : N(B) — N(B) such that h|z = id. We then glue the two diffeomorphisms
hlp : B — B and id : B — B along the sphere S to obtain a diffeomorphism
h: (N, ) — (N, X), which we refer to as a visional bubble (13) move.

In our setting, each sphere S; (i € {1, 2, 3}) bounds a genus one bubble, denoted
by B;. It is easy to see that a visional B; move fixes the sphere S;. In other words,
any visional 3; move lies in the stabilizer H; < G(N, X) of the isotopy class of the
curve u; = S; N X. Furthermore, let 2 be the subgroup of G(N, X) generated by
Hi, Hp, and H3; ie., H = (H1, Ha, H3).

4. Stabilizers of reducing 2-spheres

To prove the main theorem, we first show that G(N, ¥) = H in Theorem 4.8.
Then we will prove that # is finitely generated in the next section. As a corollary,
the reducing sphere complex &% is connected. Before proving Theorem 4.8, we
introduce the following two lemmas.

Lemma4.1. &£(S;) <H fori=1,2,3.

Proof. 1t is sufficient to prove that all generators of £ (S;) belong to the subgroup H;
ie., E1(S;) € H fori =1, 2,3. Without loss of generality, we assume that i = 1.
For any element 7, € E1(S1), n = (a, b, 1) is an eyeglass such that S separates n
and the bridge A intersects S; transversely at one point p;. In this case, both o = da
and 8 = db are disjoint from S; N X. We assume the following conditions:

(1) a and b are, respectively, a disk in V and W.
(2) o and B lie in the genus two and the genus one component of X\ S respectively.

We prove by induction on the geometric intersection number / («, u3) that T, € H.
The base case o N w3 = & is divided into the following Case 1 and Case 2.
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Figure 8. Top: finding a new arc A|. Bottom left: a visional 5; move
along the pink path. Bottom right: the reduction.

Case 1. oNu3 = and « lies in the genus one component of X\ S3. Let p,, € ANS,
be the point that is closest to o and A; C A be the subarc bounded by pg and p,,, as
shown in Figure 8 (top row). Then we choose an arc A| C X connecting p,, and
a point of Si, with its interior disjoint from Sy, S, and a. Let A’ = 1; UA}. We
endow A’ with an orientation as illustrated in Figure 8 (top row) and write X for the
resulting oriented arc. Notice that the visional B; move along %', denoted by V1,
can reduce the intersection number / (5, S7). To be precise, ¥ € H; satisfies

I(Y1(m), $2) =0, V(o) =a, Y1(B)=5.

Figure 8 (bottom row) illustrates how a visional bubble move reduces the intersection.

Note that v/ (n) is disjoint from S,. It means that Ty, ;) € H2. Then we have

Ty=v" Ty Y1 €H.

Case 2. o Nu3 =@ and « lies in the genus two component of ¥ \ S3. Similarly,
we can find a visional B; move i, € H; such that

I(2(0), $3) =0, Ya(e)=a, Yo(B)=p.
It follows that Ty, € Hz and T, = ¥, ' - Ty, () - Y2 € H.
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Figure 9. New eyeglasses.

Assume the statement is true for I (o, u3) < 2n. We consider the case that
I(a, u3) = 2n + 2. We first isotope n so that all the endpoints of the bridge A
lie in the genus two component of ¥ \ S3, while keeping the curves « and g
invariant during the isotopy. Next, we apply a visional B; move & € H,; such that
I(h(a), u3) < I(a, u3) and k(A) is disjoint from 3.

Let D and D’ be, respectively, the disks bounded by /& («) and w3 in V. Without
loss of generality, we assume that | DN D’| is minimal. Let D” C D’ be an outermost
subdisk cut off by D. Doing a compression on D along D" results in two essential
disks Dy and D,, with boundaries «; and o. Since h(A)ND” Ch(A) Npuz = &,
o1 Uap intersects /(1) at most once. Thus, we consider the following two subcases:

Case 3.1. (a1 Uaz) Nh(r) = &. By Lemma 3.4, T, is a composition of
two eyeglass twists whose bases have a smaller intersection with p3. Since the
intersection number is smaller, the induction hypothesis applies. Therefore, by the
induction assumption, we have Tj(,;) € H.

Case 3.2. |(@; Uap) Nh(A)| = 1. Without loss of generality, we assume that o
intersects /1 (A) at one point. We now construct two new eyeglasses n; (= (Dy, b, A1))
and 1y (= (Da, b, Ay)), as depicted in Figure 9. By Lemma 3.4, we know that
T,, =T,, - Thq. From the induction assumption, it follows that 7}, € H. U

Lemma 4.2. For any eyeglass n = (a, b, A) (with dn = («, B, A)) satisfying that
both o and B lie in the genus two component of ¥\ S; (i =1 or 2), we have T, € H.

Proof. Without loss of generality, we assume that both « and 8 lie in the genus two
component of X \ Sj. The other case is similar. So we omit it. If A is disjoint from
w1 =S1NX, then T, fixes w. This means that 7, € H. So we assume that neither o
nor f is isotopic to 1, and ANy # &. After performing three compressions on X
along a, b, and the disk D C V bounded by 1¢|, we obtain a 2-sphere S.

Claim 4.3. The sphere S contains a scar® of D.

3A disk compression will produce two copies of the surgery disk in the resulting surface, which
we refer to as scars of the surgery disk.
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Proof. Suppose that the conclusion is false. In this case, one of @ and B is separating
in X. Suppose it is «. Then B lies in the genus one component of X \ «. Since « is
disjoint from 1, it means that A is disjoint from w1, a contradiction. U

Hence, S contains a scar of D and the scars of a and b. Then we choose two
disjoint simple closed curves £1, £, C S such that £; cuts off a disk that contains
only the scars of a, while ¢, cuts off a disk containing only the scars of b. Since ¢,
(resp. £») is a band sum of two scars of a (resp. b), £1 (resp. £2) bounds an essential
disk in V (resp. W). Moreover, £1, £,, and the reducing curve ©; (= 0 D) cobound
a pair of pants in X. Then £; is the band sum of w; and ¢,. Hence ¢; bounds a
disk in W. So ¢; is a reducing curve. Similarly, ¢, is also a reducing curve. Then,
there are two disjoint reducing spheres S;, and S, such that S, N X = ¢;. By
definition, these three spheres (S¢,, S¢, and S1) constitute a complete sphere triplet,
denoted by 7'. Note that S; is a common 2-sphere of 7 (= (S1, Sz, S3)) and 7'. By
Lemma 2.7, there exists an element ¢ € H; such that ¢(7") = 7. To prove T, € H,
it suffices to prove Ty, € H.

If « is isotopic to £1, then ¢ («) is isotopic to one of w1, (o, and 3. So Ty, € H.
Otherwise, S, separates 1. Then ¢ (Sg,) separates ¢ (n). By Lemma 3.8, we know
that 5]((,5(,7),,;5(5[1))((1)(5@1)) = &1(¢(S¢,)). On the other hand, ¢ (7)) =T implies
that ¢ (Sg,) is exactly one component of 7. Further, by Lemma 4.1, it follows that
E1(@(S¢,)) < H. In summary, we have

Ty € Ergm,ose,)(@(Se)) S E1pm.¢(50,)(@(Se)) =E1(@(Se)) <H. T

Recently, the classical “Haken’s lemma” has been strengthened into the “strong
Haken’s lemma” by several authors in various ways [Scharlemann 2024; Hensel
and Schultens 2024; Taylor 2025], which says that a sphere set in a 3-manifold
can be isotoped to be aligned with the given Heegaard surface (See the following
definition for “aligned”.)

Definition 4.4 [Freedman and Scharlemann 2024, Section 1]. A sphere set E C N
is a compact properly embedded surface in N such that each component of E is
a sphere. Then, a Heegaard surface X and a sphere set £ in N (= AUy B) are
aligned if they are transverse, and each component of E intersects X in at most
one circle. In addition, each disk component of E \ X is essential in either A or B.

Definition 4.5 (bubble-sum). Suppose R; C N is a reducing sphere for ¥ and BC N
a trivial bubble disjoint from R;. We will use the notation R, =985, y; = R;NX, and
y»=RyNX. Let L. C X be an embedded arc that connects y; and y,, with its interior
disjoint from y; and y». Then for a good closed neighborhood N(R; U Ry U }),
dN(R1 U Ry UQ) consists of copies of Ry U R, and a new reducing sphere R3. The
reducing sphere Rj is called a bubble-sum of R; and R; along .
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Definition 4.6 [Freedman and Scharlemann 2024, Definition 1.4]. Let Ey and E be
two sphere sets aligned with X in N. Ej and E are equivalent if there is an isotopy
H:NxI— N with Hy : ¥ x {s} - X for 0 <s <1 such that H; maps Ej to E.

Freedman and Scharlemann [2024] prove that any two alignments of a sphere
set are related by a sequence of bubble-sums, which are called “bubble moves” in
their paper, and eyeglass twists.

Theorem 4.7 [Freedman and Scharlemann 2024, Theorem 1.6]. If Ey and E| are
two sphere sets that are properly isotopic in N and each aligns with %, then up
to equivalence, E| can be obtained from Ey by a sequence of bubble-sums and
eyeglass twists.*

There is a bijection between the isotopy classes of reducing curves and the isotopy
classes of reducing spheres. We identify a reducing sphere with its corresponding
reducing curve. Therefore, the reducing sphere complex can be treated as a subcom-
plex of the curve complex of X. In subsequent arguments, we will use the symbol %
to represent the reducing sphere complex for the Heegaard splitting N =V Ug W.

Theorem 4.8. G(N, X) =H.
Proof. We divide the proof into two cases: (a) N1 #= Np; (b) Ni = N».

Case (a). Let %2° be the O-skeleton of 2. As both G(N, ¥) and H naturally act
on #°, we denote the corresponding orbit containing the isotopy class ji; by &;
and @/ respectively. Since we have assumed that N| # N;, we know that 01N 0, = &.
To prove the theorem, it suffices’ to show that &) = oy.

Given any reducing sphere S for X with the intersection curve u (= SN X)
representing an isotopy class ji of ¢, we will prove that i1 € &]. If it does, we
immediately obtain the desired result &) = .

By an innermost curve argument, these two essential spheres S and S; are isotopic.
Both § and S are aligned with X. By Theorem 4.7, § is related to S; by a sequence
of bubble-sums and eyeglass twists. Thus, there is a sequence of reducing curves X;
in ¥ such that A; 4| can be obtained from A; by a bubble-sum or an eyeglass twist

(D) U1 =2NS1=A1, AL A3, ..., A, =2XNS=u.

We first prove by induction that A; € &] U &,. The base case A1 € 0 U 0 clearly
holds. We assume that A; € 0y U 0;. Then we prove that hitl € 0y U 0;. Without
loss of generality, we assume that A; € 0|. It means that there is an element g € H
such that g(%;) = ji;. Let g € Diff" (N, =) be a representative of g such that
g(X;) = 1. Then there are two cases as follows.

4Each involved eyeglass twist must have its base lenses disjoint from the sphere set on which it
acts. See details in [Freedman and Scharlemann 2024, Section 1].
3 Assume that o) = ﬁi Then, for any ¢ € G(N, ¥), we can find an element ¢ € # such that

(i) =9(iLy). So !¢ e Hy < . It follows that ¢ € 7.
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= g(;)

Figure 10. A pair of pants bounded by g(A;+1), £, and 1.

Case 1. A;4 is obtained from A; by a bubble-sum. It implies that g(X;+1) can
be obtained from g(};) by a bubble-sum. In this bubble-sum, the involved triv-
ial bubble has sphere boundary S;, where Sy N ¥ = ¢. By Definition 4.5, the
three curves g(A;+1), £, and @1 (= g(A;)) cobound a pair of pants illustrated as in
Figure 10. Denote by S, ;. ) the reducing 2-sphere intersecting transversely with X
in g(A;4+1). Note that §; U S, U S, ) divides N into four submanifolds of the
same diffeomorphism type as those divided by S; U S3U S,. It follows that there is a
diffeomorphism / € Diff* (N, ) such that 4 (S, S, Se¢Guisn) = (81, 83, $2). Thus,
we have /- g(Ai1) = . Furthermore, /1 - (i) = jio, where g € H and h € H,.
So )_‘i+1 € ﬁz/.

Case 2. ;4 is obtained from A; by an eyeglass twist T’?E' It means that g(X;11)
can be obtained from g(};) (= 1) by the eyeglass twist Tg(n})' Write n; = g(n}).
From the hypotheses of Theorem 4.7, we know that the lenses of 1 are disjoint
from A;. This implies the lenses of n; are also disjoint from p1. Accordingly, there
are two subcases as follows.

Subcase 2.1. S) separates n;. By Lemma 3.8 and Lemma 4.1, we have T,, € H.
Since Tm_1 -g(Xip1) = w1, we have that A, € ay.

Subcase 2.2. S does not separate n;. Then these two lenses of »; both lie in
the component of N \ S| which contains the genus two component of X \ S;. By
Lemma 4.2, T;, € H. So we have A, 41 € 0.

The above argument completes the proof for the statement that A; € 0y U 0, for
all i < n. In particular, i = A, € 01U 0. However, 1 € 01, 01N 0, = @, and
0! C 0;. This implies that i € &]. This completes the proof of the case (a).

Case (b). Since any lens space has a unique genus one Heegaard splitting up to
diffeomorphism, we can construct a diffeomorphism f € Diff* (N, ¥) such that
f (81, 82, 83) = (82, S1, S53), as in the proof of Lemma 2.6. This means that 0] = 0.
Then we can prove by induction on the sequence (1), as in Case (a), that Li € ﬁl’. It
follows that ¢ = 0. Overall, G(N, X) = H. O
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We use the above results to prove the connectedness of the reducing sphere
complexes Z.

Proof of Corollary 1.2. These three reducing 2-spheres Sj, S> and S3 are contained
in a same component of %, say %’. To prove the connectedness of %, it suffices to
show that Z = %'

Given any reducing sphere S € %, there are two other reducing spheres S” and S”
in % such that the sphere triplet 7" = (S, §’, §”) is complete. By Lemma 2.6, there
is an element v € G(N, X) such that v(7) is congruent to 7'. By Theorem 4.8,

V="=0,-0,_1---02-01,
where 9,' e HIUH, UH3.
Letv;=6;-6;_1---6,-0, (0<i <n)and 7; =v;(T). Then we obtain a sequence
of triplets
T=T0.T1:T2s s Tn1: Tn=T.

We identify a complete sphere triplet with a 2-simplex of . Then we prove by
induction that 7; C %’. The base case Ty C %’ clearly holds. We assume that
Te C %'. Without loss of generality, we assume that 6 € H;. By the induction
assumption, 7z and S| are contained in the same component %’. So 6;.1(7;) and
Or+1(Sy) are also in the same component of Z. Since 0;1(S1) = S; € Z', we have
that Tz = Ok 1(Tx) C %'. Therefore, S € T' =T, C %' O

5. Finitely many generators

In this section, we prove that each #; is finitely generated. Then, by Theorem 4.8,
G(N, X) (= (H1, Ha, H3)) is also finitely generated. Before that, we first introduce
the following definition.

Definition 5.1. Let N = A Uy B be a Heegaard splitting and D a union of
finitely many disjoint marked® disks in X. In this case, we define the Goeritz
group G(N, X, D) to be the group of diffeomorphisms of N that preserve the Hee-
gaard splitting and fix D pointwise, modulo isotopies’ that leave ¥ and D invariant.

Note 5.2. Unless otherwise specified, all manifolds considered in this section are
not assumed to be the connected sum of lens spaces.

Suppose B is a bubble for X, with the boundary sphere S = 9B intersecting X in
an essential simple closed curve p. Let D, be the disk SN A and X3 be the bordered
surface X \int(53). Denote by X (B) the closed surface X3UD,. Since S is separating

SIn classical surface mapping class group theory, the surfaces with marked points are frequently
considered. Here, we simply follow this tradition by discussing mapping class groups of surfaces with
marked disks.

7Precisely, such an isotopy H; : N — N, 0 <t <1, is required to satisfy that H; (X, D) = (X, D)
and Hy|p = H{|p =1id.
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in N, we cap off the sphere boundary S of the dual bubble B’ (= N \ int(53)) with a
3-ball to obtain a new closed orientable 3-manifold N (B). It is not hard to see that
Y. (B) is a Heegaard surface for N (53). Putting an orientation for the curve u, we get
the oriented curve fi and its isotopy class [fi]. Denote by Gj; the stabilizer of [fi]:

def

Gi={¢ € G(N, D) : p([12]) = [11}.
We define a subgroup of Diff* (N, ) by

Diff (N, =, $) & (£ € Diff*(N, ) : f|s = id}.

By the definition, if f € Diff" (N, X, S), then f(B) = B (B’ = N\ B). We
associate it with an element of the Goeritz group G(N(B), X(B), D,) as fol-
lows. Since N(B) is the union of B’ and a 3-ball, f|s can be naturally ex-
tended into a diffeomorphism f :(NB), 2(B), D)) — (N(B), 2(B), D,). All
different extensions of f are pairwise isotopic. Subsequently, we obtain a map
02 : Diff (N, 2, §) — G(N(B), 2(B), D,). It is not hard to verify that o, is also
an epimorphism.

Restricting the natural homomorphism p; : Diff" (N, ) — G(N, X) to the
subgroup Diff" (N, ¥, S) results in a restriction map, which we still denote by p;.
It is easy to see that py (Diff" (N, X, §)) = Gi.

We want to define a homomorphism p : G; — G(N(B), X(B), D,) so that the
following diagram commutes:

Diff*(N, =, 5) — 22— G;

x lﬁ
G(N(B), X(B), Da)

If such a p exists, it is uniquely determined by the requirement. Its existence is
guaranteed by the following lemma.

Lemma 5.3. For any diffeomorphism f € Difft(N, 2, S), if p1(f) = id, then
p2(f) =1d.

Proof. Assume that & is an oriented essential simple closed curve in 5. Since
p1(f)=1id, f(a) is isotopic to @ in . By [Farb and Margalit 2012, Lemma 3.16],
we know that f(a) is also isotopic to @ in 5. In other words, f preserves the
isotopy classes of all oriented essential simple closed curves in ¥3. We can prove
by the Alexander method® that such a diffeomorphism is isotopic to a power of the
Dehn twist 7,,. This means that p,(f) = id. U

8Here, we first choose a collection {yi} of essential simple closed curves in X3, as shown in
Figure 11. By the Alexander method [Farb and Margalit 2012, Proposition 2.8], we know that f (U yi)
is isotopic to | y; relative to u (= 9Z). So we assume that f({Jy;) = ;. In addition, f also
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Yn=2 y,_; In |

Figure 11. The surface ¥p.

It follows that such p exists and is surjective, and the kernel of p is denoted
by Z(p). Then we have the exact sequence

2) 1 - Z(p) - Gz =25 G(N(B), =(B), Dy) — 1.
Similarly, for the dual bubble ', we also have a dual exact sequence

3) 1> Z(p") > Gz 25 G(N(B), B(B)), Dg) — 1.

Lemma 5.4. The composite homomorphism p’ -i is an epimorphism.

Proof. By a similar argument for the dual bubble B’, we have the following
commutative diagram:

Diff* (N, £, 8) — 22— G;

\pﬁ l”/

G(N(B), 2(B"), Da)

Since p; is surjective, for any element ¢ € G(N(B'), X (B'), D,), we can find a
diffeomorphism f € Difft (N, X, S) such that pé( f) =¢. We extend f|g by the
identity to obtain a diffeomorphism f eDiff (N, X, S). Itis not hard to see that p'-
o1(f)= ,oé(f) =p,(f)=¢ and p1(f) €Z(p). The lemma follows immediately. (J

Subsequently, we have the exact sequence
@ 1> Z(E)NT() > T(p) 5 GINB), B(B), Do) — 1.

Since the marked disk D, can be treated as a marked point in X (B), we apply the
description of the kernel of the capping homomorphism® [Farb and Margalit 2012,
Proposition 3.19] to obtain Z(p") NZ(p) = (7,), where T, is the extension of the
Dehn twist 7, to the whole manifold N.

preserves the orientation of y;. This implies that f fixes each vertex and each edge of | y; (regard
\J y; as a graph). Without loss of generality, we may further assume that f |U y; = id. On the other
hand, £\ (U yl-) is an annulus. It follows that f is isotopic to a power of the Dehn twist .

9Let f eDifft (N, , S) be a diffeomorphism that represents an element of Z(p") NZ(p). Then,
with Dy identified with a marked point in X(B), f|x, represents an element of the kernel of the
capping homomorphism Cap : Mod(X3, d¥X35) — Mod(X(B), D,). By [Farb and Margalit 2012,
Proposition 3.19], f|x is isotopic to a power of the Dehn twist along u (= 0X53), and so is f| o
This implies that f is isotopic to a power of the Dehn twist along p.
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Lemma 5.5. If both G(N(B), X(B)) and G(N(B'), X(B')) are finitely generated
(or finitely presented), then Gy is finitely generated (or finitely presented) as well.

Proof. We first prove that G(N (B), £(B), D,) is finitely generated (or finitely pre-
sented). If the genus g(X(B)) is 1, we have G(N (B), X (B), D,;) = G(N(B), X (B)).
Then there is nothing to prove. If g(X(B)) > 2, we apply the Birman exact sequence
[Birman 1969] for the pair (X (B), D,) to obtain the commutative diagram

1 y K~ 5 gNB), (B), D)) 2% G(N®B), T(B) —— 1

r L- L-

forget

1 — 1(SB) - Mod(S(B), D,) —>*' 5 Mod(E(B)) — 1

where i denotes the inclusion map. The Birman exact sequence provides a descrip-
tion for the kernel of the forget map, which asserts that the kernel is generated by
the isotopies (of X (5)) that push D, along a closed path (that begins and ends
at D,) in X(B). Note that all such isotopies can be extended to the whole mani-
fold N (B). It follows that K = (X (B)). Since both 7| (X(B)) and G(N (B), X (B))
are finitely generated (or finitely presented), so is G(N (B), £ (B), D,). Similarly,
G(N(B), Z(B'), D,) is also finitely generated (or finitely presented).

By the exact sequence (4), Z(p) is finitely generated (or finitely presented). Then
by the exact sequence (2), Gj; is also finitely generated (or finitely presented). [

With the above preparations completed, we can present the proof of Theorem 1.3.

Proof of Theorem 1.3. By Lemma 5.5, we know that Gj; is finitely generated (or
finitely presented). Since Gj; is a subgroup of G,, with index at most two, G, is
also finitely generated (or finitely presented). ([

The genus at most two Goeritz groups for lens spaces or their connected sum
have been shown to be finitely generated in [Cho 2013; Cho and Koda 2016; 2019].
Then by Theorem 1.3, the stabilizer G,,,, which is exactly the group #;, is finitely
generated. By Theorem 4.8, it follows that G(NV, X) is finitely generated. So we
complete the proof of Theorem 1.1.

Acknowledgements

We would like to thank Professor Ruifeng Qiu and Chao Wang for many helpful
suggestions. This work was partially supported by the NSFC (grant nos. 12131009,
12471065 and 12326601) and the Science and Technology Commission of Shanghai
Municipality (grant no. 22DZ2229014).

References

[Birman 1969] J. S. Birman, “Mapping class groups and their relationship to braid groups”, Comm.
Pure Appl. Math. 22 (1969), 213-238. MR


https://doi.org/10.1002/cpa.3160220206
http://msp.org/idx/mr/243519

GENUS THREE GOERITZ GROUPS OF CONNECTED SUMS OF TWO LENS SPACES 249

[Cho 2013] S. Cho, “Genus-two Goeritz groups of lens spaces”, Pacific J. Math. 265:1 (2013), 1-16.
MR

[Cho and Koda 2016] S. Cho and Y. Koda, “Connected primitive disk complexes and genus two
Goeritz groups of lens spaces”, Int. Math. Res. Not. 2016:23 (2016), 7302-7340. MR

[Cho and Koda 2019] S. Cho and Y. Koda, “The mapping class groups of reducible Heegaard
splittings of genus two”, Trans. Amer. Math. Soc. 371:4 (2019), 2473-2502. MR

[Farb and Margalit 2012] B. Farb and D. Margalit, A primer on mapping class groups, Princeton
Mathematical Series 49, Princeton Univ. Press, 2012. MR

[Freedman and Scharlemann 2018] M. Freedman and M. Scharlemann, “Powell moves and the
Goeritz group”, preprint, 2018. arXiv 1804.05909

[Freedman and Scharlemann 2024] M. Freedman and M. Scharlemann, “Uniqueness in Haken’s
theorem”, Michigan Math. J. 74:1 (2024), 119-142. MR

[Goeritz 1933] L. Goeritz, “Die Abbildungen der Brezelfldche und der Vollbrezel vom Geschlecht 27,
Abh. Math. Sem. Univ. Hamburg 9:1 (1933), 244-259. MR

[Gordon 2007] C. M. Gordon, “Problems”, pp. 401-411 in Workshop on Heegaard splittings, edited
by C. M. Gordon and Y. Moriah, Geom. Topol. Monogr. 12, Geom. Topol. Publ., Coventry, 2007.
MR

[Hensel and Schultens 2024] S. Hensel and J. Schultens, “The strong Haken theorem via sphere
complexes”, Algebr. Geom. Topol. 24:5 (2024), 2707-2719. MR

[Johnson 2010] J. Johnson, “Mapping class groups of medium distance Heegaard splittings”, Proc.
Amer. Math. Soc. 138:12 (2010), 4529-4535. MR

[Namazi 2007] H. Namazi, “Big Heegaard distance implies finite mapping class group”, Topology
Appl. 154:16 (2007), 2939-2949. MR

[Powell 1980] J. Powell, “Homeomorphisms of 53 leaving a Heegaard surface invariant”, Trans.
Amer. Math. Soc. 257:1 (1980), 193-216. MR

[Scharlemann 2022] M. Scharlemann, “Powell’s conjecture on the Goeritz group of s3is stably true”,
preprint, 2022. arXiv 2210.13629

[Scharlemann 2024] M. Scharlemann, “A strong Haken theorem”, Algebr. Geom. Topol. 24:2 (2024),
717-753. MR

[Taylor 2025] S. A. Taylor, “Strong Haken via thin position”, Bol. Soc. Mat. Mex. (3) 31:1 (2025),
art.id. 14. MR

[Zou and Qiu 2020] Y. Zou and R. Qiu, “Finiteness of mapping class groups: locally large strongly
irreducible Heegaard splittings”, Groups Geom. Dyn. 14:2 (2020), 591-605. MR

[Zupan 2020] A. Zupan, “The Powell conjecture and reducing sphere complexes”, J. Lond. Math.
Soc. (2) 101:1 (2020), 328-348. MR

Received December 25, 2024. Revised August 1, 2025.

HAO CHEN YANQING ZOU
SCHOOL OF MATHEMATICAL SCIENCES  SCHOOL OF MATHEMATICAL SCIENCES
EAST CHINA NORMAL UNIVERSITY KEY LABORATORY OF MEA (MINISTRY OF EDUCA-
SHANGHAI TION) AND SHANGHAI KEY LABORATORY OF PMMP
CHINA EAST CHINA NORMAL UNIVERSITY
hchen@stu.ecnu.edu.cn SHANGHAI

CHINA

yqzou@math.ecnu.edu.cn


https://doi.org/10.2140/pjm.2013.265.1
http://msp.org/idx/mr/3095111
https://doi.org/10.1093/imrn/rnv399
https://doi.org/10.1093/imrn/rnv399
http://msp.org/idx/mr/3632084
https://doi.org/10.1090/tran/7375
https://doi.org/10.1090/tran/7375
http://msp.org/idx/mr/3896087
http://msp.org/idx/mr/2850125
http://msp.org/idx/arx/1804.05909
https://doi.org/10.1307/mmj/20216081
https://doi.org/10.1307/mmj/20216081
http://msp.org/idx/mr/4718494
https://doi.org/10.1007/BF02940650
http://msp.org/idx/mr/3069602
https://doi.org/10.2140/gtm.2007.12.401
http://msp.org/idx/mr/2408256
https://doi.org/10.2140/agt.2024.24.2707
https://doi.org/10.2140/agt.2024.24.2707
http://msp.org/idx/mr/4790750
https://doi.org/10.1090/S0002-9939-2010-10545-2
http://msp.org/idx/mr/2680077
https://doi.org/10.1016/j.topol.2007.05.011
http://msp.org/idx/mr/2355879
https://doi.org/10.2307/1998131
http://msp.org/idx/mr/549161
http://msp.org/idx/arx/2210.13629
https://doi.org/10.2140/agt.2024.24.717
http://msp.org/idx/mr/4735044
https://doi.org/10.1007/s40590-024-00688-3
http://msp.org/idx/mr/4831350
https://doi.org/10.4171/GGD/556
https://doi.org/10.4171/GGD/556
http://msp.org/idx/mr/4118630
https://doi.org/10.1112/jlms.12272
http://msp.org/idx/mr/4072496
mailto:hchen@stu.ecnu.edu.cn
mailto:yqzou@math.ecnu.edu.cn




PACIFIC JOURNAL OF MATHEMATICS
Vol. 338, No. 2, 2025

https://doi.org/10.2140/pjm.2025.338.251

COMPLETE MINIMAL HYPERSURFACES
IN A HYPERBOLIC SPACE H4(-1)

QING-MING CHENG AND YEJUAN PENG

We study n-dimensional complete minimal hypersurfaces in the hyperbolic
space H"+1(—1) of constant curvature —1. We prove that a 3-dimensional
complete minimal hypersurface with constant scalar curvature in H*(—1)
satisfies S < i—; by making use of the generalized maximum principle, where S
denotes the squared norm of the second fundamental form of the hypersurface.

1. Introduction

Let M" be an n-dimensional minimal hypersurface in the hyperbolic space H"+!(—1)
of constant curvature —1. A very important subject of study is the rigidity of
complete minimal hypersurfaces in the hyperbolic space H"*!(—1). It is well
known that there are many important results on the rigidity of compact minimal
hypersurfaces in the unit sphere S"*!(1). For example, Simons [7], Chern, do Carmo
and Kobayashi [3] and Lawson [4] prove that an n-dimensional compact minimal
hypersurface in the unit sphere S"*1(1) is isometric to a totally geodesic sphere or a
Clifford torus if the squared norm S of its second fundamental form satisfies S < n.
In particular, for n = 3, it is known that a 3-dimensional compact minimal hyper-
surface in the unit sphere S4(1) with constant scalar curvature is isometric to a
totally geodesic sphere or a Clifford torus or the Cartan minimal isoparametric
hypersurface (see [1; 6]). On the other hand, Cheng and Wan [2] proved complete
minimal hypersurfaces with constant scalar curvature in the Euclidean space R*
are isometric to the hyperplane R®. But for complete minimal hypersurfaces in
the hyperbolic space H"+!(—1), there are only few results on rigidity of complete
minimal hypersurfaces. It is our main purpose to study the following conjecture:

Conjecture. A complete minimal hypersurface with constant scalar curvature in
the hyperbolic space H*(—1) is isometric to the hyperbolic space H3(—1).

We will prove the following:
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Theorem 1.1. A complete minimal hypersurface with constant scalar curvature in

- 4 . 21
the hyperbolic space H*(—1) satisfies S < 53,

of the second fundamental form of the hypersurface.

where S denotes the squared norm

2. Basic formulas

Let M" be an n-dimensional hypersurface in an (n+1)-dimensional hyperbolic
space H n+1(—1). At each point p in H n+1(—1), we choose a local orthonormal

frame field {ey, €3, ..., e,+1} and the dual coframe {a)l, w?, ..., w”“} such that,
restricted to M", {e}, es, ..., ey} is tangent to M". Structure equations of H"(=1)
are given by
doy=—) wapAwp,  wap+wps =0,
@-1) b 1
dwap + Z wac AN wcg =5 ) Kapcp wc N wp,
c C.D
with
(2-2) Kapcp = —(8acdsp — 8apSBC)-

If we restrict these forms to M", then "' = 0. We have

(2-3) Wil = Zhijwj, hij =hj.
J
One calls
1
(2-4) H=;Zhii, h=Zhijwi®wj
i ij

the mean curvature and the second fundamental form of M", respectively. If H is
identically zero, M" is called minimal. The structure equations of M" are given by

da),-:—g wij N\ wj, a)ij—i-a)ﬁ:O,
J

(2-5)
dw;j + Za)ik N wj = % Z Rijki o N oy,
k k,l
where
(2-6) Rijir = —(8idj1 — 8uji) + (hixhji — hith ji).

For minimal hypersurfaces in H"*!(—1), we obtain

R=—nn-1)-3S5,
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where R and § denote the scalar curvature and the squared norm of the second
fundamental form of M", respectively. From the structure equations of M", Codazzi
equations and Ricci formulas are given by

hijk = hixj,  hijr — hijik = Zhimijkl +thijikla
m m
where h;jx = Vih;; and h;j; = V,Vih;j, respectively. Define f3 and f4 by
n n
fz= Z hijhjchy and  fy = Z hijhjxhihii,

i jk=1 i jk =1

respectively. We have, for minimal hypersurfaces,

3Af3=—(n+8)f3+2C,

C= Y hibly A= YA B= Y ki,

i,j.k i,j.k i,j.k

27

where

and A;’s are principal curvatures of M", that is,
Shi=Yn=0. s= Y=Y
i i ij i

hijij —hjiji = ki =2 ) (=14 24 ;).
By a direct computation, we have
S=n(l—n)—R, Ahjj=—(S+nhj, FAS==SS+n)+> hi.
i,j,k
If the squared norm S of the second fundamental form is constant, we have
Y bl =S8S+n), Y hly=SS+n)@2n+3+5)+3(A-2B).
ij.k ij.k,l

The following generalized maximum principle due to Omori [5] (see Yau [8]) will
play an important role in this paper.

Theorem 2.1. Let M" be a complete Riemannian manifold with sectional curvature
bounded from below. If a C*-function f is bounded from above in M", then there
exists a sequence {pi}p, C M" such that

(1) limg, o0 f(pk) =supym f,

(2) lim— 0 |V f (P =0,

(3) limgoosup ViV, f(pr) <0, for Il =1,2,....n
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3. Minimal hypersurfaces with two distinct principal curvatures

Theorem 3.1. Let M3 be a minimal hypersurface in H*(—1) with constant scalar
21

curvature. If M> has two principal curvatures somewhere, we have S < 55-

Proof. We assume, at p € M?, that M> has two distinct principal curvatures. At p,
we may choose an orthonormal frame ey, e;, e3 such that 4;; = A;8;;. We can assume

A=Ay =A.
Since M? is minimal, we have

a=-2x, A =1s.

A=

Because ) . h;; =0 and S is constant, we have

hitk +hooi +h3ze =0,  hye+hook —2h33 =0.
We obtain
hitk +hoor =0, h3z =0, k=1,2,3.

We can choose ey, e; such that i173(p) =0 at p. In fact, if necessary, we make a
rotation of e, e; with angle 8, which satisfies

h h
cos(—20) 23(p) C sin(—26) = 123(p) '
Vg (p) + 155 () V() + 1o (p)
Letting
a=hi5, b=hi +hip,,
in view of
S(S+3)= Z hizjk =3(hi1y+hij3+h3y +h3p) + (i) + ha)
ik
= 6hiy3+4(hTy, +hip),
we have

6a +4b = S(S+3).

Since n = 3, we have
12 12

Lemma 3.1. h;jy are symmetric in i, j, k, l if i, j, k, | are not {1, 1, 3, 3},
{2,2,3,3} and

2a

2
—, h3312=0, h3313=—h111h113,
T 3312 3313 = s

2
h3311 = h3zn = ﬁ(a +b), h3zz=
a

2
h3zoz = —hi12h113,  hiiin = hooe,  hi1zz =hoozs = ——.
3323 = 3 2t 1111 2222 1133 2233 3
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Proof. According to the Ricci formula,
hijki — hijix = Z hnj Rmikt + Z himRmjk
m m
= (A —Aj)Riju
= A —=A)(=1+AiA;)(6ikdji — 6118 k).
Also § = Zi’j h?j is constant. We have
0="> (hju = 2( > hijihiji+Y hijhijkz> = 2<Zh,-jkh,-ﬂ —3Ah33k1). m
ij ij ij ij
Lemma 3.2. We have
(3-1) x+2y=3%a’+ Lab—b*+2Sb,
where
=223 103 +ho013) +hTs + o), ¥ =221y +hi) + @+ D).
Proof. We have

> b =S(S+3)(S+9)+3(A-2B)

i,j,k,l
=SS+3)S+9+42A+B)—-5(A+2B)
=S(S+3)(S+9) +28*(S+3) -5 (Zhl]kkz+22h,]k )
i,j,k i,j.k
=3S5(S+3)° =3 ) hj i+ 4+ 007,
ij.k
where
D RGO A 0T =3 hiy (2h +/\k)2+92hﬁlx,2_36/\2b
i,j.k i#k
We have
Y by =35(5+3)*=602b =35(5+3)*~10Sb,
i,j,k,l
Zhukl - Z hl/kl+3zhllkl+zhllll
i,j.k i#j#k i#k

2 2 2 2 2 2 2
= 6h1y3,+3 (M1 101 +h1131Hh3o1 Hhops 331+ (BT 1R300, +hiss)

=327 13+ 113 5013) (M1 +30T 1) Hh3ss + (B +3h51 +3h5311)
=3(2h} o311 13+Hh5013) 4T T 1) Fhss 6 (A hasi+his,).
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In the same way, we have

Zhl]kz - Z ht}k2+3zhzzk2+zh1112

i,j,k i#j#k i#k
=3(2h3y13 + hi1ps +h3p3) +4(hTy  +hip)
+ h2332 + 3(2h1111h3322 + h%311 + h§322),

thjk3 = Z hljk3+3Zhllk3+Zhlll3
i,j,k i#j#k i#k
= 31103 + h3o13) + hiis + s

2 2 2 2 2
+ 3(hi133 + hiozs + 3313 + h3303) + hiass
2¢ 4 4a?
2 2 2 2
= 3(h1123 +h2213) + h1113 +h2223 + (312 + ﬁ b) + W
10a® + 12ab

=3(hi1o3 + M3o13) + hiyps + haps + 012

Hence we obtain
2 2
Z hz]kl th]kl + Zhijkz + Zhijk3
i,j.k,l i,j.k i,j.k i,j.k
_ 2 2 2 2 2 2
= 12(h1153 + h3p13) +4(h1 13 + hapos) + 8(hTy + hi12)

10a? + 12ab

+ 12h1111h3s11 + (B353; + h3s330) + 12h35, + 012

= [12(h7 3 + h3y13) +4(hT 15 + h3ps)]
8
+ [8(}1%111 + Rt + xhllll(a +b):|

10a? + 12ab

IR R 2+
a 3 e

912

We infer, from the above formulas,

4 8 4ab + 48(a + b)? + 10a% + 12ab
X+ —=y+
JERREY 922

that is,

=3S(5S+3)>2—10Sb,

x+2y=2a’+ Lab+3b° — 5%
=24+ fab—b*+3 Sb O
Lemma 3.3. We have

(3-2) x+4darhi = —3a* — tab+5b* +27(72)7 + 18)a + 1> (401> + 8)b.
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Proof. Since S = Zi’ j h?j is constant, we get, for any k, [, m,

= (Z h[2j>klm =2 Z (hijhijkim + hijmhijia + hijchijim + hijihijom)-
i.j i.j

Since
Y hijhijkim = —3\h33kim,
i,j
we have
3M33kim = Y hijmhijr + D hijichijim + Y hijihijim-
i,j i,j i,J
Hence,
1
Y hkimh3skim = ; hijichkimhijim.
k,l,m i,j.k,l,m

On the other hand, we have

0=( X hle), =2 X (hijehiizs + o).

i,j.k i,j.k
Z hl]k(h33t]k - l]k33) — Z hl]kh33l]k + Z hljkg
i,j,k
1 10 12ab
== > hijhumhijim + S+ %-
i,j.k,,m
Since
> hiji(h33ijk—hiji33)
LTk
= > hijilhzizjk —hiji33]
ik
= hijk[(h3ij3+zhmiRm33j+Zh3mRmi3j> _<hij3k+22hijmik3> ]
ik m p k -~ 3
= Z hljk[h3113k_ 1/3k3+zhmszm33j+Zh3mkRmt3j 2thJ3lek3]
i,j.k
+ > hijkhmi(hmzhzj—hmih33)i+ Y hijkhsm (hmshij—hmjhiz)i
i,j,k,m i,j,k,m
=2 > hijkhyj(hpchiz—hpshi)s
i,j.k,m
= hijk[zzhminm33k+5Zhsijmiak]
i,j.k m m
+ > hijkhmi(hmzchsj+hmshsje—hmjchss)
i,j.k,m
+ > hijkhsm(hwshijie—hmjchiz —hmjhize+hmsihi;)
i,j,k,m

=2 > hijkhpj(hpizhiz —hmshigs)
i,j,k,m
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= Y [2hijihmij(—14AcA3) (8k383m — Smic833)

i,jk,m
+5h;jkh3mj (=147 h) Gm3dik — Smidiz) |

+Z)"3)‘ihi23k_ Z )‘3)"ihi2jk
i i,j,k

+Z)‘2h§]k+ Z hlzjkkz Zhgjk)é
_Z)ﬁhﬂk 22}2)@111 Jk+2Zk§h,3k
[22};”3( 143 -2 3 i3~ 1+,\kx3)—5_zh§jk(—1+x3)\k)]

i,j.k
2 2 2
— Y hahihis— Z A3hi hl,k+ Z Mh,,k+ZA3hl,3
L]

= [2(—1+4A2)(2a)—2(—(6a+4b)—2A(4Ab))+5(1+2k )(2a)]
+4ar®+20(41b) +42% (6a+4b) +8)1%a
= (7222 +18)a+ (400> +8)b.

Y hijkhumhijim
i,j.k,l,m

= > hiam(hiikhim + hookhooim + 2h ok hioim + 2R 136h13im + 2h23ch23im)
k,l,m

= > hikhwm(hiim — hooim) + Z 2(hi2him — hintham)hioim
k,l,m

+ > 2hiizhumhizim — D 2hi3homhosim
I,m I,m

= ; hutk[Biii(Biin — hootn) + hioa (1122 — haooa) + 2hiiz(hinis — haoi3)
+ 2hi23(h1123 — h2223) + 2hia(hinz — hoaio)
+2h112(2h112h1212 + 2h1i3hi213 + hinhizn + hihion)
= 2h111(2ho12h1212 + harhionn + hoxhiooo + 2ho3hi223)
+2h1is[ bz +his(hisiz 4 hizs) + 2h2hizi2 + hiohiss ]
— 2h113[ha22ha322 + 2ho12ha312 + hoos(hosos + hazso) + hatihosi |
= (a+b)(hi111 —ha1) + ; B3 (Bt — haoin)

+4bhi122 +2a(hi133 + hazin + hooss + hazzo)

+4hi11hizhing — 4hi2ho3hoos +4hi2hizhies — 4hiizhoihaos
=2(a+b)(hiin1 —hoi1) +4bhin

+4hy3(hinhins + hizhoos +hiohigs + hinhons)

+2a(hi133 + hazi1 + hoosz + haszno)
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=2(a+Db)(hi111 — hoo11) +4bh1122
—4hy13(h111h3313 + h112k3323) +2a(h1133 + Rz + hooss + h3320)
=2(a+Db)(2hi111 +h3311) —4b(h1111 + h3zin)

2 2
_4 .2 =
hi13(h111 3kh111h113+h112 3)thlzhm)
2 a 2
2 (—i 2 a+bh) -4 42 b)
+2a 3)¥-|-3)¥(61+ ) 3k+3k(a+ )
—dahiy +20a—b) - 2(a+b)— Sa?, +h2) — 29 4894 4 py
32 E7 L e PURE PY
8a2—4b?

=4ah .
anhpi + SA

Hence, we have

4ahyyyy | 8a*—4b* | x | 10a*+12ab
A + 3)2 + A2 T 9)2

X +4arhi = A2 (7227 4 18)a + A*(40A% + 8)b — §(34a” + 12ab — 12b%)
=—3a> — Zab+ 36>+ 23(720> + 18)a + A2 (402% + 8)b. O

(7207 + 18)a + (400> + 8)b =

’

In view of (3-1) and (3-2), we have from 6a +4b = S(S +3), 6,2 = S,
(3-3)  2A%(h3,,, +h311p) —2(a — b)Ahy
= Qa®+ 3Lab — Ib* + 25b — A*(720% + 18)a — A*(40A° + 8)b
=24 +3Lab—1b* +35b— L5125 + 18)a — LS(2S5 +8)b
=2a? +3ab— Ib* —28(S+3)a+3Sa— P S(S+ 3)b
=24’ + 3tab — 1b* —2(6a + 4b)a +3Sa — PS(S+3 - L7)b
=—2a> - Bab - b* + 5(3a + 1b).
According to
220111 + 1) —2(a = b = —5(a —b)?,
we obtain
(3-4) —2a* — Blab— 120"+ S(3a+ }b) > 0.
Since
29 2 58 13 13452
—?a — mab — 7ab — Tb
=—2a(6a+4b) — 3(@4b+6a)b = —32S(S+3)a — BS(S+3)b,
we have from (3-4)

21 29 76 3542 13 o2

Hence we have § < %.
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4. Proof of Theorem 1.1

In this section, we will give a proof of the Theorem 1.1.

Proof of Theorem 1.1. We choose a local frame field {e, e, e3, e4} such that at any
point p,
h,’ i = Ai; je

Since S is constant, we notice that the sectional curvature is bounded from below
from Gauss equations. By making using of the generalized maximum principle due
to Omori [5], there exists a sequence {pi}re, C M 3 such that

lim f3(px) =sup f3, lim |V f3(p)|=0, lim supV;V;f3(px) <0 forl=1,2,3.
k— 00 M3 k— 00 k— 00

Since S is constant,
S i =S8S+3), X hiy=S(S+3)(S+9) +3(A-2B),
ij.k ijk,l

we know that, for any i, j, k, [, {A; (pr)}, {hijx(pr)} and {h;jx (pr)} are bounded se-
quences, respectively. Thus, we can assume, if necessary, by taking a subsequences

of {pm},
Hm A (pw) =4i, im hiji(pm) =hije,  1im hij(pm) =hiju forall i, j, k, 1.
m— 00 m— 00 m— 00

From now on, all the computations are considered for A;, fzijk and fzij;d. For
simplicity, we omit "

If the principal curvatures are the same, S = 0 since M3 is minimal. We only
consider the following two cases.

Case 1. The number of distinct principal curvatures is two. By the same proof as
in the Section 3, we get
S =<

l\)ll\)
Of—

Case 2. All three principal curvatures are distinct. If f3 is constant, M3 is isopara-
metric and S = 0. This is impossible. From now on, we suppose that f3 is not
constant. We will derive a contradiction. Without loss of the generality, we assume
that A; < Ay < A3. We also assume sup f3 # 0; otherwise we use inf f3 # 0.

Lemma 4.1. We have
hiixk =0 forany i,k  and  hiy=iS(S+3).
Proof. Since } ; hi;=0and S =3}, ; hl.zj is constant, we have

2 hiik =0, > hiikhi =0.
l 1
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Since limg_. o0 |V f3(pr)| = 0, we have
> highi = 0.
i
Since A; # A fori # j, we have h;;; =0 for any i, k. From
S(S+3)= 3 hijy = 6hi,
we obtain "
hiy = £S(S+3). 0

Lemma 4.2. We have
hiijk = hiiik = hpiii =0 for i # j #k.

Proof. Since Zi’j’k hizjk = S(S+3), we have hyy3; =0 for any /, i.e.,
(4-1) hiijx =0 fori#j#k.
Since } ; hij=0and S=3, hl-zj is constant, we have

Z hiijk =0, Z hiijkhi = 0.

i i
For j # k, using (4-1), we have
4-2) hjjik +hijr =0, Zhiijkki =0 for j #k.

i
From (4-2), we have h;jx = hyijx =0 for j #k. O
Lemma 4.3. We have
Zh”kk +2 Z Rl = 3S(S +3)%.

Proof. From
> h?jkl =S(S+3)(S+9)+3(A—-2B),
i,j.k,l

Z ij kl - Z hz]kl +3Zh11kl + Zhllll
i,j.k,1l i J #k
l

=3 Z hf + Z hiii =D M 2 M
ik ik
we have

Zh,,kk+2Zhl,kk—S<S+3><S+9>+2SZ(S+3>=3S<S+3>2. 0
i#k



262 QING-MING CHENG AND YEJUAN PENG

Lemma 4.4. We have
sup f3 > 0, —@<A1<—@, —@<A2<0.
Proof. Since limy_. o sup Af3(pr) <0 and 3Af3 = —(S +3) f3, we have
0>—(5+3) klggo sup f3(px)

=—(S+3)sup f3.
M3

We get sup f3 > 0. We also notice that A; < 0 and A3 > 0. By a direct computation,
sup f3 = A7 +A3 + A3 =3A1A2h3 = 34; (A7 — 15) forall i.
We obtain )»% < %S and )»% > %S, Ay < 0 and
(4-3) A +A3 <3S
Because of )ﬁ +A% +Aihy = %S and A < Ay <0, we have
)»% > %S, )L% < %S.

and
Lo a2 <ls 0<Ai<ls, A<im<O O
[§ 1 29 2 6°> 1 2 .

For simplicity, we use f3 in place of sup f3 in the following.

Lemma 4.5. We have

Riikk = —%(S + 3)Ai + gide + wgi g,

where

Proof. Taking derivatives of } ; h;; =0and ), ; hz. = S, we have
2 hiie =0, > hiikchi = —18(S+3).

We solve this rank-5 linear system of six equations with six unknowns A;ixx, i < k,
Withhi[jJ':hjj[i-i-()\[—)\.j)(—l-i-)»i)xj). |
Lemma 4.6. We have
fs=28f fo=1fi+1S,
2 2.2
Se=Yeri=iS -5 Tel=i(is-5)
i ' i

> 8k f—3—-Sf Yk =5%S —gf Leihi=
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Proof. From fz = 3A; ()le — %S), fori =1, 2, 3, we have

fs=328f fo=1fi+1s%

According to g; = Al.z — 2N - —S we infer

S
2 1 f3 4_1(1q 2\?

Sei=it -5 =185 )
Zz)v—f—;—le szz 1S3_lf2 Z-Az—lSZ——32
igil_Sz 6 3, 8 6J3> igli—6 S’

Because 0fF3=3g,-(gi2—§F2),f0ri=1,2, 3, we have
> g'h =0,
i
where Fy =Y, gk. O

Lemma 4.7. We have

1

y_(_ >f i[f3(1932+ 8S+1)+1 S(S+6)(S+15)] :

2
= (i £
Proof. By using the Lemmas 4.5 and 4.6, we have
2
4-4) Z i = > (=3 (S+3)A; + gikk + wgigk)
ik

b 2\2
=1565+37+5(ks7 - f3)+w (ss2-24Y.

where

2
(4-5) thi = Z (—1(S+3)hi + gidi +wg?)
9(S+3) S+2g3x2+w22g, +2w2x,g,

——<S+3>Zglx2 3 +3Hw Y gin

=3s(5+37+ Ls(457 - f3)+w (15— ];2)2

—3s+3)(Ls2- %3) g(S+3)w(f—3 —1Sh).
(4 6) Z hllkk - Zhizikk Zhllll
i#k ik )
[
= 28(S+3) 2+ 25— 212+ %(S+3)(%S2 . ?3)
3 4
+2w(S+ 3)(—%Sf3 + %) + %wz[%s“ —1Sf5+ %]
Substituting (4-4) and (4-6) into the Lemma 4.3 completes the proof. (]
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Lemma 4.8. We have

~20(03 - 4) 0~ 39) < — k) (S - 2 25 +3).

Proof. Since
(= > hiinhi +2 > hihi,
i LJ

we have

@47 023 lim sup(fa)u = 3 Jim (fy)u =3 hisdi +2 3 hiyhi
- i ij

By a direct computation, we infer

(4-8) Y hiudi =—1(S+3) (A — S)+/\<52 f3) (A%—%Az—%S)y,

(4-9) ZZh,ﬂ =—1S(S+3)M.
By substituting (4-8) and (4-9) into (4-7), we have
(7 - La—1s)y =m[s+3)(F - 1) - (457 - f*)+ Is(s+3)] O

Ify >0, by using the Lemma 4.6, we have

1

@10 y=(+ D pr[EEserisvyisstos+ )]
> (§+§)f3+ [S—;(g-‘SH)Z]E
G+

By substituting (4-10) into the Lemma 4.8 with / = 1, we have

(4-11) (?+18) (25+ 233 +75+9 <o,

We notice that the left-hand side of (4-11) is an increasing function of )»% for )\% > %S .
Substituting )»% = éS into (4-11), we have

S<—7

It is a contradiction.
If y <0, by taking / = 2 in the Lemma 4.8, we have

(4-12) %y(k% S)+k2< - x§+2s+3)§o.

Because of

y=(3+5)h- [?2(19524r S+1)+1 S(S+6)(S+15)F,
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and since the left-hand side of (4-12) is an increasing function of A, for 0> 1, > —+/ %S ,
substituting Ay = —v %S into (4-12), we have

LHS of (4-12) > 0.

It is a contradiction. O
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THE RECIPROCAL COMPLEMENT OF A POLYNOMIAL RING
IN SEVERAL VARIABLES OVER A FIELD

NEIL EPSTEIN, LORENZO GUERRIERI AND K. ALAN LOPER

The reciprocal complement R (D) of an integral domain D is the subring of
its fraction field generated by the reciprocals of its nonzero elements. Many
properties of R(D) are determined when D is a polynomial ring in n > 2
variables over a field. In particular, R(D) is an n-dimensional, local, non-
Noetherian, non-integrally closed, non-factorial, atomic G-domain, with
infinitely many prime ideals at each height other than 0 and ».

1. Introduction

Let D be an integral domain with fraction field /. What can we say about the
subring R(D) of F generated by the reciprocals of all the nonzero elements of D
(called the reciprocal complement, or ring of reciprocals, of D)?

Simple as the above question is, it appears to be a new one, and as we will see
in this paper, the answer can be both surprising and satisfying. The question arises
naturally in the study of Egyptian domains, which extends the notion of Egyptian
fractions from the integers to arbitrary integral domains. This study was initiated
in [Guerrieri et al. 2024] and continued in [Epstein 2024a]. Recall [Guerrieri et al.
2024] that an integral domain D is Egyptian if every element of its fraction field F
can be written as a sum of (resp., of distinct) reciprocals of elements of D (in general,
such an element of F is called Egyptian or D-Egyptian). From the viewpoint of
the above question then, D is Egyptian if and only if F = R(D). So the distinction
between R(D) and F can be seen as a measure of how far an integral domain is
from being Egyptian.

The idea of Egyptian domains ultimately comes from the way the ancient Egyp-
tians represented fractions. Namely, they represented an element of @ N (0, 1) as a
sum of reciprocals of (distinct) positive integers (so-called unit fractions). More than
eight centuries ago, Fibonacci [Dunton and Grimm 1966] showed that this is always
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possible. However, it is far from unique. There are always infinitely many ways to
represent a positive rational number as a sum of distinct unit fractions. For the past
century or so, number theorists have taken up questions of the diversity of ways to
represent fractions as unit fractions. Indeed, such questions can always be rephrased
as diophantine equations. Most prominently, the Erd6s—Straus conjecture posits that
for any n > 5, the number 4/n can be written as a sum of at most three unit fractions.

In addition to its connection with Egyptian fractions, the setting of Egyptian
domains and reciprocal complements also isolates natural properties of affine
semigroups, rings, and even of algebraic varieties. For instance, it can distinguish
whether a subsemigroup A of Q" is a group, in the following sense. Let D be an
Egyptian domain (e.g., Z, or any field). Then D[A] is Egyptian if and only if A
is a group (see [Guerrieri et al. 2024, Proposition 3] for “if”” and [Epstein 2024a,
Theorem 2.6] for “only if”’). On the other hand, any local domain is Egyptian
[Guerrieri et al. 2024, Example 3] and in an affine-local sense, any domain that is
finitely generated over a field is locally Egyptian [Epstein 2024a, Corollary 3.11],
even though k[x] is not Egyptian. Thus, the Egyptian property is an essentially
global property that cannot be checked locally, unlike many ring-theoretic properties.
Passing to algebraic varieties, Dario Spirito [2025, Theorem 2.1] has shown that
when £ is an algebraically closed field, and D is a one-dimensional finitely generated
k-algebra that is a domain, then D is Egyptian if and only if there is some realization
X C A} of D that is regular at co such that |X \ X| # 1, where X is the projective
closure of X in P}. Otherwise, if {p} = X \ X, he shows that the reciprocal
complement of D is isomorphic to Ox ;.

The first-named author called an integral domain Bonaccian if for any nonzero
f € F,either f or 1/f can be written as a sum of reciprocals from D. Equivalently,
R(D) is a valuation domain. He then showed that a Euclidean domain is always
Bonaccian [Epstein 2024c], and indeed R(D) is either a DVR or a field. In particular,
he [Epstein 2024b] showed that the reciprocal complement of K[X] (K a field, X
an indeterminate) is K [T ](ry, where T =1/X.

In the current paper, we show that no such thing is true for the reciprocal com-
plement of a polynomial ring in two or more variables over a field. Indeed, let D =
K[X1,...,X,] and R = R(D). Then R has many properties like those of D, but
also many interesting, even exotic features. Our main results include the following:

» Any prime ideal of R is generated by elements of the form 1/f, where f € D\K.
This is a special case of a result that holds in any reciprocal complement (see
Proposition 2.8).

e R is alocal ring whose unique maximal ideal is generated by all elements of
the form 1/f for f € D\ K (see Theorem 3.3). This is a special case of a
result that holds in any reciprocal complement (see Theorem 2.4).
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e For every 1 <i < n — 1, R has infinitely many primes of height i (see
Theorem 6.6).

e dim R = n (see Theorem 4.4).
e R is atomic (see Theorem 3.11).

« For every j < n, there is a prime ideal p € Spec R such that Ry, is isomorphic
to the reciprocal complement of a polynomial ring in j variables over a field
(see Proposition 4.2).

e R is a G-domain. In fact, R[]_[?=1 Xi] = Frac R (see Proposition 2.9).

» For certain height-one primes p, we have that R, is a DVR (see Lemma 3.6).
e If n>2, R isnot Noetherian. In fact it is not even coherent (see Corollary 5.7).
e If n > 2, R is not integrally closed (see Theorem 5.8).

e Whenn <2 and htp =1, R, is always Noetherian (see Theorem 7.3).

* When n = 2, any finitely generated ideal is contained in all but finitely many
prime ideals (see Theorem 7.5). Since all but two prime ideals of R have
height one, this behavior can be seen as an extreme version of Krull’s principal
ideal theorem.

A key to our results has been a change in perspective, wherein one uses the
K-automorphism o of the field K(Xy, ..., X,) that sends X; — 1/X;. Then
R* := 0 (R(D)) contains D as a subring, even though R* and R are isomorphic
as rings. The effect of this on reciprocals of explicit polynomials is captured
in Lemma 3.5. We will sometimes use the R* point of view to analyze R, and
sometimes the R point of view.

We also use valuations in a variety of ways to control the behavior of prime
ideals in R.

Prior to this paper, there were four standard constructions that generally lead to
non-Noetherian rings in ways that are essentially different from one another:

e polynomial rings in infinitely many variables over a field or Z (and their
quotients),

e putting a valuation on a field with value group not isomorphic to Z and ex-
tracting the valuation ring,

e pullbacks, and
« rings of integer-valued polynomials.

Now we know there is a fifth such construction: the reciprocal complement. The
fact that the reciprocal complement of such a well-behaved ring as K[ X1, ..., X4]
for d > 1 is non-Noetherian, not integrally closed, and so forth (see above) indi-
cates that these properties probably also fail for reciprocal complements of many
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other otherwise well-behaved integral domains. This provides a fertile ground
for and source of problems for factorization theory and other investigations in
non-Noetherian commutative algebra, being so different (as seen in the list of
properties above) from valuation rings, pullbacks, integer-valued polynomial rings,
and infinite-dimensional polynomial rings.

2. General properties

In this section, we determine some properties of the reciprocal complement R =
R(T) of any integral domain 7. In particular, we show that R is always local (see
Theorem 2.4), that the prime ideals of R are generated by reciprocals of elements
of T (see Proposition 2.8), and that if T is finitely generated over a field, then the
fraction field of R is a finitely generated R-algebra (see Proposition 2.9).

Definition 2.1. For any integral domain 7', we let R(T') be the reciprocal comple-
ment of T. That is, if F(T) is the fraction field of T, then R(T) is the subring
of F(T) generated by all terms of the form 1/f, where f € T \ {0}. Equivalently,
R(T) is the set of all finite sums 1/ f; +-- -+ 1/ f;, where t > 0 and each f; is an
element of 7"\ {0}.

Let T be an integral domain. Let E be the set of Egyptian elements of 7', and set
G := E U{0}. Recall [Guerrieri et al. 2024, Proposition 8(3), where G is called E3]
that G is a subring of 7. Since it must then be an integral domain, £ = G \ {0} is a
multiplicatively closed subset of 7.

Proposition 2.2. Let T, E, G be as above. Then
(1) R(E™'T) = R(T), and

(2) the set of Egyptian elements of E~'T , along with 0, coincides with the fraction
field of G.

Proof. To prove (1), note that taking the reciprocal complement preserves inclusion;
hence, R(E~'T) D R(T). Conversely, let y € R(E -7, By definition there exists
dy,...,d, €T and ey, ..., e, € E such that
el en
= — 4.4 —.

—y d,
But each ¢; is an Egyptian element of 7, and thus we can write ¢; = Z;”: (1/d;).
It follows that

ni

y:Zﬁ(ZdL)eR(T).
i=1 " Nj=1 Y

To prove (2), let K the fraction field of G. Pick an (E -1 T)-Egyptian element x
of E7'T. Hence, x € R(E~'T) = R(T). We can write x = d/e with d € T and
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e € E =G\ {0}). But e € R(T) and therefore d = ex € R(T). It follows that
de R(T)NT =G. Thusx =d/e € K.

Conversely, let0#x € K. Thenx =g/h, where g, h€e E. Write g =) ;_,(1/d;),
dieT.Thenx=g/h=7Y;_,1/(d;/g). Since each d; /g is an element of E7'T,
we have x € R(E~'T). Since geT and h € E, we have x € E~!T. Hence x is an
Egyptian element of E~!T. (]

Lemma 2.3. Let K be a field. Let T be a K -algebra all of whose Egyptian elements
arein K. Let x1, ..., x, € T\ K andu € K \ {0}. Then

1 1
y=u+—+---+—
X1 Xn
isaunitin R := R(T).

Proof. We can reduce to the case u = 1 by dividing all the x;’s by u.

If n = 0, the statement is vacuously true. So we may assume n > 1 and work by
induction on n. Set «; := xlfl foreach 1 <i <n.

If y =0, then o, = —(1+ P a;) € U(R) by the inductive hypothesis. Thus,
x, =a; ! € R, s0 x, is an Egyptian element of 7', whence x, € K by the assumptions
on 7. But that contradicts the assumption on x,, that x,, ¢ K. Hence, y # 0.

Next, notice that
_ 1o @ _ 1

I+ar+- 4o, [l x +Z:‘l:1(1_[j;£i xi)
Starting from this fact we prove by reverse induction that

k

_ [Tioy @i

4o+ +a,
also for every 0 < k < n. Suppose that Hy; € R(T). Then notice that

k koo o
Hozi — Hpy1 = (Hi:] a,)(l +Zi#k+1 l) = <1+ Z ai)Hk.

ltoar+-+ay ot

H, : € R(T).

H : € R(T)

Since by the original inductive hypothesis 1+ ), k41 @ s aunitin R(T), we get
Hy € R(T). In particular, Hy € R(T), as was to be shown. O

Theorem 2.4. Let T be an integral domain. Then R(T) is a local ring, with
maximal ideal generated by all elements of the form 1/x, with 0 # x € T not an
Egyptian element.

Proof. First assume that all the Egyptian elements of T are in a subring K of T that is
a field. Let m be the set of finite sums of elements of the form 1/x, where x e T\ K.
Since any multiple of a nonunit of 7 is a nonunit of 7', and all units of 7" are in K, it
follows that m is an ideal of R(T"). Moreover, any element of R(7") \ m is a unit of
R(T) by Lemma 2.3. Thus it suffices to show that m does not contain a unit of R(T').
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Leto em. Writew =1/x; +---+ 1/x,, with each x; in T \ K. We proceed
by induction on n to show that « is not a unit. If n = 0 (so ¢ = 0) the claim is
vacuously true. If n > 0 and « is a unit of R(T"), then a~! e R(T). We have

O{_l

1
(/%) T—a (1 x

But since o' € R(T), Y.'_,(1/x;) € m by the inductive hypothesis, and m is
an ideal, we have —a ! Zl ,(1/x;) € m. By Lemma 2.3, it follows that the
denominator of (1) is a unit. Hence, x; € R(T), so that 1/x; € U(R(T)) C K,
contradicting the fact that x; ¢ K.

Finally, we drop the assumption on 7. Let E be the set of Egyptian elements of 7.
Then by Proposition 2.2, R(T) = R(E~'T), and E~'T has all its Egyptian elements
in the subfield E~'G, where G is the subring E U{0} of T. Then by the first part of
the proof, R(T) is a local ring whose maximal ideal m is generated by all elements
of the form 1/(x/e), where x € T\ {0}, e € E, and x /e ¢ E~'G. First note that since
every e € E is a unit of R(FE), it follows that m is generated by those elements 1/x
where x € T\ {0} and x ¢ E~'G. But since E"'GNT = G, the result follows. [J

(1) x1=1/x)"" =

We will see shortly that every prime ideal of R(7") shares the property with m
that it is generated by reciprocals of elements of 7. First, we need the following
notion of length.

Definition 2.5. For o € R(T), the T-length of «, denoted by £ («) (or the length
of a, denoted by £(«), if the ring is understood) is the minimum number # such that
there exist fi,..., f; € T suchthate =1/ f; +---+ 1/ f;. For « in the fraction
field of T but not in R(T), we write £7(x) = 00

Lemma 2.6. Let T be an integral domain and 0 #a € R(T). Write o = Zz{zl /1,
where t = {1 (a) and each f; is an element of T \ {0}. Then, in R(T), « is a factor
of the product of all the elements 1/ f;.

Proof. Set F := ]_[f:1 fi- Since F/f; € T for each i, we have Fa € T, and since
both F' and « are nonzero elements of the fraction field of 7', we have Fa # 0.
Hence 1/(Fa) € R(T). Then the equation 1/F = 1/(F«) - « finishes the proof. [J

Lemma 2.7. Let T be an integral domain and 0 # «a € R(T). Let t = {7 () and
write a = Zle 1/ f; with f; € T\ {0}. Then Lr(ax — (1/f;)) =1t — 1.

Proof. Write B =a — 1/ f;. Since B = Y"iZ|(1/f;), we have £7(B) <t — 1. Write
B = ijl(l/gj), where s = £7(B) and each g; is an element of T \ {O}. Then
a=/f)+35_,(1/g;). Thus,

t=Ar(a)<s+1<@-1+1=1.

Hence, s + 1 = ¢, as was to be shown. O
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As a consequence of the above two lemmas, we obtain the following result about
the generators of any prime ideal of R(7'), which recapitulates the fact about the
maximal ideal of R(T) given in Theorem 2.4.

Proposition 2.8. Any prime ideal of R(T) is generated by elements of the form 1/f,
where f € T.

Proof. Let 0 £« € p and t = £7 (). We proceed by induction on ¢ to show that «
is a sum of elements of p of the form 1/f, where f € T.

When ¢t =1, it is clear. Suppose ¢ > 1. Write ¢ = Z§=1(1/fi), where f; € T. By
Lemma 2.6, [[:_,(1/f:) is a multiple of & € R(D). Hence, [];_,(1/f:) € p. Since p
is prime, it follows that 1/ f; e p for some 1 <i <t. Let f=a — 1/ f;. Clearly g € p,
and by Lemma 2.7, £7(8) =t — 1, so by the inductive hypothesis, 8 is a sum of
elements of the form 1/g € p, with g € T. Thus, « = 841/ f; is also such a sum. [J

We culminate this section with a result on reciprocal complements of finitely
generated K -algebras.

Proposition 2.9. Let L /K be a field extension, let f1, ..., fn € L, and let T =
K[fi,.... fal. Then R(D)[[1'_, f;] = FracT. Hence 1/[]}_, fi € p for every
nonzero prime ideal p of R(T).

Proof. Write g = [[_, f;. First, note that since g € T, we have 1/g € R(T).

We have
8

1

N VY7
since 1/(]_[:’:2 f,~) € R(T). By symmetry, we have f1, ..., f, € R(T)[g]. Obviously
K CR(T)aswell,soT =K|[f1,..., fnl € R(T)[g]. Let @ € FracT. We may
write « = u/v with u,v € T and v # 0. Then, since u € T € R(T)[g] and
1/ve R(T) CR(T)[g], wehave o =u-(1/v) € R(T)[g]. Thus, Frac T € R(T)|[g],
but the reverse containment is obvious, so R(T)[g] = FracT.

The final statement follows from [Kaplansky 1970, Theorem 19]. (]

fi=

€ R(D)[g],

Remark 2.10. Recall that a G-domain is an integral domain whose fraction field
is a finitely generated algebra over it [Kaplansky 1970, Definition following
Theorem 18]. Hence, Proposition 2.9 implies that for any integral domain 7 that is
finitely generated over a field, R(T') is a G-domain.

3. Properties and bounds on the ring of polynomial reciprocals

In this section, we give bounds on the reciprocal complement of a polynomial ring
in n variables. That is, we exhibit rings that it is contained in and rings that it
contains. We also show it is atomic, but fails unique factorization. A main tool is
the map o, an involution on K (X, ..., X;;), which makes our ring isomorphic to
an overring of K[X1, ..., X,].
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Notation 3.1. Let D = D, = K[X1, ..., X,], the polynomial ring in n variables
over a field K, where n > 1. Let F = F, the fraction field of D,,. That is,
F,=K(Xy,...,X,). Weset R :=R,, =R(D,).

We let 0 =0, : F,, — F,, be the unique K-algebra homomorphism that sends
X;+— 1/X; for 1 <i <n. Note that 0 oo = 1f; hence o is an involution, whence
a K-automorphism of F. For any subring T of F, we set T* := o (T).

We define 2n functions ¢;,a; : D\ {0} — Ng for 1 <i < n as follows. We
set ;(f) = cif X7 | f but Xf“ 1 f,and we let g; (f) = degy. (f) —t:(f), where
degy (f) is equal to the degree of f as a polynomial in X; with coefficients
in K[Xy,..., Xi—1, Xit+1, ..., Xn]. Then, for any f € D\ {0}, we write f =
(I, Xl{i(‘f))fo, where fo € D\ J'_, X;D.

For any n-tuple (u1, ..., u,) € Z", write u := (uy, ..., u,) and X% := ]_[;‘:1 X;”.

Our first goal will be to prove that the maximal ideal is generated by the recipro-
cals of the nonconstant polynomials.

Lemma 3.2. Let T be an N-graded integral domain. Then all the Egyptian elements
of T are in Ty, its O-th graded component.

Proof. For f €T, we letits degree be the degree of its largest nonzero graded compo-
nent. Note that degree is then additive in T'; that is, if f, g € T\ {0}, then deg(fg) =
deg(f) + deg(g). Also, if f + g # 0, then deg(f + g) < max{deg f, deg g}.

With this in mind, let f € T be Egyptian. Write

1 1
with f; € T for each j. Clearing denominators by multiplying through by [}_, fi.

we have s
fh -"fs=Zl_[fj-
i=1 j#i
By equating degrees, it follows that

A
deg(f)+ ) _deg(fi) <max Y _ deg(f)).
i=1 YA
Since all degrees are nonnegative, it follows that deg f = 0, so that f € Tj. U

Theorem 3.3. R (as in Notation 3.1) is a local ring, with maximal ideal generated
by all elements of the form 1/f, with f a nonconstant polynomial.

Proof. By Theorem 2.4, R(D) is a local ring with maximal ideal m generated by all
elements of the form 1/f with 0 # f € D non-Egyptian. However, by Lemma 3.2
(and using the standard grading on the polynomial ring), no nonconstant polynomial
can be Egyptian. Since the nonzero constant polynomials are units and hence
Egyptian, the result follows. (]
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Proposition 3.4. Let 0 < j < n be integers. Then R, NF; = R; and R, N F; = ij.
Proof. We need only prove the first statement, since it then follows that

R:ij =O’(Rn)ij =O'(anFj)=O'(Rj)=R7.

Moreover, by an easy induction, we may assume j =n — 1.
It is clear that R,—; € R, N F,_1. Soleta € R, N F,_;. Thena =Y I_ (1/£)),

where each f; is an element of D,, \ {0}. Reorder the f; such that f1, ..., f; € D,_;
and fy+1,..., ff€Dy\Dy—1. Thenfor1 <i <s,wehavel/f; € R,_1 CR,NF,_,.
Let B=oa—) ;_,(1/f;); then we have
t
1
2 = —.
(2) B 7

Assume B # 0. Then multiplying (2) by ]_[EZS 41 Ji, we have

Bfovi--fi=> 14

i=s+1 j#i

Jj>s
With respect to the polynomial ring F,_{[X,], note that 8 € F,,_; and each f;
for i > s is a nonconstant polynomial. Say deg f; = d; > 0 for each i > 5. Then
the left hand side above has degree Z;ZS +1di, whereas the right hand side has
degree < max; {Zj#i’ s dj} < Zi:i+l d;, a contradiction. Hence 8 = 0. That is,
o= Zﬁzl(l/fi) € R,_1, since each f; is an element of D, _;. O

Lemma 3.5. Let f € D\ {0}. Then

1 xehH+()
()-S5
f f

where f* € D\ Ji_, X; D. Moreover, a(f) = a(f*) and f = X1 fre,

Proof. First suppose f € D\ Ji_; X; D, so that ¢(f) =0. Write f = ZjeNg uj X/,
where each u; is in K and u; = O for all but finitely many n-tuples j. Then
a;(f)=degy, (f) =max{c|3j with j; =c and u j # 0} foreach I <i <n. We have

1 1 xa()
()= Sy = sy

Let f* denote the expression in the denominator above. Note that a(f) — j € Nj
whenever u j # 0, since for each such j we have j; <a;(f) forall 1 <i <n. Hence
f* is a true polynomial. Moreover, for each i, since X; 1 f, there is some j with
uj #0and j; =0, and hence a;(f) — ji = a;(f). Thus, a;(f*) = a;(f). Finally,
for each i, there is some j with u; # 0 and j; = a;(f). Hence a;(f) — ji =0, so
Xit f*, whence f* € D\ J;_, X;D.
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For the final claim, we have
1 xa( xa( xae(m
o (F) > u i XeUO=@h=D " S uXi T f

Now we go to the general case, where £( f) is not necessarily the zero vector.
We have f = X'V fy, where fy € D\ |J'_, X;D. Then

1 n 1 t(f) 1 . 1 xatfo)+t(f)
(7)) () =x(7) -5
f 1 \Xi Jo Jo fo
Moreover, a;(f) = degx, () —;(f) = degx, (fo) = ai(fo) foreach 1 <i <n, so
a(f) = a(fy). Setting f* = f;, we have f** = f3* = fo, so that f = X'V f =
X'V fx* completing the proof. O

Lemma 3.6. We have R* C Dx,) for each 1 < i < n. In particular there are
n distinct height-one prime ideals p; of R* obtained as centers of the X;-adic
valuations of D, and R, = D x,).

Proof. Choose i with 1 <i <n. Let f € D. Let v; be the X;-adic valuation function.
Then by Lemma 3.5, v; (o (1/f)) =1: (f)+ai (f)—vi (f*) =0, as a; (f) =degy, (),
and v; (f*) cannot exceed the X;-degree of f*. Since every nonzero element o € R*
is a sum of terms of the form o (1/f), it follows that v; (R*) > 0.

Now let 1 <i < j <n, and let p; and p; be the centers of the X;- and X ;-adic
valuations on D in R*, respectively. Since v;(X;) = 1 but v;(X;) = 0, we have
Xi €p; \p] Similarly, vl-(Xj) =0 and Uj(Xj) =1,s0 Xj €Pp; \ pi.

For the final claim, let « € D(x,). Then o = f/g forsome f € D and g € D\ X; D.
If g e p;, then g € X;D(x,) N D = X; D, which is a contradiction. Hence, f € R*

and g € R*\ p;, so f/g € Ry, Thus, R, = D(x,), whence htp; = 1. ([l

Lemma 3.7. Let p be a nonzero prime ideal of R. Then 1/ X; €y for some 1 <i <n.

Proof. By Proposition 2.9, 1/([T:_, Xi) = [1/_;(1/X;) € p. Since p is prime,
some 1/X; is in p. O

Lemma 3.8. Let f € D. If f(0) # O then f is a unit in R*. In particular,

K[Xi, ..., Xu]x,,...x,) S R".

.....

Proof. We prove this by induction on n. If n = 0, then the result is vacuous. Thus,
let n > 1 and assume the result true for smaller .

By way of contradiction suppose that f € p for a prime ideal p of R*. By
Lemma 3.7, some X; is in p; without loss of generality assume i = n, so that
X, €p. Then f =X,g+hforsome ge D,and h € D, 1\ (X1,..., Xu—1)Dy—1.
Then h e pN D, \ (X1, ..., Xn—1)Dy_1, so that, by the inductive hypothesis,
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I/he K[Xy, ..., Xu—1)x,,...x,_) € R;_,. Hence also 1/h € R*. But then 1 =
(1/h)(f — X,g) €, a contradiction. [l

Lemma 3.9. Let w be the order valuation of D(x,,.. x, on F, i.e., the unique
valuation on F such that for any nonzero g € D, w(g)=max{j|ge (X1, ..., X,)/}.
Let (W, my) be the corresponding DVR. Then R* C W, and miy N R* is the maximal
ideal m of R*.

Proof. By construction D € W and X; € my for all i, so that w(X;) > 0. We
first show that for any nonconstant polynomial f not divisible by any of the
variables, w(o(1/f)) > 1. Under these assumptions, o (1/f) = X*)/f* by
Lemma 3.5. Note that there is some i and some monomial m in f* such that
XE . Thus, w(f*) < wm) < (@ (f) =D+ Y. a;(f) < X, a;(f). Thus,
w(o(1/1) =X a;(f) —w(f*) > 0.

For a general nonconstant polynomial f, we have f = X*Y) £, where fj is
not a multiple of any of the X;, and if fj is constant then some #; (f) > 0. Hence,
w(o (1/1) = Y\_ t(Hw(X) +w(o (1/fp) > 0.

Now let « € R*. Write ¢ = u + Z;zl o(1/f;), where u € K and each f; is
in D\ K. Since K € D C W, by the above we have « € W, whence R* C W.
If u =0 then w(x) > min{fw(o (1/f;) | 1 <i <t} > 0, so that « € my. Thus by
Theorem 3.3, m € my N R*, but then since m is maximal, the result follows. [

.....

The following result must be well known but we provide a proof for the conve-
nience of the reader.

Lemma 3.10. Let (T, m) be a local integral domain with fraction field F, and let
(V, n) be a discrete rank-one valuation ring such thatT CV C F andnNT =m.
Then T is atomic, and any x € m\ n? is an irreducible element of T.

Proof. We begin with the second statement. Let x € m\n?. Write x =st withs,re T
and s not a unit. Then if v is the valuation function of v, we have v(s) > 1, so that
I=v(x)=v(st)=v(s)4+v(t) > 14v(t), whence v(¢) =0,sothatt e T\n=T\m
and is thus a unit. Thus, x is irreducible.

For the first statement, let A = {x € m | x cannot be written as a product of
irreducible elements}. If A # &, choose a € A such that v(a) < v(b) for all b € A.
Since a is not irreducible, we may write @ = bc for some nonunits b, ¢ € T'; hence
b, c e m. But then v(c) > 1, so v(b) = v(a) —v(c) < v(a). Thus, b € A, so b can
be written as a product of irreducible elements. By the same argument, the same
holds for c¢. Hence, a = bc is also a product of irreducible elements, which is a
contradiction. Thus, A = &, so every element of T is either a unit or a product of
irreducibles. That is, T is atomic. O

Theorem 3.11. The ring R is atomic. That is, every nonzero nonunit element
factors into a product of irreducible elements.
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Proof. Since R = R*, we may work with R*. By Lemma 3.9, the maximal ideal
of R* is the center of a rank-one discrete valuation. The result then follows from
Lemma 3.10. O

Remark 3.12. However, R is not a UFD provided n > 2. To see this (and working
in R*), use the labels X := X and Y := X>, and first note that s ;= o (1/(X+Y)) =
XY/(X+Y)eR*, andalsothatt := X?/(X+Y)=X—sandu :=Y?/(X+Y) =
Y —s € R*. Buteach of s, ¢, u has value 1 in the order valuation w from Lemma 3.9,
hence must be irreducible elements of R* by Lemma 3.10.

Then we have X?Y?/(X +Y)? = s> = tu, so if R* were a UFD, s would be
associate to either ¢ or u. But if s is an associate of ¢, then s € rR*, which implies
that Y/X € R*. And if s is an associate of u, then u € s R*, which again implies
that Y/X € R*. So in either case we obtain X/Y = o(Y/X) € R = R(D) C
R(K (X3, ..., X)X, Y]), contradicting [Epstein 2024c, Example 2.9].

4. Dimension

In this section, we show that R has the same Krull dimension as D (see Theorem 4.4).

Lemma 4.1. Forany 1 <i <n, we have
R[X;1=R(K(X)[X1,.... Xis ..., X))

Hence, R*[ X[ Y is isomorphic to the reciprocal complement of the polynomial ring
in n — 1 variables over a field.

Proof. Without loss of generality seti =n. Set S := R(K(X,)[X1, ..., Xn—1]).

For the forward containment, first note that X, =1/(1/X,) € S since 1/X,, €
K(X,)I[Xy,...,X,_1]. Moreover, since D, C K(X,)[X1,...,X,—1] and R(—)
preserves containment, we have R € S. Thus, R[X,] C S.

For the reverse, let 0 # f € K(X,)[ X1, ..., X,—1]. By finding a common denom-
inator to the K (X,)-coefficients of the monomials in X1, ..., X,,—;, we may write
f=g/h,where ge D, and he€ K[X,]. Write h = 2520 c,~XfZ with all ¢; € K. Then

1 h Gy

s ; g
But for each i, if ¢; =0, then ¢; /g = 0 € R,,; otherwise ¢; /g = (1/g/c;i) € R. Thus,
1/f = Zfzo(ci/g) -Xﬁl € R[X,]. Hence, S C R[X,], completing the proof. U

Proposition 4.2. Let j and n be integers with 0 < j < n. Then there is a unique
prime ideal P of R such that Rp is the reciprocal complement of L[X1, ..., X;],
where L =K(Xji1,..., Xy).

Proof. By applying induction to Lemma 4.1, we have
R[Xji1,...., Xu]l=R(L[Xy, ..., X;)=:8§.



THE RECIPROCAL COMPLEMENT OF A POLYNOMIAL RING 279

But, since § is a local ring by Theorem 2.4, and since each X lis an element of R,
there is a unique prime ideal P of R maximal with respect to avoiding all of X~ !
for j +1 <i <nsuchthat Rp = S. O

Lemma 4.3. For each i, there is a unique prime ideal q; of R maximal with respect
to not containing 1/ X;. We have Ry, = R[X;].

Proof. We may assume i = n > 1. By Lemma 4.1, R[X,] is the reciprocal
complement of the polynomial ring in n — 1 variables over a field, which by
Theorem 2.4 is local. Hence by elementary localization theory, there is a unique
prime ideal g, of R maximal with respect to avoiding X!, and Ry, = R[X,] =
R(K(Xn)[Xl,---an—l])- O

Theorem 4.4. dim R = n.

Proof. We proceed by induction on n. Of course Ry = K, which has dimension 0,
so we may assume n > 0. By Theorem 3.3, R is local, and its maximal ideal m
contains the reciprocals of all the variables. Let ¢ = q,, be as in Lemma 4.3, so that
1/ X, ¢ q, and Ry is isomorphic to the reciprocal complement of a polynomial ring
in n — 1 variables over a field by Lemma 4.1. Then by the inductive hypothesis,
htq=dim R; =n — 1. Since 1/X, € m\ q, we have htm > htq =n — 1, whence
dim R =htm > n.

On the other hand, since R* is an overring of the n-dimensional Noetherian
domain D, we have dim R = dim R* < n; see [Anderson et al. 1988]. Hence
dim R = n. (]

5. Exotic properties of R

For most of this section, we work in two variables, so that D = K[X, Y], where
X = X1 and Y = X, for short. Then the notation D,, R,, etc. when n # 2 will
stand for the corresponding rings of other dimensions. We show that R is not
integrally closed when n > 2. We also show that it is not a finite conductor domain,
hence not coherent, and is thus also non-Noetherian.

Before we begin, recall the following presumably well-known result:

Lemma 5.1. Let A C B be integral domains such that B is free as an A-module.
Then B NFrac(A) = A.

Proof. Let b € BN Frac A. Write b = x/y with x,y € A and y # 0. Then
x=ybeyBNA=(yA)BN A = yA, where the latter equation holds by freeness.
Thus, x = ya for some a € A, whence yb = ya, so by cancellation, b =a € A. [

Our methodology here is to construct a family of valuation rings that contain R*,
which serve as a tool to analyze the elements and prime ideals of our ring. We must
start with notation that will be useful:
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Notation 5.2. Choose two relatively prime positive integers p and ¢ with p < g,
such that neither p nor ¢ is a multiple of char K. Let K’ be the smallest field exten-
sion of K that contains all the primitive p-th and g-th roots of 1. Let L/K'(X,Y)
be generated by elements s and ¢ such that s” = X and 17 = Y. Note that K'[s, 7]
is free as a K'[ X, Y]-module on the basis {s't/ |0<i < p, 0<j <gq]}.
Lemma5.3. Let g € K[X,Y]. Thens —t|gin K'[s,t] ifand only if X9 —Y? | g
in K[X,Y].

Proof. Since K'[X,Y]N K(X,Y) = K[X, Y] by Lemma 5.1, we may assume
K = K'. Thus, we may let £, (resp. &) be a primitive p-th (resp. ¢g-th) root of
unity in K. Then

p—1g—1
[1]]¢€s—¢&o= 1‘[«5 5)! —1%) = 1‘[@ st —17) = (- 1)[’1‘[(#] £rs?)
i=0 i=0 i=0

= (=P @P1 —sP1) = (_1)P(Yp — X9).

The second equality above holds because p and ¢ are relatively prime, so that the
order of ¢ + pZ in Z/pZ must be p.

Also note that for each pair (i, j) of integers with 0 <i < pand 0 < j < ¢,
there is a unique 7;; € Autg(x,y) L such that 7;; (s) = §;s and 7;; (1) = é;{t. Thus, if
s—t|gin K[s, t], then for each i and j, we have 7;; (s —1) _§is—§cjt l7(g) =
Since the S Iy — §qt are mutually nonassociate irreducible elements of K [s, t]
UFD, it follows that X7 —Y? = £ 1], ](S’s —Eq t)| g in K[s, t]. Hence,

.
Xq—YPp
again by Lemma 5.1, which implies that X¢ —Y? | g in K[X, Y].
For the converse, simply note thatif X¢—Y? | gin K[X, Y], thenass—¢ | X9—
in K[s,t]and K[X, Y] C K s, t], it follows by transitivity of divisibility that s —¢ | g
in K[s, t]. O
Notation 5.4. Let u := s —t. Then s and u are algebraically independent over K’,
and K'[s, t] = K'[s, u]. We define a valuation w := wy, := wp 4., on K'[s, u]
by setting w(s) =1 and w(u) = h for some integer & > 1, and for any nonzero
f= Z ccijs'ul in K'[s, t], where ¢;; € K', we set

w(f) =min{w(s'u’) | ¢;j # 0} = min{i +hj | ¢;; # 0}.

Then we let W := W), := W, , , be the corresponding valuation ring in the field L.
Clearly K'[s,u] C W. Set V := WN F (denoted by V}, or V).q.n if needed) and let
V =V, = Vp 4., be the corresponding valuation on F'.

e K(X,Y)NK[s,t]=K[X, Y],

Lemma 5.5. The valuation ring V is an overring of R* := R} if and only if
h<pg+1.Ifh<pg+1,theno(1/f) emy forall f € D\ K.
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Suppose on the other hand that h = pq + 1. Then for an irreducible polynomial
feK[X, Y,witha=c(/f")and 0 =ac(1/(X9—-YP)) = X1YP/(Y? — X9),
we have v(a) = 0 if and only if « = 6”8~ for some m > 1 and some element
6 € K[O]\ (B)K|[O]. Otherwise v(x) > p.

Proof. Since X=X*and Y =Y"*, we have v(c (1/ X*))=v(X)=w(s?)=pw(s)=p,
and w(t)=w(s —u)=1, so v(o(1/Y*)=v(Y)=w(t?)=qw(t)=q. Hence, V is
an overring of K[X, Y], with (X, Y)Cmy.

Now suppose (i, j) is a pair of integers with 0 <i < p, 0 < j < g, and
(i, j) #(0,0). Then &s —&]1 = (5, —&])s +&pu, so since &) —&] € K \ {0}, we
have w(Sl’;s — éq]t) = 1. Therefore,

p—lg—1 . (i, ))#(0,0) _ _
V(X1 —YP) = w(i [1 l_[<fés—fcff)> =wl—n+ ) wiEs =&
i=0 i=0 i,j
=h+pg—1.

It follows that

Xay?r
v(®) =v(m) =qp+pq—(h+pg—1)=pg+1—h.
Thus, if & > pg + 1, we have v(0) < 0, so that & ¢ V and R* §Z V. But as long
as h < pg + 1 we have v(6) > 0, with v(0) > 0 < h < pg + 1. From now on
we assume i < pg + 1.

Now let f € K[X, Y] be nonconstant, irreducible, and not associate to any of
X, Y, X9—Y?. Then for some ¢;; € K, we have

3) f=Y X'V =3 cipsP (s —w)¥
iJ

ij

9] .
-t 3 (4ot
ij k=0
L . 4 qj .
= (Z c,-.,-sp"FqJ) +u- Z cijs? ;(—l)k < " )sqj—kuk—1.

i,] L]
Then since f is not associate to (hence not divisible by) X7 — Y? in K[X, Y], it
follows from Lemma 5.3 that u 1 f in K'[s, u]. Therefore, f = f; + uf, with
0# fi € K'[s]and f, € K'[s, u]. in particular, f; =}, ; cijsPiT4/. Then v(f) =
w(f) < w(f1) = min{pi +qj | ¢;; # 0}. As usual, recalling the notation of
Lemma 3.5, write « = o (1/f*) = X“Yb/f, where (a, b) = (a1 (f), a2(f)), a > 1,
and b > 1. Thus in the sums in (3) above, we have i <a and j < b for all pairs (i, j)
such that ¢;; # 0. Hence, w( f1) takes the form pi + ¢j for some i <a and j <b.
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Therefore v(a) = pa+gb—v(f) > pla—i)+qb—j) >0, and if it is nonzero it
must be at least p. Since R* is generated as a K -algebra by all such terms o (1/f™),
it follows that R* C V.

Now, suppose § € K[0]\ (0)K[0]. Then by Theorem 3.3, § is a unit of R*,
hence also in V, so v(§) = 0. Hence for any nonnegative integer m, we have
v(0™"/5) =m - (pg+ 1 —h). Thus, it has value 0 if and only if h = pg + 1, and is
otherwise positive.

It remains to show that if 4 = pg 4 1 and v(«) = 0O, then there exist some m > 0
and some § € K[0]\ (0)K[0] with o« = 6™ /5, whereas if h < pg + 1 then v(«) > 0.
To prove this, let f, o, f1, f> be as above. We proceed by induction on the number
{=a+b=a(f)+ax(f), noting that the statement is vacuously true for £ =0, 1.

We first dispense with the case that some monomial ¢;;s' 74/ appearing in f
satisfies either i < a or j < b. Then v(f) < w(f1) < pi +qj < pa+qb— p, so
that v(o) = pa+qb—v(f) > p.

Thus, we may assume that f; = capsP4tP 5o that cgp #0.Setg:=f—cpX? Yb.
Then rewriting g as an element of K'[s, u], we have g = g1 + ug,, where g; =
fi — capsP?T% = 0. Hence u | g in K'[s, t], whence X9 — Y? | g in K[X, Y] by
Lemma 5.3. That is, we have f = cap XYY + (X7 — YPY"H, where m > 1 and
H € K[X, Y] is relatively prime to each of X, Y, and X9 — Y?. Thus a > p and
b>gq. Alsonote thata;(H) <a —qgm and a,(H) < b — pm.

Seta’ := XY /((YP —X1)"™ H). Then there are nonnegative integers e, e, with
a'=XY20"o (1/H*). Inparticular, ey =a—mp—a;(H) and e; =b—mqg—a>(H).
Thus, c.pa’ 4 1 is a unit of R*, so since o = o' /(cqapat’ + 1), we have v(a') = v(w),
which we assume to be 0. But v(¢') = e p +exg + m(pg +1—h) +v(c(1/H*)),
whence, since v(a’) = 0, we have e; = e, = 0, and every irreducible factor T of H
satisfies v(o (1/t*)) = 0. Moreover if 1 < pg + 1 it further follows that m = 0,
so that f = ¢,, X*Y?, contradicting the fact that f is relatively prime to X and Y,
finishing this case.

Then in the remaining case (where 4 = pg + 1), by the inductive hypothesis each
such t satisfies o (1/t*) = oM@ /8(t). As these terms are multiplicative, there is
some k € N and € € K[0]\ (0)K[0] with o (1/H*) = (9k/6 Thus, we have

o 9m+k/€ 9m+k
o = = = .
capd +1  cap(@mR/e)+ 1 cupfmth+ €

Since c.,0"* + € € K[0]\ (8)K[0], we are done. O

Recall (see [Zafrullah 1978]) that an integral domain is a finite conductor domain
if the intersection of any pair of principal ideals is finitely generated.

Theorem 5.6. For any n > 2, the ideal (1/X1)R, N (1/X2) R, is not finitely gener-
ated. Hence Ry, is not a finite conductor domain.
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Proof. Let n > 3 and suppose (1/X)R, N (1/X2)R, = (a1, ..., ;) R, for some
o, ..., €Ry. LetS=R,[X3, ..., X,]. Let L=K(X3, ..., X,). ByLemma4.1,
we have S = R(L[X1, X»]). Let (—)" denote the image of an element of R, in S.
Then a} e (1/X)SN(1/X2)S forall j, so (af, ..., o) S (1/X1)SN(1/X2)S.
Conversely let u € (1/X1)S N (1/X3)S. Then by clearing denominators, there
is some positive integer d such that (X3---X,)"%u € (1/X1)R, N (1/X2)R, =
(o1, ...,0)R,. Since S = R,[X3, ..., X,], it follows that u € (af, ..., a))S.
Thus, (1/X1)SN(1/X5)S is a finitely generated ideal, and we have reduced to the
2-dimensional case. So from now on we assume n = 2 and we rewrite X = X and
Y = X,. For the rest of the proof, we pass to the R* notation.

Suppose XR* N YR* = («y, ..., ;) for some finite list of nonzero o; € R*;
a contradiction will complete the proof. Then there exist 8;, y; € R* with o; =
XB; = Yy, for all i. Write y; = ¢; + Z;”’Zl o (1/fij), where ¢; € K, m; > 0,
and each f;; isin D\ K. If some ¢; # 0, then y; is a unit by Lemma 2.3, so
Y/X = yflﬁl- € R*, which is false by [Epstein 2024¢, Example 2.9]. Hence m; > 1
andy; =Y j; L0 (1/fi;). Choose some positive integer ¢ that is not a multiple of
char K and such that ¢ > max{degy f;; |1 <i <t,1<j <m;}. Setv:=vy 4441
and 0 =6, = X7Y /(Y — X?) as in Lemma 5.5.

Then Y0 = X?- (0 +Y) € XR*, and therefore Y6 € XR* N Y R*. It follows
that 6 € (y1, ..., ;). Since v(0) = 0, it follows that for some pair (i, j), we have
v(o(1/f;;)) = 0. By Lemma 5.5, there exists some positive integer m and some
element § € K[0]\ ()K[0] such that o (1/f;;) = 6™ms~1. Write f = fij-

Let d = degy(f) and e = degy (f). Then by Lemma 3.5, we have o (1/f) =
Xye/f*, where degy (f*) < d and degy (f*) <e.

Write § =c¢o + Z‘;:l c;0', where each ¢; is in K and ¢ # 0. Then

Xdye (XYY" /(Y — X7)™

N _pgmg—1 _
= =o(l/f)=0"6 T o+ Y, ci(X9Y)i /(Y — X9)i

If m > s, then the latter equation simplifies to an equation where both the numerator
and denominator of each fraction is a polynomial, as follows:
xdye xamym
fx oY = XO)m 4+ 30 i (X9Y)i(Y — Xaym—i’

Since g > d by the choice of ¢, we have gm > d. It follows that X | co(Y — X9)™,
which contradicts the fact that ¢y € K *.

On the other hand if m < s, then the equation simplifies with numerators and
denominators being polynomials, as follows:

XdYe _ quym(Y _ Xq)x
5 (Y =X+ 30 ci(X9Y)i (Y — X49)s—i
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Cross-multiplying, we have

S
Xy iy — x9)* f* = x4ye. (C()(Y — X9+ (XY (Y — X")H)-
i=1
Since gm > d, it follows that X | co(Y — X9)*, which again contradicts the fact
that ¢y € K*. U

Recall that a ring is coherent if every finitely generated ideal is finitely presented.
The coherent rings include the Noetherian rings and also all valuation domains (see
[Bourbaki 1972, Chapter I, §2, Exercise 12 and Chapter VI, §1, Exercise 3]).

Corollary 5.7. For any n > 2, the ring R, is not coherent. Hence it is non-
Noetherian.

Proof. This follows from Theorem 5.6 and [Chase 1960, Theorem 2.2]. U
The next result is notably unlike the behavior of localized polynomial rings.
Theorem 5.8. For any n > 2, R, is not integrally closed.

Proof. We first consider the 2-dimensional case. Let p and g be relatively prime inte-
gers with 1 < p < ¢, such that neither p nor ¢ is a multiple of char K. By elementary
number theory, there is a unique pair of integers c and d withgd —pc=1, 0 <c <gq,
and 0 < d < p. Consider the element B := B, , := (X?47¢Y?) /(X4 —YP) € F.
We claim that § is integral over R* —in fact, 8”7 € R* —but § ¢ R*.

To see that 87 € R*, simply note the following:

X 2a—c)pydp xayr \¢ xXayr p—d
) (5

T (X9 —YP)P X9 —Yp X9 —YP

which is in R* since X € R*and o (1/(Y? — X9)) = X9Y? /(X1 —-YP) € R*.
On the other hand, let v =v, 4 ,4+1. Then

X2q—c‘ Yd

v(ﬂ)zv( )=(2q—C)p+qd—2pq=qd—pc=1-

Xa—yr

Suppose 8 € R*. Since v(B) > 0, it follows that 8 € my N R* C m, the maximal
ideal of R*. So by Theorem 3.3, we have § = Z;Zl o (1/f7) for nonconstant
polynomials f; € K[X, Y]. By reordering, let fi, ..., f; be the polynomials whose
only irreducible factor is X¢ — Y up to associate and multiplicity, whereas each
of fst1,..., f; has an irreducible factor not associate to X9 — Y”. Set y :=
Yi_jo(l/ffand §:=Yi_ ,0(1/f"),sothat B =y +§. By Lemma 5.5, we
have v(8) > p, so that since v(8) = 1 < p, we have v(y) = 1.

On the other hand, for 1 <i <, there exist A; € K and ¢; € Ny with f; =
Ai(X9—YP)% Thus, o (1/f*)=1;6%, so that by Lemma 5.5 we have v(o (1/f)) =
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Z;v(@) = 0. Thus, either y = 0 or v(y) = 0, either of which is a contradiction.
Hence, 8 € R*.

Finally, we pass to the n-dimensional case. We have B” € R} C R;. Since R; =
RN K(X,Y) by Proposition 3.4, and 8 € K (X, Y)\ R}, it follows that 8 ¢ R;:. [J

6. The abundance of prime ideals in R

In this section, we show that R,, which as we have seen is far from Noetherian
when n > 1 (see Corollary 5.7), does have infinitely many prime ideals of each
height other than 0 and n, a property enjoyed by any n-dimensional Noetherian ring,
but not by some non-Noetherian rings (e.g., any valuation domain of dimension at
least 2). We start with the following result to bootstrap our efforts.

Proposition 6.1. For any n > 2, R, has infinitely many height-one prime ideals.

Proof. In this proof, we use R* notation.

First suppose n = 2. For any relatively prime pair (p, g) of positive integers
with p < g, let V, v, 0, and h be as in Lemma 5.5, with h = pg + 1. Letp =p, 4
be the contraction of my to R*. Then since v(0) = 0, we have 0 ¢ p. Since p is
a nonzero prime but not the maximal ideal of R* (as 6 € m), it follows that p is a
height-one prime.

On the other hand, let (7, s) be a different pair of relatively prime positive integers
with 7 < 5. We claim that v(X*® — Y") = min{v(X®), v(Y")} = min{ps, gr}. Other-
wise we would have v(X*) = v(Y"), whence ps = gr. But then by assumption of
relatively prime pairs, we would have p =r and g = s, contradicting the assumption
of distinctness. Therefore, v(6,5) = v(X*Y") —v(X*® — Y") = max{qr, ps}. Thus,
Oys € Pp.q- But by the proof of Lemma 5.5, 6, & p, ;. Hence, p,, ;, # p, . Since
there are infinitely many such pairs of integers, it follows that R* has infinitely
many height-one primes.

Finally, we drop the assumption that n = 2. By Proposition 4.2, there is a prime
ideal Q of R* such that RZ is isomorphic to the reciprocal complement of L[ X, Y]
for some field L. But then by the dimension 2 part of the proof above, RE has
infinitely many height-one primes. Thus, there are infinitely many height-one
primes of R* that are contained in Q. (]

Notation 6.2. Recall that given a valuation ring with fraction field K and an
indeterminate ¢ over K, the ring V (¢) is a valuation ring of K (¢) called the trivial
extension of V. Given ¢ = Zj‘:o f jtj with f; € K, then the value of ¢ with respect
to V(r) is min;{v(f;)} (see [Gilmer 1972, p. 218]).

By Lemma 4.3, there is a prime ideal Q € Spec R,, such that

(Rn)o = R(K(X)[X1, ..., Xp—1]).

Fix this prime for the next two lemmas.
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Lemma 6.3. Let V be a valuation overring of R,_1; then the trivial extension
V(X,) is an overring of (R,) g, where Q is as in Notation 6.2.

Proof. By the comment before the Lemma, it suffices to show that 1/¢ € V(X))
for every ¢ € K(X,))[X1, ..., Xn—1]. Since K(X,) € V(X,), we may assume
p € K[Xy, ..., X,]. Let v* be the valuation for V (X,,); write ¢ = ijo fi X5 with
fi € K[X1,..., X,—1]. Since V is an overring of R,_i, we have that v(f;) <0
whenever f; # 0. Hence, v*(1/¢) = —min{v(f;) |0 < j <eand f; #0} > 0. O

Lemma 6.4. Let p € Spec R,,_1, and let V be a valuation overring of R, centered
on p. Let p' be the center of V(X,) in R,. Then htp’ > htp, with equality if
htpe{0,n—2,n—1}.

Proof. Leti =htp. Ifi =0, then p=(0),sothat V =Frac R, =K (X1, ..., Xn—-1),
whence p’ = (0). Assume by induction that i > 1 and the inequality holds for all
primes with smaller height. Note that p’' "R, = p.

Let q C p with q € Spec R,,—1 and htq =i — 1. Let W be a valuation overring of
R,_ centered on q; let ' be the center of W(X,,) in R,. To show that ¢’ C p/, it
suffices by Proposition 2.8 to show that for any ¢ € K[X1, ..., X,,] with 1/p € ¢/,
we have 1/¢ € p’. Write ¢ = Zj:o fiXi, where f; € K[Xy,..., X,—1. Since
1/¢ € ¢/, there is some 0 < k < e with 1/ f; € q, by the way the valuation on W (X,)
is defined. Thus, 1/ f; € p, so v*(1/¢) = —min{v(f;) |0 < j <e} = —v(fr) > 0.
Hence q’ C p’. On the other hand q" # p’, since for any @ € p\ q, we have @ € p’\ ¢'.
Thus, ' C p/, so that

htp’>1+htq > 1+ @G —1) =i,

with the second inequality by the inductive hypothesis.

Suppose i =n — 1. Since X, ¢ p’, we have that p’ is not the maximal ideal of R,,
sothathtp’ <n —1. Butalso htp’ > htp=n —1,sothat htp’ =n — 1.

Finally, suppose i = n — 2. Let m be the maximal ideal of R,_;. Since m
contains all nonunits of R,_; and htm = n — 1, there is some o« € m \ p. Thus
o €p’. But since V(X,) 2 (R,)o by Lemma 6.3, we have p’ € Q. Moreover, the
containment must be strict, since « € m C Q but « ¢ p’. Thus, htp’ <n —2, so
htp’ =htp=n—2. O
Lemma 6.5. Let p be a prime ideal of R,,—1 of height n — 2. Let V a valuation ring
of R,—1 centered on p. Let ky be the residue field of V and let w : V(X,) — kv (X},)

be the canonical surjection. Let W := JT_I(Kv[Xn_l](X;l)). Then W is a valuation
overring of Ry, centered on a prime ideal a withhta =n — 1, such that aN R, =p.

Proof. We have that W is a valuation ring with quotient field K (X4, ..., X;) by
[Bastida and Gilmer 1973, Theorem 2.1(h)]. If G is the value group of V, then
G @ Z, ordered lexicographically, is the value group of W. In particular, given ¢ =
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Zj’:o ij,j,. € K[Xi, ..., X,], with each f; in K[X1, ..., X,_1], the valuation w
is given by w(p) = (v(fr), —k), where k is the largest index i with 0 <i < e such
that v(f;) < v(f;) forall 0 < j <e. Then w(1/¢) = (—v(fi), k) = (0, 0) since
1/ fr € R,—1 €V, whence v(f) <O0.

Set a := my N R, and p’ := my(x,) N R,. By standard pullback results, the
maximal ideal of V (X,,) is a nonmaximal prime of W; thus p’ C a. On the other
hand, X! € a\p/, so that p’ C a. Since p is a nonmaximal ideal of R,_1, there
is some nonunit o of R,_; (hence also of R,) that avoids p. We have w(x) =
(v(@), 0) = (0, 0), so that « & a. Thus, p’ C a C mg , so that since htp’ =n —2 by
Lemma 6.4, we have hta=n — 1.

Now, p=p'NR,_1 CanNR,_1. Hence, ht(a N R,_1) > htp = n — 2. But
aemg, ,\a,soht(aNR,_1) =n—2, whence aN R,_; =p. O

Theorem 6.6. For every 1 <i <n — 1, there exist infinitely many primes of R, of
height i.

Proof. When n = 0, 1, the statement is vacuous. Moreover, since when n > 2
we know that R, has infinitely many height-one primes by Proposition 6.1, the
result holds for n = 2. Thus, we assume inductively that n > 2 and the result holds
for smaller n. Since (R,)g = R(K(X,)[X1, ..., X,—1]) (see Notation 6.2), it has
infinitely many primes of height i for 1 <i < n — 2, which then restrict to distinct
primes of these heights in R, via the localization map. So we need only show
that R, has infinitely many primes of height n — 1.

Let p and q be distinct prime ideals of height n —2 in R,,_;. By Lemma 6.5, there
are valuation overrings W and W, of R, whose centers in R, are height n —1 primes
p’ and g’ such that p’NR,,_; =pand ¢'NR,,_; =q. Since p # q, it follows that p’ £ q'.
Since there are infinitely many primes of height n — 2 in R,_; by the inductive
hypothesis, it follows that there are infinitely many primes of height n — 1 in R,,. [

7. The dimension 2 case

In this section, we work in two variables, so that D = K[X, Y] where X = X,
Y = X, for short, R = R(K[X,Y]), F = K(X,Y), etc. We have done likewise
in many results earlier in the paper in service of extending the results to higher
dimensions. However, for each of the results in this section, either we do not know
how to extend it into higher dimension, or else we know it to be false in higher
dimension. In the dimension 2 case, we will show that R has an integral overring
that is not finitely generated, that localizing R at height-one primes always yields
Noetherian domains, and that any finitely generated proper ideal lives in almost all
height-one primes.

We start by expanding Theorem 5.8 to show that the integral closure if R* is
quite a bit larger than R* itself:
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Proposition 7.1. There is an overring S of R = Ro, that is integral over R but not
finitely generated over it.

Proof. As usual, we will work with R* instead of R.

Let X := {8, 4} as in the proof of Theorem 5.8, where the pairs (p, q) range
over all relatively prime pairs of integers 1 < p < ¢ such that neither p nor ¢ is a
multiple of char K. Let S := R*[X]. Then, as seen in the proof of Theorem 5.8,
each B, , is in the integral closure of R*. Hence, S is integral over R*.

Suppose that S is finitely generated as an R*-algebra. Then there is a finite
list of such pairs {(p;, gi)}1<i<s such that S = R*[B,, 415 ---, Bp,.q;]. Choose
r>max{p; |1 <i <s}suchthatr > 1. Then (r, r 4+ 1) is such a pair, so B, ,+1 € S.
Letv= Ur r1,r24r+1-

Then for any relatively prime pair (p, q) with p <r, we claim that v(X9—-Y?) =
min{v(X7), v(Y?)}. If this were not the case, we would have rqg =v(X9) =v(¥Y?) =
(r + 1)p, so that (g — p)r = p, contradicting the facts thatg — p > 1 and r > p.
Thus, v(X? — Y?) = min{rq, (r + 1) p}.

Now choose any (p, g) = (pi, g;) with 1 <i <s. Let (c, d) be the unique pair
of integers with 0 < c <g¢q, 0 <d < p, and gd = pc+ 1. Then

2q—cyd
v(Bp.g) = v<m> =Q2q—c)yr+d@r+1)—min{rgq, (r + 1) p}

>QRqg—cr+dir+1)—rg=@—cyr+@+1)d=>2r+1.

On the other hand, by the proof of Theorem 5.8, we have v(B,,+1) = 1.

Let Zy, ..., Z, be algebraically independent indeterminates over R*. It follows
that if g € R*[Z;, ..., Zs] such that B, .1 = g(Bp,.q1» - --» Bp,.q,)» then g has a
nonzero constant term ¢, and 1 = v(B,,+1) = v(c). But this contradicts the fact
(see Lemma 5.5) that every element of R* has value either O or > r under v. Thus,
S is not finitely generated as an R*-algebra. (]

Our main result for dimension 2 shows that the localizations at height-one primes
are surprisingly well behaved. First, though, we need the following lemma.

Lemma 7.2. Let p € Spec R, and 1 < i < n such that p ¢ q;, where q; is as in
Lemma 4.3. Then 1/ X; € p.

The q; are mutually incomparable, and for each i, 1/X; € q; for each j #1.

If n =2, then any nonzero prime distinct from q, and qp contains (1/ X1, 1/ X2)R.
Hence with the notation of Lemma 3.6, p1 = ¢ and p = (.
Proof. By Lemma 4.3, any prime ideal avoiding X; ! must be contained in g;. Thus
1/X; €p.

Now let i and j be distinct integers between 1 and n. Combining Lemmas
4.1 and 4.3 and Theorem 4.4 yields htq; = htq; =n — 1. Thus, g; and q; must be
incomparable. Since q; € q;, we have X; € g; by the first paragraph.
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In the n = 2 case, by Theorem 4.4 we have that any nonmaximal nonzero
prime has height one. In particular, if p is distinct from q; and g, then since
htp=1=htq; =htqy, wehave p  q; fori =1, 2. Since 1/X; € p; \q; fori =1, 2,
the final claim follows. O

Theorem 7.3. Let p be a height-one prime ideal of R = R,. Then Ry, is a Noetherian
one-dimensional local domain.

Proof. By Lemma 3.6, we may assume p # p, po. We work in R* and use
the notation D = K[X, Y] and R* = o (D). Since p is not maximal there must
exist f € (X, Y)D irreducible and not associate to either X or Y in D, such
that o := o (1/f*) & p. As neither o nor o~ ! are in § = D(x y) it follows from
[Seidenberg 1953, Theorem 7] that S[«] is a two-dimensional Noetherian ring
having a height-one prime ideal q generated by X and Y. Hence S[a]; = D[a]x.y)
is a one-dimensional local Noetherian domain.

Moreover, since S € R*, we get S[a] C R*. Let us show that p N S[e] = q. By
Lemma 7.2, X, Y € p, so that ¢ € p N S[a]. For the reverse containment, it will
be enough to show that p N S[«] is a height-one prime, for which it will suffice to
show it is not a maximal ideal.

Every maximal ideal of S[«] that contains q is of the form (q, 2(«)) where
h € K[T]is an irreducible monic polynomial. This is because by [Seidenberg 1953,
Theorem 7], we have S[a]/q = K|[T], where T is an indeterminate over K and
220 > T in the isomorphism. We know that o & p. If h(T) # T, then it has a
nonzero constant term, so by Theorem 3.3, 4 («) is a unit in R*, whence & («) & p.
On the other hand, o ¢ p by assumption.

Thus pNS[a]=gq, so that S[a]q € R; . By the Krull-Akizuki theorem [Matsumura
1986, Theorem 11.7], R;‘ is Noetherian, finishing the proof. O

Remark 7.4. Suppose, in the setting of Theorem 7.3, that there exists f € (X, Y)D\
(X, Y)?D such that 1/f* & p. Then Ry, is not merely one-dimensional and Noether-
ian, but a DVR.

To see this, and continuing the notation in the proof above, let Z be an in-
determinate over D and let w : K[X,Y, Z] — D[«] be the unique K -algebra
homomorphism that fixes D and sends Z — «. Note that 7 is surjective. Since
Dl[«] has dimension 2, the kernel of 7 is a height-one prime of K[X, Y, Z]. Itis
clear that the polynomial 4 = fZ — X“ (/) y®(/) is irreducible in K[X, Y, Z] and
contained in the kernel of . It follows that

~ K[X.Y, Z]
Dla] = ————.
(h)

~ (KIX.Y,Z]
SM“‘( (h) )om

The ring
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is a DVR if and only if 4 is a regular parameter in K[X, Y, Z]x,y). This happens
if and only if f € (X,Y)D\ (X, Y)?D. In case S[a]q is a DVR, we clearly have
Slelq = Ry since a DVR has no proper overring other than its fraction field.

Next we show a “cofinite character” result that is somewhat dual to the finite
character property of Krull domains.

Theorem 7.5. Every finitely generated proper ideal of R = R; is contained in all
but finitely many prime ideals.

Proof. Every nonunit element ¢ € R* can be written as a finite sum ¢ = @1+ - -+ ¢;
such that any ¢; is a finite product of elements of the form o (1/f) with f irreducible
in K[X, Y]. Thus it is sufficient to prove that any o (1/f) with f irreducible is
contained in all but finitely many primes of R*. Since we already know this fact
for X and Y by Lemma 3.7, we can assume f is not an associate of X nor Y.
Set @« = o (1/f). We know that « is in the maximal ideal of R*. By the proof of
Theorem 7.3, we get that if a prime p of R* does not contain ¢, then Ry contains
the one-dimensional Noetherian local domain D[« ]x,y). Suppose there exist two
distinct nonzero prime ideals p and ¢ of R* with o & pUq. Necessarily p and q have
height one. We show that R; and R} cannot be contained in a common valuation
overring. Suppose by way of contradiction that Ry U R; € V for some valuation
ring V contained in K (X, Y). Then V is an overring of D[«]x,y), hence a DVR.
Since R;‘ and R: are one-dimensional, the maximal ideal my of V contains both the
maximal ideals of R; and Rj. Therefore the intersection Ry N Ry is local. For this
observe that given two nonunits 8, 0 € R; N R;‘, we have 8,0 € pR;Jk U qR;‘ Cmy
and hence their sum g +6 € my N Ry N Ry S pR; N R is a nonunit in Ry N R7.
Moreover, we have R* C R;‘ N R; C R;‘. Because ! € (R;‘ N R:) \ R*, the maximal
ideal of Ry N R; must contract to a nonzero prime ideal of R* not containing o.
But any such ideal has height one, so that R; N Ry contains the localization of R*
at some height-one prime. This is a contradiction since two localizations at distinct
height-one primes cannot be comparable with respect to inclusion. Hence, R}
and Rj cannot have a common valuation overring.

Suppose there are infinitely many distinct primes of R* not containing «. Then
the above implies that D[o](x,y) has infinitely many valuation overrings, but it is
clearly a contradiction since D[a](x,y) is local, Noetherian and one-dimensional. [J

Recall that in a domain S, with fraction field F, for any S-submodule / of F we
can write I ~! := {x € F | xI € S}. Then for any ideal I of S, we set I, ;== (I~!)~!
and I, ;= J{J, | J € I and J is finitely generated}. A t-ideal is then an ideal [
such that I = I;. If there is a unique maximal element among the proper t-ideals
of S, we say S is t-local. See [Fontana and Zafrullah 2019].

Corollary 7.6. The ring R = R; is t-local.



THE RECIPROCAL COMPLEMENT OF A POLYNOMIAL RING 291

Proof. In fact the unique maximal ideal m of R is a #-ideal. To see this, let I be a
finitely generated proper ideal of R. Then by Theorem 7.5, I is contained in some
height-one prime ideal p. But p is a z-ideal by [Elliott 2019, top of p. 23]. Hence,
I, Cp, =p Cm. Thus, m; =m. O

8. Questions

The study of reciprocal complements is an entirely new field of inquiry. There are
many interesting questions one could ask about this particular R, or about reciprocal
complements in general. The following are just some questions that occurred to
these authors, but such questions are easy to generate. As seen below, some of these
questions have had progress on them since they were first proposed in an earlier
draft of this paper.

Question 1. What can be said about the integral closure of R, where R is the
reciprocal complement of a polynomial ring in two or more variables over a field?
In particular:

(a) Is the integral closure of R infinitely generated over R? (We can’t conclude
this from Proposition 7.1 since R is not a Noetherian ring, so finitely generated
R-modules can have infinitely generated submodules.)

(b) Is the integral closure of R local? If not, is it at least semilocal?

(c) Is the integral closure of R completely integrally closed?
Question 2. Let R be the reciprocal complement of a polynomial ring in finitely
many variables over a field. Is R a strong Bézout intersection domain (SBID) (see

[Guerrieri and Loper 2021])? That is, is it true that every finite intersection of
non-comparable principal ideals fails to be finitely generated?

Some positive evidence is given by Theorem 5.6, and also by Corollary 7.6, since
any SBID is t-local.

Question 3. Let D be a Noetherian domain. Is R(D) a G-domain?

For some evidence of this, see Proposition 2.9. More generally, by [Guerrieri
2025, Theorem 2.12], the above holds whenever dim R(D) < 0.

Question 4. Let D be an integral domain of dimension > 2. Assume that any
nonzero Egyptian element of D is a unit. Must R(D) be non-Noetherian?

We have seen in Corollary 5.7 that D = D,, is an example of the above phenom-
enon when n > 2. More generally, by [Guerrieri 2025, Corollary 2.9], the answer
is yes whenever dim R(D) > 2.

Question 5. For any integral domain D, must we have dim R(D) < dim(D)?
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Note that there is no hope for equality in the above, as we have for D = D,
by Theorem 4.4. Indeed, the quantity ¢ (D) := dim(D) — dim R(D) can be any
nonnegative value w, by letting A be a Jaffard (e.g., Noetherian) Egyptian domain
of dimension w and D = A[X1, ..., X4]; then by Proposition 2.2 and Theorem 4.4,
dim R(D) =d, butdim D =d +dim A, so ¢(D) = dim A = w. Moreover, one can
make A have any dimension w by letting G = Z®® and A = K[G] for any field K,
which is Egyptian by [Guerrieri et al. 2024, Proposition 3].

By [Guerrieri 2025, Theorem 5.5], for any nonnegative integer ¢, one can
construct integral domains D all of whose Egyptian elements are units, such that
(D) =c.

The above question has a positive answer when D is finitely generated over a
field or falls into certain classes of semigroup algebras [Guerrieri 2025, Theorem
3.2, Remark 4.11].

Question 6. Let D be a Noetherian integral domain with dim D =n > 2. Are there
infinitely many prime ideals of R(D) of heighti foreach 1 <i <n —1?

We see an example of this phenomenon when D = D, by Theorem 6.6. If D
is not restricted to be Noetherian, however, there are counterexamples [Guerrieri
2025, Theorem 4.2].
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ON A-PACKETS CONTAINING UNITARY
LOWEST-WEIGHT REPRESENTATIONS OF U (p, q)

SHUJI HORINAGA

We determine all the Arthur packets containing an irreducible unitary lowest-
weight representation 7 of a real unitary group G = U(p, ¢q), including
nonscalar cases. Our methods are the Barbasch—Vogan parametrization of
representations of G and Trapa’s algorithm to calculate the cohomological
inductions. In particular, we show that an Arthur packet has at most one
irreducible unitary lowest-weight representation of G. As a consequence,
if an irreducible unitary lowest-weight representation rr exists in the Arthur
packet of ¥, we give an explicit formula for the lowest K -type of .

1. Introduction

One of the fundamental problems in number theory is to investigate arithmetic
properties of holomorphic cusp forms on Hermitian symmetric spaces and the
geometry of Shimura varieties. For instance, in the case of Siegel modular forms,
the detailed analysis of Fourier coefficients and zeta integrals leads to arithmeticity
of standard L-values and the cohomology of Siegel modular varieties. In contrast,
holomorphic cusp forms associated with unitary groups remain less understood
despite their importance.

Recently, there has been significant progress in Arthur’s endoscopic classification
of automorphic representations on classical groups, and now it is possible to study
the automorphic forms systematically. When we try to apply these advances to
the study of holomorphic cusp forms on Hermitian symmetric spaces, we face
problems in the local representation theory. A key local question is how to classify
the local Arthur packets containing a given unitary lowest-weight representation.
In this paper, we completely determine the local Arthur packets containing a given
unitary lowest-weight representation for unitary groups using the Barbasch—Vogan
parametrization of irreducible admissible representations.

To state the main theorem, we recall lowest-weight representations and Mceglin
and Renard’s description of Arthur packets. Let G =U (p, q) with N = p+q and K
be the maximal compact subgroup of G. With the usual choice of positive roots, the
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highest weights of irreducible representations of K are (A1,...,Ap, Apy1,...,AN) ezN
satisfying
A= =Ap, App1 == AN

We denote by A the irreducible representation of K with highest-weight A for
short. For each irreducible representation A of K, there exists a unique irreducible
lowest-weight representation 7, with the lowest K-type A. For an irreducible
representation , let x, be the infinitesimal character of 7.

Let us recall the Arthur classification for G. The Arthur classification associates
the A-parameters i with a finite set I1(y), called the Arthur packet (or A-packet)
for ¥, consisting of unitary representations of finite length of G. The A-parameters
are equivalence classes of N-dimensional representations of C* x SL,(C) with
suitable properties. The A-packet satisfies several properties that can be easily inves-
tigated by ¥. For example, all the representations in [1(y) have the same infinitesi-
mal characters xy , and their Harish-Chandra parameter is given by the exponents in
the representation C* — GLy (C) defined by z w(z, diag((z/2)'/?, (Z/Z)_l/z)).
When the corresponding Harish-Chandra parameter for ¥ is integral, the parame-
ter ¥ is called good or good parity. The good A-parameters i of G can be viewed
as a formal sum

V= @ Xt ® Sai
i=1

such that Zi a;i = N, S, is the m-dimensional irreducible representation of SL,(C)
and t; +a; + N € 27, where ¥, is the character of C* defined by x;(z) = z//?z7/2.
Suppose t; > t;11 and a; > a;41 if t; = ;4. Put

r r
D) = {(pi.a) € @ao x Zo0) | pi+ @i =ai, X pi=p, Y. ai=q].
i=1 i=1
For each d € D(yr), we will attach a cohomological induction o7 (V) = Aq(x,) (1a);
see (4-3). By [Mceglin and Renard 2019, Théoreme 1.1], the A-packet I1(y) is
equal to the set

() ={a4(¥) | d € D))}

For a good A-parameter ¢ = DBy X ® Sy, let j = j(¥) be the minimal
number i so that Y ,_,a; > p. Puta.; =) ,_;ap and a-; = Y_,_; a;. Define
do € D(y) by

do=do(V) ={(a1,0),...,(@j-1,0), (pj,q/), (0,a;41), ..., (0, ar)}

where pj =p—a.;,qj=q—a- ;. Letv; be the segment [%(t,-—a,-+1), %(t,-+a,- —1)]
and

vei =Ll we, vs=i= L] w-

k<i i<k
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Here, we consider the union as multisets. The multisets v<; and v>; are defined
similarly.

For an irreducible representation A = (A, ..., Ay) of K, put
p'=p M) =#ilrp=1, 1<i<p}, ¢'=q¢'M)=Hi|ri=rps1, p+1<i<N}.
Set
P=P0W)={r,—s(N=1,2p1—S(N=D+1..., 0 +3(p—qg—D},
Q=0 ={Av+3(p =g+ in-1+53(p =g +3), .. hpr1+3(N =D}

The multiset P L Q can be identified with the infinitesimal character of the lowest-
weight representation ;. We define the segments P’ and Q' by

P'=[r,—S(N=1,x,— SN+ 1)+ ],
Q' =[Apr1+5(N+1)—q" App1+35(N=1)].
Put/ =P NQ.

Lemma 1.1 (Lemma 4.6). Let y = @;_; x1.s ® Sq; be an A-parameter. If T1({)
contains an irreducible lowest-weight representation  , the parameter s is good
and Xy = Xx. Moreover, if o/;(Y) € I1(Y) is nonzero and lowest weight, there
exists j such that q; =0 foranyi < j and py =0 forany £ > j,i.e.,d = dy.

As a consequence of this lemma, there exists at most one unitary lowest-weight
representation in IT(yr). We now state the main theorem of the present paper.

Theorem 1.2 (Theorem 4.7). Let A= (M1, ..., Ay) be an irreducible representation
of K and 1) _be the irreducible lowest-weight representation with lowest K -type A.
Suppose that \ is a good A-parameter such that xy = X, and <g,(¥) is nonzero.

(1) If N—p' < Ap—App1 < N —¢q’, the packet T1 () contains m, if and only if
[Ap = 3(N=1), Aps1+3(N—1)] Cv; C P

(2) If N —q' < Ap —App1 < N —p', the packet T1({) contains ;. if and only
if either

e v;=P,or
e [Ap—3(N=D,hpr1+3(N=D]Cv;C Q.
(3) If N—p', N —q' <X, —Xp41, the packet TL(\) contains ), if and only if either
« PCvs;CPUIor
e ICv;CO.

4) If \p — App1 < N —p', N —¢q’, the packet T1({) contains m;_if and only if
[hp = 3(N =D dpsr + 3(N = D] = v;.
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Conversely, we have the following:

Theorem 1.3 (Corollary 4.8). Let = B;_, xi, ® Sa, be a good A-parameter. The
packet T1 () contains a nonzero unitary lowest-weight representation if and only
if both

» v and v j are multiplicity free, and

e #(v; NV ;) < pjand #(v; Nv_;) < gq;.

When I1(Y) contains a nonzero unitary lowest-weight representation w in I1(y),
the lowest K -type A of 7 is given as follows:

(1) When qj =0, the lowest K-type A of m satisfies P(A) =v<; and Q(X) = v .

(2) When p; = #(v; Nv.;) and q; # 0, the lowest K-type A of 7 satisfies
P =v<j|_|(vjﬂv>j) and Q(A) =vzj\(vjﬂv>j).

(3) When qj =#(vjNv.;) #0, the lowest K-type A of 7w satisfies
PA)=v<;\(v.;Nv;) and Q)= (v;Nv_;)Uv.;.

(4) When p; ##(v;Nvs j) and q; Z#@;Nve ), put vejUvs j ={01, ..., ON—#@w) }-
Let iy be the minimal integer such that

1 <ig<N—#(v;) and #@v;)—io+1+#xecv_jUvs;|x>v;;}=p.

Then, the lowest K -type A = (A1, ..., An) of  is given by
oi—5(p—q+1)+i ifi < p—#;)+io,
L i +IN+1D —#0)) if p—#(v;)+io<i<p,
' vi1—3(N—1) ifp+l <i<p+ip—1,

Oi—#(v)) —%(N-i-l) —p+i ifptio=i.

To conclude the introduction, we give some remarks and one application of the
present paper. In the proof of the main theorem, we do not calculate the K-types
of cohomological inductions except for special cases. Our proof is based on the
Barbasch—Vogan parametrization of representations of G. This parametrization
says that for any irreducible representation r, the map 7 — (Ann(rw), AS(r)) is
injective, where Ann(sr) is the annihilator and AS(sr) is the asymptotic support.
The invariants Ann(sr) and AS(;r) can be described as certain tableaux in our case.
Trapa [2001] gave an algorithm to compute such invariants for cohomological
inductions Aq(u). We calculate the tableaux and investigate the conditions where
the cohomological inductions Ay(w) are isomorphic to a given ;. When G is
not a unitary group, the problem becomes complicated, and there are at least two
difficulties that do not occur in the unitary group case: one, the description of
unipotent A-parameters and two, the reducibility of A,(u) in the weakly fair range.

Finally, the results of this paper have been applied to the birational geometry of
Shimura varieties of U (1, n) in [Horinaga et al. 2025]. In the study of the Kodaira
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dimension of Shimura varieties, it is crucial to show that the existence of low-weight
cusp forms, i.e., cusp forms whose weights are less than that of the discrete series.
The method is based on Arthur’s multiplicity formula, and the result in the present
paper plays a vital role.

2. Unitary groups and representations

Here, we review definitions of unitary groups and representations. We also recall the
Barbasch—Vogan parametrization of the representations, which is key to our study.

2.1. Tableau notation. By a segment, we mean a set of the form {a,a+1, ..., a+n},
say [a, a+n], for areal number a and n € Z. In this paper, the segments are always
regarded as multisets, that is, sets with multiplicities. For segments v; = [a, b] and
vy = [c, d], we say that v; and v, are linked (resp. v < 1p) if either c=b+1 or
a=d+1 (resp.a <c and b < d) holds.

For a partition n =nj + - - - +n, with ny > - - - > n,, we have a diagram with n;
boxes in the i-th row. This diagram is called a Young diagram of size n =n|+- - -+ny.
If v=(vy,...,vy,) is an n-tuple of real numbers, a v-quasitableau is defined as
a tableau such that the shape is a Young diagram of size n and the entries are an
arrangement of vy, ..., v,. For a v-quasitableau 7', we say that 7" is v-antitableau
if entries strictly decrease down along each column and weakly decrease along each
row. This definition is the same as the definition of the semistandard tableau by
replacing “decreasing” with “increasing.”

We define a (p, g)-signed tableau as an equivalence class of Young diagrams
whose boxes are p plus boxes and g minus boxes so that the signs alternate across
the row. Here, we say that two signed tableaux are equivalent if the signatures (p, q)
are the same and coincide by interchanging rows of the same length. For a tableau T
with entries, we say that the (a, b)-th entry of T is the entry in the a-th row and the
b-th column.

The definitions above are those in the previous works [Huang 2025; Chengyu
2025; Trapa 2001] on the nonvanishing of cohomological inductions. See these
references for examples of tableaux.

2.2. Unitary groups. For a Lie group H, we denote by h (resp. hc) the Lie algebra
of H (resp. complexification of §) and by U (hc) the universal enveloping algebra
of he. Fix a positive integer N with a partition N = p +¢q and p, g > 0. We define
the unitary group G = U(p, q) by

_ 1
G=U(p,¢1)={g€GLN(C)|t81p,qg= Pl Ip,q:( ! —1q)'

Here, g is the complex conjugate of g. For a Cartan involution 6: g+ Ad(I, 4) (' g h,
let K be the group of the fixed points of 6. Then, K is a maximal compact subgroup
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of G, which is isomorphic to U (p) x U(g). The Cartan involution 6 induces an
involution 6 on g and a decomposition

g=t®p, gc=tcPpLDp_.

Here, p is the (—1)-eigenspace of 6 on g, and p (resp. p_) corresponds to the
holomorphic (resp. antiholomorphic) tangent space of a Hermitian symmetric
space G/K. Let T be the diagonal subgroup of G. Then, T is a Cartan subgroup
of G and K. Define ¢; € t by e;(diag(t1, ..., ty)) =t;. We regard tg as CN by
the basis {ey, ..., ex}. Then, the root system A of gc with respect to {¢ is equal to

A={x(ei—ej) |1 =i<j=N}
We choose a positive system AT as
At ={e;—ej|1<i<j<N}

Let A, (resp. A,) be the compact (resp. noncompact) root system with the positive
system AT = A, NAT (resp. AT = A, NAT), explicitly,

Ac={E(ej—ej)|1<i<j<porp+1=<i<j=<N}
and
Ap={%(e;—ej)|1<i<p<j=<N}

Then, the root system of p,. associated with tc is A;f. Let b be the Borel subalgebra
of g¢ associated with A™ and b~ be the opposite of b. For a Lie subalgebra u
of gc stable under the adjoint action of t¢, let p(u) be half the sum of roots in 1.
Put p = p(b).

For A= (A1,...,An) €ZN with Ay >---> A, and Appq > - > Ay, let F(R)
be an irreducible representation of K with the highest-weight A. We often write
F()) as A, for short. The restriction of an admissible (g, K)-module 7 to K is
decomposed as a direct sum

|k = EB FO)® =M m (L) € Z=o,
A

where A runs over all A -dominant integral weights. The nonnegative integer m (1)
is the multiplicity of F(A) in w. By a K-type of w, we mean F (A) with m (1) # 0.

The restriction of  to Z(g¢) defines a character x, of Z(gc). The character y,
is called the infinitesimal character of . By the Harish-Chandra isomorphism,
infinitesimal characters are parametrized by t¢./ W, where W = W (G; T) is the Weyl
group of G for T. For A € t./ W, let x; (or A for short) be the corresponding charac-
ter of Z(gc). We say that an infinitesimal character v is integral if v is in the image
of ZV + p. In this paper, we regard integral infinitesimal characters as multisets
with N-elements or an element (xi, ..., xy) in ZV + %(N —1) withx; >--->xp.
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2.3. Unitary lowest-weight representations. For a (g, K)-module 7, we say that
7 is lowest-weight if there exists v € 7 such that v generates 7 and v is annihilated
by b~. Let A= (A1,...,Axy) € ZN C tf be a Af-dominant integral weight. We
regard the irreducible representation F(A) of K as an irreducible p_ @ £c module
by letting p_ act trivially. Set

N =U(gc) Qup_ate) F(L).

The module N(A) is called the parabolic Verma module and has the unique ir-
reducible quotient L(A) by [Humphreys 2008, §9.4]. By [Enright et al. 1983,
Theorem 2.4] the module L(2) is unitarizable if 1, —A,41 > N — p’ — g’ where
P'=pG)=#ilri=h, i<plandq' =q'()=#{i| A =lpn. p+1<i <N}
In particular, L(1) is a discrete series representation if A, — 4,41 > N — 1, and is
limits of discrete series if A, —A , 1 = N —1. The infinitesimal character of r; equals

(M+3(p—g=1), ..., hp—3(N=1D, Apri+3(N=1), ..., Ay +3(p—g+1)).
Note that the infinitesimal character x, is integral by A € ZV.

2.4. Barbasch—Vogan parametrization of representations of G. For the details
of this subsection, we refer to [Trapa 2001, §4,5; Barbasch and Vogan 1983].
We introduce two invariants Ann(;r) and AS(;r) associated to (g, K )-modules 7.
For a (g, K)-module 7, let Ann(;r) be the annihilator of 7 in U(gc). When &
is irreducible, the ideal Ann(r) is called a primitive ideal. Primitive ideals for
an irreducible representation with infinitesimal character v are parametrized by
v-antitableau. The asymptotic support AS(;r) is defined via the local behavior of
the character of 7. By definition, AS(sr) is a union of nilpotent orbits of gc.

Theorem 2.1 [Barbasch and Vogan 1983, Theorem 4.2; Trapa 2001, Theorem 6.1].
For irreducible (g, K)-modules 7 and 7" with integral infinitesimal characters, the
representation 7 is isomorphic to ' if and only if

(Ann(), AS(7)) = (Ann(zr'), AS(x")).

Trapa and Vogan [Trapa 2001, Conjecture 1.1] conjectured that the cohomological
inductions in the weakly fair range exhaust the unitary (g, K )-modules with integral
infinitesimal characters. As far as the author knows, the conjecture has been proven
only for specific cases such as U (n, 1) and U (n, 2) (see [Wong and Zhang 2024]
for details).

3. Cohomological inductions

In this section, we introduce the cohomological inductions A, (1), recall their basic
properties, review Trapa’s algorithm to determine the tableaux for A,(u), and state
a nonvanishing criterion for certain Aq(u).
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3.1. @-stable parabolic subalgebras and cohomological induction. Take x e+/—1¢%.
Since the action ad(x) on g¢ is diagonalizable with real eigenvalues, we define the
subalgebras of gc by

g = q(x) = sum of root vectors with nonnegative eigenvalues,
u = u(x) = sum of root vectors with positive eigenvalues,

[ = [(x) = sum of root vectors with zero eigenvalues.

We call parabolic subalgebras q of g¢ obtained in the above way 6-stable parabolic
subalgebras of gc. By a conjugate of an element in K, we may assume x € v/—1 t.
For 1 € tg, let C,, denote the character of [ with C, |, = p, if it exists. We then
obtain the cohomological induction Aq(u) by the induction of C, as in [Knapp and
Vogan 1995, (5.6)].

For G=U(p, q), 6-stable parabolic subalgebras q(x) arise from d={(p;, ¢i)1<i <}
and an element x, in V=1t =RV of the form

(B-1) xg = (X1 ooy Xy ooy Xy ooy Xy Xy ooy Xy ey Xy ey X)), X > 000 > Xy,
= ——— —_——— —— —
P1 Pr q1 qr
such that (p;, g;) € (Zzo)2 with (p;, g;) # (0,0) for any i and p; +---+ p, = p,

q1+---+qr =q. Set qq = q(xg). The centralizer C;(qq) is a connected reductive
group L4 isomorphic to

La=Up1,q1) x---xU(pr,qr)

such that [y = [(xy)¢c = Lie(Ly) ® C. Note that our choice of g4 or the hermitian
form 1, , is different from that of [Mceglin and Renard 2019; Trapa 2001; Vogan
1997], but the same as [Ichino 2022]. We say that a f-stable parabolic subalgebra q
is holomorphic if there exists j such that g; = 0 for any i < j and p, = 0 for
any £ > j, in other words, uNpec C p+. The choices for a holomorphic 6-stable
parabolic subalgebra are the same as [Trapa 2001; Vogan 1997].

3.2. Properties of Aq(p). Here, we review the basic properties of Aq(u). Let
d = {(pi, qi)1<i<r} be a set of pairs of nonnegative integers with (p;, g;) # 0,
>..pi=p,and Y ; g; = q. Take u € Z" such that

/’l’=(Ml’“‘?Ml""’/"Lr?“"/-’Lr)’ al=p1+q1
_f—-/ _\/—/
aj ar
We define the segments v; associated with d and u by
(32 vi=vild. W =[pi+ 3N+ —ag, wi+3(N =1 —as].

Here, a.; = ) ,_;a¢ and a<; = ) _,_; a;. We denote the cohomological induc-
tion Aq, () by A(qa, vi,...,vr) = A(d, vy, ..., v,) for short. We say that the
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cohomological induction Ag, () is in the weakly fair range (resp. mediocre range)
if j4; — i1 > —3(a; +a;41) forany i (resp. p; —pj > —max{a;, a;} — Di<k<j Gk
for any i < j). We also say that v = u+ p = |_|; v; is in the weakly fair range
(resp. mediocre range) if Aq, (1) is so.

The cohomological induction Ag, (w) is in the weakly fair range (resp. mediocre
range) if and only if the mean value in v; is greater than or equal to the mean value
in v (resp. v; Z v; forany i < j) by the explicit calculation (see [Chengyu 2025,
Lemma 2.4]).

The following statements are well known (for example, see [Knapp and Vogan
1995; Adams 1987, Lemma 4.2; Huang and Pandzi¢ 2006, Theorem 6.4.4; Trapa
2001, Theorem 3.1 (iv)]):

o In the weakly fair range, Aq(t) is unitarizable. Moreover, it is zero or irreducible
for G=U(p,q).

 For Ay(w) in the mediocre range,

dim Homg (F(1), Aqu) = Y sgn(w) Punpe (w4 pe) — (1 +20wNp) + )

weW!

holds. Here, W' is the subgroup of the Weyl group of K with respect to T’ consisting
of w for which & € AT, w™'a < 0 implies & € A(uNpc), and Pyny, is the partition
function with respect to uN pc, i.e., Punp (x) is the multiplicity of weight x in the
symmetric algebra S(uNpe) e,

e If u+2pmNpe)is Aj-dominant, m~+2puNpc) occurs in Ag(p) and K-types
in Aq(u) are of the form

(3-3) n+2pmNpe) + Z ngo, ng>0.

aeAuNpe)

Calculating the K -type formula directly seems complicated, even when q is a
holomorphic 6-stable parabolic subalgebra. To avoid such complexity, we will
calculate the tableaux described below instead.

3.3. Tableaux associated with Aq(pn). Let 7 be a cohomological induction in
the weakly fair range. We associate two invariants Ann(sr) and AS(;r) to 7 in
Section 2.4. The annihilator Ann(7r) can be regarded as a v-antitableau, but AS(rr)
is a union of unipotent orbits. If 7z is isomorphic to a cohomological induction Aq (1)
in the weakly fair range, the asymptotic support AS(sr) is a single unipotent orbit by
[Trapa 2001, Proposition 5.4]. Indeed, for Aq(u) in the good range, its asymptotic
support is a single unipotent orbit. Since we can obtain 7 as a translation of
cohomological inductions in the good range, one can show that the asymptotic
supports coincide. Hence, AS(A4(w)) is a single unipotent orbit. Thus, we may
associate a v-antitableau and a (p, ¢)-signed tableau for a cohomological induction



304 SHUJI HORINAGA

in the weakly fair range by [Collingwood and McGovern 1993, Theorem 9.3.3].
The examples of tableaux associated with Ag(u) are available in [Huang 2025;
Chengyu 2025; Trapa 2001].

In the following, we associate tableaux for A;(u). Let q be the §-stable parabolic
subalgebra corresponding to {(p;, ¢i)1<i<,} and u be a AT -dominant integral weight
such that Ay(u) is in the mediocre range. We first construct the (p, g)-signed tableau
inductively. Let §; be the Young diagram of size 1+ - - -+ 1 with p; 4+ g1 boxes
filled with p; plus boxes and ¢; minus boxes. Suppose that the (Z ik Pis 2 iek qi)—
signed tableau | |, _, S; for k <r is defined. We then construct the signed tableau
Ll — Si by adding py boxes filled with + and g boxes filled with —, from top to
bottom, to each row-ends of Ll _¢ Si such that

¢ at most one box is added in each row-end, and
o the signsin |_|,_, S; are alternating across the row.

Then, | |;, S; is defined as a Young diagram with decreasing rows by rearranging
the rows. The resulting tableau S =|_|;_, S; is the asymptotic support of Aq(i).
We next construct the v-antitableau. For Aq(u), the shape of (p, g)-signed
tableau and the v-antitableau are the same. The shape S of the (p, g)-signed
tableau is partitioned into | |, _;_, S;, which is the same as in the definition of the
(p, q)-signed tableau. For each §,~, we fill v; 1, ..., vi, from top to bottom, where
vi=vi(d, ) =1{vi1,...,Vig} Withv; | >--->v;,. Then, § is a v-quasitableau.
When the S is a v-antitableau, let Ann(Aq(n)) = S, which is possibly equiva-
lent to the formal zero tableau explained below. We introduce the two invariants
overlap(S;, S;+1) and sing(S;, S;+1) associated with cohomological inductions. Set

sing(S;, Si+1) =#W; Nvity).

For §; and S;4; as in the definition of (p, g)-signed tableau S =| |, S;, let m be the
largest integer such that for any i with i <m, the (a; —m +i)-th box of S; is strictly
left to the i-th box of S; ;. If such an integer m does not exist, set m = (0. We then
define overlap(S;, S;+1) by the nonnegative integer m. In the following, we give
an algorithm [Trapa 2001, Procedure 7.5] to obtain a v-antitableau or the formal
zero tableau from the tableau S. By [Trapa 2001, Theorem 7.9], the cohomological
induction Aq(u) is zero if and only if the tableau S is equivalent to the formal zero
tableau. More precisely, let S’ =] |; S/ be the tableau after Trapa’s algorithm. Let v/
be the segment consisting of the entries of S. The cohomological induction Aq (1)
is nonzero if and only if the resulting tableau S’ =|_|; S/ satisfies
* V; > V41, and

4
i

e overlap(S;, S/, |) > sing(S;, S7, ;) for any i.

We give Trapa’s algorithm to transform the tableau to v-antitableau or the formal
zero tableau. For S =| |, S;, the algorithm is generated by replacing adjacent skew
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columns S; U S; 1 with S;US7, . Set R=S;US;4j and R'= S;US;, ;. When R’
is the formal zero tableau, we understand that the tableau § is equivalent to the
formal zero tableau. We review the construction of R’, which is an arrangement
of v; Uv;4 with the shape R.

(1) If overlap(S;, Si+1) = sing(S;, S;+1) < min{a;, a; 11} or overlap(S;, Si+1) >
sing(S;, Si+1), set R = R. Here, a; = #(v;).

(2) If overlap(S;, Si+1) < sing(S;, Si+1), then R’ is the formal zero tableau.

(3) Assume overlap(S;, Si+1) = sing(S;, S;+1) = a;+1. In this case, v+ C vj;.
We define R’ by induction on m = vj114,, — Vig. When m =0, set R" = R.
When m > 0, set Vir1(—) = {Ui+1,1 —1,..., Vitl,ai — 1}. We define Sit1(—)
by the tableau with the shape S; 1 filled with v;1;(—). Set R(—) = S; U S;+1(—).
By the induction hypothesis, R(—) is defined. Then, in R(—)’, there exists at
most one box B filled with v; ;1 — 1 and strictly to the right of the unique box
filled with v;;1 1 in R(—)’. If the box B exists, add one to the entry in B. If no
such box exists, add one to the entry in the left-most box filled with v; 411 — 1
in R(—)". We denote the resulting tableau by R(—)}. Now construct R(—), by
the same procedure applied to R(—)’, but instead considering the entries v; ;12
and v; 41,2 — 2. By the same procedure, we get R(—), . Set R" = R(—),

ajt+1°

(4) Assume overlap(S;, S;+1) = sing(S;, Si+1) = a;. In this case v; C vj11. We
define R’ by induction on m = v;411 — v;;;. When m = 0, set R = R. When
m >0, setv;(+) ={vi1+1,...,vi4 +1}. We define the tableau S;(+4) by the
tableau with the shape S; filled with v;(+). Set R(+) = S;(+) U Si+1. By the
induction hypothesis, R(+)’ is defined. Then, in R(+4)’, there exists at most one
box B filled with v; 5, 4+ 1 and strictly to the left of the unique box filled with v; 4,
in R(+)’. If the box B exists, subtract one from the entry in the box B. If no such
box exists, subtract one from the entry in the right-most box filled with v; ,, + 1
in R(+)’. We denote the resulting tableau by R(4)]. Now construct R(+), by the
same procedure applied to R(+)}, by the same procedure again, we get R(+),,.
Set R' = R(—i—);l_.

We still need to consider a partition of the resulting tableau R” into R' = S;US; ;.

The last box in R’ is the right-most box filled with v; i = min{v; g, Vit1,a5y, }-
The box next to the last box is the right-most box filled with v; 4, + 1. This
procedure stops when the entry of the box reaches min{vy 1, vi4+1,1}. Let Slf be the
tableau of the remaining boxes. We then obtain the partition R = S/ U S/ ;.

If interested, the author recommends to calculate examples and check the well-
definedness of the above definition. The explicit formula for the overlap is investi-
gated in [Chengyu 2025, Theorem 3.6; Huang 2025, Lemma 5.4]. For the explicit

description of entries in the tableau R’, see [Huang 2025, §4.5].
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3.4. Unitary lowest-weight representations as cohomological inductions. In this
subsection, we determine a cohomological induction that is isomorphic to a given
lowest-weight representation 7r;. The following is one of the easiest cases in which
to calculate the K -types.

Lemma 3.1. Let q4 be a holomorphic 6-stable parabolic subalgebra corresponding
tod ={(pi, qi)i} such that p;q; =0 for any i and m = Ay, (j1) be a cohomological
induction in the mediocre range. Put j = max{i | g; = 0}. Then, 7w is nonzero if and
only if the multisets v<; and v~ ; are multiplicity free. If 7w is nonzero, then 7 is a
unitary lowest-weight representation with the lowest K -type

u+2punNpe) =pn+(q,....q
— —

a_p’
o —

.oy —D).
——
p q
Moreover, let
G,_{M,-Jr%(p—qﬂ)—i if 1<i<p,
ol SN+ D =G —p) ifp+1<i<N.
We denote by iy the maximal positive integer such that o pymin{p,q}+1—iy = O p+1—io»

if it exists. If there is no such integer, put io = 0. Then, the first column of the
tableau Ann(r) consists of

01,02, ..., O'pfioa O'p+min{p,q}+lfi0s LR Up+min{p,q}a Up+min{p,q}+l, Y

io

and the second column consists of

Op+1s -+« Optmin{p,q}—igs Op+1—ig>-+->0p -
io
Proof. Before applying the algorithm, the first column of the tableau Ann(s)
consists of

Ols .-, opa Up—i—min{p,q}-i—l» -y ON

p g—min{p,q}

and the second column consists of

Op+15 -+ -5 Optmin{p,q}

from top to bottom. To apply Trapa’s algorithm, we use the partition AS(w) =| |; S;.
Let v; be the segment defined in (3-2). Then, v; =[0,_;, 04_;+1] and the tableaux S;
are filled with v;. By the algorithm for the partition | |,_; S; and | |;_; S;, the
representation 7 is zero if v<; or v ; is not multiplicity free.

i>j

Suppose that v<; and v.; are multiplicity free. By the algorithm, the dia-
gram | |; S; is invariant under the algorithm if v; ¢ v; 4 and v; A v; ;. Consider the
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partition S;US; 1. When v; D v; 4, the tableau S; consists only of the first column
with the entries 0,114, ..., 0p and the tableau §; consists only of the second
column with the entries 611, . . ., Op+q;,,- Hence, the tableau ;1S is invariant
under the algorithm, but the partition S’ LI S, is different. The tableau S’; consists
only of the first column with entries Optl—ajs--+s Optajy and the tableau S} 41
consists of the remaining boxes. Then, if S;, has a box in the first column, the
maximal entry is 044,,, — 1. The tableau (|_| i<j—1 S,-) L S;. is invariant under the
algorithm by definition. Since the entry o;,1,;,, — | is greater than or equal to the
maximal entry in Sj;», the tableau S} | LS4, is invariant under the algorithm.
Continuing the same procedure, one obtains the resulting tableau Ann(sr). This
shows that i) = 0 and the representation 7 is nonzero. The lowest K-type of r is
given as (3-3), since x +2p(uNpe) is AT -dominant.

When v; C vy, we first assume that a; | > min{p, g}. By the same procedure
as above, if 0 > 0pmin(p,q)+1, the tableau S L S’ is the same as S; U S;41
and io = 0. The first column of the tableau S’; consists of 0114, ..., 0p and the
second column consists of 0,41, ..., Opti1—a; + 1. Since v<; is multiplicity free,
we have Op—a; = Op+l—a;- The tableau S;_ U S} is stable under the algorithm.
Similarly, S;. U Sj4o is stable. Hence, the tableau | |; S; is stable under the
algorithm. If 0, < 0yt min{p,q}+1. the first column of the tableau S;. l_IS} 41 consists of

Op+min{p,q}—a;+1> - - - » Op4min{p,q}s Op+min{p,g}+1s - - -» Optajy

aj ajy1—min{p,q}

and the second column consists of

Op+15-++5 Op+min{p,q}—a;> Op+l—ajs--->0p -

min{p,q}—a; aj

The first column of S; consists of

Op+min{p,q}+1—aj>--->0p

and the second column consists of

Op+15++ -5 Optmin{p,q}—a;-

By the same procedure to the end, the statement follows.

We suppose v; Cv;i1anda; 1 <min{p, q}. Then, ip =0. Since v ; is multiplic-
ity free, o, is greater than or equal t0 0y min(p,q)- In this case, the tableau S} L S} 41
is the same as S; U S ; 41> but the tableau S} 41 consists only of the second column
with entries 0, + 1, ..., 0p1min{p,q)- By the routine discussion, the tableau |_|l- S;
is invariant under the algorithm. (]
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We explicitly describe 7, in terms of cohomological induction as follows:

Lemma 3.2. Let 7, be a unitary lowest-weight representation with lowest K -type
A=, - AN).

(1) When A —App1 < N —p', N —q, let q be the 0-stable parabolic subalgebra
corresponding to

{(1,0),...,(1,0), (0, N = (hp —Aps) — PN, (0, 1), ..., (0, D}

pfp/ }“p*)h17+17p+p/
and
w= (1, ..., LN)
be an element in ZV defined by
ri—q fi<p-p,
wi=\rpr1tp—p ifp—p <i<N—Qp—2Apt1)—p,
)\i+p ifN_()\p_)\p-H)_p/<i-

Then, Ag(p) = ;.
(2) When min{N — p’, N —q'} < X, — Ap41, let q be the 6-stable parabolic subal-

gebra corresponding to

{(1,0),...,(1,0), (p",0), (0,g"), (0, 1), ...,(0, 1)}
_ _

’

p=r q—q
and p be an element in Z" defined by

p q

Then, Aq(n) = my.
(3) Let q be the 0-stable parabolic subalgebra corresponding to

{(1,0),...,(1,0),(p’,0), (0,4, (0, 1), ..., (0, 1)}

/ ’

p—p q—q
and | be an element in ZV defined by . = (w1, . .., un) such that > - - > Mp,
Kpt1 = Z ANy hp = PLp—1 == Up—p/1, ANd hp ] = hp12 =+ = Upiq'-

Suppose that Aq(1) is in the mediocre range. Then, Aq(w) is a nonzero lowest-
weight representation and the lowest K-type A = (A1, ..., An) of Aq(w) satisfies

min{N — p'(A), N —q' (M)} < A, — Apy1,

where p'(A) =#{i |1 <i <p, Ai=Aptandq' (M) =#{i | p+1<i <N, Ai=Xrpq1}.
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Proof. We calculate the K-types of Aq(u). For (1), we have

2p(uﬂp@):(CIa---,Q»)\p_)\p—i-l_p+P/a---,)\p_)\p+l_p+p/,
—_——
p=r P
—p+p.....,—p+p.—p,....—p)
N*()»p*)»pﬂ)*l’/) )\p*}“p+17p+p/
and

/‘L+2p(ump)=()\'l"--,)\p,)‘p+la~--a)\N)‘

Since pu + 2p(uNpe) is AF-dominant, the representation Agq(p) is isomorphic
to m;, by (3-3). The statement (2) is a restatement of Lemma 3.1. We prove (3).
Since q is holomorphic, Ag(w) is a lowest-weight representation by Lemma 3.1.
Suppose Aq(w) = ;. In this case, we have

Vpp1 = [p—2(p—q =D, pup—2p—q+ 1) +p]
and

Vppp2 = [pr1 —3(p—q =D —q', tpy1 — 5(p —q+ D]

Here, v; is the segment defined in (3-2). Since it is in the mediocre range, either

p—3(p—q+D+p >ppr—5(p—g+1)
or

tp—3(p—g—D>=pp—3(p—qg—1—¢
holds. This is equivalent to

p—Hp1 = =P OF pp—Hpi1=—q.
By (2), we have
wp=hrp—q and ppp1=Apy1+p.
Then, the statement (3) follows from p’(1) > p’ and ¢'(1) > ¢'. O
The signed tableaux for unitary lowest-weight representations are as follows:

Corollary 3.3. Let w be a unitary lowest-weight representation. Then the signed
tableau AS () has at most two columns. If the tableau AS(rr) has only one column,
7 is a character. If AS(w) has two columns, the signs are arranged in the order
of + and — in rows with two boxes. In particular, the tableau AS (i) is uniquely
determined by its shape.

Proof. This follows from Lemma 3.2 and the definition of (p, g)-signed tableau
for Aq(w). O
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3.5. Nonvanishing criterion for Aq(p). For a 6-stable maximal parabolic subal-
gebra q, Trapa’s algorithm gives the following nonvanishing criterion for Aq(w).

Lemma 3.4 [Huang 2025, Lemma 2.6]. Let q be a 6-stable parabolic subalgebra
corresponding to d = {(p1, q1), (p2, g2)} and p be a A} -dominant integral weight
such that Aq(p) is in the mediocre range. Then, Aq(1) is nonzero if and only if

min{py, g2} + min{qy, p2} > #(vi Nv2).

Take a holomorphic 8-stable parabolic subalgebra associated to d ={(p;, gi) 1<i<r}-
Let j = j(d) be the minimal integer i such that a<; > p. The cohomological
inductions Ag(u) for holomorphic 6-stable parabolic subalgebras q are lowest
weight by [Adams 1987, Lemma 1.7]. We will show that the converse holds
in Lemma 4.6. We can calculate the nonvanishing conditions and tableaux of such
cohomological induction as follows:

Lemma 3.5. Let q4 be a holomorphic 6-stable parabolic subalgebra corresponding
tod ={(pi, gi)1<i<r} with a; = p; +q; and 7 be a cohomological induction A,, ()
in the mediocre range. Then, i is nonzero if and only if

» v and v j are multiplicity free, and
o #(v;Nv.j) <gqjand #(v;Nv. ;) < p;.
When 1 is nonzero and q; # 0, we have v_; Nv. ; = &. Write
Vi = {Vj,lv cey Vj,aj} and Vo uv>j = {01, ...,O’t}

such thatvj>---> Vja; andoy>--->0,. Putv;N(vojuvs;)={ofry1,...,0g).
Let m = min{f, q; — #(v; Nv_;)} and let iy be the maximal integer such that
1 <ip<g-—fand ofiiy > Vjmiiy The first column of the tableau Ann(r)
consists of

01,02,..., Uf’ Gf+l7 Gf+27 R} O_f+i07

io
Vj,m—i—io—i-l» Vj,m+i()+2’ ceey vj,gv vj,g-‘r]’ ceey vj,(lja Gf+p—m+1a ) Gt

and the second column consists of

vj,la Vj,z ) Vj,ma Vj,m—i—l: Vj,m—i-Zs ceey Vj,m+i0a
m io
Uf-i-io-‘,-l ) 6f+i0+25 N} Ugv 6g+1 LECE] O'min{t,f—b—p—m}
g—io

from top to bottom. Here, we understand that there is no box next to the box filled
with vjq, if t < f + p —m in the first column. In particular, if m # 0, then the
(1, 2)-th entry of Ann(r) is v;j 1.
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Proof. The proof is the same as Lemma 3.1. The case g; =0 follows from Lemma 3.1.
When g; #0, we compute the tableau Ann(rr). If v_;Nv. ; # , take x € v ;N ;.
Since any element in v has multiplicity at most two, any element in v; is greater than
or less than x. If x is less than any element in v, the segment v; is contained in v;_1,
since 7 is in the mediocre range. Applying the algorithm to the tableau S;_; U S;,
the representation A, (u) is zero by p; # 0. If x is greater than any element in v,
the representation is zero by the same method as g; # 0. Hence, v_; Nv.; = &.

If v_; or v ; is not multiplicity one, we have = = 0. Hence, we may assume that
v.;j and v ; are multiplicity free. Let & be the integer such that v_; = {07, ..., o3}
withh=p—p;= f+#(;Nv_;). Set m" =min{h, g;}. Before Trapa’s algorithm,
the first column of the tableau Ann(sr) consists of

Oly...,0p, Vj,mq_l, ey Vj,aj,

and the second column consists of

Vi1,Vj2, -5 Vim Optls .-

from top to bottom. Let v;_; = {0y, ..., 04} and S; be the tableau consisting of
entries with elements in v; defined in Trapa’s algorithm. Consider R = §;_; U S].
By Trapa’s algorithm, we have R = R’ if 0}, > v; ,» or vj_; ¢ v;. In this case, R is
equivalent to zero when g; < #(v;—; Nv;). If not, the first column of R’ consists of

Uj,m/fl’kl»kv DRI Vj,m” Vj,m’+1s ...

and the second column consists of

Uj,l’ R Vj,m’—h—i—k—la Oks-++s0hs Oht1, - --

from top to bottom. If 0}, < v; v, then oy < v —p4k. Trapa’s algorithm for
R= S}_ZI_IS}_] is similar and R is equivalent to zero if ¢ ; —#(v;_1) < #(vj_zﬂv;._l ).
Also, the algorithm for S} us; is similar. Continuing this procedure to the end,
one obtains the lemma. Note that f —m = h —m’ by elementary computations. [J

The following statements, which are helpful to compute Aq(u), show that when
the associated segments are linked, we may replace the linked segments or, con-
versely, partition them into smaller segments.

Corollary 3.6. Under the same notation as in Lemma 3.5, suppose Aq(1) is nonzero.
Let viU---Uv, =v_; be a partition of v into segments with v{ > --- > v, and
v U---Uv/ =v.; be a partition of v j into segments with v{ > --- > v/. Let q’
be the 0-stable parabolic subalgebra associated with

{#WD,0), .., (), 0), (p—#(v<)), g —#(v=))), (0, #(v))), ..., (0, #(v))}.

Putm = A(q', viu---Uv Uv;uviu---uv)). Then, if  is in the mediocre range,
we have Aq(n) = .
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Proof. The statement follows from Lemma 3.5, since the tableau A,(u) does not
depend on a partition of v_; and v ;. U

Corollary 3.7. Under the same notation as in Lemma 3.5, suppose Aq(j1) is nonzero.
When vj_y C vj (resp. viy1 C vj), let q' be the 6-stable parabolic subalgebra
corresponding to

{(p1.qD). ... (Pj=2,qj=2), (Pj + Pj—1.4; — Pj—-1),
©, pj—0)s (Pjs1:qj+1)s - - (Pr. g0}

(resp. {(p1,q1), -, (Pj=1,qj=1). (@41, 0),
(p] _q]+15 qj +q]—1)» (p]-‘rz’ q]+2)7 LRI (pr» q;’)})

andw =A(q, vi, ..., vj,vj_1, ..., V) (resp. T =A(q', Vi, ..., Vjf1, Vj, ..oy V)
If 7w is in the mediocre range, one has Aq(u) = 7.

Proof. The statement follows from Lemmas 3.1 and 3.5 by the explicit computation
of tableaux. (]

Remark 3.8. One can prove Corollaries 3.6 and 3.7 by the induction in stages
of Ag(w) (see [Huang 2025, §5.6; Trapa 2001, Lemma 3.9]). Note that Corollary 3.7
is a special case of [Huang 2025, Proposition 4.9; Trapa 2001, Lemma 9.3].

4. A-parameters and main theorem

We recall Meeglin and Renard’s description of A-parameters in terms of cohomo-
logical inductions, and state the main theorem of this paper.

4.1. A-parameters. The A-parameters i are defined by a formal sum
r
@1 v =P x5 ® S
i=1

where x;  is the character of C* defined by z+ (z/2)’ 12(z7)%/2, S, is the irreducible
representation of SL,(C) with dimension m, and the triplets (¢, s, a) run over
multisets on (7, s, a) € Z X /—1 R x Z-y. When s = 0, we write Xt = Xt.s- This
definition of yx, differs slightly from that of [Ichino 2022] but is the same as [Mceglin
and Renard 2019]. For an A-parameter ¥ = D, x5, ® Sq,, we say that ¢ is good
if %(ti 4+a;+ N) € Z and s; = 0 for any i. Associated with an A-parameter V,
we obtain the component group G, It is isomorphic to a free Z/2Z-module

Sy =/20)e1 ®--- D (L]2)e,.

Let IT(y) be the A-packet of i, that is, the set of semisimple representations of G
satisfying the standard and twisted endoscopic character relations (see [Atobe et al.
2024, §1.6; Kaletha et al. 2014, (1.6.1)]).
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Remark 4.1. In the usual definition, an A-parameter is a homomorphism g
from Wy x SL,(C) to the L-group of the unitary group. Here, W is the real Weil
group. By the base change Y¥r|cx xs1,(c), the parameter ¥ can be identified with
the formal sum (4-1). For details, see [Gan et al. 2012, Theorem 8.1].

4.2. Meeglin—-Renard’s construction of A-packets. Take a good A-parameter
w = @ Xll‘ ® Sa,- .
i=1

We define the infinitesimal character x, of ¥ by the multiset

r

42 U{iti+a—D.1¢+a-3),.... 50 —a+1}

i=1

(3G —ai+1). 3 +a; — D],

[N

1

Then, all the representations in IT(y) have the same infinitesimal character with the
Harish-Chandra parameter (4-2). Following Théoréme 1.1 in [Mceglin and Renard
2019], we describe the representations in IT(y). Put

r r
D(y)= {(Ph%‘)i:l,...,r € (Z>0)*| pi+qi = a; for any i and Y pi=p. > di :q},

i=1 i=1

For d € D(¥), set

Mdz(uls"'7/~’L17"'9I‘Lr7"'7l’l'rvll'17"'9M1="'7/~’Lr1"'711'1‘)9
——
P1 Pr q1 qr
where u; = %(li 4+a;—N)+a.;anda_; = Zj<l- a;. Note that there is a typo in
[Mceglin and Renard 2019, (4.2)]: %(tﬁ—ai —N)—a.; should be %(ti +a;—N)+a.;.
For x4 as in (3-1), we define the cohomological induction by

(4-3) g () = Aqeg) (Ha)

and a character ¢4 on &, by

eqle;) = (_1)Pfa<i+q;(a<i+1)+ai(ai—l)/Z

for any e; € S,,. The following is proved in [Mceglin and Renard 2019, Théoreme 1.1].
We choose the same Whittaker datum tv as [Mceglin and Renard 2019] (see [Atobe
2020, Appendix A]).

Theorem 4.2. Let  be a good A-parameter with ¥ = @._; xi, ® Sq;. Suppose
thatt; > --- > t, and a; > aj+1 if t; = ti+1. We then have

() ={aa(¥) | d € D))}

The character of &y, associated with <73 (V) is equal to e4. Moreover, the multiplic-
ity one holds in T1(1r).
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Remark 4.3. The correspondence .7; (/) to &4 depends on the choice of Whittaker
datum tv. We may explicitly calculate the dependence. See [Kaletha et al. 2014,
Theorem 1.6.1] for details.

Remark 4.4. The statement does not imply that the cohomological induction .<7; ()
is nonzero. Trapa [2001] gives an algorithm to determine whether cohomological
inductions of G are zero. Recently, Huang [2025] and Chengyu [2025] indepen-
dently considered the nonvanishing of cohomological inductions of real unitary
groups with Chengyu treating the “nice” case and Huang the general case.

Remark 4.5. For general ¢, representations in the A-packet IT(y) consist of the
parabolic induction from the representations in the packet (i) for certain good
A-parameter g C {. Here, 1 is a good A-parameter of a unitary group that is a
subgroup of G.

4.3. Main theorem. In this subsection, we state the main theorem following the
notation as in the introduction. The lemma below plays a crucial role in stating and
proving the main theorem.

Lemma 4.6. Let = @?21 Xii.s @ Sa; be an A-parameter. If T1() contains an
irreducible lowest-weight representation 1, the parameter Vr is good and Xy = Xx.
Moreover, if «7;(f) € I1(Y) is nonzero and lowest weight, there exists j such that
qgi =0foranyi < jand py =0 forany £ > j,i.e.,d =doand qq is holomorphic.

Proof. The goodness of ¢ follows from the construction of general v as in [Mceglin
and Renard 2019, Proposition 5.2]. The condition xy = x is obvious since represen-
tations in IT(yr) have the same infinitesimal character . For the second statement,
consider the signed tableau Ann(#7;(v/)). If there exist different integers k and ¢
with prqi peqe # 0, the signed tableau Ann(.27; (1)) satisfies either

o there exists a row with three or more boxes, or
o there exists a row with two boxes arranged in the order of — and +.
Then <7; (1) is not of a unitary lowest-weight representation by Corollary 3.3. [J

The following is the main theorem of this paper. Note that the nonvanishing
condition %7, () is determined in Lemma 3.5 (see also Corollary 4.8).

Theorem 4.7. Let A = (A1, ..., Ay) bea Aj-dominant integral weight and ) be
the irreducible lowest-weight representation of lowest K -type A. Let  be a good
A-parameter with xy = X, such that <7;,(yr) is nonzero.

(1) If N—p' < Ap—Apt1 < N —¢q’, the packet T1 () contains 7, if and only if
[Ap = 3(N = 1), Api1 +3(N—D] Cv; C P

(2) If N —q' <X p—App1 < N — p', the packet T1({) contains m, if and only
if either
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e v<j=P,or

e [lp— 3N =1, hpp1+35(N=D]Cv; C Q.

(3) If N—p', N—q' <X\, —xpy1, the packet T1(Y) contains 1), if and only if either

e PCv;CPUl, or

e ICv;C 0.

@) If Ay —App1 < N = p', N — ¢, the packet T1(\/) contains ), if and only if
[hp = 3N = D), hpy1 + 3N = D] = v;.

Our proof, provided in Section 3, is based on the explicit computation of K -types
and the associated tableaux of <7 (/). More precisely, the if part follows from
Lemma 3.2 and Corollaries 3.6-3.7. For the only if part, we divide the cases
into g; = 0 or g; # 0. When ¢g; = 0, the statement follows from Lemma 3.1.
When ¢g; # 0, we calculate the associated tableau Ann(<7 (v)) in Lemmas 5.2, 5.3,
and 5.4. Then, the theorem follows.

As a consequence of Theorem 4.7, we can determine the lowest K-type of the
lowest-weight representation in IT(vr).

Corollary 4.8. Let y = B'_, x,, ® Sy, be a good A-parameter. The packet T1(r)
contains a nonzero unitary lowest-weight representation if and only if both

e v_; and v~ are multiplicity free, and
° #(V] QV>]') =< p] and#(l)]‘ m])<j) Sq]

When T1(y) contains a nonzero unitary lowest-weight representation w in I1(y),
the lowest K -type A of 7w is given as follows:

(1) When qj =0, the lowest K -type A of m satisfies P(A) =v<; and Q(X) = v .

(2) When p; = #(v; Nv. ;) and q; # 0, the lowest K-type A of m satisfies

P(A) = Vol (Uj N U>j) and Q(A) = V> \ (Vj N V>j).

(3) When gj =#(v;Nv_;) #0, the lowest K -type A of 7 satisfies
PA)=v<;\(vo;jNv;)={oy,...,0p} and Q)= (v;Nv.;)Uvs;.

(4) When Pj ;é#(l)jﬂl)>j) and q; ##(Vjﬂl)<j), set U<j|J1)>j = {0'1, ey UN—#(Vj)}-
Let iy be the minimal integer such that

I <ip<#(;) and #(vj)—io+1+#xecv;Uv.;|x>v;;}=p.

Then, the lowest K -type A = (A1, ..., An) of T is given by

oi—5(p—q+1)+i ifi < p—*#;)+io,
o Vi1+ 3N+ 1) —#()) ifp—#(v)+ip<i<p,
' vii—3(N—=1) ifp+l <i<p-+ip—1,

ity —3s(N+ 1D —p+i ifp+io<i.
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Proof. To show the nonvanishing condition, it suffices to consider the case d = dy
by Lemma 4.6. The nonvanishing condition for .27, () is given in Lemma 3.5.
Suppose that .74, (/) is nonzero. Then, the statement (1) follows from Lemma 3.1.
For (2) and (3), the statements follow from Lemma 3.2 and Corollaries 3.6-3.7.
For (4), we have A, — A,41 < N — p'(A), N — ¢’(1) by Theorem 4.7. Now,
ip as in (4) exists. We then have v; = [A, — 5(N — 1), Ap41 4+ 5(N — 1)] and
P) ={Vjips Viig+1 ---» Vji#wptU{x € v\vj|x >v;,}. The statement follows
from Lemma 3.2(1) and Corollary 3.7. O

5. Proof of main theorem

We prove the main theorem in Sections 5.2, 5.3, 5.4, and 5.5.

5.1. Cohomological induction for holomorphic 0-stable parabolic subalgebras.
To show the main theorem, we will need Lemma 5.1 below.

By Lemma 4.6, it suffices to consider d = dy. We already described the nonvan-
ishing conditions of such cohomological inductions in Lemma 3.5. In the following
lemma, we will investigate the necessary condition that .74, (/) is isomorphic to
with a given A. A key point here is that the cohomological induction «7; () is in
the weakly fair range.

Lemma 5.1. Take an irreducible unitary lowest-weight representation 1, with
lowest K -type L. Let  be an A-parameter with i, € T1(\r). Let v; be the segments
associated with r and d.
(1) As multisets, v j and v~ ; are multiplicity free.
2) vaj Cvsj, then qj =0.
(3) Vj ¢ V<j.
@ ICcvjuv.;.
5) IfvejNv.; #3, thenv; Cv.jand q; =0.
6) Ifve;Nvs ;NI #and I Nv; #3, thenv; CI Cv.;jandq; =0.
(N Ifve;Nv. ;NI =3, then I Cv;.
(8) If 1 #,then I Nv; # .
Proof. The statements (1), (2), (3), and (5) follow immediately from Lemma 3.5.
Note that p; # 0 by definition of j. For (4), consider the multiplicities of each
element in v. The multiplicities of elements in [ are two in v. Thus, v_; U v, ;
contains /, since v; is a set.

Set I =[x, yland v; =[o, B]. By m, € I1(¥), one has PLIQ =v. For (6), assume

vojNvs ;NI #and v;NI # . Since any element in / has multiplicity two in v,
one hasv_;Nv. ;NI =1\ Nv;) by (1). Moreover, I Nv; is a segment since /
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and v; are segments. Hence, v_; Nv. ;NI contains x or y. When y e v_; Nv.;,
we denote by z the minimal member in v_;Nv. ;N /. The maximal memberin v; N/
is z — 1. By the weakly fair property, the set v ; does not contain z — 1. We thus
have z — 1 € v ;. Then, the set v.; contains / and in particular, v; C I C v ;.
Here, we use the fact that the real numbers x — 1 and y + 1 have multiplicity at
most one in v. When x € v_; Nv. ;, one has v; C I C v.; by the same discussion.
This case does not happen by (3). Hence, we have v; C I C v ; and then g; = 0.

The statement (7) follows immediately from the fact that the multiplicities of
elements in I are two.

For (8), suppose I # & and I Nv; = &. By the proof of Lemma 3.5, we have
v; Cvsjand @ < B <x. Then, ¢; =0, and there exists an element ¢ in P’ Q" with
multiplicity two such that # < x. The existence of ¢ implies A, — 1,41 < N —¢’.
By ¢;j =0 and Lemma 3.2(3), we may assume N — p’ <, —A,11. Then, the set /
is equal to Q’. In this case, x —1 & Q, but x — 1 € P Nv. ; by definition. Moreover,
the segment v.. ; contains the set Q \ Q" and I = Q’, and then Q C v.. ;. Hence,

#ooj >#{x -1} +#0 >g + 1.
This contradicts the definition of j. Hence I Nv; # &. O

In the following sections, we complete the proof of Theorem 4.7.

5.2. Proof of main theorem: the case N — p’ <A, —Apy1 < N —¢q’. We first
show the only if part. By the assumption, one has I = Q’. Put v; = [«, B].

When ¢g; = 0, by Lemma 3.1, we have v<; = Pand I = Q" Cv.j = Q
if @7, () = 7. In this case, one has o = A, — %(N — 1). Note that by the weakly
fair property, we have B > A, + %(N —1). Hence, the segment v; contains
[Ap — 3N = 1), Aps1 + 3N = D).

When ¢g; # 0, the segment v; is not contained in v ; by Lemma 5.1 (2). Also,
v.jNvs ;= and v; contains / by Lemma 5.1. Set

v\vj={o1,...,on-#0p}, ViNW<jUvsj)={or41,..., 0}

with 07 > --- > on_#(;). Define d = {(p;, g;)} and v] by

(1,0) ifi <p—pj, {oi} ifi<p—pj,
(Pi-qi) =y (pj,qj) ifi=pj, Vi =1, ifi =p—pj,
O, 1) ifi > pj, {oi-1} ifi>p—pj,
and
(5'1) 77,’(1//) - A(qd, Vi, ceny Vjv_#(v])_,'_l).

By Corollary 3.6, () is in the mediocre range and isomorphic to .27, (¥).
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Lemma 5.2. If n(y) = my, then [Ap, — (N — 1), App1 + (N —1)] Cv; C P".

Proof. Since the segment v; contains /, it suffices to show a =4, — —(N 1). Sup-
pose o > A, —3(N —1). By Lemma 3.5, one has #(v-;Nv;) <g; =g —#v- ;. Since
the set (v ;Nv;)Uv. ; contains Q in this case, one has #v. ;+#(v-;Nv;) > g. Hence,
we have v jLI(v<jNv;) = Q and in particular, v. ; C Q. By I Cv;, the multiset v; is
not multiplicity free orv. ; & Q ifa > A —%(N—l). This shows o < )»p—%(N—l).

It remains to show o > A, — —(N 1). Suppose o < A, — %(N —1). To show
7 (Y¥) % m, under this assumption, recall the tableau Ann(rry). By Lemma 3.2(2),
the first column of the tableau Ann(sr;) consists of entries

MHATP—q—D,+3(p—q—3),.... 0, —5(N—1),...
and the second column consists of entries

hpri+3(N =1, 22+ 5N =3), ..o, Apimingp.g) + 3(N + 1) —min{p, ¢}

from top to bottom. This is invariant under Trapa’s algorithm. We describe the
tableau Ann(w(y)) as follows. By #(v-;) + p; +¢q; — #(v—; Nv;) > p and
#(v<j)+pj = p,wehave g; —#(v_;Nv;) > 0. When there is no x € v with 8 < x,
the first column of 7 (¢) consists of

B=h+3(p—qg-—1.p—1,....0q,...

from top to bottom. In particular, the entry next to A, — %(N —DisA,— %(N +1).
However, the entry next to A, — %(N — 1) in the first column of Ann(sr;) does not
equal A, — %(N + 1). Indeed, if g < p, there is no such box. If ¢ > p, the entry
is Aypy1 + l(N +D—=(pp+1D) =2rypy1 — %(p —¢q + 1). We then have

Ap—S(N+1D)—(Aopr1—3(p—g+D)=hrp—Aopi1—¢q
=Ap—Ap+1 — (N —p)+Apt1—A2p+1)
>Apt1 —A2pii-

For the last line, weuse P=P and N—p' <A,—A,41. ByN—p=N—-p'<N—¢/,
one has ¢’ < p and then A, — A2,41 > 0. Hence, the tableaux Ann(r;) and
Ann(rr (1)) are different and in particular, the representations are different. We may
assume that there exists x € v such that x > 8. Put f =#{x e v | x > B}. Let
m=min{f, q; —#(v;Nv_;)} and iy be the maximal integer such that 1 <ip <g— f
and of1iy > Vjmyi- Here, v; ={vj1,...,vj4} with v;1 > -+ > v;,.. By
assumption, m is positive. By Lemma 3.5, the (1, 2)-th entry in Ann( (1)) is B.
Hence, we have B =X, 11 + %(N —1). This shows iy > #I. The second column
of Ann(m (y)) consists of

VilsVj2, ooy Vimtigs -
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from top to bottom. In particular, the entry next to v; 4y =Ap41+ %(N +1)—q’is
Vj#(+1 ="V, #r1) — 1. Note that A , +%(N —1)—¢q'isinvby A, =i,y 1 <N—¢q'
However, in the second column of Ann(zry ), the entry nextto A, + %(N +1)—¢q'
1S Apygra1 + %(N —1) —¢q" < vj#u)+1, if it exists. Hence, the representation
Apt1+ %(N + 1) — ¢’ is not isomorphic to 7, since the associated v-antitableau
tableaux are different. O

We show the converse. Suppose that <7, (/) satisfies
[p = 3N =D, App1+3(N=D]Cv;, CP.

The nonvanishing of .7, () follows from Lemma 3.5. Since the multiset v\ v; =
v.j Uv.; is multiplicity free, the representation <7, () is isomorphic to m; by
Lemma 3.2 and Corollaries 3.6-3.7.

5.3. Proof of main theorem: the case N —q' <Ap—Ap41 <N —p’. We first show
the only if part. Let P”=(PNQ")\I and p” =#(P"). Onehas [ = P"and INv; # &
by Lemma 5.1(8). When ¢; = 0, by Lemma 3.1, the representation o7, (/) is
isomorphic to m; if and only if v<; = P.

We consider the case where g; # 0. Then, the multiset v_; Liv. ; is multiplicity
free and v; is not contained in v. ;. Let 7 (y) be the cohomological induction
defined in the same way in (5-1). The statement follows from this lemma:

Lemma 5.3. If n () = m,, we then have
[p = 3N =D, hpri +3(N=D] Cv; C Q.

Proof. Put v; = [a, B]. Since v; contains I, one has o <A, — %(N —1). It remains
to show B = A, + %(N —1). Suppose that B < A,y + %(N —1). We then
have p; > #(v; Nv-;) and the multiset v<; contains a set P properly, since
V. contains {x € v | x > B}. We show that #(v; Nv. ;) — p; is positive. By
#(Vj N 1)>j) =#I —f—#P” —#(U<j N Vj), one has

#(vjNvs;) —p;j=p +p" —#w;Nv)) — p;
=p' +p" —#v;Nv)) — (p—#(<)))
=#(.;) —#Wv;Nv)) —(p—p —p")>0.

The last inequality follows from 8 < A, + %(N —1). Hence 7 (y) is zero. This
is a contradiction. Therefore we have 8 > A, 11 + %(N —1).

It remains to show g <X, +%(N— 1). Put f=#{x EV|X> Ayt +%(N— 1)}.
Suppose B> A 41 +%(N — 1). By assumption, we have g; >#(v;Nv_;) and f #0.
We recall the tableau Ann(r; ). By Lemmas 3.2 and 3.5, the second column of the
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tableau Ann(sr,) consists of

Apr1+5(N=1), Apia+3(N=3), ..., Aptmin(p.gi+1—io+3 (N—1)—min{p, g} +io,
Aptizip—3(N+ 1D +ig,....Ap—3(N=1),....

io
Here, i is the maximal positive integer such that
Keprmin(p.g)+1-ip + 3 (N = 1) —=min{p, g} +i0 = Api1-i — 3(N +1) +io

if it exists. If no such iy exists, ig is defined as 0. In particular, the (1, 2)-th entry is
Apy1t % (N —1). In this case, the number of boxes in the second column from the top
to the box filled with A, — 3 (N — 1) is greater than p’+ p”. If there exists x € v with
x > B, the (1, 2)-th entry of Ann(7 (v/)) is B by g; > #(v;Nv. ;). Thus, the tableaux
Ann(rr;) and Ann(rr (v/)) are different by the assumption 8 > A, 41 + %(N —1). In
other words, the representations 7, and 7 (i) are different. The remaining case
is that there is no x € v with x > B. Then, the second column of Ann(a7,(¥))
consists of entries

hpri 3P =g =D = fidpr+5(N=3) = fi. by — (N = 1), ...

from top to bottom. The number of boxes from the top to the box filled with
Ap— %(N —1)is p’ + p”, different from that of Ann(s;). Therefore, the represen-
tation <7, (1) is not isomorphic to 7. We conclude that 8 =X, | + %(N —-1. O

It remains to show the converse. Suppose that o7, () satisfies v<; = P. Then,
g,(¥) = m, by Lemma 3.1. Suppose next that <7, () satisfies

[Ap = 3N =D, hpp1+3(N—D]Cv; C Q.

In this case, by the explicit computation of p; and g, the representation <74, () is
nonzero and isomorphic to 7, by Lemma 3.2 and Corollaries 3.6-3.7.

5.4. Proof of main theorem: the case N — p’, N —q’' <X, —Xp41. We first show
the only if part. When g; = 0, by Lemma 3.1, we have v<; = P and v.; = Q.
In particular, P C v<; C Pul. When g; # 0, the segment v; contains /. When
v;N(Q'\I) =, we have v<; C PUI and P C v<; since v ; is multiplicity free
by Lemma 3.5. We may assume that v; N (Q’\ ) # @ and A1 + %(p —qg—1) >
Apt1+ %(N —1). Infact, if A; + %(p —q—1)=r,11+ %(N — 1), the segment v;
is automatically contained in Q’. Consider the tableaux for Ann(</,(¢/)) and
Ann(rr;). We show that v; is contained in Q" if <7, (1) = m,. Note that we have
qgj —#(;Nv.;) > 0. Indeed, by assumption, the multiset v<; contains P properly
and then P U (v;Nv_;) C v<;. We then have p +#(v; Nv_;) <#v_; + p; +q;
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and, in particular, 0 < g; —#(v; Nv_;) by p; +#(v.;) = p. By Lemma 3.2, the
first column of Ann(r;) is

MAip—g—D,m+3(p—g=3), ... hp—s(N=1),...
and the second column is
hpat +3(N =1, Apia+5(N =3), ..o, Apimingpg) + 3 (N +1) —min{p, g}.
Put v; = [a, B]. Suppose B = A; + j(p —q —1). Then
P=P and B>A,p+5(N—1).
The first column of Ann(.#;,(v¥)) consists of

B, B—1,...,c,...
and the second column consists of
hprt 3N =1, dpra+5(N=3), .. hpre+35(N+ D —La—1, ...
from top to bottom. Here, ¢ is the unique positive integer such that
MpreH SN+ —€=2,— 2N D).

Note that in the second column of Ann(.#;,(v)), the box next to the box filled with
Apt+e+ 3(N 4+ 1) — £ exists if and only if B > Apq1 + 3(N —1) and v; U1 # v.
Contrary to this, in the second column of Ann(r, ), the box next to the box filled
with A, ¢+ %(N—i— 1) — ¢ exists if and only if A; + %(p—q - >App1+ %(N— 1)
and I # Q. Hence, under our assumption, there exists a box next to the box
filled with A, + %(N + 1) — £ in the second column of Ann(z;) and it is equal
to Apye + %(N — 1) —£. We may additionally assume v # v; U I. The entry
next to A, ¢ + %(N + 1) — £ in the second column of Ann(<7,(¥)) is strictly less
than A, ¢ + %(N + 1) — £ — 1. This shows that the tableaux Ann(<7,(y/)) and
Ann(rr,) are different. Suppose § # A1 + %( p —q — 1). Then, the (1, 2)-th entry
in Ann(e7,(¥)) is B by g; > #(v; Nv_;). Hence, we have B = A, + %(N -1
if 73,(y) = my. In other words, one has I C v; C Q" if o, (V) = ).

The converse follows from Lemmas 3.2-3.5 and Corollaries 3.6-3.7. This
completes the proof.

5.5. Proof of main theorem: the case A, —Apy1 < N —p', N —q’'. We first show
the only if part. Put v; = [, B]. In this case, one has g; > 0 by Lemma 3.2(3). Then,
v; contains I and v_; U v ; is multiplicity free. Let 7 () be the cohomological
induction defined in the same way in (5-1). The statement follows from this lemma:

Lemma 54. If 1 () = m;, one has v; = [A, — S(N — 1), App1 +3(N — D]
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Proof. The statement follows from the explicit calculation of the associated tableaux.
Recall the tableau Ann(w,). Put f = #{x EV x> Ay + %(N — 1)} and
m=min{f, N— (X, —Xxp41) —p'— p"}, where p”" =#((PNQ")\I). When f #0,
the (1, 2)-th entry in Ann(r;) is A 41 + %(N — 1) by Lemmas 3.2(1) and 3.5. Let
io be the maximal positive integer such that Ay + %(p —qg+1)—(f +ip >
Apyl+ %(N + 1) —m — iy, if it exists. If there is no such iy, set i = 0. Then, the
first column of Ann(r;) consists of

MAIP—qg—D,+3(p—q—3),....hp+3(p—qg+D—f,

f
A+ 3(p—g+D—(f+1), )»f+z+ (p— 6]-i-l)—(f-i-Z) }
chfrio +3(P =g+ 1) = (f +io)
hoptmtiet + 3 (N = 1) = (m +i0), Apmigrz + 3 (N = 1) = (m +io +1),
chp— SN =), .
from top to bottom. The entry adjacent to A, — —(N 1) is strictly less than
Ap — —(N 1) — 1 since p — f is strictly greater than the number of elements in v

w1th multiplicity two. When f = 0, the (1, 2)-th entry in Ann(s,) is the maximal
member in v with multiplicity two. This is greater than or equal to A , — % (N=D+p'.
Then the first column consists of

Apr1 + SN =1, App1 +3(N=3), ..., — 2N =3), 2, — (N —1),...

from top to bottom.

We claim 8 =Ap+1+%(N— 1). Note that g; > #(v;Nv.;) and p; > #(v; N ;)
if 7(y) = m, by Lemma 3.2 and Corollaries 3.6-3.7. Suppose first that § <
Apyl + %(N — 1). Then, there exists x € v such that x > B. In this case, the
(1,2)-th entry in w () is B by q; > #(v; Nv_;). If w () = m,, there exists
nox € v withx > 4,1+ %(N — 1), 1i.e., f =0, and B is the maximal member
in v with multiplicity two. Consider the number of boxes from the top to the
box filled with A, 1 + %(N — 1) — ¢’ in the first column. For 7;, by f = 0, this
number is ¢’, but for 7 (), it is strictly less than ¢’ by B < A1 + %(N — 1) unless
B=xp—3(N+1)+p". If B=2,—3(N+1)+ p’, consider the location of the box
filled with the unique entry A, | + %(N — 1) — ¢’. This is in the first column for
Ann(rr,) and in the second column for Ann(sr (¢/)). Hence, the representations ),
and <7, () are different. Suppose next that 8 > 1,1 + %(N —1). Then, f > 0.
If there exists x € v with x > f, the (1, 2)-th entry in 7w (i) is 8. Then, one
has B = A,41 + %(N — 1). This is a contradiction. When there exists no x € v
with x > 8, we compare the v-antitableaux of ; and 7 (). In this case, for m;,
the number of boxes from the top to the box filled with A, | + %(N +1)—¢  in
the first column is at most max{—q + ¢’ + (A, — Ap4+1), ¢'}, that is strictly less
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than f + ¢’ by f # 0. Note that —g + ¢"+ (A, — A,41) is equal to the integer a
such that A, + %(p —q+1l)—a=Aip 1+ %(N +1) —¢q’. For 7 (y), the number
of boxes from the top to the box filled with A, | + %(N + 1) — ¢’ in the first column
is f+¢’, since v; contains /. Hence, the tableaux are different. We conclude that
Bisequal to A,y + %(N — 1) if ) = 4, (). In the following, we may assume
B=Aps1+5(N—1).

It remains to show o =24, — %(N —1). If there exists no x € v with x >
Apt1+ %(N — 1), the first column of Ann(sr(v)) consists of

Apri+ai(N=D=p,....a...

from top to bottom. Then, the entry next to « is strictly less than o — 1 since
q; >#(v;Nv.;). For m, in the first column, the entry next to A, — %(N —1)is
strictly less than A, — %(N —1)—1 and the entry next to x with A, — %(N —1)<x<
Apt1+ %(N —1)is x — 1. Hence, if 7y = o, (), we have o = A, — %(N —1).
We may assume that there exists x € v with x > A, + %(N —1),1e., f #0.
Recall that by m, = 7, (1), we have p; > #(v;). This shows that the entry next to
« in the first column is strictly less than o — 1 if the box exists. By the description
of Ann(rr)) and the same discussion above, we have o = A, — %(N —1). [l

For the converse, apply Lemma 3.2(1) and Corollaries 3.6—-3.7. We then have
7y = g,(¥). This completes the proof.
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AN EVOLUTION OF MATRIX-VALUED
ORTHOGONAL POLYNOMIALS

ERIK KOELINK, PABLO ROMAN AND WADIM ZUDILIN

We establish new explicit connections between classical (scalar) and matrix
Gegenbauer polynomials, which result in new symmetries of the latter and
further give access to several properties that have been out of reach before:
generating functions, distribution of zeros for individual entries of the matri-
ces and new type of differential-difference structure. We further speculate
about other potentials of the connection formulas found. Part of our proofs
makes use of creative telescoping in a matrix setting — the strategy which is
not yet developed algorithmically.

1. Introduction

When it comes to a topic as classical as orthogonal polynomials, one can hardly
expect spectacular novelties. But they do happen: for example, in situations when
a natural generalization is found. Decades ago, in the middle of the 20th century,
M. G. Krein introduced matrix-valued orthogonal polynomials, in his study of
higher-order differential operators and of the corresponding moment problem. This
new topic progressed at a slow pace and mainly focused on analogs of classical
results for scalar orthogonal polynomials; the overview in [7] gives an introduction
and extensive literature up to 2008. Despite of the theoretical development, not
so many concrete examples of matrix-valued orthogonal polynomials have been
encountered. Those that have been found in the last decades using insights from
representation theory demonstrate a rich structure, not always observable for their
scalar originals. At the same time the polynomials are not easily accessible from
a computational perspective; this makes it hard to draw further connections to
other mathematics areas, for example, to number theory and analysis of special
functions. In this paper we aim at changing this perception and demonstrating that
naturally defined matrix-valued orthogonal polynomials are much closer to their
scalar prototypes than expected. It is this closeness and its numerous consequences
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that we refer to as an evolution in the title. We are mainly concerned with matrix-
valued analogs of the Gegenbauer polynomials

n

V) < (=) Qv +n) (1 —x )
C(x) = ( )
w2 w(r D), \

ln/2]
= Y R,
k=0

k' (n —2k)! T (v)

also known as ultraspherical polynomials, where (a); = I'(a+k)/I'(a) denotes the
Pochhammer symbol. These matrix-valued polynomials P,f”)(x) were introduced
in [18]. For a special value of v = 1, they are matrix-valued analogs of the
Chebyshev polynomials of the second kind and they had been previously defined
using matrix-valued spherical functions, see [16; 17], building on earlier work
of Koornwinder [21]. For the 2 x 2 case, a more general set of matrix-valued
Gegenbauer polynomials is introduced by Pacharoni and Zurridn [23], and the
entries are directly given as sum of two scalar Gegenbauer polynomials. The
connection between these sets of 2 x 2-matrix-valued Gegenbauer polynomials is
discussed in [18, Remark 3.8]. In this paper we give an extension of the expansion
in scalar Gegenbauer polynomials for arbitrary size, see Theorem 3.6.

A connection between the scalar and matrix-valued Gegenbauer polynomials is
somewhat intimate: the former appear in description of the matrix-valued weight
for the latter, see [18] and Section 2 below. At the same time, the scalar Gegenbauer
polynomials can be naturally promoted to matrix-valued orthogonal polynomials and
their span connected with the span of the matrix-valued Gegenbauer polynomials.
Such connections between different sets of matrix-valued orthogonal polynomials
have been never recorded before; in Section 3 we give two explicit connection
formulas for the scalar and matrix-valued Gegenbauer polynomials. With their help
we can further explore the structure of related difference and differential equations.
In particular, we construct in Section 4 new type of differential equations satisfied
by the matrix-valued orthogonal polynomials. These equations utilize the non-
commutative structure of the matrix-valued orthogonal polynomials and, therefore,
degenerate in the scalar setting; this is perhaps a reason for their nonappearance in
the literature.

The expressions in Section 3 lead to a fairly simple computational access to
the matrix-valued polynomials. For example, they allow us to discuss generating
functions of the matrix-valued Gegenbauer polynomials using known generating
functions of the scalar ones; this is done in Section 5. The explicit formulas and
numerical check suggest further that the zeros of entries of the matrix-valued
polynomials follow distinguished patterns — those serve as a generalization of
the property of scalar orthogonal polynomials to have all zeros located in the
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convex hull of the orthogonality measure on the real line. We speculate about
these observations in Section 6, also towards other known matrix-valued orthogonal
polynomials. Finally, in Section 7 we highlight some further potential applications
of the connection formulas from Section 3.

The lineup of our exposition is somewhat misleading for how our results were
actually found. We first looked for distribution of the zeros of entries of Gegenbauer
polynomials of “reasonable” matrix size utilizing their expressions from [18] as
triple hypergeometric sums. We observed that, for certain entries, the zeros were real
and interlacing with those of the corresponding polynomial entry from the previous-
indexed Gegenbauer. Such considerations helped us to suspect an explicit connection
with scalar orthogonal polynomials and to realize that simpler expressions exist;
making use of basic principles of experimental mathematics [3] we managed to
recognize new symmetries of the matrix-valued polynomials and figure out what
now comes as Theorem 3.6. In order to prove the corresponding formulas we needed
to invent a matrix generalization of the famous Wilf—Zeilberger algorithm of creative
telescoping [25; 26]; as no implementation of such exists at the moment of writing,
the related linear algebra calculations were manually performed. Theorem 3.6
suggests that the formulas can be inverted, to express scalar Gegenbauer polynomials
in terms of matrix-valued ones; after another round of experimentation we ended
up with what is now Theorem 3.4. Its proof is more in “classical spirits” —in
contrast with the other proof, we could not find a creative-telescoping argument. Our
analysis of the zeros of entries of Gegenbauer polynomials played an important role
in the execution and further development of this project. Though we only possess
a limited explanation of the structure of these zeros, we feel a need for sharing our
observations with the reader, so we display them in a condensed form in Section 6.

It seems to be worthy of pointing out in this introduction that a potential use
of creative telescoping in the matrix- or vector-valued (noncommutative!) setup
may give access to interesting hypergeometric identities, not necessarily linked to
matrix-valued orthogonal polynomials. We hope that related algorithms will be
designed and made efficient in the near future, with several nice applications that
we cannot foresee at the moment.

2. Gegenbauer polynomials

We start this section with an overview of classical Gegenbauer polynomials and
then review known facts from [18] about their matrix-valued mates.

The scalar Gegenbauer polynomials form a subfamily of the Jacobi polynomials.
Their definition above can be put in the hypergeometric form

Q2v), F (—n,2v+n' 1—x>’

2-1 CY(x) = :
(-1 2 (x) vt 5

n!2
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where we conventionally follow the standard notation, see [1; 2; 13; 15]. The

Gegenbauer polynomials satisfy the connection formula
2
c (x) = L%J A+m—=25)(V)m—s (v —2A)s (A)
b =

2 (Mm—s+1 s ()

s=0
In the particular case A =v + N, N € N, the sum has a natural upper bound:

m/2|AN
W+N+m—2s5)(V)p—s (—N)y (V+N)
23) V= CVEY (),
" sg(:) (V + N)m s+1 s! m=2s

where |m /2| AN denotes the minimum of |m /2] and N. The linearization formula
for the Gegenbauer polynomials reads

24 ™ (x)

— % ktl+v=2p W)pWk—pWi-p@V)kt1—p K+1=2p)! )

¢ ktltv—p plk=p)I=p)!Wiyi—p CVkyi-2p Clri2p

(x).

The orthogonality relations

7272 T (n 4 2v)
C(w)2(n+v)n!

1
(2-5) / CY ) CY ()1 —xH)" 7 dx = b
-1

hold for v > —%, with a slightly different normalization required when v = 0. Since
the Gegenbauer polynomials are orthogonal, they satisfy a three-term recurrence
relation; it is

26 2+ xCP ) =m+1DCY () +m+20 -1 CY, (),

which determines the polynomials from the initial conditions Cﬁ”l)(x) =0, Cé”)(x) =1.
We also use the Gegenbauer polynomials for negative v, in which case we follow
the convention in [5]. We refer to [1; 2; 13; 15] for these results and for more
information on the Gegenbauer polynomials; see, in particular, Askey [2] for the
history and importance of the connection and linearization formulas (2-2), (2-4).

We now review the matrix-valued Gegenbauer polynomials. For £ € %N and v >0,
following [18, Definition 2.1] their matrix-valued weight is the (2¢£ + 1) x (2¢ + 1)-
matrix-valued function W (x) = W (x) given by

inj
(2-7) Wi =0-x)""2 3 i, HCL ().
k=0Vi+j—2¢

i+ =200 Wik i+ j—2k+v
kK'Q2v)iyj 2 Wivj sk G—='G =K i+j—k+v
€ — )20 — j)! (2€+v)

Qirk—i— T e

ar(i, j) = (=D*
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where i, j € {0, 1,...,2¢} and the notation a VvV b, a A b stands for min{a, b}
and max{a, b}, respectively. We slightly alter the expression for o from [18] to
make WO transparently symmetric. Finally, put W®(x) =1 —x*>)""1/2 Wp(gl) (x)
(correcting a typo in [18, p. 463], where a superfluous (1 — x%)"~!/2 appears in
the first line). It turns out that W) (x) is positive definite; this follows from the

LDU-decomposition [18, Theorem 2.1], which states

(2-8) W) =LY )TV @) LY (x)', xe(=1,1),

where L™ : [—1, 1] = M5, 1(C) is the unipotent lower triangular matrix-valued
polynomial,

0 ifm <k,
LY X)) mp = m!

C(U+k> if > k,
K12 1 2k ek () im =
and T : (—=1,1) —> M7¢41(C) is the diagonal matrix-valued function,

k! 20 +20); (24
(T(V)(x))k,k — tliv)(l _x2)k+v—%’ t]EV) — (‘?k 2v+20), (2¢+v) )
(v+3), @—k+Dr@v+k—1D)

Let J be the matrix with 1s along the antidiagonal, J; ; = ;1 2¢. Then J WO (x)=
W®(x) J for all x € (—1, 1) by [18, Proposition 2.6].

The monic matrix-valued Gegenbauer polynomials P,f”) (x), n € N, are orthogo-
nal with respect to the matrix-valued measure (2-7), i.e.,

1
(2-9) / P ()W )Py () dx = 8. Y,
1

PO ) =x"PO) 42" P e x PO PY), P =1, P € Moyt (O);
a formula for the squared norm H,Ev) , a positive definite diagonal matrix, can be
found in [18, Theorem 3.1(i)]. The matrix conjugation * in our real setting simply
means the transpose.

An important property of the matrix-valued Gegenbauer polynomials is

apr”

(2-10) I

) =nPY P (x);

see [18, Theorem 3.1(ii)].

Similar to the scalar case, matrix-valued orthogonal polynomials satisfy a three-
term recurrence relation. In the case of matrix-valued Gegenbauer polynomials the
relation assumes the explicit form [18, Theorem 3.3]

(2-11) xPM(x) =P (x) + B P (x) + CV PY) (),
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where the matrices B,(lv) and C ,(,v) are given by
2¢

B(,,) Z jG+v=1 -
n 2(j+n+v—1( +n+v) Ejj
2] Q20— H2l—j+v—1)
+Z ]j+17
200 jtn+v—DQ2Utn—j+v)
20

C(v)_z nn4+v—10DQ20+n+v)20+n+2v—1) .
" Aty — - DUV — (i Fntv—D(Gtntv)

Here El J denotes the matrix with 1 on the (i, j)-entry and O elsewhere. With the
initial condmons P( )(x) P(V) (x) =1, the recurrence (2-11) determines the
family (P )(x))neN completely
The matrix-valued Gegenbauer polynomials can actually be made symmetric, a
feature which seems to be rather uncommon. We define
(v+n);
Ww4+n+20—1i0);°

and we show in Corollary 3.7 that (P{")(x))' = P{")(x), so that P,"’(x) is symmetric.

N 20
2-12)  PM(x) =D P (x), (D“’),j—sl,()

Remark 2.1. (i) Notice that the diagonal matrix D,(,V) depends only on v + n; in
particular, D,(,V) = D,(l”j]l) and by (2-10) we have

(2-13) %ﬁ;v)(x) — nD,(l")(D(”“)) P(”H)(x) _ nP(”+1)(x)

n—1
(i1) JD,(,V) = D,SU)J , where as above J is the matrix with 1s along the antidiagonal.
3. The expansion of Gegenbauer polynomials in matrix-valued Gegenbauer
polynomials

The goal of this section is to establish two special cases of a connection formula
between the matrix-valued Gegenbauer polynomials and the scalar Gegenbauer
polynomials. To start with, we define the matrices Fk(vn), ke{0,1,...,n}, by

(3-1) P (x) = ZF,E”,JC(””“( )
k=0
and in dual setting we define G(‘j,)l, ke{0,1,...,n}, by

m
(3-2) CP)1=Y "GO B, (x).
r=0
We show that the summation ranges in (3-1), (3-2) are bounded by 2¢, so that the
number of nonzero terms in (3-1), (3-2) is at most the size of the matrix-valued
polynomials. We first describe the relation arising from (2-13).
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Lemma 3.1. Forn,m e N, n>1, m > 1, we have

W _ n v+

= , 0<k<n-1,
kn = o0 g0y k-t DEEET
2
GO =——GY",  osrsm-1

m-—r

Proof. Differentiate (3-1) using £ C\” (x) = 2. (x) and (2-13) to find out
that

20
5 142
nPH(x) = kZoF"(’U”) 200 +26)C 0 (1)
- 20
— 1 1+2¢
=200+20 Y (D) DIV ES e o).

k=0
On the other hand, applying (3-1) with (n, v) replaced by (n — 1, v+ 1) gives
2(v+20)
(v+1)
Fk,un—l =
by uniqueness of the expansion. This proves the first statement, and the second one
follows analogously. U

In particular, it follows from Lemma 3.1 that

k
_ 2 (V)k G(V—i—k) and F(V) (m + 1)k F(U+k)
! m,m

3-3)  GW =
( ) m,m+k 2"(v+2£)k m,m

m,m+k — k
for m, k € N. Therefore, viewing (Gf,”,zl),,meN and (F,%),’meN as infinite matrices
we see that they are upper triangular, with (3-3) showing that each element in the
r-th row is determined by the element on the diagonal in the r-th row.

Next we look at Gf,f,)m and F,,(fgn From (3-3) we see that the upper bound of
the sum in (3-2), respectively (3-1), can be replaced by 2¢ A m = min(2¢, m),
respectively 2¢ A n = min(2¢, n), if we show that G, = FY), = 0 for m > 2¢.

Lemma 3.2. F\), =0 form > 2¢.

Proof. Note that the (i, j)-th entry of the matrix F,if?n is a multiple of the integral

1
(3-4) f (PO (o (1 — 22+ g
-1
and we need to show that this integral vanishes for m > 2¢. By [18, Theorem 3.4],
20 nm+i
+ I—v—
(P ()i = > % C,(nVJrl.p_)p(x)C;_jv P )
p=J

for some explicit constants z,, so that the integral (3-4) equals

20 Am—+i

1
Z Zp / ]C,,(,,lv_:_ip_)p(X){Cl()l_—jv—P)(x)(l _x2)2[—p}(1 - xz)‘H‘P—% dx.
p=j -
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Using the orthogonality (2-5) and the fact that the term in the parentheses is a
polynomial of degree 4¢ — p — j, we see that the p-th term vanishes for m+i — p >
4¢ — p — j, that is, for m > 4¢ — i — j. Therefore, the integral (3-4) vanishes for
m > 2¢ when i+ j <2¢.

Because J commutes with W) (x) for all x, see [18, Proposition 2.6], we also
have that the monic polynomials Pn(”)(x) commute with J by [19, Lemma 3.1(2)].
In particular, (P,ilv) (X))20—i0—j = (P,,(f)(x))i, ; and the integral in (3-4) is zero for
m > 2¢ for all (i, j). O

In principle the approach of Lemma 3.2 can also be used to calculate F,f,‘f,),, for
m < 2¢; this gives an explicit but rather complicated expression for F; k(vnl with the
help of (3-3). In Theorem 3.6 we give a simple formula for F k(vn)l We leave it open
whether the summation formula induced from these two different calculations is of
interest on its own.

For the matrices G,((”r)n we first recall that we can rewrite (2-9) as

1
(3-5) / P () W(x) (P (x))* dx = 8, H,
—1
with A" = D H" (D) being a diagonal matrix as well. Then

| 1 m
/ C () W () (DY™)* dx = / D GNP ()W (B () dx
-1 —-1,—o

-G, A
and
1
(3-6) G DY HYY = / C (x) W (x) dx.
—1

Note that D(()”)Hé”) is an explicit invertible diagonal matrix, so that all we need to
do is to calculate the matrix entries of

1
/ CY (x) W (x); j dx
-1

to determine G,(,L),)m. Observe that W (x); j = W(x);;, since W is Hermitian and real-
valued for x € (—1, 1). Furthermore, W (x); j = W (x)2¢—; 2¢—; by Proposition 2.6
in [18]. This reduces our calculation to evaluating the integral

1
/ CY (x) W (x); j dx
-1

forthe casei > j, i + j < 24.
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Lemma 3.3. Assume j >1i, i + j <2{. Then

1
/ CW (X)W (x);,;dx =0,
—1

whenm < j—i ori+ j#m mod?2 or m > 2.

In particular, Lemma 3.3 shows that the r-th term of the sum (3-2) vanishes
when r > 2¢ Am.

Proof. Recall formula (2-7). Using the orthogonality relations (2-5) and the fact that
the matrix-valued Gegenbauer polynomials are symmetric, the statement follows. []

Theorem 3.4. Define

oW, j,r)
=¢i(v;i, j,r)

_(2@)( r )( 20 —r )(211)1<2z>1(v_ D 2—r— )
"\ )\ +i-p)\i+i-n)\i )\ T rJ

y F(v+2£—r)F(v—%(r—i—i—j))f‘(v—%(r-i-i—j))
F(v+1-3¢—i—))Tv+20+1-L0+i+))

ifi4+j=r mod2 and ¢ (v;i, j,r) =0 otherwise. Then for 0 <r <2¢, m € N,
the matrices

m-—r

(Gyij = m—rITm) pw+mii, j,r), i,je{0,1,...,2¢},
satisfy
mA2¢
COW1= 360 A, ).
r=0

Proof. The zero entries of the matrix in (3-6) given in Lemma 3.3 can be ignored.
Employing the formula

r(v+1) J12e— )+ Dy
Wy, 2
(Hy)jj= ﬁr(v +1) (26+v) QO+ 1) ;w4 1)y

for the squared norm at n = 0 and (2-7) for o (i, j), using the expression for D,g”)
from (2-12) and the orthogonality relations (2-5) in (3-6), we can evaluate G,(,‘,),)m.
Then the formula for G,(,‘,’,), follows from the shift property (3-3). A straightforward

calculation gives the result. ([
As a corollary to the proof of Theorem 3.4, we find symmetry properties for G%,

Corollary 3.5. We have va,z, J=J G%,, and the matrix va,z, Dév)Hév) is symmetric.
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Proof. The explicit expression of D,(,U) in (2-12) shows that D,(,U) commutes with J.
Furthermore, W (x) commutes with J by [18, Proposition 2.6]. This implies that
J commutes with P,l(”)(x) and H,EU) by [19, Lemma 3.1] and the fact that J* = J.
In turn, this means that J also commutes with 13,5”) (x) and I-AI,EV). With the help
of (3-6) we deduce that

nm,m

1
G = / CP W) dx (D) ()
1
- / CP )W (x)dx (H)\(D{™) !,
-1

so that G,(n )m commutes with J. By (3-3) we see that G%, commutes with J. This
also implies that Gf,f )m D(”)H ™ s a symmetric matrix, and hence the statement
for Gﬁ,}, follows from (3- 3) U

Our next objective is to determine F, k(v,f using Lemma 3.2. We follow an indirect
approach and prove (3-1) by showing that the right-hand side of (3-1) satisfies the
three-term recurrence relation for the polynomials Is,f”) (x). In other words, we want
to show that these polynomials satisfy the three-term recurrence relation

(3-7) P(V)(x) — A(v)P(V) (x) + B(v)P(v)(x) + C(V)P(U)l ).

with A](/[") — D(U) (D( 1) 1 B(V) D(V)B(V)(D(U)) 1 and C(V) D(V)C(U) (D(V)l) 1
with the matrices B(”) C(”) as in (2-11). Note that A} and C." are symmetric,
however B." is not in general.

Theorem 3.6. Fori, j,ke€{0,1,...,2¢}, define

y(ii, j, k) =ye(vi i, j, k) . L "
= (=DFw+20)(v+2¢—k B
=D )< )(z(kth—J))(l(iJrj—k))

y F(v—3k—i—j)T(v+20—Lk+i+))
TWT(W+20+1—3k—i+ ) T(v+20+1—1k+i—j))

ifi+j=k mod?2andy(v;i, j, k) =0 otherwise. Let the matrix Fk(vn) be given by

n'T'(v+2¢)
(FDij ==y @tnii j. by
then .y
P,EV)(.X) — ZFk(U’z C(l)-‘rZ[)( )
k=0

Since (}) is nonzero only for n, k € N with 0 < k < n, we see that F(,f is a
diagonal matrix. Similarly, F| o ) is zero on the diagonal and has nonzero sub- and
superdiagonals.
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Since the matrices F, k(”n) are symmetric, the following corollary is immediate.

Corollary 3.7. The polynomials ﬁ,fv) (x) are symmetric, i.e., (ﬁn(v)(x))’ = ﬁ,fv) (x).
In particular, (P,EU)(X))I = Dr(lU)PrEU)(X)(Dr(LU))_l-

Proof of Theorem 3.6. Lemma 3.2 gives us the bound n A 2¢ for the number of
terms in the expansion. We prove the latter by showing that the right-hand side
satisfies the same three-term recurrence (3-7) and initial conditions for n = —1 and
n = 0. For n = —1, we have that the right-hand side is the zero matrix. For n = 0,
the right-hand side reduces to the diagonal matrix Féy”o) and by inspection

N 2(2\T(w+i) '(v+2¢—1i)
(Fop)ii =T +20(+26) (;) C(v) T(v+20+41)2

_ 20 L_ o
_<i>(V+2€—i)i = (Dy i.i-

Thus, the initial values match, and it remains to show that the three-term recurrence
relation (3-7) is satisfied by Y 72a¢ F") ¢ 129 (x).

N
Using the three-term recurrence relation (2-6) for the Gegenbauer polynomials
nA2

and the explicit expressions we see that (i, j)-entry of x Zk:OK F k(u; C,(l‘j(m(x)
congists of two sums in terms of the Gegenbauer polynomials C,(l”jc%)(x) for k > 0.
Similarly, since the matrices A, B(") and C") that appears on the right-hand
side of (3-7) are either diagonal or have two nonzero diagonals, we see that the
right-hand side involves four sums in terms of Gegenbauer polynomials C ,(lv_:ze) (x)
with £ > 0. Comparing the coefficients of C ,Evj,;m(x) on both sides, we see that we
need the equality
n—=k o 2w+28)+n—k o
s g k 1 s g k - ]
Sy s AL LR Ry i D AURLR AL
mn+1DHWw+n)(v+2+n) o
= v 1:4, j,k+1
wtnthwtaeqn—pr Tt kD
wv+i—-1DRe—i+1)
w+n+i)(v+20+n—i)
(i+Dw+20—i—1) . ,
sit+ 1,k
Grnthwr2ern_p UTmITLLR
Ww+2+n)Rv+2L+n—1)

w+n+i)v+20+n—-i)(v+20+n—-1)

y(v+nal_1’J7k)

to be valid, where we have divided by the normalizing constant n! I"(v 4 2¢) /2" 1.
This identity is trivially true in case i + j # k mod 2, since all six terms equal zero.
In the general case, we divide by y (v +n; i, j, k + 1) and the required identity
becomes an identity involving rational functions in the parameters. This rational
identity is checked (by computer algebra) to be valid. (]
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The matrices G%, and Fk(”rz determined in Theorems 3.4 and 3.6 are related to

expansion and summation formulas, which we state below.

Corollary 3.8. The matrix-valued polynomials pY (x) satisfy the expansion

nA4l nA2L
BO@ =Y MPB 0 w), where M = Y FMGME0
t=0 k=0vt—2¢

Corollary 3.8 follows immediately by first applying Theorem 3.6 and next
Theorem 3.4. Note that Corollary 3.8 is a matrix analog of a very specific case
of (2-3).

Corollary 3.9. The following double summation result holds: for s € N with

0<s <|m/2] and indices i, j, we have

2¢ mA2L

Z Z (Gr(',UYZl)lvl’ (FZ(;)—r,m—r)ij

p=0 r=Ovas =2t L vH2m =25 (W (=20);
S v V4204 Doy st

Proof. First apply Theorem 3.4 and then Theorem 3.6 to deduce

mA2L (m—r)A2L
CYI=Y Y GUED .
r=0 k=0
this connection formula of the scalar Gegenbauer polynomials is known: see (2-3)
with N = 2¢. Comparing the two we conclude that

mA2L

)
Z GE% Ftir,m—r =0
r=0vr—2¢

for ¢ odd (which is already clear from the definitions in Theorems 3.4 and 3.6), and

mA2¢

W) ) v+204+m—2s (V)m—s (=20),
Z Gr,m F2s—r,m—r = v+ 2¢ (l) + 20 + 1) s! 1
r=0v2s—2¢ m=s '
for t = 2s even. Taking the (i, j)-th entry we obtain the desired result. O

The identity in Corollary 3.9 gives an example of a matrix hypergeometric summa-
tion formula; we are not aware of its proof using classical hypergeometric identities.

4. Differential and difference equations related to matrix-valued Gegenbauer
polynomials

Since the matrix-valued Gegenbauer polynomials 13,1(”) are symmetric by Corollary
3.7, we can take the transposed version of identities for the polynomials P,fv) and
compare the resulting identity to the original one. This gives various identities for the
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matrix-valued polynomials ﬁn(v); with the help of Theorem 3.6 we can rewrite those
in terms of recurrence relations for the matrices F; k(”rf . Therefore, the fact that ﬁ,l(v)
are symmetric polynomials gives a series of identities which can be viewed as mixed
differential-difference equations, where the differential and difference operators
can act from both sides. This procedure can be performed for any set of difference,
respectively differential, equations that occur in the left, respectively right, Fourier
algebras associated to the matrix-valued Gegenbauer polynomials, see [6] for the
definition. The results obtained do not have any classical analogs, since in the scalar
case all commutators vanish. The resulting identities have a true matrix nature.

In this section we outline this procedure for three explicit situations. First we con-
sider the three-term recursion for the matrix-valued Gegenbauer polynomials ﬁ,fv),
and next we deal with the two matrix differential operators that have the matrix-
valued Gegenbauer polynomials Is,fv) as eigenfunctions, see [18, Theorems 2.3, 3.2].

We start with the three-term recursion (3-7), which is the basic example of an
element in the left Fourier algebra. The symmetry of the matrix-valued orthogonal
polynomials pY (x) shows that the polynomials also satisfy a three-term recurrence
relation with matrix multiplication by matrices depending on n from the right, i.e.,

4-1) PP (x) =P () AV + PO ) (BOY + P (x) Y,

considering that the diagonal matrices Af,”) and (A?,EU) are automatically symmetric.

Proposition 4.1. The symmetric matrix-valued Gegenbauer polynomials satisfy
B (), AVT+ PO () (B — BY BY (x) +[B", (x), €M1 =0.
In turn, the matrices F, k(vn) defined in Theorem 3.6 satisfy

[Fk(i)l il ASZV)] + Fk(";)(ér(lv))t B(V)F(V) + [Fk(v)l s C(V)] — 0’

with the convention that F(v) 0 fork >n A2¢ orfork <0, and éév) =0.

Entrywise the recursion for F; k(vn) boils down to

(AP )5 = A DES i+ B -1 (FE 1
+ B i1 (FED gt = BOii—1 (FD i1 — (B i1 (FDig
+((CM) ;. — €M (F, )i =0,
with the explicit matrix entries for AY, B and " recorded in (2-11), (3-7).

Proof. The first part follows by subtracting (3-7) from (4-1). Note that this is
a polynomial identity of degree n, since the leading coefficient D(v) 41 of P,fi)l
commutes with A(U) as both are diagonal.
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The statement for the matrices Fk(VrB then follows by plugging Theorem 3.6 in
the identity from the first part. This procedure leads to an expansion in terms
of Gegenbauer polynomials C, (v+20), ; collecting the coefficients of a Gegenbauer
polynomial of fixed degree gives the result. U

Our next example arises from the second-order matrix differential operator of
hypergeometric type for which the matrix-valued Gegenbauer polynomials are
eigenfunctions. At the same time, the matrix-valued Gegenbauer polynomials are
eigenfunctions for a first-order matrix differential equation. These two matrix dif-
ferential operators are in the right Fourier algebra for the matrix-valued Gegenbauer
polynomials. We recall the operators explicitly from [18, Theorem 3.2].

The second-order matrix hypergeometric differential operator for which the
polynomials are eigenfunctions is given as follows, see [18, Theorems 2.3, 3.2],
where we switched to the notation D) in order to avoid confusion with the diagonal
matrix D" used in this paper:

42 PY.DY=A,DYPY  A,DY)=-nQl+2v+n)1-V,

with
2
DV — d_z(l—x2)1+i(C—x(2£+2v+1)1)—
dx
26-1 2¢
C= Z(Zﬁ—z)El,H +ZzE,, L V==Y i@t-DE,.
i=0

It follows that
(4-3) ﬁn(v) D) — Dr(zU)A” (D(V))(DV(ZV))_IﬁrEV) =A, (D(V))ﬁrfv)’

since D,(l”) and A, (D™)) commute, being diagonal matrices.

Proposition 4.2. In the notation above, the symmetric matrix-valued Gegenbauer
polynomials satisfy

" (x) ==2[V, PV (x)].
X

In turn, the matrices F, k(vn) defined in Theorem 3.6 satisfy

Wt p® 1 ) 1 )
Fn = hon = 1 e VIm o e e V1
Observe that the first identity of Proposmon 4.2 is a matrix-valued polynomial
identity of degree n — 1, since the leading coefficient of ﬁ,fv) is diagonal and
commutes with V. Furthermore, notice that the participating matrices C and V
depend on neither degree n nor parameter v.
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Entrywise the recursion for F; k(vn) in Proposition 4.2 reads
M (F, (R
v+20+n—k—1 ' v+20+n—k+1 '
= Cj—l,j(Fk(j)n))i,j—l + Cj+1,j(Fk(,vn))i,j+1 - Ci—l,i(Fk(j),?)i—l,j - Ci—i—l,i(Fk(,v,z)i—r-l,j,
with the explicit matrix entries for C and V given above. Again, C and V are
independent of n and v.

)ij —

Proof. Equation (4-3) translates into

4By dp,”
dx? dx

WA —xH1+ @) (C—x@+2v+D1) = PP (x)V

= Apy(D) P (x).
We take the transpose of this identity using the fact that V and A (D) are diagonal,

and therefore symmetric, and then subtract one from the other, keeping in mind
that multiples of the identity 1 commute with any matrix:

dp,” dp,” 5 5
()€ = C' () = [BY), VI=[A (DY), B ()],

The commutator on the right side does not depend on 7 in the eigenvalue A, (D),
as all the dependence on 7 in A (D) is in the multiple —n(2¢ +2v +n)1 of the
identity; it reduces to —[V, f’n(”)(x)] and gives the first identity of the proposition.

For the second identity we implement Theorem 3.6 in the identity just proven
and use L CM29 (x) = 200 +20) €25V (x) (see, e.g., [15 2; 13; 15]) to obtain

nA2L nA2¢

(FC = C'FMH 200 +20 2 () = =2 30 [V, EO1C 2 (x).
k=0 k=0
The case N =1 of (2-3) leads to

v+204+n—k
@ G @ =05 W - L )
and to an expansion in Gegenbauer polynomials C r(lvjczul) on the right-hand side.
It remains to compare the coefficients in Gegenbauer polynomials C IEUJI?H]) on

both sides to deduce the second identity in the proposition. U

We perform the same procedure for the first-order matrix differential operator £(*)
contained in the right Fourier algebra. The operator is given by

(4-5) PM .M = A (EMPY,  AEY) =AY 4B,
where
€0 = L (B £ B+ AY, 2Bo= S Ql—D)Eiis— S iEr
= Jx 1 0 0 0= 2 V)L i+1 ' 1l ii—1»
1= 1=

20 20
(B =—Y(L—DEi;, (AY =3 (L+1)G—20—@—1)(—0D))E;,.
i=0 i=0
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Then the symmetric Gegenbauer polynomials satisfy

(4-6) PO .Y = DAL EYDI)TTEY = A (€M) BY,
since D,(l”) and A, (£")) commute, being diagonal matrices.

Proposition 4.3. The symmetric matrix-valued Gegenbauer polynomials satisfy

% O
t v
X|: dx (x),Bli| + dx (X)Bo—BO e (X):[2A0 +nBq, an x)].

Furthermore, the matrices F, k(ur3 defined in Theorem 3.6 satisfy

)
k—2.n )
Q2 —k+2v+40)B, —2A
[v+2z+n—k+2 @k 420 +40B; =24, ]

)
F
k, (v) () )
+ [HT—:n—k’ (271 - k)Bl +2A0‘) ] = 2(36 Fkil,n - Fkil,n B())

Note that the first identity of Proposition 4.3 is a matrix-valued polynomial
identity of degree n — 1, since the leading coefficient of BY is diagonal and
commutes with B} and A(()V). We refrain from writing the second identity in terms
of matrix coefficients.

Proof. Note that (4-6) means
ﬁ (v)

n

() (xBi 4 Bo) + PV (x) AY = A, (M) PM (x);

X

we take the transpose of this identity taking into account that B, A(()V) and A(EM)
are diagonal, and therefore symmetric. Subtracting one from the other gives

dap dP” PV . W)
x[ (x), Bl} + (x)Bo — B} xX) +[PM (x), Ay
X X dx

=[A(EY), PV ().

It remains to collect the two commutators to obtain the first identity. Using it
together with Theorem 3.6, plugging in the derivative of the scalar Gegenbauer
polynomial and applying the connection formula (4-4) leads to

nA2¢ nA2L

20+1 20+1
D IEY, B2xC X oy + Y (R By — BYF) 225D (x)
k=0 k=0

(v+20+1) (v+20+1)
- V420 4+n—k (Cnvfk (x) — Cnv—k—Z (x))

k=0
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Finally, we use the three-term recursion (2-6) for the scalar Gegenbauer polyno-
mials to write both sides as expansions in terms of C l(,v+2€+l)(x); comparing the
coefficients of these expansions gives us the second identity of the proposition. []

5. Generating function for matrix-valued Gegenbauer polynomials

Several generating functions are known for the scalar Gegenbauer polynomials; they
depend on a related normalization factor. The “pure” generating function is simply

1
5-1 C, B =
©-1) Z ) (1 —2xr +12)*
In contrast, generating functlons are not known for matrix-valued orthogonal polyno-
mials, in particular, for the matrix-valued Gegenbauer polynomials that we discuss.
In this short section we explain how the explicit formulas in Theorem 3.6 allow
one to write down the generating function for suitably normalized matrix-valued
Gegenbauer polynomials when £ is fixed. For this purpose consider the polynomials
2¢
5 2
By =Y "FM .2 (),
k=0
where

(FNij=T@+n+2)0+n+1)y©+ni, j, k.
This normalization of the Gegenbauer polynomials does not affect their symmetry
and is chosen in such a way that the entries of new matrices F, k(vn) are polynomials
in v+ n, in fact of degree | ¢; indeed, the latter integer counts the maximal number
of scalar Gegenbauer polynomials that show up in a linear combination of every
entry of the matrix ﬁ,E”)(x). Notice that from (5-1) we have

Y 0Ani Pt =17 "ot n) ¢ ()

n=0 n=0

Sl DY o Gy i
i G Pt
n=0

_ (8 ! "
N dt 1—2xt+12)"°

for example,

o0 2
Al —17)
> A CP )" = :
n_o( ) G = e g 2y
Using these formulas for j =0, 1, ..., [£] we can write explicitly the generating
series
oo

M(x:)=Y P @)"

n=0
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for every particular choice of £. We will limit ourselves to the illustration for £ =1,
when the Gegenbauer polynomials are 3 x 3 matrices. In this case we obtain

A—1 0 0

FW=1 0 2n-4 0 :
0 0 A-1 A=(+2)+n
0 —2» 0

F=|-20 0 -2 :
0 =24 0 A=(+2)+(n—1)
0 0 i+l

E”=1 0 2n+4 0

A+l 0 0 A=(v+2)+(1n—-2)

Therefore, the generating function of the 3 x 3 Gegenbauer polynomials reads

100\ o 100\ o
Mx;=[020]> (+2)+mCI* @ =04 0| Y 2"
001/ n=0 001/ n=0
010\ o
—2[10 1) (v+2+@m—1)C P!
010/ n=1
001\ o
+2[02 0] > (42 + @0 —2) 5 ()2
100/ n=2
001\ o
+2[04 0] > P02
100/ n=2
~ (1)(2)8 W+2)(1—12) (1)28 1
- _ 2343 _ 2yv+2
00 1 (1—2xt+1%) 00 1 (1 —=2xt+1%)
010 20+2)t(1 —12)
—(101 1—2 2\v+3
010 (1 —=2xt+1%)
N 8 (2) (1) (v +2)12(1 —1?) 8 2 (1) 12
_ 2\yv+3 _ 2\yv+2’
100 (1 —2xt+1%) 100 (1 —=2xt+1%)

so that M(x; 1) - (1 —2xt +£2)"13 is a 3 x 3 matrix with entries from Z[v, x, t].
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The computation shows that, for general £ > 0, the generating function M (x; ¢)
isa (2¢+ 1) x (2¢ 4+ 1) matrix multiple of the generating function (5-1) with A =
v+2¢4|£], whose all entries are polynomials in v, x and ¢ with integer coefficients.

6. Zeros of matrix-valued Gegenbauer polynomials

It is common to understand zeros of matrix-valued polynomials as those of their
determinants, see [7] for further discussion. Such zeros serve as a natural analog of
those for scalar polynomials: in the case of matrix-valued orthogonal polynomials
for the measure supported on a real interval, their determinants have all zeros on
the (internal part of the) interval (of multiplicities that do not exceed the size of the
matrix); see [10, Theorem 1.1; 11, Corollary 4.4]. For our matrix-valued Gegenbauer
polynomials, the support of the measure is the interval [—1, 1], and hence all the
zeros of their determinants lie in the interior of this interval (and are symmetric with
respect to the origin). Theorem 3.6 provides us with access to individual entries
of these matrix-valued polynomials, and we report on our findings in this section.
At the moment, these considerations do not seem to provide any particular insight
on a connection between entrywise zeros and the zeros of the determinant of the
matrix-valued polynomial. They may be part of a different analytic phenomenon
that shows up in the matrix-valued setting. On the other hand, there is a clear interest
in zeros of suitable linear combinations of scalar orthogonal polynomials, see, e.g.,
Beardon and Driver [4] and Duran [9]. The linear combinations of Gegenbauer
polynomials arising as entries of the matrix-valued Gegenbauer polynomials for
which we study the structure of the zeros give intriguing examples, which are
typically outside the classes studied in [4; 9].

For the clarity of exposition in this section, we introduce the notion of echelon
for entries of an (2¢ + 1) x (2¢ + 1)-matrix (a;;)o<;, j<2¢. This corresponds to
a “distance of the entry g;; to the boundary of the matrix”, given explicitly by
eche(i, j) =1+ min{i, 2¢ — i, j, 2¢ — j}. For example, entries located in the first
or last rows, or in the first or last columns are referred to as being from the “first
echelon”: if i € {0, 2¢} or j € {0, 2¢} then ech,(i, j) = 1.

The binomial factor

<2z)( k )( 2£—k>
k)\Yk+i—j)\SG+j—h

in the definition of y,(v; i, j, k) dictates the presence of at most echy (i, j) polynomi-
als CY 20 (x) in the linear combination expressing the entry (ﬁ,ﬁ”)(x))i, ;- In partic-
ular, the entries from the “first echelon” (when echy (i, j) = 1) are multiples of corre-
sponding scalar Gegenbauer polynomials, so that their zeros are real and lie on the in-
terval (—1, 1). They even inherit the zero interlacing property when we consider the
same first-echelon entry of two consecutive matrix-valued Gegenbauer polynomials.
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The zeros of the entries from the “second echelon” (when ech,(i, j) = 2) are
also real and belong to the measure support interval [—1, 1]. To see this, notice
that these entries are always linear combinations of Cy, @ )(x) and C, (* )z(x) where
A = v+ 2¢, with coefficients of the same sign. On the other hand, the two scalar
Gegenbauer polynomials in such combinations can be translated into consecutive
Jacobi polynomials' 7% (x) with the help of expressions

(M J(x—% (Mn+1
(2), (2)ns1

Finally, the zeros of two consecutive Jacobi polynomials (labeled by the same pair
of parameters («, £)) lie on the interval (—1, 1) and interlace, so that the zeros of
their linear combination with nonnegative coefficients lie on the same interval by
the Hermite—Kakeya—Obreschkoff theorem (see, for example, [24, Theorem 6.3.8]
or [22, Proposition 2.10] for a more general statement when multiple zeros and
nonstrict interlacing are allowed). This justifies the location of zeros of entries
(P (x));.j with ech(i, j) =2

Remark 6.1. For the middle (1, 1)-entry in the 3 x 3 case (¢ = 1), Theorem 3.6
gives the following explicit expression:

P (x)= ’—%)(2)6 ~1) and C§,,(x)= Jn(*_%’%)(zxtl).

W+n+2)nTw+2) (C,ﬁ””) x) cvt? (x)>

pm =
(P, (x))1,1 2 Twtnt D2 Tw+n) \v+n+2 v+n

so that the polynomial is proportional to the sum G(HZ)( )+C, (V+2) (x), where
5,5’\) x)= (’\) (x)/(A +n). Though the argument from the last paragraph explains
why the zeros of C,(,A) (x)+ C,(IA_),{ (x) lie on the interval —1 < x < 1 for k =1 and 2,
experimentally we have observed that this is also the case for other choices of shift
kel.

The first case when the “third echelon” shows up is the middle (2, 2)-entry of
the 5 x 5 Gegenbauer polynomials (£ = 2); we get

(P (x))2.2
_3w+n+HnTv+4)
- 27— (v 4n)

(v+4)( )
x <(v+n+2)2(v+n+3)2(u+n+4)
C(u+4)( ) C(v+4)( )
(v+n+1)2(v+n+2)(v+n+3)2+(v+n)(v+n+l)2(v+n+2)2)

1They are usually called P,Ea’ﬂ ) (x) but we try to avoid a conflicting notation with our matrix-valued
Gegenbauer polynomials.
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-1

. . -2 .

—1.0 —0.5 0.0 0.5 1.0 -1.0 —0.5 0.0 0.5 1.0 —0.5 0.0 0.5

Figure 1. Zeros of the middle entry (P (x)),.¢ for £ = 2 (left), £ = 4
(center) and £ = 6 (right).

The structure of zeros of these polynomials is somewhat peculiar: There is one
zero x = 0 for n = 1; then a pair of purely imaginary (conjugate) zeros for n = 2;
then another pair and x = 0 for n = 3. Beyond this n we start witnessing real
zeros (always on the interval —1 < x < 1) and a pair of imaginary conjugates. The
real zeros interlace when passing from n — 1 to n, while the upper imaginary zero
increase (up to a certain constant strictly less than 1) with #n.

Similar structures are present for “higher echelons” when more pairs of purely
imaginary zeros come up, while all other zeros remain real —see Figure 1 for
selected instances. So far we have not figured out reasons of this behavior. Through
a complicated route, our discussions of this phenomenon led us to consider general
linear combinations of scalar orthogonal polynomials and finally resulted in a
separate project— the details of this side investigation can be found in [20].

We have not explored carefully the theme of zero loci of individual entries for
other known families of symmetrizable orthogonal polynomials. But the peculiar
structure of zeros seems to persist, for instance, in “randomly chosen” examples of
matrix-valued Hermite polynomials from [14]; the fact that they can be normalized
as symmetric is numerically supported in all these examples. At the same time, we
do not expect the zero location to be a “universal” phenomenon. As has been pointed
out to us by Arno Kuijlaars, the off-diagonal entries of matrix-valued orthogonal
polynomials can have a very exotic distribution already in 2 x 2 situations; examples
arising from a beautiful combinatorics of periodic hexagon tilings with period 2 are
discussed in detail in [12] — the off-diagonal zeros follow a quite unexpected pattern.

7. Matrix matters and discussion

The explicit connection formulas for the matrix-valued and scalar Gegenbauer
polynomials in Theorems 3.4 and 3.6 raise a question about how general this
phenomenon is for matrix-valued orthogonal polynomials. They also suggest an
approach to look for new families of matrix-valued polynomials by imposing the
length in such expansions to depend only on the matrix size but not on the degree.
Decompositions of this type, in particular Theorem 3.6, hint at the possibility to
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investigate asymptotics of matrix-valued orthogonal polynomials using known ones
for their scalar bases. These formulas also offer numerous further directions for
study and applications of matrix-valued polynomials.

The expressions in Theorem 3.6 allow one to pursue analysis of a related
Padé problem for the matrix-valued generating function of the moments of the
weight (2-7). The corresponding theoretical setup goes in complete parallel with the
scalar version [8]. This gives room to potential applications of these matrix-valued
orthogonal polynomials in number theory, to arithmetic properties of the values of
the generating function at rationals — the values that can be viewed as both matrices
and entrywise. This arithmetic direction seems to be under-explored at the moment.

It would be also of great interest to understand the new differential-difference
structure for the matrix-valued Gegenbauer polynomials given in Section 4 more
conceptually. We stress on the fact that it completely degenerates in the scalar case
(for 1 x 1 matrices), so that it does not represent any classically familiar setting.

We are confident that the mathematics story of this note will continue in diverse —
and quite remarkable! — directions.
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DEFECT RELATION OF r 4+1 COMPONENTS
THROUGH THE GCD METHOD

MIN RU AND JULIE TZU-YUEH WANG

We study the defect relation through the GCD method. In particular, among
other results, we extend the defect relation result of Chen, Huynh, Sun and
Xie (2025) to moving targets. The truncated defect relation is also studied.
Furthermore, we obtain the degeneracy locus, which can be determined
effectively and is independent of the maps under the consideration.

1. Motivation

Let f : C — P"(C) be a holomorphic map. It is known that (see [10; 14; 15])
if f(C) omits n + 2 smooth hypersurfaces D;, 1 < j < n+ 2, of P"(C), where
D :=D;+---+ D,y is located in general position, then f must be algebraically
degenerate (that is, f(C) is contained in a proper subvariety of P*(C)). In [11],
J. Noguchi, J. Winkelmann, and K. Yamanoi showed that the number n + 2 of
the omitting hypersurfaces could be reduced to n + 1 when deg D > n + 2. Their
proof relies on their earlier result for holomorphic maps from C in the semiabelian
variety A := (C*)", which is stated as follows.

Theorem A [12]. Let D be an effective divisor on A .= (C*)". Let f : C — A
be an algebraically nondegenerate holomorphic map. Then there exists a smooth
compactification of A independent of f, such that, for any € > 0,

(1-1) Np(D,r) = N{(D, 1) <exc €T p(r).

Using the above theorem, Noguchi, Winkelmann, and Yamanoi showed that one
can reduce the number of omitting divisors by one (i.e., from n + 2 to n + 1). Their
argument is similar to ours described in Section 5. We briefly outline the argument
here: Assume that D; = {Q; =0} and f(C) omits D; for 1 < j <n+ 1. Consider
a morphism 7 : P*(C) — P"(C) given by x — [Q]'(x) :---: QZII’ (x)], where
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a; :=lcm(deg Oy, ...,deg Q,+1)/deg Q;. Let

8 .
G = det(&> € Clxg, ..., x,].
dx; Jlsi=n+l

0<j<n

By taking out a nonconstant irreducible factor G of G in C[x, . . . , x,], one produces
an additional hypersurface D, = {G = 0} in P"(C). Furthermore, one can show
that Dy, ..., D11, Dn+2 are located in general position, and, by using (1-1), one
can show that N f(ﬁ,,+2, r) <exc €Tr(r). Thus we can apply the second main
theorem obtained by the first author [15] to get the conclusion.

In a recent manuscript by Z. Chen, D. T. Huynh, R. Sun and S. Y. Xie (see [1]),
the result of Noguchi, Winkelmann, and Yamanoi mentioned above was further
extended to the following defect relation.

Theorem B (Chen, Huynh, Sun and Xie [1]). Let {D,-}?;rl1 be n+ 1 hypersurfaces
in P*(C) with total degree Z?:ll deg D; > n + 2 satisfying one precise generic
condition (see (4.3) in [1]). Then, for every algebraically nondegenerate entire
holomorphic curve [ : C — P"(C), the following defect relation holds:

n+1
> 85Dy <n+1.
i=1
In the omitting case, we have that Q;(f) is nowhere zero forall 1 < j <n+1
where D; ={Q; =0}, so that one can reduce it to the semiabelian variety case (C*)"
by considering

F = (—Ql(f) L 2D ) e (CH",
Qn-H (f) Qn+1(f)
assuming thatdeg Q| =- - - =deg Q,,+1. Hence Theorem A could be applied directly.

However, in their “proof-by-contradiction” argument of the proof of Theorem B, the
condition that Z?Ll d7(Dj)=n+1only implies that N ¢ (r, D;) = o(T¢(r)) (rather
than f(C) omitting D;). To overcome this difficulty, they used the “parabolic
Nevanlinna theory” developed by M. Paun and N. Sibony (see [13]), by considering
the holomorphic mapping f : ¥ — P"(C) with Y :=C\ f~'(D), which leads to the
omitting case after restricting f to Y. The key ingredient in their paper is to show
that Y is an open parabolic Riemann surface with exhaustion function o satisfying

. Xo (r)
lim sup =0
r—00 Tf (r)

While the method of Chen, Huynh, Sun, and Xie is very interesting and creative,
it still relies on the result of Noguchi, Winkelmann, and Yamanoi (Theorem A),
which greatly depends on the geometry of semiabelian varieties. For example, it is
very hard to generalize the result to the moving target case.
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This paper studies the defect relation through the GCD method. We don’t use
Theorem A. Indeed, we give and prove a variant and more general version of
Theorem A by using the GCD theorem established by Aaron Levin and the second
author [9]. This allows us to get a much more general defect relation (for example,
the moving target case). The method was initiated by P. Corvaja and U. Zannier
(see [2]), where they studied the n = 2 case. After Aaron Levin and the second
author [9] established the general GCD theorem, it has been successfully used
in a series papers by the second author and her coauthors; see [4; 5; 6; 7]. The
purpose of this paper is to further use the ideas developed in [4; 5; 6; 7] to extend
the defect relation, for example, to the moving target case, by using the GCD
method. Furthermore, the truncated defect relation is also studied. We also pay
attention on the degenerate locus. In particular, we can relax the condition that f is
algebraically nondegenerate to the condition that the image of f is not contained
in a subvariety Z which can be effectively predetermined and is independent of f,
in the spirit of the strong Green—Griffiths—Lang conjecture.

2. Statement of the results

We use the standard notation in Nevanlinna theory (see [16] or [4; 5; 6; 7]). Let
g=1(go0,--.,8n) :C— P*(C) be a holomorphic curve, where go, ..., g, are entire
functions without common zero. We recall that the small function field with respect
to g is given by

(2-1) K :={a:ais a meromorphic function on C with T, (r) = o(T¢(r))}.

Let K be a subfield of the field M of meromorphic functions. We say that
Z is a Zariski closed subset in P"* defined over K if there exists a nonconstant
homogeneous polynomial F € K[xo, ..., x,] such that

Z={fo: - : ful eP"(M): F(fo,..., fn)=0}.

We say a holomorphic map g : C — P" is not contained in Z if F(g) is not
identically zero. In particular, when K = C, the Zariski closed set is defined
over C, that is, F € C[xp, ..., x,], and g is not contained in Z is equivalent
to F(g) # 0. For each homogeneous polynomial G =), arx! € K[xo, ..., x,],
where I = (ig, ..., i,) € Z';gl andx! = x(i)o cooxin we define G(zp) := >, ar(zo)x!
if all the coefficients of G are holomorphic at zo and do not vanish simultaneously
at z9. Let Gy, ..., G4 be nonconstant homogeneous polynomials in K[xo, ..., x,].
We say that they are in weakly general position if there exists a point zg € C such
that each G;(zp), 1 <i < ¢, can be defined as above and the union of the zero loci
of G;(zp) (as a divisor in P*(C)), 1 <i <g, is in general position.
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Theorem 1. Let K be a subfield of the field M of meromorphic functions. Let F be
a nonconstant homogeneous polynomial in K [xy, . . ., X, with no monomial factors
and no repeated factors. Denote by H;, 0 < i < n, the coordinate hyperplanes
of P"(C). Then, for any € > 0, there exists a proper Zariski closed subset Z of P"
defined over K such that for any nonconstant holomorphic curve g : C — P"*(C)
with K C Kg, Ng(H;, 1) =0(T4(r)) for 0 <i <n and g not contained in Z, we have

(2-2) Ng([F =01,r) = NV (LF =01, 7) exc €Ty (r).

If we assume furthermore that the hypersurface defined by F in P" and the coordi-
nate hyperplanes are in weakly general position, then

(2-3) NO(IF =01, 7) Zexe (deg F —€) - T, (r).

Moreover, the exceptional set Z can be expressed as the zero locus of a finite set
¥ C K[xo, ..., x,] with the following properties:

(Z1) X depends on € and F only and can be determined explicitly;

(Z2) the degree of each polynomial in ¥ can be effectively bounded from above in
terms of €, n, and the degree of F.

We apply Theorem 1 to derive the following version of the strong Green—Griffiths—
Lang conjecture for moving targets.

Theorem 2. Let K be a subfield of the field of meromorphic functions. Let F;,
1 <i <n+1, be homogeneous irreducible polynomials of positive degree in
Klxg, ..., x,] such that Zf-';rll deg F; > n + 2. Assume that there exists zg € C
such that all the coefficients of all F;, 1 < i < n + 1, are holomorphic at z
and the zero locus of F; evaluated at 79, 1 < i < n + 1, intersect transversally.
Then there exists a nontrivial homogeneous polynomial B € K|xy, ..., X,] such
that for any nonconstant holomorphic map f : C — P"(C) with K C Ky and
Nr()(0,7) =0(Tf(r)) for 1 <i <n+1, we have B(f) =0. Furthermore, B can
be determined effectively and its degree can be effectively bounded from above in
terms of n, and the degrees of F;, 1 <i <n+ 1.

As a consequence, we obtain the following defect relation for moving targets.

Corollary 3 (defect relation for moving targets). With the same notation and
assumptions as in Theorem 2, let D; = [F; = 0] for 1 <i <n+ 1. Then for any
nonconstant holomorphic map f : C — P"(C) with K C Ky and B(f) # 0, the
following defect inequality holds:

n+1

D 8p(Di) <n+1,

i=1
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where D; = [F; = 0]. Additionally, if n = 2, then
3
> 8D <3,
i=1

where, for a divisor D with d = deg D,

M) _ND.)
Bf (D)=1—-limsup ———
r—00 d Tf (r)
When K = C, the following strong defect relation improves Theorem B by giving
an explicit exceptional set and a truncated defect bound when n = 2.

Corollary 4. Let D;, 1 <i <n+ 1, be n+ 1 hypersurfaces in P"(C), not all being
hyperplanes. Assume D;, 1 <i <n+ 1, intersect transversally. Then there exists
a Zariski closed subset Z in P"(C), which can be determined effectively and its
degree can be effectively bounded from above in terms of n, and the degree of D;,
such that for any nonconstant holomorphic map f : C — P"(C) whose image is
not contained in Z, the following defect inequality holds:

n+1
Zaf(Di) <n+1.
i=1

Additionally, if n = 2, then
3

Za(f”(Di) <3.

i=1
3. Some preliminaries and the GCD theorem

3.1. Preliminaries. We now introduce some basic notation and definitions from
Nevanlinna theory, and recall fundamental results. For further details, we refer the
reader to [16]. Let f be a meromorphic function, z € C be a complex number, and
m be a positive integer. Define the valuation functions v, (f) := ord,(f),

v (f) :=max{0, v;(f)}, and v (f):=-—min{0, v,(f)}.

Let nr(o0, r) (respectively, n;m)(oo, r)) denote the number of poles of f in the
set {z : |z| < r}, counting multiplicity (respectively, ignoring multiplicity larger
than m € N). The associated counting function and truncated counting function
of f of order m at oo are

Nys(oo,r) = /rnf(oo’ 1) —ns(00,0)
0

t

dt +nys(oo,0)logr,

(m) (m)
rny’(co,t)—ny (00, 0)
N (00, 7) ::f ! [ / dt +n" (00, 0)logr.
0
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For a € C, the counting function and truncated counting function of f with respect
to a are defined as

Ny¢(a,r):=Nijf-a)(r,00) and Nj(fm)(a, r) = Nl('/"()f_a)(oo, r).

The proximity function m y(o0, r) is given by

2
+ i9,, 40
m (00, r) = log™ | f(re )|2—,
0 T

where log® x = max{0, log x} for x > 0. The characteristic function is defined by
Tr(r):=mys(00,r)+ Ny(oo,r).

Let f1,..., fn be meromorphic functions with n > 2. Define the local gcd
multiplicity function by

n(fi oo funr) =) min I (f)}

lzl=r
and the associated gcd counting function by

Ngcd(fla---’fnar) =
/rn(f1’~"’fn’t)_n(fl""7fn’0)
0

t

dt+n(f1,..., fn,0)logr.

Let f : C — P"(C) be a holomorphic map and (fy, ..., fu) be a reduced
representation of f, i.e., fo,..., f, are entire functions on C without common
zeros. The Nevanlinna—Cartan characteristic function Ty (r) is defined by

o i0 0 d9
Tf<r>=/ logmax(| fo(re) 1 ., |fu(re )} 50
0 T

Let D = [F = 0] be a divisor in P"(C) defined by a homogeneous polyno-
mial F € C[xg,...,x,]. The counting function with respect to D is defined
by Ng(D,r) = Np£)(0,1).

We will make use of the following elementary inequality (see [16]).

Proposition 5. Let f = (fy, ..., fu) : C— P*(C) be holomorphic curve, where
fos - - -, fn are entire functions without common zeros. Assume that fo is not
identically zero. Then

Ty 5() + O < Ty(r) <Y Ty (r) + O(1).
j=1

Combining Proposition 5 with [17, Theorem 2.1], we obtain the following result.
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Theorem 6 [17, Theorem 2.1]. Let fy, ..., fu be entire functions with no common
zeros. Assume that f,41 is the holomorphic function such that

f0+"'+fn+fn+1:O-

If >, [i # 0 for any proper subset I C {0, ..., n+ 1}, then

n+1
Tp,15,(r) < Tr(r) + O(1) Zexe Y N (0.7) + O(log Ty (r))
i=0

for any pair 0 < i, j <n,where f:= (fo,..., fn).

We will use the following version of the Hilbert Nullstellensatz, reformulated
from [8, Chapter IX, Theorem 3.4]. See also [3, Proposition 2.1; 18, Chapter XI].

Proposition 7. Let K be a subfield of the field of meromorphic functions. Let
{ Qi}l’.’;rll be a set of homogeneous polynomials in K[xo, ..., x,| in weakly general
position and with deg Q j = d; > 1. Then there exist a positive integer s, an element
R € K which is not identically zero and Pj; € K[xo, ..., x,], 1 <i, j <n+1, such
that, for each 0 < j <n,

n+1

x‘]‘ﬂR=ZPJ-,-Q[.
i=1

The following is a version of the Borel lemma for small functions. The proof
can easily be obtained with some slightly modifications from [4, Lemma 3.3].

Lemma 8. Let fy, ..., fu be nontrivial entire functions with no common zero and
let f:=(fo,..., fn). Assume that

N0, r)=o(Ty(r)) for 0<i<n.

If fo, ..., fa are linearly dependent over K g, then for each i € {0, ..., n} there
exists j € {0, ..., n} with j #i such that f;/fj € K.

3.2. The GCD theorem.

Theorem 9 (the GCD theorem). Let go, g1, - - . , gn be entire functions without com-
mon zeros and let g =[go: g1 :---: gnl. Let F, G € K¢[xo, ..., x,] be nonconstant
coprime homogeneous polynomials. Assume that one of the following holds:

(@) Ng (0,7r)=0(Tg(r)) for0<i <n;

(b) Né[l)(O, r) = o(Ty(r)) for 0 < i < n and one of the hypersurfaces defined
by G =0or F =0in P"(K) is in weakly general position with the n + 1
coordinate hyperplanes.
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Then, for any € > 0, there exists a positive integer m independent of g such that we
have either

(3-1) Ngcd(F (805 - - - 8n)s G(80s - -+, 8n), 1) Sexc €T (r),

or

(3-2) Tg1 /0y (gn/80ym (1) = 0(Tg (1))

for some nontrivial tuple of integers (my, ..., my) with |my|+- - -+ |m,| < 2m.

For the convenience of later application, we state the following result for n = 1.

Proposition 10. Ler gg, g1 be entire functions without common zeros and let
g = (8o, &1). Assume that g is not constant. Let F, G € Kg[xo, x1] be nonconstant
coprime homogeneous polynomials. Then

(3-3) Ngea(F (80, 81), G (80, 81),7) < 0(Tg(r)).

Proof. Since F and G are coprime homogeneous polynomials in Kg[xg, x1], we
may apply Proposition 7 to find an integer s, R € K, \ {0} and H; € Kg[xo, x1],
1 <i <4, such that

(3-4) XS-R:H1F+H2G and xf—R:H3F+H4G.

Here, we may assume that H;, 1 <i <4, are homogeneous polynomials with degree
equal to s — deg F. By evaluating (3-4) at (go, g1), we have

8o R = Hi(go, g1) F(go, g1) + H2(g0, £1)G (g0, 1),
g1 - R = H3(go, g1) F(go, g1) + Ha(g0, £1)G (g0, 81)-

Since g and g; have no common zeros, we observe that

(3-6) min{v} (F(go, g1)), v (G(go, g1))} < v} (R) + Z v, ()

ael

(3-5)

for each z € C. Here I is the set of nontrivial coefficients of H;, 1 <i < 4. Hence,

(3-7)  Ngea(F (g0, 81). G(g0. 81).7) < Nr(0,7) + > Ny(00,7) < 0(T,(r)),
ael

as R and the coefficients of F; are in K. O

To prove Theorem 9, we use the following fundamental result by Levin and the
second author for n > 2.

Theorem 11 [9, Theorem 5.7]. Let g, &1, - - -, & be entire functions without com-
mon zeros withn > 2 and let g =[go: g1 :---: gnl. Let F, G € Kg[xo, X1, ..., X;]
be coprime homogeneous polynomials of the same degree d > 0. Let I be the set of
exponents i such that x* appears with a nonzero coefficient in either F or G. Let
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m > d be a positive integer. Suppose that {g(i)0 e gi{’ vip+ - - +iy, = m} is linearly
independent over Kq. Then, for any € > 0, there is a positive integer L such that

(3-8) MNgea(F(g),G(g),r)
- (L) m (m+n , "
<exc Cm,n,d ;Ngi (O, r)+(m< n >_Cm,n,d_M m) ;Ngi (0» I’)

m—+n—2d . ) Me
+( n )Nng({gl Yier, r)+<M m”+€m+7) Tg(r)+o(Tg(r)),

where Cyyp.q = 2(’"::1_‘1) — (mtl'_f]w), M = 2(m+:ll_d) - (m+';_2d), and M' is an
integer of order O (m"~2), where <ex. means the inequality holds for all r € (0, 00)

except for a set E of finite measure.

We note that M’ := dim Kg[xo, . . ., Xuln/(F, G)p < d*("1"37).

Proof of Theorem 9. Without loss of generality, we assume that deg F = deg G.
We first prove when n > 2. Let € > 0. To establish (3-1) or (3-2), we can assume
that € is sufficiently small. We can choose a real C; > 1 independent of € and g
such that m = C1e~! > 2d,
M'mn € 1 ( m (m+n> , ) €
<-, and — —Cund—Mm )| < ———.
4 M\n+1\ n ” 4n+1)

We may assume that each g; is not identically zero; otherwise, (3-2) holds trivially.
Suppose that the set {g(i)0 ‘e gf,” :ig+---+i, =m} is linearly independent over K.
We aim at concluding (3-1) under assumption (a) or (b). Suppose (a) holds, i.e.,
Ny, (0,7) = 0(Tg(r)) for 0 <i < n. Then (3-8) implies that

(3-9)

M'mn m

(3-10) Ngea(F(g), G(8).7) Sexc (T“M%) Tg(r)+o(Tg(r)) <eTg(r).
If (b) holds, then
NP, r) LN, r) = o(Ty (r))

for 0 < i < n. The assumption that one of [G = 0] or [F = 0] is in weakly
general position with the n + 1 coordinate hyperplanes in " implies that the
set {(d,0,...,0),...,(0,...,0,d)} is a subset of I. Since gy, ..., g, are entire
function with no common zero, we have

Neca({g' Yicr, 1) =0

when (b) holds. Then by (3-8), (3-9) and that N,, (0, r) < T, (r), we obtain (3-1).

Finally, if the set {gé0 e gfl" 1o+ - +i, =m} is dependent over K, then we
may apply Lemma 8 to derive that there exists a nontrivial n-tuple of integers
(J1s .-+, Jn) with | ji| + - - - 4+ |ju| < 2m such that

T(gl/go)“---(gn/go)f" (r) = o(Tg(r)). O
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4. Proof of Theorem 1

4.1. Some lemmas. We recall some lemmas from [7].

Lemma 12. Let n > 2 and let (my, ..., m,) be a nonzero vector in 7" with
ged(my, ..., my) = 1. Then there exist v; = (Vi 1, ..., Vi) €Z" for1 <i <n—1
such that

lvi j| <max{|m;|, 1} for 1<j<n

and (my, ..., my,) together with the v;’s form a basis of 7".
Let k be a field and let ¢ and r be positive integers. We write ¢ := (11, ..., t,) and
x:=(x1,...,%). Fori=(iy,...,i,) €Z", define x* = x| eexlr and t! = R

For ¥ Cklt], let Z(X)={re€k?: f(1) =0 forevery f € X.}.

Lemma 13. Assume that k is infinite. Let f(t,x) € k[t, x] be a polynomial with
no monomial factor and no repeated irreducible factor in k[t, x). Then there exists
an effectively computable nonempty finite set ¥ C k[t] \ {0} such that for every
A € k?\ Z(X), the polynomial f (X, x) has no monomial or repeated irreducible
factor. Moreover, the cardinality of ¥ and the degree of each polynomial in ¥
can be bounded effectively in terms of q, r, and the degree of f. Furthermore,
if f(t,x) €kolt, x] for kg being a subfield of k, then X is defined over ky.

4.2. Preliminary theorem. Let g =(go, ..., g»), Where g; #0, 0 <i <n, are entire
functions without common zeros. Let u; = g;/go, for 1 <i < n. We observe that

4-1) [max {Tu;(r)} <Te(r) <n [max {T.; (")},
=j=n <j=n

and

4-2) Ny; (0,7r) + Ny, (00, 1) < Ng, (0, 7) + Ng, (0, r)

foreach 1 <i <n.
Recall that

Kg :={a : a is a meromorphic function on C with 7,,(r) < o(Tg(r))},

which is the field of meromorphic functions of slow growth with respect to g.
We note that a’ € K, if a € Kg. Furthermore, u}/u; € Kg if

NP, 7)+ NP (00, 1) < of max {T,, )}).
<Jj=n

Letx :=(x1,...,x,) and u = (uy,...,u,). Fori = (iy,...,i,) € Z", we let
x':=x{'---x; and u' :=u!' - - - u,. For a nonconstant polynomial

F(x)=>) aix' € Kglx]:= Kglx1, ..., xa],
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we define

43)  Du(F)(x):=) (“"u’f. Vi = > (a; +a -Zij%)x" € Kglx].
=t

i i

A direct computation shows that

(4-4) F(u)' = Du(F)(w),

and that the product rule

(4-5) Dy(FG) = Dy(F)G + FDy(G)
holds for F, G € Kg[x].

Lemma 14 [5, Lemma 3.1]. Let F be a nonconstant polynomial in Kg[x] with no
monomial factors and no repeated factors. Assume that

NP (0.7) + NP (00, r) = o max {T,,,(r))
i ’ 1<j<n

foreach'1 <i <n. Then F and D,(F) are coprime in K¢[x] unless there exists
a nontrivial tuple of integers (my, ..., my) with Y +_, |m;| < 2deg F such that
T g (r) = o(max<j<,{T,,(r)}).

We now state a preliminary theorem in affine form.
Theorem 15. Let K be a subfield of the field of meromorphic functions. Let G

be a nonconstant polynomial in K[x, ..., x,] with no monomial factors and no
repeated factors. Assume one of the following holds:

(@) Ny, (0,7)+ Ny, (00, r) = o(maxi<j<u{Ty,(r)}) for each 1 <i <n, or

(b) N,E})(O, r)+ N,El.l)(oo, r)y= o(maxlsjfn{Tuj (r)}) foreach 1 <i <n, and that
[G = 0] and the n + 1 coordinate hyperplanes are in weakly general position in P".

For any € > 0, there exists a positive integer m such that for any n-tuple of mero-

morphic functions w = (uy, . . ., u,) satisfying K C Kg, where g =[1:uy:---:u,l,
we have either
(4-6) Tyt oy (1) = 0( max {7, (r)})
I<j<n
for a nontrivial n-tuple (my, ..., my) of integers with Y _;_ |m;| <m, or
(4-7) NG (0, 1) = N§ oy (0. 7) Zexe € max (T, (r)}.
1<j=n

Proof. Let zo € C. If v,,(G(u)) > 2, then it follows from (4-4) that v,, (D, (G)(u)) =
v;,(G(u)) — 1. Hence,

min{v (G (w)), v} (Du(G)®))} = v} (G(w)) — min{1, v} (G(w))}.

— 20
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Consequently,
(4-8) Ngea(G (), Du(G)®). 1) = Ny (0, 1) = N (0, 7).

By Lemma 14, G and D,(G) are either coprime or (4-6) holds for m = 2degG.
Therefore, we assume that G and D, (G) are coprime. By Theorem 9, we find a
positive integer m depending only on €, n and deg G such that either (4-6) holds or

(4-9) Ngcd(G(u), Dy(G)(u), 1) <exc € 113?0( {Tu,-(r)}-

=j=n ’
Together with (4-8), we obtain (4-7). Ul
4.3. Further refinement. We will prove the following theorem by finding an ex-

ceptional set in Theorem 15.

Theorem 16. Let K be a subfield of the field of meromorphic functions. Let G be a
nonconstant polynomial in K[xy, . .., x,] with no monomial factors and no repeated
factors. For any € > 0, there exists a nonconstant polynomial H in K[xy, ..., x,]
such that for any n-tuple of meromorphic functions u = (uy, . . ., u,) satisfying

(4-10) N, (0,7) 4+ Ny, (00, 1) zo(lmax {T.,(r)}) foreach 1 <i<n,
<j=n

and K C Kg, where g =[1:uy :---:u,l, we have either H(u) =0 or
(4-11) NG (0, 1) = N§ oy (0. 7) Zexe € max (T, (r)}.
1<j<n

Moreover, H can be determined effectively and the degree of H can be bounded
effectively in terms of €, n and the degree of G.

Remark. The effectiveness of determining H follows from the application of
Lemma 13 in the induction process. Moreover, the estimate for the degree of H
depends on the fact that the constant m in Theorem 9 can be determined effectively,
as well as on the proof of Theorem 9 and the content of Lemma 12. While a
rough bound for the degree of H can, in principle, be obtained by tracing these
dependencies, carrying this out would involve substantial additional technical detail
beyond the scope of the present work.

Proof. The proof of [7, Theorem 4] can be adapted to suit the current situation.
We will closely adhere to their arguments and notation. We first fix some notation:

(i) For a matrix A = (a;;) with complex-valued entries, let
Alloo = max aii
I Alloo = max > lai;
j

be the maximum of the absolute row sums.

(i1)) We say that a nontrivial meromorphic function 8 has small zeros and poles
with respect to g if Ng(0,r) + Ng(00,r) = o(Tg(r)).
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Let G € K[xy, ..., x,]\ K with no monomial factors and no repeated factors.
Let € > 0. In the following we consider a n-tuple of meromorphic functions
u=(uy,...,u,) satisfying

Ny (0,7) + Ny, (00, r) = o [max {Ty,(r)}) = o(Ty(r))
<j=zn

foreach 1 <i <n,and K C Kz, where g =[1:uy:---:u,]. We note that A € K,
if and only if T3 (r) = o(maxi<;<,{T,, (r)}) by (4-1).

When n = 1, the theorem is a direct consequence of Theorem 15 since u; is
constant if (4-6) holds.

From this point, we let n > 2. We will effectively construct a nonconstant
polynomial H in K[xy, ..., x,] such that (4-11) holds if H (uy, ..., u,) #0.

The arguments are carried out inductively in several steps. In the following, the
¢;,j’s and M;’s denote positive real numbers depending only on €, n, deg G, and
the previously defined ¢/ j» and M.

Step 1: We apply Theorem 15. The condition (a) in Theorem 15 holds under our
assumption, so if (4-7) holds then we are done. Otherwise, there exists an n-tuple
of integers (my, ..., m,) # (0, ...,0) with > |m;| < M; such that

(4—12) )\,1 = u’inl .. .u:’:"’ e Kg.

We may assume gcd(my, ..., m,) = 1. By Lemma 12, (m, ..., m,) extends to
a basis (my,...,my), (az, ..., awm), ..., (@1, ..., ay,) of Z" such that
(4-13) lai1| +---+lap,| <My +n for 2<i<n.

Consider the change of variables

(4-14) Api=x o xMn and Xy, i=xU . x%n for 2<i<n
1 n > 1 n

and put

(4-15) Bii=ui'--ulin for 2<i<n.

Let A denote the nxn matrix whose rows are the above basis of Z”". Then we
formally express the above identities as

(4-16) (A1, X120, X1) = (1, X)) (A1, Br2s ey Bra) =(un, - un) ™

Let B = Al_l. The entries of B; can be bounded from above in terms of M, and n.
We have

417 (1, ex) = (AL, Xps e, Xi)B (e u) = (i1, Bras -, Bra) B
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Let G1(A1, X12,-.., X1.n) € K[A1, X1,2, ..., X1,,] with no monomial factors
and

4-18) G((A1, X12, ... X1)®) = AT X, - X" Gi(AL X1, ... X1)

for some integers d;, 1 <i < n. Since the transformations in (4-16) and (4-17) are
invertible of each other and G has no repeated irreducible factors, we have that G
has no repeated irreducible factors either. The coefficients of G are the same as
the coefficients of G and deg G| can be bounded from above explicitly in terms
of My, n, and deg G. Consider G1(A1, X1.2,..., X1.n) € KAD[X12,..., X1.0];
by using (4-12) we have

4-19) K1) C Kg.

For the particular change of variables in (4-16), (4-17), and (4-18) (that de-
pends on the matrix A;), we apply the Lemma 13 with k being the field of mero-
morphic functions M and ky = K and (4-14) to find a nonconstant polynomial
Hl/ € K[xi1,...,x,] such that G;(A1, X1.2, ..., X1,,) has neither monomial nor
repeated irreducible factors if Hl’ (uy,...,uy) = 0. We now take H; to be the
product of all such H{ where A; ranges over the finitely many elements of GL,(Z)
with ||A1]lcc < M1+ n. From Lemma 13, deg H; depends only on €, n and deg G.

Since the u;’s, A1, and B ;’s have small zero and pole with respect to g, we have

(4-20)  Nguy(0,7) = N0y (0, 7)
1

= NG1G i) O 1) = NGl g 0.7) +0(T (1)
by (4-16) and (4-18). From (4-16), (4-17) and (4-12), we have
(@-21) - max (T,, (1)} = O (max{T;, (r). Tp,,(r). ... Tp,, (1)) = O( max (T, (r)}).
In conclusion, at the end of this step we have
(4-22) max {7, , ()} = O( max {T,, (r)}).

2<i<n I<i<n
Furthermore, it remains to consider the case when
()

(4_23) NG]()»],,BIYQ,...,,BLH)(O’ r) - NGl(Xl,ﬂl,z,...,ﬂm)(o’ r) <exc € 1121;15)("{7—',41. (r)}

fails to hold under the assumption that Hy(uy, ..., u,) #0.
There are n — 1 many steps in total. Hence if n > 3, we proceed with the following
n — 2 many more steps.

Step 2: We include this step in order to illustrate the transition from Step s — 1
to Step s below. Since the various estimates and constructions are similar to
those in Step 1, we skip some of the details. Suppose H(u1, ..., u,) # 0 so that
G1(A1, X1.2, ..., X1,») has neither monomial nor repeated factors.
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We apply Theorem 15, assuming (4-23) fails to hold for G1(A1, X12, ..., X1.0)
and (B12, ..., B1,x), and use (4-19), (4-22), to get an (n—1)-tuple (m, ..., m)) #
(0, ...,0) with ) |m}| < M, such that

’
m,

(4-24) Ay 1= ﬂ;’fg e Brn € Kg.

We may assume ged(m), ..., m;) = 1. By Lemma 12, (m/, ..., m)) extends to a
basis of Z”~! in which each vector has £;-norm at most M, + n.

Let A/, be the (n—1)x (n—1) matrix whose rows are the above basis of 7"t
We make the transformation

(Az,X2,3,---,Xz,n)=(X1,2,---,X1,n)A,2, ()»2,/32,3,---,,32,;1)=(ﬂ1,2,---,/31,n)A,2-

Let Ay = (1) @ A), be the nxn block diagonal matrix with the (1, 1)-entry 1 and
the matrix A) in the remaining (n—1)x (n—1) block. We have

(At Az, Xo) = (A1, X120, X)) ™,
Ay A2s ooy Bon) = (L Bras - Bra) ™.
Combining this with (4-16), we have
(A1, Az, Xa3, .., Xog) = (1, .., x) ™2
Oty 22, Bogs oo Bon) = (ur, .o ug) 24

Let By = (A2A]) L. Let Ga(Aq, As, X33, ..., X2,) be the polynomial with no
monomial factors such that

(4-25)

4 d d, a4
Go((A1, A2, X3, ..., Xo )P = AV AP XSS+ X5 Go(A 1L A, X3, .., Xo)

for some dy, ..., d, € Z. We have that deg G can be bounded from above explicitly
in terms of M,, M1, n, and deg G. As before, we regard G, (A1, A2, X233, ..., Xo.n)
as a polynomial in X5 3, ..., X3, with coefficients in K using (4-12) and (4-24).

For a particular A; and A,, we apply Lemma 13 with k = M and kyp = K and
use (4-12) and (4-24) to get a nonconstant polynomial H, in K[xi, ..., x,] such
that Ga(A1, A2, X2.3, ..., X2,,) has neither monomial nor repeated factors. We now
take H» to be the product of all such H} where A; and A, range over the finitely
many unimodular matrices with ||A|lcc < M| +n and |Az]lco < My +n. By using
similar estimates, at the end of this step, we have

(4-26) max (T, (1)} = O max (T,, ()})

and
(1)
(4_27) NGz()»[,Az,ﬁzﬁ,...,ﬂzvn)(ov 7") - NGZ(A‘I!)"ZSﬂz,Sa"'sﬂz.)L)(O’ r) <exc € lnfllafxn{Tui (r)}

fails to hold.



364 MIN RU AND JULIE TZU-YUEH WANG

Let 2 <s <n—1 and suppose that we have completed Step s — 1. This includes
the construction of H;_| € K[x1, ..., x,] with degree depends on €, n and deg G
only. We then complete Step s in the same manner Step 2 is carried out after
Step 1. The last one is Step n — 1 resulting in H,_; € K[xy, ..., x,]. We now
define H = H; --- H,_;. Then deg H depends only on €, n and deg G since each
H; does so. Suppose H(uy, ...,u,) = 0. Assume we go through all the above
n — 1 steps to get the polynomial

P(Xn—l,n) = Gn—l()tlv ey )\11—17 Xn—l,n) € Kg[Xn—l,n]

such that its degree can be bounded explicitly in terms of M,,_1, ..., My, n, and
deg G. At the end of Step n — 1, we have that §,_1 , has small zero and pole with
respect to g, so it satisfies

(4-28) Tg,,,(r) = O( max {T,,(r)}).
1<i<n
If
(4-29) Np( i (©:1) = Niy, )0 7) <exc € max {7y, (1),
then we are done. Otherwise, since H,_;(u1, ..., u,) #0, the polynomial P(X,_; ,)

has neither monomial nor repeated irreducible factors, according to Theorem 15,
there exists a nonzero integer m such that, by using (4-28),

(4-30) Ty (1) =o(Tp,_,, ().
which is not possible since 8,_; , is not constant. |

4.4. Proof of Theorem 1.

Proof of Theorem 1. Let F € K|[xog,...,x,]. Consider a holomorphic curve
g=1(go, ..., &), where gy, ..., g, are entire functions with no common zeros, such
that K C Kg and Ng(H;,r) =0(Tg(r)) forO0<i <n. Letu; =g;/go for0 <i <n,
u=wy,...,uy),and G :=F(1,x1,...,x,) € K[x1, ..., x,]. Then

(4-31) Ny (0,7) + Ny (00, 7) < Ng; (0, 7) + Ng, (0, r)
= Ng(H;, 1)+ Ng(Hp, 1) = 0(Tg(r))
for each 1 <i <n, and, by (4-1),

(4-32) max {7y, (r)} = O(Tg(r)).

1<i

Since F(g) = F(go, - -, &) = 841G (u), we have

(4-33)  Nrg)(0.7) =N (0.1)+0(Tg (). Npl 0.1) =Nl (0.r)+o(Tg(r)).
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Consequently, we may apply Theorem 16 for any given positive real € to find a

nontrivial polynomial Q € K[xy, ..., x,] such that (2-2) holds, that is,
(4-34) Nr(g)(0.7) = Ny (0. 7) < €T, (r),

when Q(u) % 0. In addition, the polynomial Q can be determined effectively and
the degree of Q can be bounded effectively in terms of €, n and the degree of F.
At this step, we take Z to be the zero locus of the homogeneous polynomial

X2 Q(ﬂ, o ﬁ) € K[xo,..., xa].
X0 X0

Let F = ZielF aixt € K[xo, ..., x,], and let W be the Zariski closed subset
that is the union of hypersurfaces of P" of the form ) ;_, a;x' =0, where J is
a nonempty subset of /. The Zariski closed set Z U W satisfies (Z1) and (Z2)
since both Z and W do so. We now prove (2-3) holds (after possibly enlarging Z)
by further assuming that the hypersurface [ F = 0] and the coordinate hyperplanes
in P" are in weakly general position. Therefore, we may write

(4-35) Flg =) agl+ ) ag,
O<i<n ielg\I
where ;, #0for0 <i <mand I ={ip:=(d,0,...,0),...,i,:=(0,...,0,d)}.
For g with g(C) not contained in Z U W, we may use Theorem 6 to show that

dTg(r) < Np(g)(0,r) +0(Tg(r))

since @;; € Kg and N, (0, 7) = o(Tg(r)) for 0 < i < n. Together with (4-34), we
arrive at N}l()g)(O, r) > (d —€)Tg(r). By letting ZU W be the desired exceptional
set Z, we finish the proof. ([

5. Proof of Theorem 2

We will adapt the proof strategy employed in [6, Theorem 1.2] to suit the current
situation and subsequently apply Theorem 1.

Proof. Let zyp € C such that all the coefficients of all F;, 1 <i <n+ 1, are
holomorphic at zg and the zero locus of F;, 1 <i <n+ 1, evaluating at zo, denoted
by D;(zo), intersect transversally. These conditions imply that zq is not a common
zero of the coefficients of F;, foreach 1 <i <n+1.

Since the zero locus of F;(zp), 1 <i < n+ 1, intersect transversally, they are
in general position; thus the set of polynomials F;, 1 <i <n + 1, is in weakly
general position. Then Proposition 7 implies that the only (xo, ..., x,) € M"*!
with F;(xg,...,x,)=0foreach1 <i <n+11is (0,...,0). Thus the association
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X — [Ff”(x) el F:fll(x)], where a; := lem(deg F1y, ...,deg F,y)/deg F;,
defines a morphism 7 : P"(M) — P"(M) over K. Let

oF;

G :=det| — € Klxg, ..., x,].
0xj Jlsi=n+l
T 0<j=<n

Define 7|, = [F}" (z0) : - - : Ff_”:l' (zo)] : P*(C) — P*(C), which is a morphism
since F1(zop), ..., Fu+1(zo) are in general position. As proved in [6, Theorem 1.2],
we have that [G (zg) = 0] (the zero locus of G(zgp)), D1(z0), ..., Dy+1(zo) are in
general position (in P"(C)). Hence, there is a nonconstant irreducible factor G
of G in K|[xo, ..., x,] such that G, Fy, ..., F,4 is in weakly general position.

Denote by Y the zero locus of G in P"(K). We note that Y is contained in the
ramification divisor of  since G is a factor of the determinant of the Jacobian
matrix associated with the map 7. Then there exists an irreducible homogeneous

polynomial A € K[yy, ..., y,] such that the vanishing order of 7*A along Y is at
least 2. Then this construction gives 7% o0 A = G?H for some H € K[xo, ..., xp).
Since the divisors defined by G(zo), F1(z0), - .., Fr+1(zo) are in general position,

their images are also in general position. Therefore, A and y;, 0 <i <n, are in
weakly general position.

Now let f = (fo, ..., fu) : C — P be a holomorphic map, where fy, ..., f,
are entire functions without common zeros. Assume that K C Ky. Let g :=

7(f) = (Fi(f)™, ..., Fyp1(f)*+), where each F;(f)%, 1 <i <n+1,is an
entire function with no zeros. Then
(5-1) Te(r)=dTg(r)+o(Tg(r)),

where d| =deg F - a;. From A(g) = (m* 0 A)(f) = Gz(f)H(f), it follows that
for each z € C with v,(G(f)) > 0, we have

(5-2) max{0, v;(A(g))} > 2v.(G(f)) +min{0, v, (H (f))}
> v.(G(f)) + 1+ min{0, v.(H (f))}.

Since fy, ..., f, are entire functions, the nonnegative number —min{0, v, (H (f))}
is bounded by the number of poles of the coefficients of H at z. Since the coefficients
of H are in K and Ng(0o,r) < Tg(r)+ O(1) = o(T¢(r)) for any B € K, it follows
from (5-2) that

(5-3) Ng((0.7) < Nagg) (0. 1) = Nji, (0. 7) + o(Ty(r)).

Assume furthermore that Np,r)(0,7) = o(Ty(r)) for 1 < i < n+ 1. Then
Ng(H;,r)=0(Tf(r)) (=0(Tg(r)) by (5-1)) for coordinate hyperplanes H;, 0<i <n,
of P". We now apply Theorem 1 for € = 1/(4d;). Then we can find a homogeneous
polynomial By € K[y, ..., y,] such that for any nonconstant holomorphic map
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S=(fo,..., fu) :C— P"such that K C Ky and Np,(s)(0,r) = o(T¢(r)) for
1 <i<n+1, with By(g) = Bo(w(f)) not identically zero, we have

(5-4) Nag)(0.7) = N (0.7) Sexc €Tg(r)
and
(5-5) N§ 0y (0.7) Zexe (deg A — €) - Ty (r).

Combining (5-3) and (5-4), we have
(5-6) N(;(f) (0,7) <exc €Tg(r).

Since [G = 0] < 7*([A =0]) as divisors, we can derive, from the functorial property
of Weil functions,

(5-7) ms(IG =01, r) <mg([A=0],r)=deg A-Tg(r) — Na(g)(0, r) +0(Ty (r)).
Then by (5-5),we have

(5-8) my([G =01, 7) <exc €Tg(r).

Combining (5-6), (5-8) and (5-1), we have

(5-9) Tioy. (1) Sexe 26Tg(r) =2€ - di Ty (r) + o(Ty (1)),

On the other hand, the first main theorem implies that

(5-10) deg G - Ty (r) = Tyg_g) p(r) + o(T5(r)).

Therefore, we have

(5-11) Ty(r) <exc2€ -diTy(r) +o(Tg(r)),
which is not possible since € = 1/(4d;). This shows that By(g) is identically zero.
Let B :=n*(By) = Bo(F,", ..., F;ﬁll) € K[xo, ..., x,], which is not identically

zero since 7 is a finite morphism. Then B(f) is identically zero as asserted. [

The defect relation stated in Corollary 3 directly follows from Theorem 2 by
noticing that Z:’;’ll 3r(D;) =n+1if and only if N¢(D;,r) = o(Ty(r)) for eachi.
To establish the truncated defect relation for n = 2, we relax the assumption
to N él)(Hi, r)=o0(Tg(r)) for 0 <i < 2. In order to apply this relaxed condition (b)
in Theorem 15, one must assume that the hypersurface [G = 0] and the n + 1
coordinate hyperplanes are in weakly general position in P”. Unfortunately, this
geometric condition does not persist under the induction process. We state a
modified version of Theorem 1 below to demonstrate that Theorem 2 remains valid
under these relaxed assumptions.
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Theorem 17. Let K be a subfield of the field M of meromorphic functions. Let
G be a nonconstant homogeneous polynomial in K [xg, x1, x2] with no monomial
factors and no repeated factors. Let H; = [x;—1 = 0], 1 <i < 3, be the coordinate
hyperplane divisors of P2. Assume that the plane curve [G = 0] and H;, 1 <i <3,
are in weakly general position. Then for any € > 0, there exists a proper Zariski
closed subset Z of P?* defined over K such that for any nonconstant holomorphic
curve g = (go, g1, &2) : C— P2(C) such that Né,l)(Hi, r)=o0(Tg(r)) for0<i <2
with g not contained in Z, we have

(5-12) NG () (0. 7) = NGl (0.7) Sexc €T (r)
and
(5-13) NGig) (0.7) Zexe (deg G — €) - Ty (r).

Furthermore, the exceptional set Z is a finite union of closed subsets given by
homogenization equations of the form x, ‘x';z = A, where A € K* and (ny, np)
is a pair of integers with max{|ny|, |ny|} bounded from above by an effectively

computable integer m.

Proof of Corollary 3. Since 0 < §7(D;) <1 for 1 <i < n+ 1, it is clear
that Z"H dr(D;j) =n+11if and only if §7(D;) = 1 for each i. On the other
hand, § s (D;) =1 if and only if Ny (D;,r) = o(Ty(r)). Therefore, we have either
Z"+1 8r(D;) <n+1 or there exists a homogeneous polynomial B € K|[xo, ..., x,]
as described Theorem 2 such that B( f) is identically zero.

When n = 2, the conclusion of Theorem 2 holds under a weaker assumption
that N(l)(D,, r)=o(T¢(r)) fori =0, 1, 2 by replacing the use of Theorem 1 with
Theorem 17. Therefore, the above arguments show that Z 8(1)(D ) < 3 or there
exists a homogeneous polynomial B € K [xp, x1, x2] as descrlbed Theorem 2 such
that B( f) is identically zero. O

Proof of Theorem 17. Let g = (go, g1, &2) With N;il)(O, r)=o0(Tg(r)),0<i <2,
where go, g1, g2 have no common zeros. We prove (5-12) first. Under our assump-
tion, the condition (b) in Theorem 15 holds. Hence, by Theorem 15, we only need
to consider the case that

(5-14) T(gl/go)”' (g2/80)"2 (r)= O(Tg(r))‘

We may assume that n; and n, are coprime. Consequently, there exist integers
a and b such that nja + np,b = 1. Consider the variables

(5-15) A=X"Y™ and T=X'Y
Then, we may express

(5-16) X =AT™ and Y =AlT™.
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Let Gi(X,Y)=G(, X,Y). Define B(A,T) € K[A, T] as the polynomial with
no monomial factors and such that

(5-17) Gi1(X,Y)=G(AT"™, A’T"y =T AM2B(A, T)

for some integers M| and M>.
Let u; = g1/80, u2 = g2/80, and A := u’'u*. Then we have

(5-18) T;.(r) = o(Tg(r)).

To prove (5-12), we will reduce the problem to one-variable polynomials B(X, T')
for all possible A € K that satisfy (5-18) but not (5-12). Our objective is to eliminate
those XA values with B(X, T') containing a factor of 7' or having repeated factors,
so that we can apply the GCD theorem after eliminating those A. Since T is
not a factor of B(A, T), it follows that B(A, 0) € K[A] is not identically zero.
Consequently, there exist at most finite yy, ..., ¥s € K such that B(y;,0) =0
for 1 <i <s. Therefore, T is not a factor of B(A, T) if A = y;, 1 <i <.
Regarding repeated factors, let’s express B(A, T) = Bo(T) € K[A][T]. Since the
transformation in (5-15) establishes to a bijection between the sets { X1 Y2 : 1, t, € Z}
and {A“T% :ay,ap € Z}, itis evident that B(A, T) € K[A, T] is square free, given
that G is square free. Consequently, the resultant R(Bx, B,) of B and B/, (T) is
a polynomial in K[A], which is not identically zero. Let

(5-19) o; € K, 1 <i <t,be the zeros of the resultant R(Bj,, B;\).

It is clear that B(A, T') has no multiple factors in K[A][T]if A #«; forany 1 <i <t¢.
Therefore, it is clear that we need to consider those A with A # «; forany 1 <i <t
and A # y; forany 1 < j < s. Assuming such, let B(T) := AM2B(A, T) as
in (5-17). Let 8 := u[l’uz_“ and define Dg(B) € Kg[T] as in (4-3). By Lemma 14,
the polynomials B and Dg(B) are coprime in Kg[T]. Let B e K\)[Z,U] and
l~)ﬂ(B) be the homogenization of B and Dg(B), respectively. Write B = B/ Bo,
where By and B; are entire functions without common zeros. Then by Proposition 10

(5-20) Necd(B(Bo, B1), Dg(B)(Bo, B1), r) < o(T,(r))

since B is not constant. On the other hand, from the proof of [4, Proposition 5.3],
there exists a proper Zariski closed set W of P(C), independent of g, such that,
if image of g is contained in W,

(5-21)  Nag)(0.7) = NGl (0.7) Sexe Neea(B(Bo. B1). Dp(B)(Bo. B1). 7).

Furthermore, W can be described in Theorem 17. We conclude the proof of (5-12)
by combining (5-20) and (5-21).

We now proceed to prove (5-13). Let G = ZielG a;ix! € K[xg, x1, x2]. Since the
hypersurface [G = 0] and the coordinate hyperplanes in P? are in weakly general
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position, may write

(5-22) G =) g+ ) ag
0<i<2 ielg\I
where o;, #0for 0 <i <2 and I ={(d,0,0), (0,d, 0), (0,0, d)}.
Let’s express B(A, T) in the form

(5-23) B(A,T) = Z bi(MT' € K[A][T],

ielp
where b; # 0 if i € Ip. We define J C K[A] as the finite set containing all b; (A)
for i € I and all of their proper subsums. Set R :={r € K | h(r) =0 for some h € J}.
It is crucial that the proof of Theorem 1 has already demonstrated that (5-13) holds
if neither G (g) nor any proper subsum of (5-22) is zero. Therefore, when evaluating
B(A,T)at A=X ¢ R and T = B, we need to consider equations of the type

(5-24) > a(0)p =0,

ielg
where a; (A) is a subsum of b;(A), and there are at least two nontrivial a; in the
left-hand side of (5-24) since A ¢ R. Hence,

Tg(r) = c3To(r) = o(Tg(r)).

This, however, leads to a contradiction. O

References

[1] Z. Chen, D. T. Huynh, R. Sun, and S. Y. Xie, “Entire holomorphic curves into P" (C) intersecting
n + 1 general hypersurfaces”, Science China Math. (online publication March 2025).

[2] P. Corvaja and U. Zannier, “Some cases of Vojta’s conjecture on integral points over function
fields”, J. Algebraic Geom. 17:2 (2008), 295-333. MR

[3] G. Dethloff and T. V. Tan, “A second main theorem for moving hypersurface targets”, Houston J.
Math. 37:1 (2011), 79-111. MR

[4] J. Guo and J. T.-Y. Wang, “A complex case of Vojta’s general ABC conjecture and cases of
Campana’s orbifold conjecture”, Trans. Amer. Math. Soc. 377:7 (2024), 4961-4991. MR

[5] J. Guo, C.-L. Sun, and J. T.-Y. Wang, “On the dth roots of exponential polynomials and related
problems arising from the Green—Griffiths—Lang conjecture”, J. Geom. Anal. 31:5 (2021),
5201-5218. MR

[6] J. Guo, C.-L. Sun, and J. T.-Y. Wang, “A truncated second main theorem for algebraic tori with
moving targets and applications”, J. Lond. Math. Soc. (2) 106:4 (2022), 3670-3686. MR

[7]1 J. Guo, K. D. Nguyen, C.-L. Sun, and J. T.-Y. Wang, “Vojta’s abc conjecture for algebraic tori
and applications over function fields”, Adv. Math. 476 (2025), art.id. 110358. MR

[8] S.Lang, Algebra, 3rd ed., Graduate Texts in Mathematics 211, Springer, 2002. MR

[9] A.Levin and J. T.-Y. Wang, “Greatest common divisors of analytic functions and Nevanlinna
theory on algebraic tori”, J. Reine Angew. Math. 767 (2020), 77-107. MR


https://www.sciengine.com/SCM/doi/10.1007/s11425-023-2402-0
https://www.sciengine.com/SCM/doi/10.1007/s11425-023-2402-0
https://doi.org/10.1090/S1056-3911-07-00489-4
https://doi.org/10.1090/S1056-3911-07-00489-4
http://msp.org/idx/mr/2369088
http://msp.org/idx/mr/2786547
https://doi.org/10.1090/tran/9175
https://doi.org/10.1090/tran/9175
http://msp.org/idx/mr/4778067
https://doi.org/10.1007/s12220-020-00475-2
https://doi.org/10.1007/s12220-020-00475-2
http://msp.org/idx/mr/4244902
https://doi.org/10.1112/jlms.12670
https://doi.org/10.1112/jlms.12670
http://msp.org/idx/mr/4524207
https://doi.org/10.1016/j.aim.2025.110358
https://doi.org/10.1016/j.aim.2025.110358
http://msp.org/idx/mr/4910341
https://doi.org/10.1007/978-1-4613-0041-0
http://msp.org/idx/mr/1878556
https://doi.org/10.1515/crelle-2019-0033
https://doi.org/10.1515/crelle-2019-0033
http://msp.org/idx/mr/4160303

DEFECT RELATION OF n+1 COMPONENTS THROUGH THE GCD METHOD 371

[10] J. Noguchi and J. Winkelmann, “Holomorphic curves and integral points off divisors”, Math. Z.
239:3 (2002), 593-610. MR

[11] J. Noguchi, J. Winkelmann, and K. Yamanoi, “Degeneracy of holomorphic curves into algebraic
varieties”, J. Math. Pures Appl. (9) 88:3 (2007), 293-306. MR

[12] J. Noguchi, J. Winkelmann, and K. Yamanoi, “The second main theorem for holomorphic curves
into semi-abelian varieties, I1”, Forum Math. 20:3 (2008), 469-503. MR

[13] M. Pdun and N. Sibony, “Value distribution theory for parabolic Riemann surfaces”, pp. 13-72
in Hyperbolicity properties of algebraic varieties, edited by S. Diverio, Panor. Syntheses 56, Soc.
Math. France, Paris, 2021. MR

[14] M. Ru, “Integral points and the hyperbolicity of the complement of hypersurfaces”, J. Reine
Angew. Math. 442 (1993), 163-176. MR

[15] M. Ru, “A defect relation for holomorphic curves intersecting hypersurfaces”, Amer. J. Math.
126:1 (2004), 215-226. MR

[16] M. Ru, Nevanlinna theory and its relation to Diophantine approximation, 2nd ed., World
Scientific, Hackensack, NJ, 2021. MR

[17] M. Ru and J. T.-Y. Wang, “Truncated second main theorem with moving targets”, Trans. Amer.
Math. Soc. 356:2 (2004), 557-571. MR

[18] B. L. van der Waerden, Algebra, I, Springer, New York, 1970. MR

Received April 16, 2024. Revised June 10, 2025.

MIN RU

DEPARTMENT OF MATHEMATICS
UNIVERSITY OF HOUSTON
HousTON, TX

UNITED STATES

minru@math.uh.edu

JULIE TZU-YUEH WANG
INSTITUTE OF MATHEMATICS
ACADEMIA SINICA

TAIPEI

TAIWAN

jwang @math.sinica.edu.tw


https://doi.org/10.1007/s002090100327
http://msp.org/idx/mr/1893854
https://doi.org/10.1016/j.matpur.2007.07.003
https://doi.org/10.1016/j.matpur.2007.07.003
http://msp.org/idx/mr/2355461
https://doi.org/10.1515/FORUM.2008.024
https://doi.org/10.1515/FORUM.2008.024
http://msp.org/idx/mr/2418202
http://msp.org/idx/mr/4457665
https://doi.org/10.1515/crll.1993.442.163
http://msp.org/idx/mr/1234840
https://doi.org/10.1353/ajm.2004.0006
http://msp.org/idx/mr/2033568
https://doi.org/10.1142/12188
http://msp.org/idx/mr/4265173
https://doi.org/10.1090/S0002-9947-03-03453-6
http://msp.org/idx/mr/2022710
https://link.springer.com/book/9780387406251
http://msp.org/idx/mr/263583
mailto:minru@math.uh.edu
mailto:jwang@math.sinica.edu.tw




PACIFIC JOURNAL OF MATHEMATICS
Vol. 338, No. 2, 2025

https://doi.org/10.2140/pjm.2025.338.373

THE TANGENT SPACES OF TEICHMULLER SPACE
FROM AN ENERGY-CONSCIOUS PERSPECTIVE

DivYA SHARMA AND MICHAEL S. WEISS

The Teichmiiller space of a closed oriented (real) surface of genus at least 2 is
a moduli space of complex structures on the surface, but can also be defined
as a space of certain representations of the fundamental group of the surface
in the group of orientation-preserving isometries of the hyperbolic plane.
As a consequence the tangent spaces of Teichmiiller space admit two rather
different descriptions. We use harmonic vector fields (defined as infinitesimal
analogs of harmonic maps) on the hyperbolic plane to make a bridge between
these descriptions.

1. Introduction

1.1. Teichmiiller space. Let ¥ be an oriented, connected, closed and smooth
surface of genus > 2. Write diffy(X) for the group of diffeomorphisms ¥ — X
which are isotopic to the identity. By the Korn—Lichtenstein theorem, the choice
of a complex structure on X is equivalent to the choice of a complex structure
J : TYX — TX on the tangent bundle. (J is a smooth vector bundle automorphism
covering id : & — X, and it satisfies J> = —id. Such a J can be called an almost
complex structure on X.)

Definition 1.1.1. Teichmiiller space .7 (%) is the space of complex structures J
on T X, modulo the right action of diffy(X) given by (J- f), 1= df)™! oJrwyodfx
for f e diffp(¥) and x € X.

We will rely more on the “metric” definition of .7 (X). Let ¥’ — X be a universal
covering with deck transformation group I". We also refer to I as the fundamental
group of X. A complex structure on ¥ determines a complex structure on %', and an
embedding of I" into the group of complex automorphisms of ’. By uniformization
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theory, ¥’ is isomorphic as a complex manifold to the open unit disk D C C. In
this way, a complex structure on X gives us an embedding p of I' into the group
of complex automorphisms of D, which we can also view as the group isom_ (D)
of orientation-preserving isometries of D equipped with the Poincaré metric. The
homomorphism p : I' — isom (D) is not well defined as such, but it is well defined
up to conjugation by an element of isom, (D). This leads us to the metric definition
of 7(%).

Definition 1.1.2. Teichmiiller space .7 (X) is the space of injective homomorphisms
p :I' = isom, (D) with discrete and cocompact image p(I"), modulo the left action
of isom4 (D) by conjugation.

The equivalence of the two definitions of .7 (X) is well known. The metric defi-
nition does not use uniformization theory, although it is explained by uniformization
theory. One has to do some work to show that .7 (%), according to that definition,
is a smooth manifold of real dimension —3x (X).

1.2. The tangent spaces of Teichmiiller space. We continue in the notation of the
previous section. In particular, ¥’ — X is a universal covering, J is a complex
structure on 7% and p : I' — isom, (D) is an injective homomorphism with discrete
and cocompact image.

Definition 1.2.1. A quadratic differential on (X, J) is a (continuous) section of the
complex line bundle home (7T X ®c 7%, C) on X.

In one description, the tangent space of .7 (X) at a point J (complex structure
on TX) “is” the vector space of holomorphic quadratic differentials on X. This
can be justified as follows. There is an R-linear injective map ¢ — Re(¢) from
the complex 1-dimensional vector bundle homc(7TX ®c T X, C) on X to the real
3-dimensional vector bundle of symmetric R-bilinear forms on TX. We have
already seen that J determines a complex structure on X’ = [ and so a hyperbolic
metric on ¥’ invariant under the action of I', and so a hyperbolic (Riemannian)
metric g on X itself. A holomorphic section ¢ of hom¢e (7T X ®c T X, C), indeed
any smooth section ¢ of that vector bundle, determines a 1-parameter family of
Riemannian metrics on X by ¢ — g +tRe(¢) for ¢ € R close enough to 0. Each of
the Riemannian metrics g + tRe(¢) determines a conformal structure on X, hence
a complex structure J; on T X. This gives a (germ of a) smooth curve ¢ — J; in the
Teichmiiller space, with Jo = J. The velocity vector of that curve at t = 0 is the
tangent vector which we associate to ¢. This procedure gives an isomorphism from
the vector space of holomorphic quadratic differentials on X to that tangent space.
It uses Definition 1.1.1. See [Imayoshi and Taniguchi 1992] for more details.

The other popular description of the tangent spaces of .7 (%) relies on the metric
definition of .7 (). Instead of selecting a datum J, we begin with p : I' — isom (D).
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Let g be the tangent space of isom (D) at the identity element, a.k.a. the Lie
algebra of isom (D). The homomorphism p determines a left action of I" on g by
conjugation, y - v :=ad(p(y))(v) for y € I' and v € g. We may write g, to specify
this action.

We select a tangent vector to 7 (X) at p by choosing a smooth 1-parameter
family (0¢)re[—e,+¢] Of homomorphisms I"' — isom, (D) such that pg = p. (We
could insist that the homomorphisms p; are all injective with discrete and cocompact
image, like pp, but by [Weil 1960] this is automatically satisfied for ¢ close enough
to 0.) Then we can form

d(p: - py ")
dt =0’
which gives us a map from I" to g,. It turns out to be a 1-cocycle. Its class in
H\(T; gp) is well defined. We arrive at the following description of the tangent
space of .7 (X) at the point determined by the homomorphism p: it is H!(I"; g 0)-
It is a small disadvantage of this description that H'(T; gp) seems to depend
on p itself, not just on the representation (conjugacy class of homomorphisms)
determined by p. We leave it to the reader to come to terms with this.

1.3. Harmonic vector fields on the hyperbolic plane. Let f : M — N be a smooth
map between Riemannian manifolds. The map f has a “Laplacian” t(f) which
is a section, defined on M, of the vector bundle f*(7 N). It has a coordinate-free
definition as the “trace” of the total second derivative of f. (The total second
derivative is a fiberwise bilinear map over M from TM x 3 TM to f*(TN).) This
definition comes from [Eells and Sampson 1964]. The letter T stands for tension
more than for trace. Following [loc. cit.], the map f is considered harmonic if T(f)
is everywhere zero. There is also a characterization of harmonic maps as critical
points of the energy functional

(13.1) fr—>/M%IIdeI2d/L,

where p is the measure on M determined by the Riemannian metric. That character-
ization needs exegesis if M is not compact. In the case N = R, the Eells—Sampson
definition of a harmonic map agrees with the standard definition of a harmonic
function on M, and in the case M = R, the harmonic maps are the geodesics in N.

Let £ be a smooth vector field on M, where M is still a Riemannian manifold. It
is always possible to find a smooth flow (¢; : M — M);cgr such that

dey
dt

=0
The vector field

t=0
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depends only on &, and we may view it as an infinitesimal variant of the Eells—
Sampson Laplacian for maps. Consequently we say that § is harmonic if T(§) is
everywhere zero. (Warning: Harmonic vector field can mean very different things
to different people, but here we use it in the spirit of [Eells and Sampson 1964].
See [Dodson et al. 2002] for some foundational results on harmonic vector fields.)

For us the case where M is an oriented Riemannian 2-manifold with Riemannian
metric g is important. In that case M is also a complex 1-manifold. The 3-
dimensional real vector bundle E of symmetric R-bilinear forms on 7M has a
canonical splitting

E=E\+ E,

where E is a real line bundle and E» has a preferred structure of complex (holomor-
phic) line bundle. Namely, E is the real line subbundle spanned by the everywhere
nonzero section g of E, and E is the image of the vector bundle monomorphism
which was mentioned before: home(TM ®c TM, C) — E given by ¢ — Re(¢).
We like to call E; the scalar summand of E, and E; the trace-free summand. The
following recognition principle for harmonic vector fields appears to be well known,
and so we state it without proof. It has an analog for smooth maps between 2-
dimensional oriented Riemannian manifolds [Jost 1984, Lemma 1.1; Gerstenhaber
and Rauch 1954a; 1954b].

Proposition 1.3.1. A smooth vector field & on the 2-dimensional oriented Riemann-
ian manifold (M, g) is harmonic if and only if the trace-free component of the Lie
derivative Z; (g) is holomorphic; i.e., if it is Re(¢) for a holomorphic section ¢ of
homc(TM Qc TM, C).

Remark 1.3.2. The complex line bundle hom¢ (T M ®&c T M, C) in Proposition 1.3.1
comes with a preferred hermitian metric. We use this to equip each fiber with a norm.
(It is well known that a hermitian inner product on a finite-dimensional complex
vector space is determined by its real part, and so by the associated norm. For z € M,
the preferred norm on home (T, M ®c T, M, C) is given by || f|| := | f (v ® v)| for
f €ehomc(T,M ®@c T, M, C) and v € T, M such that ||v|| = 1. This does not depend
on the choice of v.)

Now we specialize by letting M = D (with the Poincaré metric, which will still
be called g). In order to state our first main result, Theorem I, we introduce some
more vocabulary. In the definition that follows, A is the ordinary Lebesgue measure
on R? and A is the unnormalized Haar measure on S, so that 1o(S!) = 2.

Definition 1.3.3. Let £ be a continuous vector field on [D and let ¢ be an L?-vector
field (with values in R?) along S'. (For the purposes of this definition, £ and ¢
could be regarded as functions from [ and S', respectively, to R%.) We say that ¢
is a distributional boundary for & if for every continuous vector field @ on DU S
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the function

(1.3.2) S E@)-a(z)dr

zeD, |z|<s
defined on [0, 1) has an extension to all of [0, 1] which is differentiable at s =1,
with derivative there equal to

,/Sl £(z) - a(z) dro.

In this situation, ¢ is determined by &. If in addition ¢ is tangential, which means
that £ (z) - z = 0 for (almost) all z € S', then we say that £ is boundary controlled.

The matching condition relating £ and ¢ in Definition 1.3.3 is invariant under
the preferred right action(s) of diff(DU S!). See Proposition A.2.2. The preferred
right action of diff(D U S') on the space of continuous vector fields on D is given
by (& - h)(x) := (dh(x))"" (§(h(x))) for x € D and h € diff(DU S'). The preferred
right action of diff(D U S') on the space of L2-vector fields on S' is similar. It can
be enlightening to write 42*£ and h*¢ instead of £ - h and ¢ - h.

Definition 1.3.4. A smooth vector field & on D is conformal, respectively quasi-
conformal, if the trace-free component of .Z; (g) is zero everywhere, respectively
uniformly bounded in the norm of Remark 1.3.2.

Examples. The conformal vector fields on D are the holomorphic vector fields. See
Lemma A.2.1. Every conformal vector field is harmonic. Every Killing vector field
& on D (element of g) is conformal and boundary controlled. Indeed, £ has a smooth
extension to a vector field on DU S! whose restriction to S! is tangential to S'.

Theorem 1. For every holomorphic quadratic differential ¢ on D which is uniformly
bounded in the norm of Remark 1.3.2, there exists a smooth and boundary controlled
vector field & on D such that the trace-free component of £ (g) is Re(¢). In the
case where ¢ = 0, the vector field & must be a Killing vector field.

The theorem can be reformulated as follows. There is a short exact sequence of
real vector spaces and R-linear maps

(1.3.3) 093 v, B v, o,
where V. is the space of all holomorphic quadratic differentials on [ which are
bounded in the norm of Remark 1.3.2, and U is the space of all harmonic, boundary
controlled and quasiconformal smooth vector fields on D. The map (b) takes & € U
to ¢, where Re(¢) is the trace-free component of .Z; (g). The map (a) is an inclusion.
The proof of Theorem I takes up most of Section 2. Using the theorem, we can
explain (without relying on uniformization theory) how the two descriptions of the
tangent space to .7 (X) at the point determined by some p : I' — isom (D) are
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related. We identify ¥ with the orbit space D/p =D/p(I"), so that a holomorphic
quadratic differential on ¥ is tantamount to a holomorphic quadratic differential ¢
on D which is invariant under the subgroup p(I') of isom, (D). Such a ¢ is
automatically bounded! Choose & as in Theorem I such that the trace-free component
of Z:(g) is Re(¢). Then the formula & +— h*& — & (for h € p(I') = I') defines
a 1-cocycle on I' with values in g,. Its class in H!(T; g,) does not depend on
the choice of £. In the case where that class is zero, it is easy to see that we can
reconsider the choice of £ so as to make it invariant under p(I"). Then £ descends
to a harmonic vector field on X. By [Dodson et al. 2002, Theorem 3.1] this implies
& =0 and so ¢ = 0. In other words, we have an injective linear map from the
vector space of holomorphic quadratic differentials on ® =D/p to H'(I'; g o). By
dimension counting, it must be a linear isomorphism.

The interesting aspect of Theorem I is that it makes only a boundedness assump-
tion on ¢, not an assumption of invariance under a discrete subgroup of isom (D).
It is reminiscent of universal Teichmiiller theory. See, for example, [Markovic and
Sarié¢ 2009; Markovic 2017].

1.4. Vector fields from boundary data. We have a partial converse to Theorem I
which is inspired by the Poisson formula, as in [Ransford 1995, Theorem 1.2.4]. It
is our second main result.

Theorem I1. There is a unique continuous linear map F from the vector space of
continuous tangential vector fields on S to the vector space of continuous vector
fields on D satisfying the following conditions.

(i) F(&) is harmonic, for every continuous tangential vector field & on S'.
(ii) & and F(£) together make up a continuous vector field on DU S'.
(iii) F is equivariant for the actions of isom(D) on domain and codomain.

Moreover F extends uniquely to a continuous linear map from the vector space of
tangential L?-vector fields on S' to the vector space of continuous vector fields on D.
In this setting property (i) turns into the following: F (&) is boundary controlled
with distributional boundary &. Properties (1) and (iii) remain intact.

Remark. In the first part of the statement (before “Moreover...”), the vector
space W of continuous tangential vector fields on S' is equipped with the compact-
open C? topology. The vector space Y of continuous vector fields on D is also
equipped with the compact-open C° topology (throughout). In the second part of
the statement, the vector space X’ of tangential L?-vector fields on S' is viewed
as a Hilbert space. The statement “Moreover F extends. ..” is slightly imprecise
because W is not a subspace of X'. There is an inclusion W < X of sets which
is linear and continuous as a map of topological vector spaces. The image of W
in X is dense; therefore the “extension” of F' from W to X is certainly unique,
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if it exists. Properties (i) and (iii) are enough to characterize F : W — Y up to
multiplication by a real scalar. We do not know whether properties (i) and (ii) are
enough to characterize F : W — Y.

Lemma 1.4.1. Let £ € g be a Killing vector field on D. Let { be the matching

tangential vector field on S', so that & and ¢ together define a smooth vector field
on DUS!. Then F(¢) =&.

See the Appendix for the proof.

As before, let W be the vector space of continuous vector fields on . If we have
p: ' = isomy (D), then we have a preferred right action of I' on W determined
by p, and we may write W, to specify the action. The following is again well
known, and we omit the proof.

Lemma 1.4.2. The map H'(T'; go) > H L(r; W,) induced by the inclusion of the
Killing vector fields, g <— W, is zero.

Proposition 1.4.3. Let  be a continuous vector field on D such that h*yr —  is
in g, forall h € p(I'). Then v is boundary controlled. The distributional boundary
depends only on the 1-cocycle h — h*yr — .

Proof. (This uses Theorem I.) Let C be the cochain complex normally used to define
the cohomology groups H/(I'; W,) for j > 0, and write § : C/ — C/*! for the
differential in C. Let D C C be the cochain subcomplex corresponding to g C W. We
have ¥ € C” and we are assuming 81 € D!. Theorem I and the dimension-counting
argument at the end of Section 1.3 imply that for the 1-cocycle §y in D there exists
£ € CY, harmonic and boundary controlled, such that §& = 8v. Therefore £ —y € C°
is a 0-cocycle. This means that it is invariant under I". It follows by inspection that
& —  is boundary controlled with distributional boundary zero. Therefore i is
boundary controlled and has the same distributional boundary as &. (|

Now we explain very briefly how Theorem II can help us to make the passage
from H!(I'; g,) to the vector space of holomorphic quadratic differentials on
¥ = D/p. We begin with some v € H'(T; gp). By Lemma 1.4.2, and in the
notation used in the proof of Proposition 1.4.3, the class v can be represented by a
cocycle (with values in g,) of the form 81, where ¥ is a continuous vector field
on D. By Proposition 1.4.3, the vector field ¥ is boundary controlled. Let ¢ be its
distributional boundary. Then & := F (¢) is a harmonic vector field on D. On the
basis of Lemma 1.4.1 and Theorem II it is easy to verify that §£ is a 1-cocycle with
values in g. Moreover it agrees with §v since both §& and §v are “matches” for §¢.
Therefore £ can be viewed as an improvement on Y. The trace-free component
of Z:(g) is Re(¢) for a quadratic differential ¢ on D which is holomorphic by
Proposition 1.3.1. The quadratic differential ¢ is also invariant under the group
p(I") C isomy (D) because of Lemma 1.4.1 and condition (iii) in Theorem II.
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(Remember that & = §.) Therefore we have a holomorphic quadratic differential
on X =0D/p.

The above procedure based on Theorem II which takes us from H'(T; gp) to
the vector space of holomorphic quadratic differentials on D/p is the inverse of the
other one, based on Theorem I. The verification should be mechanical.

2. Constructing harmonic vector fields from quadratic differentials

2.1. Harmonic vector fields in isothermal coordinates. Suppose that £ is defined
on U C R? and U is equipped with a Riemannian metric of the form ds?> =
Ax, Y)(dx? + dy?).

If the flow (¢;):¢[0.¢) and the vector field & are related as above, then we can
describe ¢, to first order in terms of &:

¢i(2) ~z+1E(z) for zeU.
We define a family of Riemannian metrics on U as follows:
(2.1.1) t—>p=0¢'g.
More precisely the map in (2.1.1) has the form
(2.1.2) t+ (D¢ : TyU — Ty, (nH)*g.
To the first order, (2.1.2) can be expressed as follows:
t> (id+1 D& :T,U — Ty nH) g,

where D¢ is the total derivative of £ (the latter being viewed as a smooth map from
an open set in R or C to R? or C). Continuing in this manner, we get

pr~ (id+1-DE)" (g +1-Dg(§)) (id+1- D§)
~g+i-DETg+1Dg(E)+1-DE-g
=g+ (t-DE" +1-DE)-g+1Dg(£).
Calculating
dp;
dt 1r=0
gives us a section of the vector bundle of (real) symmetric bilinear forms on 7U
and this is denoted by .Z; (g), the Lie derivative of g along &. Therefore,
(2.1.3) Zeg = (DE" + D&)g + Dg(5)

in our preferred coordinates. We can write D& in matrix form,

gl gl
DeE=|"* Y |.
: [5353}
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Then (2.1.3) turns into

[ 2el g g2 [pa) 0}
iﬂ@—l[¥+% 262 +[ 0 (Da§)

el g gl 48l El+el 0 (D1, E) 0
_k[shs)%sg—s; “[ 0 s;+s§]+[ 0 <m,s>]'

TF

Recall from Section 1.3 that the vector bundle E of (real) symmetric R-bilinear
forms on T U splits into a 1-dimensional real vector subbundle (the scalar summand)
spanned by the everywhere nonzero section g and a 1-dimensional complex line
bundle (the trace-free summand) which is the image of the embedding

homc(TU ®c TU,C) —> E

taking ¢ to Re(¢). Since the local coordinates that we are using here are in
agreement with the conformal structure determined by the Riemannian metric g,
our calculation implies that the trace-free component of .Z;(g) is the summand
with the label TF,

1 £2 ¢l 2
(2.1.4) AF‘Sy%+%]

gl 462 28]
Indeed, TF is Re(f - (dz ® dz)), for f :=TF;; —(TF;3, where t = /—1.

Proposition 2.1.1. Let & be a smooth vector field on U C R?, and let g be a
Riemannian metric on U of the form ds* = A(x, y)(dx? +dy?). Then the trace-free
component of £:(g) is Re(f - (dz ®c dz)), where [ : U — C is determined by

(2.1.5) f@:uﬁm.
a9z

Proof. Most of this has already been established. The formula for f(z) needs to be
unraveled. The Wirtinger derivative (for differentiable functions from U to C) is

(2.1.6) 3/07 = 3(3/3x +10/dy),

where we allow ourselves to write z = x +ty. In particular

2)»8S =A
a_z — A (%_x +t€y)-

It is understood that &, = S; + Léf and §, = 5}1, + (€2, so that we obtain
9§
0z
which is conjugate to TF;; — (TFy,, our definition of f, given just after (2.1.4). [

2= =ME +1E] — & +1E)) = ME] — &) +1(E+E)) =TFy +TF,
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Remark 2.1.2. Think of Proposition 2.1.1 as a complement to Proposition 1.3.1.

2.2. Solving the potential equation. Taking U = H and A(x, y) = y~2 in (2.1.5),
we obtain

-8 0¢&

—5 = \Z).

(z—12)? 0z 2

This is well known in Teichmiiller theory. Scott Wolpert [1987, §2.1] calls it the
potential equation. He has it in the form

2.2.1) f@)=

- 3
(2.2.2) z—-2*f) = —88—i(2)

except for the factor —8 in the right-hand side, which he does not have. (One may
ask why he does not have it. We believe this is explained by different conventions,
e.g., regarding the preferred metric on H.) He calls the left-hand side a harmonic
Beltrami differential, and probably he views both sides as Beltrami differentials,
consciously or unconsciously multiplying both sides with a standard Beltrami
differential denoted dz/dz for better or worse.

Wolpert [1987, §2.3] has a very elegant solution for the potential equation. (Here
we assume that f is “known”, defined on all of H and holomorphic. The vector
field &£ on H is the unknown. By Proposition 2.1.1 it must be a harmonic vector
field.) His solution, in our notation, is

(2.2.3) £(z) = —% / Z—9)%f(s)ds,

where zg € H is fixed. The integral is a complex path integral, along some path
in H from zg to z. Since the integrand is holomorphic, the value of the integral is
independent of the path selected. He writes: the potential equation (2.2.2) is an
immediate consequence of differentiation under the integral. He is right.

For us, (2.2.3) is not the perfect solution. We need a solution which extends to
the ideal boundary of H under conditions on f which we find reasonable. Therefore
we will adopt a more laborious method to solve (2.2.2).

Let 1 be the constant vector field on H defined by n(z) =1 € C for all z.

Lemma 2.2.1. Let f : H — C be a holomorphic function and let ¢ be a positive
real number. The vector field &, defined by

&)= (f Ll‘zf(z + 21t) dt) n(z)
Im(z)

for z subject to Im(z) < 2c solves (2.2.2).

We have to assume Im(z) < 2¢ in the definition of £.(z) to ensure that f(z + 2tt)
is defined for all ¢ € [c, Im(z)].
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Proof. Write & instead of &, in this proof (and drop the constant factor 7, so that &
becomes a function with values in C). Write D for the total derivative acting on
such functions, so that the values of D are real 2 x 2-matrices. Write ®(z, t) for
the integrand in the definition of &.

The function £ is a composition u o v, where v(z) = (Im(z), z) for z € H and u
is a function of a real and a complex variable:

u(r,z) = /C D(z,1)dr.

Applying the chain rule in this situation gives

c

(2.2.4) DE(z) = —®(z,Im(z)) - [0 1]+ /

Im(z)

10
D(®(z,1))dt - |:0 1] ,

where @ (z, Im(z)) must be viewed as a real 2x 1-matrix. The Wirtinger derivative
d/dz is Q(D) for a certain linear map W, acting on real 2 x 2-matrices,

alea—d
cd 21b+c|’

g—i(z):Wg(—QD(z,Im(z))-[O 1))+ 1 ()WZ(D(CD(z, 1)) dt.

Therefore

But ®(z, t) is a holomorphic function of z, so that Wo(D(®(z, t)) is everywhere
zero. So we obtain

W(DE(2)) = Wa(—®(z. Im(2)) - [0 1]).
Now & (z,Im(z)) = lyijZ), where we have written y for Im(z). Therefore

) | 5[0 —Im(f(2))
®(z,Im(z))-[0 1] =y [0 —Re(f(z))]

and so

3

3
3 (z) = Wa(DE(z)) = %yz [ Re(f(2))
Z

—Im(f(z))

Theorem 2.2.2. Let f be a holomorphic function on H which satisfies the condition
| f ()] - Im(z)? < by, where by is a positive constant, z € H arbitrary. Then the
Sformula

] = %yijz) = —%(Z—Z)ZJTZ)- U

0.
(225 £ = lim (sc(z) - (sca) + fz ONCE o)),

where &, is as in Lemma 2.2.1, defines a smooth vector field £°¢ on H which solves

(2.2.2).
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Remarks. The superscript reg is for regularization, the art of making divergent
things convergent. The formula for £™® uses the Wirtinger derivative d/dz =
%(a/ax —13/09y). The “regularizing” term &.(¢) + (0&./02)(v) - (z — ¢t) which we
subtract from &.(z) can be regarded as the holomorphic part of the first Taylor
approximation to &, at z = t.

The function z — | f(z)| - Im(z)? on H is bounded if and only if the quadratic
differential f - (dz ®c dz) on H is bounded in the metric of H and Remark 1.3.2.
Indeed the pointwise norm of the 1-form dz at zg € H is Im(zg), and the pointwise
norm of dz @c dz at zg is therefore Im(zg)>.

The vector field £ is automatically harmonic if it solves (2.2.2), since f is
holomorphic by assumption.

The proof of Theorem 2.2.2 is quite long. We begin by isolating some technical-
ities and generalities.

Lemma 2.2.3. If f : H — C is holomorphic and satisfies | f (z)| - Im(z)? < bg
Jor all z € H, where by is a positive constant, then there exist positive constants
b1, bs, bs, ... such that | f ™ (2)| - Im(z)" > < b, forallze Handn=1,2,3, . ...

Proof. Fix zg € H and let y be a smooth curve describing (counterclockwise) a
circle of radius » = Im(zg)/2 about zg. Then by the Cauchy integral formulas,

=t f SO

7 — Zo)n-i-l
The values of | f| on the circle are bounded by bg - (Im(zg)/ 2)~2. The circumference
of the circle is mIm(zg). Therefore
) n! -2 —(n+1)
/ol < E(ﬂlm(ZO)) -bo(Im(z0)/2)™" - (Im(z0)/2)
= 2"2n1 who(Im(z9)) ~ " 2.
We can take b, = 2"2n! by. O

Lemma 2.2.4 (notation of Lemma 2.2.1). The Wirtinger derivative 0/9zZ of &. is
independent of c, where defined.

Proof. Make two choices for ¢, say c¢; and c¢;, where ¢; > ¢; > 5. Then
2
£,(2) =&, (2) = < / u? FE+ ) dt)n(z)
C]
is a holomorphic vector field. It is defined for z with Im(z) < 2¢;. [l

Remark 2.2.5. Let A : U — C be a differentiable function, where U is open
in C. The Wirtinger derivatives d/dz and 9/9z of A together determine the total
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derivative DA. The relationship is

pa P, 10
9z 9z |0 —1]°

This is meant as an equation between functions taking values in the algebra of real
2 x2-matrices. (A complex number determines a real 2 x2-matrix since multiplica-
tion by that number is an R-linear operator on R?.)

Proposition 2.2.6. Let (£,),>0 be a sequence of harmonic vector fields defined on
an open set U C H, and converging in the compact-open C° topology to a vector
field {oo. Suppose that the trace-free component of £, (g) is the same for all n.
Then the sequence (£,) converges to Lo in the compact-open C*°-topology. Hence
{0 is harmonic, and the trace-free component of £ (g) agrees with the trace-free
component of £, (g) for all n.

Proof. The sequence (&, — {o)n>0 is a sequence of holomorphic vector fields
which can also be viewed as a sequence of holomorphic functions. Therefore the
Weierstrass convergence theorem applies. ([

Proof of Theorem 2.2.2. Write D for total derivatives (of C-valued functions, with
respect to a variable z € H or z € C). Write «(z) = max{1, Im(z)}. As in the proof
of Lemma 2.2.1 write

®(z, 1) :=u? F(Z+ ).

We do not insist on the distinction between vector fields (on open subsets of H) and
C-valued functions, because it is irrelevant here. In particular &, will be viewed as
a function. The first step is to show

9,
9z

(2.2.6) SC(Z)—(&(LH- (O-(Z-L))

c

= / D(z,t) —D(,t) — DD, t) - (z—v)dt + F(2),
k(z)

where F is a continuous function of the variable z, independent of ¢. As a matter

of language, we might say (in this proof) that two continuous functions of z and ¢

are equivalent if their difference is a function of z only. Then (z, ¢) — &.(z) is

equivalent to
c

(z,0) > &(z,1)dt
k(z)

and (z, ¢) — &.(1) is equivalent to

C
(z,¢) —~ D, 1) dt.
k(2)
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By Lemma 2.2.4 and Remark 2.2.5, the function (z, ¢) — (3&./9z)(1) - (z — ) is
equivalent to (z, ¢) — Dé&:(¢) - (z — ). As in the proof of Lemma 2.2.1 we have

DE(1) =—®(, 1)+ [0 1]+/CD(d>(L,t))dt,
1

so that (z, ¢) — Dé&.(1) - (z — ) is equivalent to
c
(z,0) > D(®(t, 1)) - (z—v)dt.
k(z)
Using all these equivalences, we obtain (2.2.6). And now the second step is clearly
to show that the improper integral

oo

(2.2.7) / Dz, 1) — (P, 1)+ DD, 1) (z—0))dt
k(z)

exists. It is a good idea to think of the expression ® (¢, 1) + DD (¢, 1) - (z — ) as

the first Taylor polynomial at z = ¢ of the function z — ®(z, t), for fixed ¢. The

“integral form of the remainder” in Taylor’s formula gives us

1
Dz, 1) — (P, )+ DO, 1) (z— 1) = %/ u’(s)-(1—s)ds,
0

where u(s) := ®(+s(z—1), 1) = ut? f(=t+5(z+1) 4+ 2ur) for fixed ¢ and z. Now
Lemma 2.2.3 gives the estimate

bylz —1|?
lt+s(z—1) = 2ut|*

lu”(s)| < t*

Here s € [0, 1], and z is fixed, and b; is a positive constant. If r > 1 + |z|, then we
may conclude
bylz —

Vi
TUOIEE=

Therefore if 14 |z] < A} < A, then

A
/ (2, 1) — (P, 1) + DD, 1) - (z — 1)) dt
A

1
Ay lb 12
5/ l/ 2|Z—2L|.(1_S)dsd[
a2 Jo t
A

1 2 [P 1 2, 41 1y bz =1
- = - == —"(A7 —A) ) < ———.
4b2|z t N t—odt 4b2|z t7(A; ;)< A,

This means that the improper integral (2.2.7) converges. In other words, £™8(z)
is well defined by means of formula (2.2.5) for every z € H. But we have shown
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more: the convergence is uniform on compact sets. More precisely, writing
, 98
Vic,2) :=8:(2) = | & () + a—z(t) (z=0 ),

we have shown that

bylz —1|?
(2.2.8) Vi1, 2) = V(e )|l = ———
4c
under the condition ¢; > ¢ > 1 4 |z|]. Now Proposition 2.2.6 can be applied. It
follows that £ is a harmonic vector field on H and a solution to (2.2.2). O

2.3. Boundary values. The standard isometry from the upper half-plane model H
of the hyperbolic plane to the disk model D is the Cayley transform C, defined by
C(2) :==(z—1)/(z+1). The (complex) derivative of C is z — (z + 072,

Theorem 2.3.1. The vector field C,(£§™8) on D obtained by applying the Cayley
transform to £'2 of Theorem 2.2.2 admits a continuous extension to DU S'. The
value of the extended vector field at 1 € S' is 0.

Remark 2.3.2. The restriction to S! of the extended vector field on DU S! is not
claimed to be tangential to S'. From our point of view this is an issue. It will be
addressed in Section 2.4, which has no other purpose.

As a preparation for the proof, we translate the statement so that we can continue
to work in the upper half-plane setting. It is convenient to show first that £™8
extends to a continuous vector field defined on all of H U R. Under the Cayley
transform this corresponds to a continuous vector field on DU S I {1}. We extend
this to all of DU S! by defining the missing value (at 1 € S!) to be 0. Then we still
have to establish continuity at 1 € DU S'. By the formula for the derivative of C,
this is equivalent to the following statement:

£ (@) _ 0

zeH, |z|— o0 |z|2

2.3.1)

Proof of Theorem 2.3.1. First we show that £™2 extends to a continuous vector field
on HUR. Select some z € R. The integral

c
(2.3.2) / u? f(Z+2u) dt
Im(z)
is an improper integral because the integrand is not defined for r = 0 = Im(z). But
for ¢ > 0 the integrand is defined and moreover

|t F(Z 4 2u)| < |24 2| f(Z+2u)] < by

by our condition on f. It follows that, for z € R, the improper integral (2.3.2)
converges. So &.(z) is defined or definable for all z such that 0 < Im(z) < 2¢, and
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is continuous as a function of z. Inequality (2.2.8) remains meaningful and valid if
we allow z € HUR. Therefore £™2(z) has a continuous extension to all of HUR.

It remains to prove the claim (2.3.1). Fix some z € H. We will use (2.2.8), but
we have some freedom in choosing ¢, and we decide ¢ = 2 + |z|. This gives

9,
9z

bilz—t>  bylz —1?
4c 844z

£ () —&.() — (&(L) + -0 - L))‘ =<

Since the right-hand side of this, divided by |z|?, tends to zero for |z| — oo, the
same is true for the left-hand side. Therefore it is enough to show that the fraction

£c(2) = (£ + (3E/92) (1) - (z — 1))

22| ’

(2.3.3)

evaluated only on pairs (c, z) where ¢ = 2 + |z|, tends to zero for |z] — 0o. By
Lemma 2.2.3 and elementary integration (see Remark 2.3.3 for more details), the
following estimates are available:

&
&) < A-lzl, 5] <Az, 8—Z(t)

<Aln|z|+ B

for some positive constants A and B. Therefore

98

E(L) (z—=0| < (Aln|z|+ B)-(z|] + 1).

Using these estimates in (2.3.3), we see that it does tend to zero for |z| — co. [J

Remark 2.3.3. Estimate for &.(z): We have

c

§:(2) =/ u? f(Z+ ) dt,
Im(z)

where | f(Z +2tt)| < bo|z+2tt| 2. Since ¢ € [Im(z), c], where ¢ = 2+ |z|, we have

t > Im(z) and so |z + 2it| > Im(z + 2ut) = 2¢ — Im(z) > 7. Therefore

c

c
1&c(2)| = / t*bolz +2u|* di < bof ldt = bo(c —Im(z)) < bo(2+ |z|).
I

m(z) Im(z)

Estimate for £.(¢): It must be remembered that ¢ = 2 + |z|, where z has little to do
with (. We have

C
Sc(t)=/ ut? F(+ ) dt,
1
where | f (T +2tt)| < bo|2t — 1|72, Since t > 1 we have |2t — 1| > ¢ and so

|sc<z>|sf r2b0|2+2n|—2dtsbo/ 1dt =bo(c — 1) = bo(1 + |z]).
1 1
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Estimate for (d&./0z)(¢): Again it must be remembered that ¢ =2 + |z|, where z
has little to do with (. We try the total derivative D&, first. In the notation and
conventions of (2.2.4) we have

D& =~ - [0 1]+ [ D@,
1
which means

C
2.3.4) DE(1) =—1f (1) - [O 1] +/ LZZ(th)(t) dt,
1

where f; is the (holomorphic) function z — f(z + 2it). We note therefore that
the second summand in the right-hand side of (2.3.4) will contribute in full to
(0&./0z)(1); the other one may not contribute in full but it will make a constant
contribution (independent of ¢). Therefore we have to estimate the second summand
only. By the chain rule, (Df;) (1) = (Dfo)(t—2¢t). This is a complex number (which
can also be viewed as a real 2x2-matrix). Now [(Dfy)(t — 2tt)| = |Df it — )|
and by Lemma 2.2.3 we have |Df (2utt — )| =< by|2t — 1|73 < byt3. Therefore

/C ! (Df) () dt
1

< f byt~ 'dt =biInc=b In2+|z)).
1

Remark 2.3.4. It seems to us that Wolpert’s solution (2.2.3) of (2.2.2) admits a
continuous extension to HUR if f satisfies the conditions of Theorem 2.2.2. But
we were unable to show that it has good growth behavior for z — oo, e.g., similar
to (2.3.1), especially where z approaches co on a horizontal through zg.

2.4. Hardy space to the rescue. Let H = L*(S', C) be the complex Hilbert space
of square integrable complex valued functions on S!. The hermitian inner product is

27
mw=%£<m%mww

for v, w € H. Consequently H has a standard Hilbert basis consisting of the vectors
v := (z > ZX) for k € Z. Tt has an orthogonal splitting H = H & Ha, where H; is
the closure of the span of the vy for k > 0, and #, is the closure of the span of the vy
for k < 0. The closed subspace #; is known as the Hardy space. Each w € H;
has a canonical “extension” to a function w¢ : DU S' — C which is holomorphic
in D. Namely, if w =) _;2 axvi in H, then the power series Y, axzx converges
locally uniformly in D and represents a holomorphic function there. Note that w
can be recovered from the restriction of w® to D. It is the limit (in the metric of H;)
of the functions z — w®(sz), for z € S!, as s € [0, 1) tends to 1.

Let X C H be the closed R-linear subspace consisting of the functions on S!
which have the form z — (z - u(z), where u is a real-valued square-integrable
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function on S!. It is an exercise in linear algebra to show that X +H; = #H and
dimg (X NH1) = 3. In fact X NH; has an orthonormal (real) basis consisting of
the functions

Lz, ZH%LZ'L(Z_I—Z), z'—>%tz-(z_1+z).

This fact has a more illuminating formulation if we think of 7 as the vector space
of L?-vector fields on S! (where the vectors in the vector fields are elements of C).
Then X is precisely the space of tangential L>-vector fields on S'. The more
illuminating formulation is as follows.

Lemma 2.4.1. X +H| =H and X NH = g, where g is the space of Killing vector
fields on S! (see explanation below).

It makes sense to speak of Killing vector fields on D; these are the “infinitesimal
isometries” of [ with the Poincaré metric. They form a 3-dimensional Lie algebra g
under the Lie product, which we identify with the Lie algebra of isom, (D). It is
well known that the Killing vector fields extend to smooth vector fields on DU !
which are tangential to S'. Restricting these to S! is a faithful operation, and so
we may allow ourselves occasionally to think of g as a 3-dimensional Lie algebra
of tangential smooth vector fields on S'. (The Lie product will not be of any
importance here.)

Proof of Theorem I in Section 1. Let h be the Poincaré metric on D). Let ¢ be a
quadratic differential on D which is uniformly bounded in the norm of Remark 1.3.2.
By Theorems 2.2.2 and 2.3.1, there exists a continuous vector field ¢ on DU S
which is smooth on D, and such that the trace-free component of .%; (h) is ¢.
(In more detail: Let C*(¢) be the pullback of ¢ under the Cayley transform C, a
holomorphic quadratic differential on H. Write C*(¢) = f - (dz ®c dz), so that f
is holomorphic and satisfies the conditions of Theorem 2.2.2. Find £™# as in the
said theorem. Let C,(£"#) be the corresponding vector field on D. Let ¢ be the
extension of C,(£™2) to DU S! which exists by Theorem 2.3.1.)

The vector field ¢ need not be tangential along S'. But by Lemma 2.4.1 there
exists ¢ € H such that

Clg =y ed.

Because v belongs to the Hardy space #;, it has a canonical extension ¥¢ to
DU S! which is holomorphic on D. It turns out that £ := ¢ — /¢, restricted to D,
is a smooth and boundary-controlled vector field on D such that the trace-free
component of Lg(g) is Re(¢). We will verify the conditions one by one.

(i) The trace-free component of the Lie derivative of the Riemannian metric &
along ¢ — ¢ is ¢ because the trace-free component of .Z; (h) is ¢ and ¢ is
holomorphic on D.
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(i1) The vector field ¢ — ¢ (restricted to D) is boundary controlled because we
have the extension to D U S! by construction, and the extension is tangential
along S! by construction. The matching condition which must be satisfied by
the restrictions of ¢ — v to [ and S, respectively, is indeed satisfied because
it is satisfied separately for ¢ and v°.

It remains to understand what happens if ¢ = 0. In this case, & must be a holo-
morphic vector field on D. It can be written uniquely as a power series Y apz*
which converges locally uniformly in . Since & is boundary controlled, it has a
distributional boundary 8 € X'. The matching condition relating & and 8 means that
the Fourier coefficients of § are precisely the numbers ay, a1, as, . . ., the Taylor
coefficients of £. It follows that 8 € H;, and so 8 € H; N X. Therefore B is a
Killing vector field on S! by Lemma 2.4.1. This has consequences for the Fourier
coefficients ag, ay, ... of B (for example, only ag, a;, a; can be nonzero). Then we
can conclude & € g. (]

3. Constructing harmonic vector fields from boundary data

3.1. Symmetry properties of the classical Poisson formula. The symmetry group
that we have in mind is isom(D), where D has the Poincaré metric as usual. Of
course this acts on [, but it also acts on S! and (continuously) on the compact
manifold with boundary D U S'. It acts (on the right, by precomposition) on the
vector spaces C%(S'; R) and C%(D; R). (Both C%(S'; R) and C°(D; R) are to be
equipped with the compact-open C-topology. One of them is a Banach space, the
other is just a topological vector space.)

Let .Z be the real vector space of continuous, R-linear and isom(D)-equivariant
maps from C°(S'; R) to C°(D; R)

Proposition 3.1.1. dimp (%) = 1.

Proof. Let F be anonzero element of .%. For each z € D, let ev, from C ‘D;R)toR
be the map evaluation at z, a linear functional. Because isom(D) acts transitively
on D, the isom(D)-equivariant map F' is determined by the composition evg o F'.
The map evp o F can no longer be claimed to be equivariant for the action(s) of
isom(D), but it is equivariant w.r.t. the subgroup O(2) C isom(D) consisting of the
elements which fix 0 € D. Therefore evg o F is an O(2)-invariant linear functional
on C 0(S 1. R). It is well known that the real vector space of these is 1-dimensional,
generated by the Haar integral. Therefore dimp(.%#) < 1.

On the other hand, we can use the equivariance condition to construct P € %
such that evg o P is the nonzero linear functional taking v € C 0(s": R) to

1 2
23
o= /(; v(e") dt.
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Choose & € isom(D). By equivariance we must have (P (v))(h(0)) = (P (voh))(0),
which comes down to

2
(3.1.1) P(v)(h(O)):%/O v(h(e™)) dt.

The value of the integral depends only on /(0), since £ is determined by /#(0) up to
precomposition with an element of O(2) C isom([D). Therefore we have a definition
of P in (3.1.1). It follows that dim(.%) > 1. O

Remark 3.1.2. It is not obvious from (3.1.1) that P(v) is harmonic, and that v
and P (v) together define a continuous function on DU S'. We are not going to
justify these statements fully here (because they are well known). But in Section 3.2
we will encounter similar statements in a slightly different setup, and we will have
to justify those. Therefore we sketch an argument. Let us try to make sense of
K := P(8,), where §; is a Dirac distribution at 1 € S'. Think of §; as the limit of a
sequence of step functions w, for n > 2, where w,, is zero outside the short arc I,
in §' with endpoints e~/?" and e'/?", and has the constant value n for points in the
arc. Then P(8;) should be the limit of the P(w,), and for P(w,) we expect

2
P(wn)(h(O))=%/0 w, (h(e")) dt

although w, is not continuous. Here we may assume % € isom. (D)), which implies
that 4 is holomorphic so that we can use complex calculus notation. Since w, o h
is constant on A~!(I,) with constant value n, and zero elsewhere, the integral
is n times the length of 2! (1,). The length of A~'(I,) is well approximated by the
modulus of the complex number (2~1)'(1), times the length of I,,, which is 27 /n.
We arrive at

—1y/ 1

K (h(0)) = P(51)(h(0)) = [(h") (D] T )|

This is well defined, which means: dependent only on /(0). Next, it is an interesting
exercise to show that the map taking v € C°(S'; R) to the convolution of v and K is
an element of .%. Therefore we have found another definition of P. The two claims
about P can now be reformulated as claims about K. In other words it remains to
show that K is harmonic, and that for each v € C O(S 1. R), the Hilbert space inner
product of v and the function z — K (sz) (forz € § ! variable and s € [0, 1) fixed)
tends to v(1) as s tends to 1.

3.2. Vector fields on the circle as boundary data. Let CS(S 1. 781 be the topolog-
ical real vector space (with the compact-open topology) of continuous tangential
vector fields on §', a.k.a. the space of continuous sections of 7S! — S!. An
element ¢ of C g (S . 781) can also be viewed as a continuous map from S I'to C,
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subject to some conditions, because S' is a smooth submanifold of C. This point of
view is used in the next lemma. Note that U(1) acts on the right of C 8(S Lrsh by
(Y, A) > A"y =A"" (Y oA) for AeU(1). (Of course A is nothing but a complex
number of modulus 1, but we are tend to think of it as a C-linear endomorphism
of C. And although it is sometimes convenient to view ¥ as a function with values
in C, the formula for A*yr is what it is because ¥ is a vector field after all.)

Lemma 3.2.1. Every continuous and R-linear map A : CS (S'; 78"y — C which
has A(A*y) = A~V AW for all € CO(S'; TS') and A € UQ1) is of the form
2

(3.2.1) AW =a- | Y dr
0

for some a € C.

Proof. Given such A, we extend it to amap A®: CO(S!; TS!'®rC) — C as follows.
Elements of C g(S 1. 75! ®g C) can be written uniquely in the form ¥ = | + 1y,
where both v/ and 1, are tangential to S'. Then we let

A1 + ) i= A(Yr) + LA().

There are now two commuting actions of U(1) on CS(SI; TS'®rC). One is given
by (¢, A) — A*yr. The other is pointwise, (¢, A) — A - . By our assumption
on A, the map AC intertwines the first action with the conjugate of the standard
action of U(1) on C. By construction, it intertwines the second action with the
standard action of U(1) on C. It follows that A® is invariant under the operation

v A-ATY,

where € Cg(Sl; TS'®rC) and A € U(1). Here we can also write A- A"y =yoA
if we think of ¥ as a function with values in C. (The inclusion of the tangent
space T,S' in C extends uniquely to a C-linear isomorphism 7,S! @z C — C.)
Briefly, AC satisfies AC(W 0A)= AC(l//) for all ¢ and all A € U(1). Because it is
also C-linear by construction, it must have the form

2
V= a / Y(e) dt
0

for some a € C. In particular this is valid for ¢ € Cg(Sl; TSh. [l

Remark 3.2.2. Clearly A : Cg (S'; TSy — C satisfies the condition A(A*y) =
ATTA@) forall € CO(S'; TS') and A € U(1) if it is of the form (3.2.1). But if
the complex number a in (3.2.1) is a real number, and only then, it will satisfy the
same condition for all A € O(2). The proof is by direct verification.

Let CS(ID; TD) be the real vector space of continuous vector fields on D,
equipped with the compact-open C° topology. The group isom(DD) acts on the
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right of C(D; TD) by (&, h) > h*&, which means (h,£)(z) = Dh(z) "' (§(h(2)))
for z € D. The action is R-linear.

Let .7,y be the real vector space of continuous, R-linear and isom(D)-equivariant
maps from CS(SI; TS to CS(ID; TD).

Corollary 3.2.3. dimp(Fr) = 1.

Proof. Let F be a nonzero element of .%,¢. For each z € D, let ev, from CS(ID; TD)
to C = TyD be the map evaluation at z, an R-linear map. Because isom([D) acts
transitively on D, the isom([D)-equivariant map F' is determined by the composition
evpo F. The map A :=evgo F can no longer claim to be equivariant for the action(s)
of isom(D), but it satisfies the condition of Lemma 3.2.1 for A € U(1), and the
stronger condition of Remark 3.2.2 which allows A € O(2). Therefore A =evgo F
has the form (3.2.1) for some real number a. It follows that dimg(.%,r) < 1.

We can use the equivariance condition to construct an F' € .%,¢ such that evgo F
is the nonzero linear functional taking ¥ € C%(S'; T'S') to

1 2 "

7 ; Y(e")dt.
Choose h € isom(D). By equivariance we must have (Dh(0)) ' ((F (¥))(h(0))) =
(F (h*y))(0), which comes down to
2

(3.2.2) F@)(h(0)) = %(Dh(O))( (h*l/f)(e”)dt)

0

It is easy to see that the right-hand side depends only on /(0), because # is de-
termined by /4(0) up to precomposition with an element of O(2) C isom(D)).
Therefore F in (3.2.2) is well defined. It is easily seen to be nonzero. It follows
that dim(.%,¢) > 1. O

We want to show that F' (i), with the definition of F in (3.2.2), is always a
harmonic vector field and that ¥ and c - F (1) together define a continuous vector
field on DUS!, where ¢ is a positive real constant factor independent of . Imitating
the strategy outlined in Remark 3.1.2, we begin by making sense of

K\{f = F(51 'a)),

where 47 is the Dirac distribution and w € C 8 (S, TSY) is the tangential vector field
defined by w(z) = 1z for z € S'. To simplify this, we remark that for every z € D
there exists a unique h € isom (D) such that 2(0) = z and 2(1) = 1. For such
an h € isom (D) we first need to make sense of h*(8; - w) = h*§; - h*w. It is not
hard to see (and the calculation of A*8; can be seen in Remark 3.1.2) that this is
(h'(1))728; - w. Therefore we make the definition

(3.2.3) K, (h(0)) = th'(0) - (' (1)) 2
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on the understanding that # € isom (D) and A (1) = 1. If we specify z = h(0), then

we can write
yw+z

ywz+1°
where y = (1—2)/(1—2) = (1—2z%)/|1—z|* Then 2'(w) = y(1—|z|*)/(ywz+1)*.
Therefore /' (0) = y(1 —|z|*) and
_ U=z _y(d—IzP)
Oz+D*  (@+y)?
(where we have used A(w) =1, so that yz74+ 1 =2z+y) and

h(w) =

(1)

C+y*' e+t =P+
YA =1z yA -z (-2 —z»)

Now weuse z +y = (z—|z]*+1—2)/(1 —=2) = (1 — |z]*) /(1 — %) and obtain

R (0)/(h' (1)* = y(1 — |z -

(1—z1»?
/ / 1 2:
h'(0)/(h' (1)) A=D1 =22
so that
=Py

Lemma 3.2.4. Suppose that h € isom (D) satisfies h(1) = 1. Then
h*KVf =C- va,
where ¢ = (h'(1)) 2.
Proof. Loosely and provisionally we defined & as F (8 - w). Therefore h*& =
h*F (81-w) = F(h*(8;-w)) by the equivariance property of F. Here we can see that
h*(8; - w) = ¢ - 8; - w for some constant ¢, which turns out to be (h’(1)) 2. A more
orderly proof can be given using the definition (3.2.3) and the chain rule. Then we
have to allow two A1, hy € isom (D) such that 4 (1) = h>(1) = 1. We obtain
-1
(h38)(11(0)) = (Dha(h1(0))) " F (ha(h1(0)))
-1
= (Dh2(h1(0))) " t(h2h1) (0)/((hahy) (1))
= th}(0)/((h2h1)' (1))
= -t} (0)/(h (1))
=c-§(h1(0)),
where ¢ = (h5(1))72. O
Theorem 3.2.5. The vector field K,s is harmonic on D.
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Proof. The first step will be to show that § := K, is harmonic at the origin in D.
For that we can use the second order Taylor approximation of & at the origin:

(1= 233
§@)= ¥ —(Z|2 |(le 15)2
=(1-1zP’0=- 1 -2
~u(1 =31z +2+2)30+z2+722)
~1(1 =321 +32+ 322 +32) (1 +2+22)
~ (14324622 =321+ 2422
~ (1432462 =3z + 2431212+ 22)
=1(1 42432422 +62%)
= l(l + (x+y)+3(x —y) +x%— y2 + 2ixy +6(x%— yz) — 121xy)
= 1(1 +4x — 2ty +7x% —Ty* — 101xy)

= 2y + 10xy, | +4x +7x> = 7y?).

Let g be the Poincaré metric on [, which we regard as a function from D to the
vector space of symmetric 2x2-matrices. It has the form g(w) = u(w) - g&, where
u : D — R is a smooth function which has u(0) = 2 and gE is the Euclidean
(Riemannian) metric, i.e., a constant, the constant value being the identity 2 x2-
matrix. The product rule gives us

L(9) =L ) - g" +u- Z(g").

The first summand is a contribution to the scalar summand. We may neglect it. As
to the second summand, we are only interested in the first Taylor approximation
at 0, and since the first Taylor approximation of u at 0 is a constant 2, we can
replace the second summand by 2.7; (gE ). Now we can use (2.1.3):

Z:(8") = (DE" + DE)g" + Dg(§) = DE" + DE,
which in terms of the above Taylor approximation turns into

20y 6+ 24x
6+24x —28y |

The trace-free part is

24y 64 24x
6+24x 24y |’

which, as a symmetric bilinear form, agrees with Re((24y — (6 +24)x) dz ®c dz).
This completes the verification that § = K, is harmonic at the origin, because the
first order polynomial map z — 24y — (6 +24)x (for z = x 4 ty) is holomorphic.
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To finish the proof, we want to argue that “harmonic at the origin” is enough. For
other z € D we can find % € isom (D) such that #(0) = z and & (1) = 1. Showing
that £ is harmonic at z is equivalent to showing that £*£ is harmonic at 0. By
Lemma 3.2.4, we can write h*& =c-&. O

Our next goal is to show that the linear map F in (3.2.2) has another description as
something very close to convolution with K,;. Let M, : C — C be the multiplication
by e € S'; we will also view this as an element of isom, (D). Let 1 be a tangential
vector field on S'. Write ¥ = u - @, where w is the standard tangential vector field
z+>1zand u : S' — R is a continuous function. (It is allowed to write u := V/w.)
Write n(z) := €' for t € R. The new formula for F that we have in mind is

2w

! (M*, K ) (z) - u(e’)dt.

27 Jo

(3.2.5) (F))(2) =

Unraveling the right-hand side, we obtain

1 21

21
u —t,y . 173 _ 1 =ty | Ut 173
o= ; e’ -Ky(e"z)-ue )dt——zﬂfo Ky(e™"z)-e"u(e”)dt.

But e u(e") is the same as —¢ - ¥ (e''). So we may write

2
_ 1 -ty . u
LZn/O Ky(e™"z)-Y(e”)dt

and then also —¢ - (K,s x ¥)(z), where the star is for convolution.

Proposition 3.2.6. The linear map F in (3.2.2) has the alternative description

W = =t (va*lﬂ)-
Proof. Take z € D. Then

2w
K@ =5 [ Ky pe
T Jo

Choose h such that 2(0) = z and h(1) = 1. If we choose s € R appropriately,
depending on ¢, then M_;hAM(0) = M_,(z) = e "'z and M_,hM;(1) = 1. (We can
determine s later.) Therefore by (3.2.3),
Kyr(e™'2) = «(M_hM,) (0) - (M_;h M) (1))~*
— Let(s—l‘)h/(o) . (h/(eLS))—Z . e—ZL(S—t)
— Lel(tfs)h/(o) . (h/(eLS))fz’
so that the formula for —¢ - (K¢ * ¥)(z) simplifies to

2

L[ eI ) e dr.

27 Jo
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Now is the moment to observe that s and 7 are related by i (e**) = e'. Therefore it
is “locally” justified to write t = —¢ - In(h(e")) and in any case

dt B h/(els) ey B h/(els) el

-y — — h/(em) _et(sft).
ds h(e®) h(e)

With the substitution of /(e**) for e and h'(e") - e'“~" ds for dt the above integral
turns into

1 o / 7ty 1 Ls
= [ O wEen v as

This agrees with F(y)(z) = (F(¥))(h(0)) according to (3.2.2). O
Corollary 3.2.7. F () is harmonic, for every { € CS(SI; TSh.

Proof. By Proposition 3.2.6 and the discussion preceding it, (3.2.5) is correct. By
Theorem 3.2.5, the “kernel” K s is harmonic and so M*, K is also harmonic, for
arbitrary ¢ € R. Hence the right-hand side of (3.2.5) is harmonic. ([

Lemma 3.2.8. Let Y be a continuous tangential vector field on S'. Then F ()
and r together make up a continuous vector field on the closed unit disk DU S,

Proof. For s € [0, 1), we define a continuous (but not tangential) vector field «;
on S! by ky(z) := K,f(sz). Then for ¢ € (0, 1] and z € S! we have

(1= -¢)%°
(I-(I-82)* (1-(1-e)2)
(1= (1-¢)?)’
(2= (1—&)*- (1= (1-#)2)
_ 812363V (¢)
A== @—-e)¥
where V is a real polynomial of degree 3 with constant coefficient 1.
Let A, =|z— (1 —¢)|. Then A, > ¢ and

K1-¢(2) =

83V (¢) - 8V (¢)

(3.2.6) lic1—¢(2)| = T

This gives us an upper bound for |k;_.(z)| which is independent of z, but more
importantly it tells us that k;_, is very small outside the arc of length (2¢)!/2
centered at 1. Therefore it is enough to show that

1 2
lim| — _e(eNdt )| =1
i [ er0)-
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Since kj_; is so very small outside the arc of length +/2¢ centered at 1, we may
replace the ordinary integral by the complex path integral

f c1_e(2) dz
Y

(where y is a smooth curve describing the unit circle) at the price of dividing by .
We may also write s for 1 —e. Then

1 [ 1
lim —/ Ki_e(e")dt | = lim | =— f K1—¢(2)dz
e—0 \ 27T 0 e—0 \ 271t v

. 1 81233V (¢)
=lim | =— dz
e~0\27L J, (1 —s2) - (z—s5)3

3
= lim (w(mn -Res(f, s)))

e—0 2mt
= lim (88> (Res(f, 9))),
E—>

where f(z) = (z°)(1 —s2)"'(z —5) 3. Now

65 — 1253 4+ 855 — 257 _de+ 262 423 —306* 4+ 348> — 140 4+ 267
2(1 —s2)4 B 2(16e* — 325 + 206 — 87 4 £8)

Res(f, s)=

Therefore

1il’l’(1)(t883(ReS(f, 5)))

o 4e +26% 4263 —30e* + 3485 — 140 + 267
L- = (.
2(168 — 3262 +20e3 — 8e4 + &%)

= lim ]

e—0

Lemma 3.2.9. The map F in (3.2.2) has a Lipschitz property. More precisely, there
is ¢ > 0 such that the following holds: if € C°(S'; T SY) satisfies | (z)| < 1 for
all z € S', in the euclidean norm, then |F (Y)(z)| < ¢ for all z € D, again in the
euclidean norm.

Proof. In the proof of Lemma 3.2.8 we learned

1 21
lim—ﬂ/O lics (e)| dt = 1.

This implies that the function

1 2
SI—)E/O ks (eh)| dt

is defined and continuous for s € [0, 1]. Then it has a maximum ¢ > O on the
interval. Now let ¥ be a continuous tangential vector field on S' and suppose that
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¥ (z)] <1 for all z € S'. By Proposition 3.2.6 we have, for z € S! and s € [0, 1):

I - i
(F(l/f))(sz)z—tzﬁf0 ks(e™"z)-Y(e”)dt.
Therefore

27
ICF W) (s < %/0 ks(e™ )| dt < c. O

We come to the last part of Theorem II (in the introduction). This is about
extending F in (3.2.2) and Proposition 3.2.6 to a continuous map defined on the
Hilbert space X’ of tangential L>-vector fields on S'. The extension formula as such
is obvious: both (3.2.2) and the formula in Proposition 3.2.6 tolerate a tangential
L?-vector field ¥ instead of a continuous one. Both of these extensions are clearly
continuous, and because they agree on a dense subspace of X they agree on all of X.

Lemma 3.2.10. For { € X, let £ := F(¢) € CS(ID; TD). Then & is boundary
controlled and ¢ is the distributional boundary of §; see Definition 1.3.3.

Proof. We use a method from [Shubin 2020, Section 5.3]. Fix «, continuous vector
field on DU S'. Write

2
w(s) := %/0 s-E(se') - a(se) dt

for s € [0, 1). It is more than enough to show that

2T
lim w(s) = % c(e")-a(e")dt,
0

s—>1-

because w is, except for the constant factor (27)~!, the derivative of the function
in (1.3.2). Write o, : S — R? for the map z > a(sz), where s € [0, 1], and write
ks : ST — R? for the map z — K, (sz) as in the proof of Lemma 3.2.8, assuming
s €10, 1). By (3.2.2) in the general form which allows a tangential L?-vector field
as input for F, we can write

w(s) = (—ts(ks * &), o).

This notation uses the standard real L? inner product (based on the standard inner
product in R?, ak.a. real part of the hermitian inner product in C). Therefore

w(s) = (&, —ts (kg * ag)).

Here we can say that

Iim —us(kg o) = lim —i(kg %) = o
s—1- s—>1-
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by Lemmas 3.2.9 and 3.2.8. (These limits take place in C%(D, TD) or in C°(D, R?)
depending on point of view.) It follows that

lim w(s) = (¢, o). U

s—1-
Appendix: Odds and ends

A.1. Connections on the Teichmiiller bundle. A connection on a smooth fiber
bundle f : E — M with vertical tangent bundle T"E is a smooth vector sub-
bundle T"E (the horizontal tangent bundle) of the tangent bundle T E such that
T"E @ TVE = TE. Equivalently, a connection on f : E — M is a smooth vector
bundle homomorphism f*7T M — T E such that the composition

f*TM — TE — TE/T"E

is the identity. We are interested in connections on the Teichmiiller surface bundle,
a.k.a. universal Teichmiiller curve (the fibers can either be viewed as real surfaces
or as complex curves). To describe the bundle we fix I' = I'g (fundamental group
of a surface ¥ of genus g > 2) and G = isom, (H) as usual. Let homgy(I", G) be
the space of injective homomorphisms with discrete image and compact quotient
space G/p(I"). Let repy(I', G) be the quotient of homy(I", G) obtained by passing
to orbits for the conjugation action of G. (This was called .7 (¥) in Definition 1.1.2.)
There are two commuting left actions of I' and G, respectively, on the product
homy(T", G) x H.

The action of I" is given by y - (p, 2)) := (p, p(y)(z)) for y € I". The action
of G is given by A - (p, 7) := (ApA~', A(z)) for A € G. Therefore we obtain a
commutative diagram

homy (T, G) x H :
£ - homof - ) X P, homy(T, G)

(A.1.1) | l

. homo(F, G) x H proj.
¢ GxT

repy (I, G)

where the vertical arrows are quotient maps and the horizontal ones are appropriate
projections. The two horizontal arrows are surface bundle projections (or complex
curve bundle projections). The vertical arrows are principal G-bundle projections.
The diagram is a pullback diagram. In the top row, the fiber over p € homy(I", G)
is the surface H/p(I").

The lower horizontal arrow Eg — repy(I', G) in (A.1.1) is the Teichmiiller
bundle. We take the view that we can construct connections on it by constructing
connections on the bundle defined by the upper horizontal arrow E — homg(I", G)
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and imposing conditions which ensure that these connections descend to connections
on the bundle defined by the lower horizontal arrow.

By the general remarks on connections in smooth fiber bundles, choosing a
connection on the trivial bundle

(A.1.2) homy(I", G) x H — homy(T", G)

amounts to choosing a smooth vector field £(p, ¢, —) on H for every p € homg(I", G)
and 1-cocycle ¢ € T,(homy(T", G)) = Z L(r; 9p). (This should ideally depend
smoothly on p and ¢.) But we want to choose a connection that respects the
I"-action on each fiber of the bundle in (A.1.2), since we want a connection for
E — homy(I', G) in diagram (A.1.1). This translates into the following condition
oné(p,c,—):

(i) 8&(p,c, —) = ¢, where § is the coboundary operator associated with the
RI"-module of smooth vector fields on H. (The module structure depends on p.)

Proposition A.1.1. A connection & = (£(p, ¢, —)) for E — homq(T", G) in (A.1.1)
descends to a connection for Eg — repo(I', G) if and only if it satisfies the following
additional conditions:

(i) it is invariant under the left action of G;
(iii) §(p, 6k, —) =« for every k € g,.

Here k € g, should be viewed as a Killing vector field on H. Condition (iii) does
not follow from (ii) and (i). It is easy to produce counterexamples.

Proof. Suppose the connection & for £ — homg(I", G) descends. Then condition (ii)
is satisfied. Let K be any G-orbit in homg(I", G). Then the connection & restricted to
E|x — K is the connection determined by the trivialization of E|x¢ — K produced
by the action of G on E|g (which is free). This translates into condition (iii).
Conversely, suppose that (ii) and (iii) are satisfied by a connection & = (§(p, ¢, —))
on £ — homy(I", G). Then, by (iii), the restricted connection on E|x — K reflects
the trivialization of E|x — K produced by the action of G on Eg, or equivalently,
by the composition E|x < E — Eg. Choose a smooth section

s :repo(I’, G) — homy(T", G)

of the projection homy(I", G) — repy(I', G). The section s is covered uniquely by
a smooth map 5 : Eg — E which is a section of the projection £ — Eg. The
pullback along s and s of the connection & on £ — homg(I', G) is a connection 6
on Eg — repy(I’, G). Conditions (ii) and (iii) ensure that & is also the pullback
of 0 along the projections £ — E¢ and homy(I', G) — repy(I', G). U

We can meet all of these conditions as follows. Given p and ¢, find a smooth
vector field i as promised in Lemma 1.4.2 such that §¥» = c. Let ¢¢ be the
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distributional boundary of i as promised in Proposition 1.4.3 and let £(p, ¢, —) :=
F(¢¢), with F as in Theorem II. This is well defined and the conditions are easily
verified. We authors believe that £(p, ¢, —) depends continuously, indeed smoothly,
on p and c, but the proof could be laborious and perhaps it deserves a separate
treatment. (We also believe that this candidate for a connection £ is identical with the
connection which is standard in Teichmiiller theory. This can be seen, for example, in
[Wolpert 1986, §5]. Evidence for the suspected agreement was given in Section 2.2.)

A.2. Some postponed proofs.

Lemma A.2.1. The conformal vector fields on D or open subsets of D are precisely
the holomorphic vector fields.

Proof. By definition, a vector field £ on D (or on an open subset of D) is conformal if
and only if the trace-free component of % (g) is zero. By (2.1.3) and the calculations
immediately following it, this happens if and only if £ = &7 and &} = —£} (where
the subscripts indicate partial derivatives). These are exactly the Cauchy—Riemann
equations for . (]

Proof of Lemma 1.4.1. Let F| be the restriction of F in (3.2.2) to the 3-dimensional
real vector space of Killing vector fields on S'. Let F, be the linear map which is
defined on the same vector space and which takes a Killing vector field on S' to
the unique matching Killing vector field on D. We need to show F; = F,. Since
both F; and F; are equivariant for the right actions of isom_ (D), it is enough to
show that (F1(y¥))(0) = (F>(1))(0) for all Killing vector fields on S 1. (Follow the
reasoning in the proof of Corollary 3.2.3.) By definition, (F(1))(0) is
1 2

5 ), v dt.

In other words it is the mean value of i on the circle. But (F>(1))(0) is also the
mean value of ¥ on the circle. Indeed, ¥ and F>(y) are the restrictions to S and [,
respectively, of one and the same holomorphic function (alias holomorphic vector
field) on C, and this must satisfy the Cauchy integral formula. ([

Proposition A.2.2. The matching condition relating the vector fields & and ¢ in
Definition 1.3.3 is invariant under the canonical right action(s) of the diffeomor-
phism group of DU S'.

Proof. We will write S(&, ¢) for the statement the matching condition holds for &
and . Therefore we assume S(&, ¢), and we have to show S(h*&, h*¢), where h
is an arbitrary diffeomorphism from DU S! to itself.

The diffeomorphism / can be written as a composition &, o h,, where h,, is
norm-preserving in a neighborhood of the boundary S!, and h, is argument-
preserving. (By argument-preserving, we mean that there is a smooth function
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N :S' % [0, 1] — [0, 1] such that h,(sz) = N(z, s) - z for all (z,s) € S! x [0, 1].
For convenience we also require N(z, s) = s for s close to 0.) Using integration
by substitution, it is easy to show that S(h*&, h*¢) is equivalent to S(h}§, h}¢).
It is also obvious that h};¢ = ¢. Therefore we may assume from now on that £ is
argument-preserving, and we have to show S(h*&, ¢), knowing that S(&, ¢) holds.

Let Gg : S' x [0, 1) — R? be defined by (z, s) > [ ¢ - £(tz) dt. Then we have

/ ngx():/ £(z) dx
|z|=s zeDy

for s < 1. We use this to reformulate S(§, ¢). Namely, it is equivalent to the
following, which we denote by T (&, ¢).

The map G¢ has an extension to S U'x [0, 1] which admits a distributional
partial derivative d/0s along {(z, s) | s = 1}, and the latter is equal to ¢.

This is rather concise. To clarify, the map z — G¢(z, 1) from S! to R? has two
coordinate functions. They are meant to be Lebesgue measurable and integrable
functions, and a such defined for almost all z € S!.

To show that S(&, ¢) implies 7' (£, ¢), we may use the coordinate functions &'
and £2. We can write £! = éjr — & where £ }r and £! are nonnegative everywhere,
and similarly 2 = &2 — 2. For fixed s € [0, 1), define a function g/, on S' by

= /st-é}r(tz)dt.
0

Its integral over S' is equal to fz <D, 3;1 (z) dA. The limit of this for s — 1 exists
and is finite. In fact by S(&, ¢) it is equal to

/ ¢4 (2) dh.
zeS!

Therefore we can apply the monotone convergence theorem (Beppo Levi) and
conclude that g}’ 4 is also defined for s =1, as a measurable and Lebesgue integrable
nonnegative function on S'. We can proceed similarly for &', é}r and £2. Then we
define

gl @ D—g _(, 1)}

G:(z, 1) =
£z 1) Lsﬁ(z, )—gi (. 1)

for z € S'. The statement concerning the distributional partial derivative 3/ds along
{(z,s) | s = 1} is then clear. The implication T (&, ¢) = S(&, ¢) is also clear.

If & is an argument-preserving diffeomorphism DU S! — DU S, we can write
h(sz) = N(z,s) - z as in the definition of argument-preserving. Let H be the
diffeomorphism from S' x [0, 1] to S' x [0, 1] defined by H(z, s) = (z, N(z, 5)).
(This satisfies go H = hogq, where ¢ : S x [0, 11— DUS! is defined by (z, s) — 52.)
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Integration by substitution implies that
Gpe=GrgoH

for a “suitable” smooth map f : D U S! — Endgr(R?). The formula for f is
complicated. It is easier to describe f o h og: namely,

N dN - -1
f(h(g(z,9))) = N (g(z, S)) - (dh(sz))
for z € S' and s € [0, 1]. (The first two factors in this product of three are real
numbers, but the third one is a linear map.) The important features are: f(z) is the
unit of Endg(R?) for z close to the origin, f(z) always respects the linear subspace
of R? spanned by z, and if |z| = 1 it also respects the linear subspace perpendicular
to z and restricts to the identity there.

This allows us to argue as follows: T'(§, ¢) implies T(f - &, f - ¢) easily, and
from there we can deduce T (h*&, ¢) by an application of the chain rule. U

A.3. Questions and suggestions.

A.3.1. Let & be a harmonic vector field on D (with the Poincaré metric) which is
boundary controlled (notation as in Definition 1.3.3). If the distributional boundary
is identically zero, does it follow that £ is identically zero?

A.3.2. Find a more direct proof of Proposition 1.4.3, i.e., one which does not rely
on Theorem I. (Do use Lemma 1.4.2 and look up a proof of this.)

A.3.3. Find a practical characterization of the tangential L>-vector fields ¢ on S
such that the vector field F(¢) on D (as in Theorem II) is quasiconformal (Definition
1.3.4).
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