Volume 343 No. 2 August 2026



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
Fakultit fiir Mathematik Department of Mathematics
Universitit Wien University of California
Vienna, Austria Riverside, CA 92521-0135
matthias.aschenbrenner @univie.ac.at chari @math.ucr.edu

Atsushi Ichino Kefeng Liu Sucharit Sarkar
Department of Mathematics School of Sciences Department of Mathematics
Kyoto University Chongging University of Technology University of California
Kyoto 606-8502, Japan Chongging 400054, China Los Angeles, CA 90095-1555
atsushi.ichino@gmail.com 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 2026 is US $710/year for the electronic version, and $965/year for print and electronic.

Subscriptions, requests for back issues and changes of subscriber address should be sent to Mathematical Sciences Publishers, 2000
Allston Way # 59, Berkeley, CA 94701-4004, U.S.A. The Pacific Journal of Mathematics is indexed by Mathematical Reviews, Zen-
tralblatt 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 Mathematical Sciences Publishers, 2000 All-
ston Way # 59, Berkeley, CA 94701-4004, is published twelve times a year. Periodical rate postage paid at Berkeley, CA 94704,
and additional mailing offices. POSTMASTER: send address changes to Mathematical Sciences Publishers, 2000 Allston Way # 59,

Berkeley, CA 94701-4004.

PIM peer review and production are managed by EditFLow® from Mathematical Sciences Publishers.
PUBLISHED BY
:l mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2026 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: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.emis.de/ZMATH/
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://apps.isiknowledge.com
http://apps.isiknowledge.com
http://msp.org/
http://msp.org/

PACIFIC JOURNAL OF MATHEMATICS
Vol. 343, No. 2, 2026

https://doi.org/10.2140/pjm.2026.343.261

INFINITELY DIVISIBLE MODIFIED BESSEL DISTRIBUTIONS
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A. Baricz dedicates this paper to Mourad E. H. Ismail on the occasion of his 80th birthday

We study certain continuous univariate probability distributions supported
on [0, oo) —the McKay distribution and its generalizations, the generalized
inverse Gaussian distribution and the K-distribution —, all of which are
related to modified Bessel functions of the first and second kinds. In most
cases we show that they belong to the class of infinitely divisible distributions,
self-decomposable distributions, generalized gamma convolutions and hy-
perbolically completely monotone densities. Some of the results are known,
but new proofs are provided using special functions techniques: Integral
representations of quotients of Tricomi hypergeometric functions, Gauss-
ian hypergeometric functions, and modified Bessel functions of the second
kind, play an important role in our study. In addition, by using a different
approach based on asymptotic properties of modified Bessel functions, we
rediscover a Stieltjes transform representation due to Hermann Hankel for
the product of modified Bessel functions of the first and second kinds and we
deduce a series of new Stieltjes transform representations for products, quo-
tients and their reciprocals concerning modified Bessel functions of the first
and second kinds. By using these results we obtain new infinitely divisible
modified Bessel distributions with Laplace transforms related to modified
Bessel functions of the first and second kind. We show that the new Stieltjes
transform representations have some interesting applications and we list
some open problems that may be of interest for further research. In addition,
we present a new proof, using the Pick function characterization theorem,
for the infinite divisibility of the ratio of two gamma random variables
and some new Stieltjes transform representations of quotients of Tricomi
hypergeometric functions.
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1. Introduction

1.1. Preliminaries on infinite divisibility. A probability distribution is infinitely
divisible (see Steutel and Van Harn [SHO3]) if it can be expressed as the probability
distribution of the sum of an arbitrary number of independent and identically
distributed random variables. The concept of infinite divisibility of probability
distributions was introduced in 1929 by Bruno de Finetti and the most basic results
were discovered by Andrey Kolmogorov, Paul Lévy and Aleksandr Khinchin. This
type of decomposition of a distribution is used in probability and statistics to
find families of probability distributions that might be natural choices for certain
models or applications. Infinitely divisible distributions also play an important
role in the context of limit theorems. The characteristic function of any infinitely
divisible distribution is called an infinitely divisible characteristic function and such
a function may be represented, for any value of n, as the n-th power of some other
characteristic function. More precisely, a probability distribution v on the half-line
[0, oo) is infinitely divisible if for any n € N there exists a probability distribution

v, on (0, co) such that
o0 o0 n
/ e Mdy = (/ e_”dvn) )
0 0

A function f : (0, 00) — R is completely monotone (or completely monotonic) if it
has derivatives of all orders and (—1)" ™ (x) >0 forallx >0andn {0, 1,2, ...}.
The classes of completely monotonic functions and infinitely divisible distributions
are related by the following well-known result (see [Fe66, p. 425]).

Lemma 1. The function o : (0, 00) — (0, 00) is the Laplace transform of an
infinitely divisible distribution if and only if w(x) = e~*), where ¢(07) = 0 and
¢ : (0, 00) = (0, 00) is a Bernstein function, that is, ¢’ is completely monotonic.

Every continuous-time Lévy process has infinitely divisible distributions, and
conversely every infinitely divisible distribution generates uniquely a Lévy process
(see for example Steutel and Van Harn [SHO3]).

In various real life situations — for instance in biology, physics, economics and
actuarial science — certain models postulate a random effect that is the sum of
several independent random components with the same distribution. A convenient
way to enforce this condition is to suppose the infinite divisibility of the distribution
of these random effects.

The concept of self-decomposability of probability measures is due to Paul Lévy
and goes back to 1937. A random variable X, distributed according to a law, is
called self-decomposable if for every c € (0, 1) there exists a random variable X,
independent of X, such that X and X. + cX are equal in law. A distribution is
self-decomposable if and only if it is a weak limit of partial normed centered sums
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of a simple sequence of independent random variables. More precisely, a probability
distribution is self-decomposable if it is the limit of

(X1+"'+Xn_bn)/an,

where the X; are independent random variables and {a, } and {b,} are sequences of
constants with a, — oo and a,11/a, — 1. Every self-decomposable distribution is
infinitely divisible, and the class of self-decomposable distributions is closed under
the convolution and the weak convergence. This class contains stable distributions
and generalized gamma convolutions.

The next auxiliary result (see [Fe66, p. 589]) characterizes self-decomposable
distributions with support [0, c0).

Lemma 2. A random variable X with support [0, 00) having the Laplace transform
w: (0, 00) = (0, 00) is self-decomposable if and only if for every o, where « € (0, 1),
the function w(x)/w(ax) is a Laplace transform.

Now, let us focus on two other subclasses of infinitely distributions. A function
f 1 (0,00) — (0, 00) is hyperbolically completely monotone if for each u > 0
the function f(uv) f (u/v) is completely monotone as a function of w = v+ 1/v,
where v > 0. A distribution is said to be hyperbolically completely monotone if
its probability density function is hyperbolically completely monotone. This class
of lifetime distributions was discovered by Lennart Bondesson (see [B092]) and it
is strongly connected to the class of generalized gamma convolutions, which was
introduced by Olof Thorin [Th77] and constitutes the smallest class of distributions
on (0, oo) that contains all gamma distributions and is closed under convolution
and weak convergence. A positive continuous random variable X belongs to the
class of generalized gamma convolutions if its Laplace transform is of the form

L(s) =exp(—as+/ooolnst:du(t)),

where s > 0, a > 0 and du(¢) is a nonnegative measure. Since the gamma distribu-
tion is infinitely divisible and self-decomposable, so is every generalized gamma
convolution. An interesting result of Bondesson (see [Bo92]) states that a probability
density that is hyperbolically completely monotone is the density of a generalized
gamma convolution.

The next result is a Pick function characterization theorem of generalized gamma
convolutions.

Lemma 3 [B092, Theorem 3.1.2]. The probability distribution of a continuous
random variable X on [0, 00) is a generalized gamma convolution if and only if its
moment generating function \ is analytic and zero-free in C\ [0, 00), and satisfies

Im(y/(s)/¥(s)) = 0 for Ims > 0.
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Another simple characterization of generalized gamma convolutions is due to
Bondesson:

Lemma 4 [B092, Theorem 6.1.1]. A function ¢ on [0, 00) is the Laplace transform
of a generalized gamma convolution if and only if ¢ (0) = 1 and ¢ is hyperbolically
completely monotone.

Thorin’s class of generalized gamma convolutions is closed with respect to
rescaling, weak limits, and addition of independent random variables. Bondesson
[Bol5, Theorem 1] has shown that the generalized gamma convolution class also
has the remarkable property of being closed with respect to multiplication of
independent random variables.

Proving or disproving infinite divisibility of a certain distribution is sometimes
a complicated task and it may need a specialized approach; see for example the
papers of John Kent [Ke78] and those of Pierre Bosch and Thomas Simon [BS15;
BS16]. The Laplace transforms of probability measures are usually transcendental
special functions, which has led authors to study the complete monotonicity of
various quotients of special functions (such as modified Bessel functions, Tricomi
hypergeometric functions, parabolic cylinder functions) and of the logarithmic
derivatives of solutions of differential and difference equations; see for example the
papers of Philip Hartman [Ha78; Ha79].

The present study is motivated by the special function technique approach of
Mourad Ismail and coauthors (see [Is77a; Is77b; IK79; IM79; IM82; Is90]); we
extend and complement the results from these papers by deducing a series of new
Stieltjes transform representations for products and quotients of modified Bessel
functions of the first and second kinds and by obtaining new infinitely divisible
modified Bessel distributions.

Some of our main results are proved using ideas from the works just cited, but we
also work with the theory of generalized gamma convolutions and hyperbolically
completely monotone densities.

Outline. In the remainder of this section we recall some basic lemmas on Stieltjes
transforms. In Section 2 we present a series of results on infinite divisibility of
McKay distributions and its generalizations, the K-distribution and generalized
inverse Gaussian distribution. In Section 3 we obtain a series of new Stieltjes
transform representations for products and quotients of modified Bessel functions of
the first and second kinds and using these results we obtain new infinitely divisible
modified Bessel distributions. These new distributions have Laplace transforms
related to modified Bessel functions of the first and second kinds. Section 4 is
devoted to remarks and open problems concerning some distributions related to
modified Bessel functions and Tricomi hypergeometric functions, while Section 5
contains the proofs of all the main results of this paper.
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1.2. Preliminaries on Stieltjes transforms. Before presenting our results on infinitely
divisible distributions whose probability density function or Laplace transform
involves modified Bessel functions, we recall some basic facts concerning Stieltjes
transforms. The first two lemmas of this subsection are variants of the representation
theorem for Stieltjes transforms. In some applications we use Lemma 5 and in
others Lemma 6. The ensuing Lemma 7 is called the inversion theorem for Stieltjes
transforms or Perron—Stieltjes inversion formula and it is also a key ingredient in
our proofs.

For proofs of Lemmas 5 and 6 we refer to [HWS55] (pp. 235 and 210, respectively),
while Lemma 7 can be found in [St32]. (Alternatively, Lemmas 5-7 can be found
in [Is77a, Lemma 2.1], [IK79, Theorem 1.2] and [Is77a, Lemma 2.2], respectively.)

Lemma 5 (first representation theorem for Stieltjes transforms). A complex function
F(2) admits a Stieltjes transform representation

oo d 00
(1-1) F(z)z/o Z’ft), with/o ()| < oo,

if and only if the following conditions hold true:
a. F(z) is analytic for |argz| < m.

b. F(z) =o0(1) as |z] = oo and F(z) = o(|z]™") as |z] = 0, uniformly in every
sector largz| < m — ¢ for e > 0.

Lemma 6 (second representation theorem for Stieltjes transforms). If

a. F(z) is analytic for |arg z| < /6 for some 0 such that 0 <6 < 1, and

b. F(z) =o0(1) as z — oo and F(z) = o(|z|™") as z — 0, uniformly in every
sector largz| <mw/nwithf <n <1,

then the Stieltjes transform representation

(1-2) F(x)= lfo dat lfc—ZeZF(teZ)dz

x+12mi 224+ 72

is valid for all x > 0, where C is a rectifiable closed curve going around [—ir, i1 ]
in the positive direction and lying in the strip |Imz| < 7 /6.

Lemma 7 (inversion theorem for Stieltjes transforms). If F' has the representation

(1-1), then

(1-3) () —p@) = llm 2—/ [F (=t —in) — F(-r+in]dr,
i

where 11(t) is normalized by 1(0) = nw(07) = 0 and 2u(t) = u(t™) + u(t™) for
t>0.
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2. Distributions whose probability density function involves
modified Bessel functions

In this section we consider some known distributions whose probability density
function involves the modified Bessel function of the first or second kind and study
whether these distributions belong to the class of infinitely divisible distributions
or to one of its subclasses: self-decomposable distributions, generalized gamma
convolutions and hyperbolically completely monotone densities.

2.1. The McKay distribution of type 1. The McKay distribution of type I involves
the modified Bessel function of the first kind, 7,,. Its probability density function is
given by

ﬁ(bZ _a2)u+%
Q2a)*T(n+ 1)

2-1) Pur.ab(X) = xte " I (ax),
where b >a >0, pu > —%, and its support is (0, 00). In view of the asymptotic

relation
"

T 2T (it 1)

as x — 0 and by using the Legendre duplication formula for the Euler gamma
function

T (x)

_ e 1
r2x) = ﬁz IFr(x+3)

we obtain
b2pL+l
—bx 21

'Cu+1) '

which shows that the McKay distribution of type I for a — 0 reduces to a gamma
distribution with shape parameter 2« 4+ 1 and inverse scale parameter b (also
known as the rate parameter). Since the gamma distribution is infinitely divisible
and self-decomposable, and obviously belongs to the class of generalized gamma
convolutions, it is natural to ask whether the McKay distribution of type I belongs
to those same classes of distributions. It is known (see [BalO, p.580]) that x
e~*x"1,(x) is completely monotonic on (0, 00) for all & € [—3,0], which in
turn implies that x + e~ % (ax)*I,(ax) is completely monotonic on (0, o) for
all u € [—%, O] and a > 0. On the other hand, the function x — ¢@ =9~ is also
completely monotonic on (0, co) for all b > a, and since the product of two
completely monotonic functions is also completely monotonic, we conclude:

lim wu,a,b(x) =
a—0

Fact. The probability density function ¢, 4 is completely monotonic on (0, 00)
forall u e (—%, 0] and b > a > 0, and according to the Goldie—Steutel law the
McKay distribution of type I is infinitely divisible for all . € (—% 0] and b > a > 0.
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With a more sophisticated analysis it is possible to show the next theorem, to the
effect that the McKay distribution of type I is infinitely divisible for all u > —%
and b > a > 0. The proof may be found in Section 5.

Theorem 1. If u > —% and b > a > 0, the McKay distribution, whose probability
density function is defined by (2-1), belongs to the class of infinitely divisible
distributions, self-decomposable distributions and generalized gamma convolutions.

2.2. Another McKay-type distribution. Another distribution similar to the McKay
distribution of type I also involves the modified Bessel function of the first kind 7,,.
Its support is [0, 0o) and its probability density function is given by

N D
2bQa) T (u+ 3)

1 _—b.
e 1, (ax),

(2'2) wﬂ,a,b(x) =

where b > a >0, u > —1.

Theorem 2. If © > —1 and b > a > 0, the distribution with probability density
function (2-2) belongs to the class of infinitely divisible distributions.

2.3. Generalization of the McKay distribution of type I. We turn to a generalization
of McKay-type distributions. Its support is also (0, co) and its probability density
function is given by

(2-3) Drv.ab(x) = x" e, (ax),

Cu,v,a,b
where u4+1>0, u+v>0,b>a>0,and

(a/2)" T(u+v) |

ut+v  utv+l 2 /12
b,u+v F(,bL+1) Fl( 2 2 ,p,—i—l,a/b)

Cuv,ab =

(here 7Fi(a, b, c, x) is the Gaussian hypergeometric function). Observe that

2a)"T (n+ 1) 2a)"T (k+1)

_ 1 2,32 _
Cﬂ,ﬂ+1,d,b_W lFO(lu’—i_Eva /b )_ ﬁ(bz—az)“+%
and
2(2a)"T (1 + 3) 3 o (2D)Q2a)T(n+3)
Cuont2ab = T 1Fo(n+ 3, a%/b%) = N

and consequently for all x > 0, u > —% and b > a > 0 we have

(b —a®)hts

n —bxl
Qa)"T (u+ 1) e e

(pu,p.—l—l,a,b(x) = ‘Pu,a,b(x) =
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and for all x > 0, u > —1 and b > a > 0 we have

2 _ o 2\ut+3
VEBE—atr

1 —bx
e " I,(ax).
2bQ2a)AT (1 + 3) w(@x)

(p,u,u-i-Z,a,b(x) = wu,a,b(x) =

From [BalO, p.578] we know that the function x +— e *x7#/,(x) is com-
pletely monotonic on (0, o) for all & > —1, which in turn implies that x >
e “*(ax)™"1,(ax) is completely monotonic on (0, 0o) for all p > —% and a > 0.
On the other hand, the function x > e¢“~?* is also completely monotonic on
(0, o0) for all b > a. As the product of completely monotonic functions, therefore,
the probability density function ¢,, , 4 5 is completely monotonic on (0, co) for all
w=> —l, w+v <1andb > a > 0; thus, according to the Goldie—Steutel law, the
generalization of the McKay distribution of type I is infinitely divisible for such
values of i, v, b, a.

Theorem 3. If u+v >0, u+1>vandb > a >0, the distribution with probability
density function defined by (2-3) is infinitely divisible.

With the previous paragraph, this gives two domains in the (u, v)-plane where
our distribution is infinitely divisible (with b > a > 0). Neither domain contains the
other. It would of interest to find the largest domain of w and v with this property.

2.4. One more McKay-type distribution. We turn to another distribution similar
to the above generalization of the McKay distribution of type I. Its support is also
(0, 00) and its probability density function is given by

(2-4) Epap(x) = xHe ™ (1,(ax))”,

Cu,a,b
where © > —}L, b > 2a > 0 and

2%a® T (i +5)T (20 +3)
bt T(u+1)

Coab = oF(n+ 120+ 3w+ 1, 4d? /6.

From [Bal0, p. 580] we know that the function x > e™*x#1,(x) is completely
monotonic on (0, co) for all 1« € [—3, 0], and thus so are x —> ¢~ (ax)"I,, (ax)
and x > e~ 24% (ax)zl“‘(lﬂ (ax))? for all a > 0. Taking the product with x > e2¢=0)%,
which is completely monotonic on (0, oo) for b > 2a, we see that &, , ; is completely
monotonic on (0, 0o) for all 4 € (—%, 0] and b > 2a > 0. Again by Goldie-Steutel,
then, the above McKay type distribution is infinitely divisible for all i € (_zlt’ O]
and b > 2a > 0. With a finer analysis the range of u can be extended:

Theorem 4. If 1 € (—Alf, %] and b > 2a > 0, the distribution with probability density
function (2-4) is infinitely divisible.
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2.5. The K-distribution or gamma-gamma distribution. Suppose that a random
variable X has gamma distribution with mean o and shape parameter o, where o
is a random variable also having a gamma distribution, with mean yx and shape
parameter 8, where «, 8, u > 0. The result (see [JP78] and [Re99]) is that X has
the following probability density function, supported on (0, 0o):

2 atf ot
C5)  wupul) = e @0 T T Ke g a0
The corresponding probability distribution, known as the K-distribution, besides
being a compound distribution, it is also a product distribution: namely, the dis-
tribution of the product of two independent gamma-distributed random variables,
one with mean 1 and shape parameter o > 0, the other with mean p > 0 and shape
parameter 8 > 0.

Since gamma densities are hyperbolically completely monotone and the product
of hyperbolically completely monotone functions belongs to the same class (see
[Bo92] or [Bo15, Proposition 4]), we conclude that the K -distribution is a hyper-
bolically completely monotone distribution. This proves the next theorem, but we
will later give an alternative proof of it using special function techniques.

Theorem 5. If «, B, u > 0, the K-distribution, with probability density function
defined by (2-5), belongs to the class of infinitely divisible distributions, self-
decomposable distributions, generalized gamma convolutions and hyperbolically
completely monotone distributions.

The K -distribution (also known as the gamma-gamma distribution, since it arises
from the product of two independent gamma random variables) is well-known
in engineering, having been used for example in modeling land and sea radar
clutter, as well as the combined effects of fading and shadowing encountered in
mobile communications channels. It has been applied also to optical wireless
systems, involving the transmission of optical signals through the atmosphere (see
[BSMKRO06; CK11]), and in modeling microwave sea echo (see [JP78]).

In [BPV11, Theorem 5] the authors proved that the probability density function
of the gamma-gamma distribution x > wq g, (x) is geometrically concave on
(0, 00) for all «, B, u > 0, that is, the function x +— xw&,ﬂﬁﬂ(x)/a)a,ﬂ#(x) is
decreasing on (0, oo) for all «, 8, i > 0. It can be shown easily (see for example
[Bo92, p. 102]) that this is equivalent to the probability density function of the
K -distribution being hyperbolically monotone (of order 1), that is, the function
W > Wy, g, (UV) W, g, (u/V) 1s decreasing on (0, co) forall u, v, a, B, u >0, where
w = v+ 1/v. Clearly Theorem 5 states much more than this: the function w +—
W, B, (UV)Wg g, (u/v) 1s not only decreasing on (0, co) for all u, v, o, B, u > 0,
it is even completely monotonic.
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2.6. The generalized inverse Gaussian distribution. The generalized inverse Gauss-
ian distribution is a three-parameter family of continuous probability distributions
with probability density function

(a/b)*?
2K, (/ab)

and support (0, 0o), where a, b > 0 and p is a real parameter. Barndorff-Nielsen and
Halgreen [BH77] have proved that the generalized Gaussian distribution is infinitely
divisible. Barndorff-Nielsen et al. [BBH78] have shown that the generalized inverse
Gaussian distribution is a first hitting time for certain time-homogeneous diffusion
processes provided the parameter p is negative, and in this case infinite divisibility
follows from the general central limit theorem. Halgreen [Ha79] and Bondesson
[Bo79] have shown that the generalized inverse Gaussian distribution is a generalized
gamma convolution, and according to [Bo92, p. 74] the generalized inverse Gaussian
distribution belongs to the class of hyperbolically completely monotone densities
and hence to the class of generalized gamma convolutions and self-decomposable
distributions. Thus the next theorem is previously known, but we will provide
an alternative proof, based on the special function approach, for the fact that the
generalized inverse Gaussian distribution is a generalized gamma convolution.

(2-6) Tpap(X) = xhlgmalaxth/n)

Theorem 6. If x € R and a, b > 0, the generalized inverse Gaussian distribution,
with probability density function (2-6), belongs to the class of generalized gamma
convolutions and hence to the class of self-decomposable distributions and infinitely
divisible distributions.

3. Distributions whose Laplace transform involves
modified Bessel functions

At the end of his book [B092] Bondesson wrote: “Since the class of infinitely
divisible distributions is extremely large, it is not a very interesting class. In fact,
as the research during the last two decades has shown, infinitely divisibility seems
to be more a rule than an exception. This is not surprising if one considers that the
class of (univariate) distributions which are infinitely divisible with respect to the
maximum operation contains all distributions. On the other hand, to investigate
whether or not infinitely divisibility holds for a particular distribution may lead to a
deep insight into the structure of that and other distributions and also to a lot of
by-products. (Cf. Riemann’s hypothesis in mathematics, for example.) This work
would certainly not have been written had not Steutel (1973) asked whether the
lognormal distribution is infinitely divisible and had not Thorin (1977) attacked and
solved this problem.”
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In this section our aim is to consider some new lifetime distributions whose
Laplace transform contains the modified Bessel function of the first and/or second
kind and to study whether these distributions belong to the class of infinitely divisible
distributions or to one of its subclasses such as self-decomposable distributions or
generalized gamma convolutions. It is an interesting problem to find out whether
or not particular distributions are infinitely divisible; in this connection, the first
part of this section was motivated by the following open conjecture of Ismail and
Miller [IM82, p.234]:

Conjecture. Ifv > u > 0and b > a > 0, is the function
. (é)M_U Iu(aﬁ)lv(bﬁ)
a 1, (by/x)1,(ay/x)

the Laplace transform of an infinitely divisible probability distribution?

Theorems 8 and 9 show that it is possible to generate the Laplace transform of
an infinitely divisible probability distribution from the above quotient of modified
Bessel functions of the first kind, with some slight modifications.

3.1. Quotients of modified Bessel functions of the first kind. Due to Ismail and
Kelker [IK79, Theorem 1.10], we know that the function

1 (ay/x)*
20T (w+ 1) I, (ay/x)

is the Laplace transform of an infinitely divisible distribution on [0, 0o), when

(3-1) X = )O;L,a(x) =

n > 0and a > 0. The same distribution is also self-decomposable; the proof follows
naturally from Lemma 2.

The next result shows that in fact the above function is the Laplace transform of
a generalized gamma convolution.

Theorem 7. If u > —1 and a > 0, then x — p;, (x) is the Laplace transform of a
generalized gamma convolution and therefore it is also the Laplace transform of a
self-decomposable distribution.

Theorem 8. If u > —1,v>0 > —1and b > a > 0, then
b)u—v I, (a/x)1,(b/X)
- : /Oa,b(x)
a/ Iyl (ayx)

is the Laplace transform of an infinitely divisible distribution with support [0, 00).

1
2

Qu,v,a,a,b(x) = (

Theorem 9. If u > —1, v > 5 and b > a > 0, the function

g)ﬂ*v Lu(a/x)1,(by/x) b
a) 1,y (ay)

is the Laplace transform of an infinitely divisible distribution with support [0, 00).

Qu,v,a,b(x) = (
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3.2. Stieltjes transform representations and infinite divisibility. We now list results
related to Stieltjes transforms of modified Bessel functions of the first and second
kinds, their products and quotients. We show that these new Stieltjes transform
representations are closely related to some new infinitely divisible modified Bessel
distributions. The proofs of the results are based on representation and inversion
theorems for Stieltjes transforms. Some of the proofs related to infinitely divisibility
were inspired from the papers of Mourad Ismail, but in each case we will also show
the integral representation of the probability density functions in question.

Theorem 10. Ifa > 0, u > —% and |arg z| < m, the following Stieltjes transform
representation is valid:

D=

oot

. 1
eV 5 ] (a :—/
< luay) mJo z+4t

It can be rewritten as the two-fold Laplace transform

n 1 o0 o K
e*aﬁz*ﬂ,,,(a\/%)=;/o e*ZS(/O e*”tﬁju(a\/?)sin(aﬁ)dr)ds.

Ju(a/1) sin(a/t) dt.

We know from [Is90, Theorem 2] that if @ > %, the function

x> 2PT (4 Dx 2L, (Yx)e ™V

is the Laplace transform of an infinitely divisible distribution that is not a generalized
gamma convolution. This implies that the function

24T 1 L
X —(,u+ )x*%efaﬁlu(a«/)_c)

at

is also the Laplace transform of an infinitely divisible distribution that is not a
generalized gamma convolution. In view of Theorem 10, the function

1270+ [T e @ sinyn di

b4 akt
is the corresponding probability density function for the above distribution when
w > % This complements [Is90, Theorem 2]. Also, from [EMOT54, eq. (19),
p-226] we know that

S =

. 1 poot 2
N _ 1 .
R ACNOES /0 VD sinav/D d1.

where Re u > —%, a>b=>0.
Theorem 10 can be extended to the case when a > 0, Re u > —% and |arg z| < m,
which clearly complements the above formula for the case a = b.

The next theorem is a similar result for the product of modified Bessel functions.
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Theorem 11. Leta <b, u,v>—1,v—u < land |argz| < m. Then

(3-2) 2 L(ayDK,(by7) = 2/ J(aﬂf (b/7) dt.

This Stieltjes transform representation can be rewritten as

27 L (a2 K, (b/2) = %/Oooe—“ (/Owe‘”t% Ju (@), (b/1) dt) ds.

Theorem 11 also holds for modified Bessel functions whose orders u and v are
complex numbers: specifically, under the conditions a <b, Reu > —1, Rev > —1,
Re(v — ) <1 and |argz| < 7.

During our work we found out that the integral representation in (3-2) existed in
the literature (see [MOS66, p. 96]) in the form

ootV n+1
v—
(3-3) 2", (a2) K, (b7) = /O S lulan Ju b dr

with the better conditions a < b, Rev > —1, Re(v — ) <2 and Rez > 0. By
replacing z by /z and introducing a suitable transformation, equation (3-3) becomes
(3-2) with the conditions a < b, Rev > —1, Re(v — ) < 2 and |argz| < 7. The
representation (3-2) is also given in [EMOT54, eq. (24), p. 227] with conditions
0<a<b,24+Repn >Rev > —1. By using the asymptotic relations 10.30.4 and
10.25.3 in [NIST10], we have, as z — o0,
a./Z
2 L(avD) Ky (b ~ 2T e T bvi_ 1 BN S

V2may/z 2b\/z 2/ ab

The factor V% does not goes to zero as |z| — oo uniformly in every sector
larg z| < m — €, for € > 0. Consequently, condition (b) in Lemma 5 is not valid
when Re(v — ) > 1. Thus, when Re(v — ) > 1 the Stieltjes measure presented in
[MOS66, p.96] and [EMOT54, eq. (24), p. 227] is not absolutely integrable.

For integer u = v = n, equation (3-3) appears in [Mi36] with a reference to von
Hermann Hankel [Ha75], while a more general form of (3-3) for integer orders has
been considered in [Ha75]. Namely, the extension of (3-3) in the case when k € N
and n +m + g is an even integer has the form

1 9 . oy Tu(at) I (bt)
—2F(k+1)( )r](ar)(Y (br) — Jnln(br))_/o o ) o

The following result provides an immediate application of (3-2).

Theorem 12. If u > —1 and |arg z| < 7, the following representations hold:

G4) 2, (VDK.(VD) = /O =LV, /0 Ooe—“< /O T 2 dt) ds.

Z+t
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and consequently for . > 0 the function x — 2ul,, (\/x) K, (/x) is the Laplace
transform of an infinitely divisible probability distribution with support [0, 00), and
its corresponding probability density function is

gu(x)—u/ e 2D di = Ee_ﬂl (2116)

A Stieltjes transform can be viewed, at least formally, as a two-fold Laplace

transform:
ood,u(t) B © _ [P _y
fo " _/0 e /0 e ldu(t)ds.

This relation immediately implies the second equation in Theorems 10 and 11, as
well as the second equality in (3-4). The formula (3-4) preexisted in the literature as
[EMOT54, eq (22), p. 226]) with condition u € C. But for the case when Re u < —1,
uw#E—1,— ., by using the asymptotic relations [NIST10, 10.30.1, 10.30.2 and
10.27.3], we observe thatas z — 0

(-
L VDKL WD = VDK /D ~ s

It is clear that |z| 1, (y/z) K, (/z) does not goes to zero as z — 0. This violates
one of the conditions in Lemma 5. Thus, when Repu < —1, u # —1,-2,...
the Stieltjes measure presented in [EMOT54, eq. (22), p.226] is not absolutely
integrable.

The next corollary contains some immediate applications of the formula in (3-4)
concerning the product of modified Bessel functions of the first and second kinds.
The first part of the next corollary is well-known and was proved using nontrivial
arguments by Penfold et al. [PVGO07] for u > 0, by Baricz [Ba09] for u > —% and
by Segura [Se21] for u > —1.

Corollary 1.

a. The function x +— 1,,(x) K, (x) is decreasing on (0, 00) for all u > —1.

b. The function x — 1,(/x)K,(y/x) is completely monotonic on (0, 00) for all

u>—1.
c. The function x — x1,(/x)K, (/x) is a Bernstein function on (0, 00) for all
uw>—1.

d. The function x — (xI,L (Wx)K, (\/f))_1 is completely monotonic on (0, 00)
forall u > 0.

ne? \
e. Ifu>0andx >0, then I,(x)K,(x) < N , where c; = supt€R+\‘/?Jo(t) ~

2
3

0.7857468704 . . .. 3x3

In [BMPS16, Theorem 1] the authors obtained a more general bound for & > v
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and x > 0:

2mw2cy

I, (x)K,(x) < T
’ VAr(3)r(3) et

Since
23 f

2
r()r()
the upper bound in Corollary 1e is sharper than the above bound from [BMPS16]
in the case when u = v.

Another infinitely divisible distribution related to the product of 1,,(a/x)K, (b+/x)
can be found in the next theorem.

L < —5—= = 1.8407427466 .

Theorem 13. If u,v>—1,v—u<1,a,b>0and |argz| < m, then

z%e_“ﬁl (av2)K, (b\/_)
2/00t 2 Ju (a\/_)(J (b/1) cos(an/t) — Y(bf)sm(af))

This Stieltjes transform representation can be rewritten as

Iu(a\/z)Kv(b\/E) _
=V

% /oooe_zs (/Oooe_“t% Ju(@v/1) (45 (b/1) cos(av/D) =Y, (bv/1) sin(av/1)) dt) ds

The next theorem shows that the function

24V HID (4 1)bY

—af
X ST ) 1 (ax/x)K, (b/X)

is the Laplace transform of an infinitely divisible distribution on (0, co) with the

conditions a,b,v > 0 and u > % Based on Theorem 13 we can express the

probability density function of the corresponding distribution as
27V (w4 Dby
atT (v)

x [T 1 @VD (4 bV cost@v) — Yoy sin(av/n) dr

whenever a, b, v > 0, ,u>%andv—,u<1.

Theorem 14. Ifa,b,v > 0 and u > 3, the function

2RI (4 1)bY 3

ST ERACNOV NG

X,u,v,a,b(x) =

is the Laplace transform of an infinitely divisible distribution on (0, 00).
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The next result is also related to an infinitely divisible distribution, but involves
only the modified Bessel functions of the second kind.

Theorem 15. Ifa,b, u,v >0, v+ < 1 and |larg z| < 7, then

(3-5 2T K (a2 K, (by/2)

T o0t 2
=7 Jo 73 Uk@DN VD + 1, (0VDYuavD) di.

This representation can be rewritten as
"7 Ku(ayDK(b/2)
0 o0 L+v
= [Tem (=5 [T 1@V oVD + 1, (6VDY(avD) dr) ds.

The following result shows that the above product of modified Bessel functions
naturally generates a generalized gamma convolution. On the other hand, if we let
a,b, u, v and s be strictly positive real numbers, and v 4+ u < 1, then the function

—mratb’ 00 _ 4 utv
S T re o ¢ (V. (aVD Y, (bV1) + 1, (b1 Y, (av/1)) di

is in fact a probability density function and

[)m(/()ooefsz;%(h(a«/f)n(bﬁ) + (VDY (aVD)) dt) ds
_ 2T (v)
B Taktby ’

This follows from Theorem 15 and the fact that function in (3-6) is the Laplace
transform of an infinitely divisible distribution. In the case when a = b =1, in view
of the integral representation

Ju(xX)Y,(x)+ ()Y, (x) = —% /()OOJM+V(2x cosh s) cosh((u —v)s) Fds

(see [EMOT53Db, eq. (65), p. 97]), we obtain that (3-5) reduces to

K (DK (VD) = /0 °°< /0 - ;—Z 402/ cosh s) cosh(( — v)s) ds ),

where u,v >0, v+ u < 1 and |arg z| < 7, as before.

In Theorem 15 it is possible to assume that the orders n and v are complex
numbers with the conditions such that Re 4 > 0, Rev > 0 and Re(v 4+ ) < 1. The
integral representation in (3-5) preexisted in the literature (see [MOS66, p. 96]) in
two forms:

pAv+21+1

oo
(_1)l+1 %ZM—HH_ZIKU (ClZ)K;L(bZ) — /0

o (W@ b+ d, b0 Y,(an) dr,
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wherel € {0, 1, 42,...}, Re(v+{) > —1, Re(u+!) > —1, -1 <Re(u+v+2) <1,
Rez > 0, and

) oot n+v+21
(- 1)l+1 VTR (a2) K (b2) = / —(Jv(at)Ju(bt)—Yv(at)YM(bt))dt

wherel € {0, £1,+2, ...}, Re(v+I]) > —%, Re(u+1) > —1 J1—1 5 <Re(u+v+2) <l,
Re z > 0. Clearly our product representation (3-5) corresponds to case when zA+V+2
reduces to z#" and in this case the conditions will be Rev > —1, Re u > —1,
—1 < Re(v+ u) < 0 and Re z > 0, which complements our conditions Re u > 0,
Rev >0, Re(v+u) <1and |argz| < 7.

Theorem 16. If a, b, 1, and v are strictly positive real numbers, the function

atbY ety
" K (av/D K, (b3/3)

(3_6) ﬂﬂ,v,a,b(x) = 2M+V_2F(M)F(U)x

is the Laplace transform of an infinitely divisible distribution on (0, 00) that is
self-decomposable and a generalized gamma convolution.

Ismail and Kelker [IK79, Theorem 1.8] proved that if u > v > —1, the func-
tion x — (x)""K,(/x)/K,(/x) is the Laplace transform of an infinitely
divisible distribution with support (0, oo) and consequently taking into account
that K, (x) ~ 21y~ () as u — oo for x > O fixed, the function x >
(WX)'K,(/x)/ [2“_] F(v)] is also the Laplace transform of an infinitely divisible
distribution with support (0, co) whenever v > —1. However, after verifying the
proof of [IK79, Theorem 1.8] we reached the conclusion that the above results are
only true when u > v > 0, and v > 0, respectively.

The next result is analogous to Theorem 15.

Theorem 17. Ifa,b >0, u,v> —1, u+v > —1 and |arg z| < 7, then
e~V L (ayD L (YD)
= —/ ———(Julav/D) 1y (/1) sin((a + b)V/1)) dt
This Stieltjes transform representation can be rewritten as
TV L (ayD L (0VR)
1 00
— —28 —st
—— [ (/O 5 (JulavD 1BV sin((a + b)VD) dt) ds.

The product of two modified Bessel functions of the first kind also generates an
infinitely divisible distribution, which however will not be a generalized gamma
convolution:
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Theorem 18. Ifa,b > 0and u,v > %, the function

v =
24T (1 - ;)F(v D @t =5 | (a1
a v

is a Laplace transform of an infinitely divisible distribution on (0, 00), but is not a
generalized gamma convolution.

;M,v,a,b(x) =

From Theorems 17 and 18 for a, b > 0 and i, v > 1 we conclude that

2
22U (n 4+ DT (v +
H
atbvm

S

1 [ v
) f e S (Ju(av1)J,(b/1) sin(a + b)v/1) dt
0
is a probability density function and

T[Tt (U (b sin(a + b)) dt ) ds
/o </0 ) Tatb’

T WP T (u+ DI+ 1)

The next result is the counterpart of Theorem 15.

Theorem 19. Ifa,b >0, n,veR, u+v > 1and |argz| < 7, then

RS S 0
" == — L uwvab .
T KuayDK bz T 2t
This representation is equivalent to

—(a—l—b)ﬁ 4 o0 o0 v
S == [T ( [ e D) dz) ds,
72 Kylay2)Ky(by/z) 770 0

where

Tu,v,a,b(t) COS((Cl + b)\/;) - ZTM,v,a,b(t) sin((a + b)\/;)
(2D + Y2 aVD) (JH b1 + Y2 (VD))

F;L,v,a,b(t) = !

with
1Tyan(t) = 1@V Y, (bV1) + J, (b1 Y, (aV1),
2Tyvan(t) = T (aN/t) 1, (b/1) — Y, (a1 Y, (A1),

The next theorem shows that the reciprocal of the product of two modified Bessel
functions of the second kind also generates an infinitely divisible distribution.

Theorem 20. Ifa,b >0, u,v > % the function
2M+v—2F(M)F(v) e—(a-i—b)ﬁ
arb x T K (a /) Ky (by/X)

is the Laplace transform of an infinitely divisible distribution on (0, 00), which is a
generalized gamma convolution.

K;L,v,a,b(x) =



INFINITELY DIVISIBLE MODIFIED BESSEL DISTRIBUTIONS 279

In view of Theorems 19 and 20, the function

2HTYE ()T (v) gty
S = W,/O e t 2 F,u,v,a,b(t) dt

is a probability density function on (0, co) whenever a,b > 0, u,v > %, and

moreover
00/ OO L uv a*b’r3
7 vab()dt)d —.
i (e Cuvap(@)dr) ds = 2T ()T (v)

Now, we focus on the quotient of modified Bessel functions of the first and
second kinds.

Theorem 21. Ifa,b >0, u > —1, u+v > 0and |argz| < 7, then

ntv
7 Iu(ay?) 2 [t
= J t)dt.
CtVE Kooy | 2y 2+ 1@V y,a.(1)

This representation can be rewritten as

u+

putv
272 L(a2) 2 poo 00 e J, (a/1)
p@yz :__2/ e Z(/ +yv,a,,,(t)dt) ds
e@tb)vz K, (b/7) 72 Jo 0 £

2
where

Jy(b/1) cos((a + b)/1) + Y, (by/1) sin((a + b)\/_)
J2(b/1) + Y2(b /1)

In particular, when a — 0, we obtain the following result.

]/v,a,b(t) =

Corollary 2. Ifb >0, v > % and |arg z| < m, then
2 g oot2
P —/ - 1)dt.
7 2e X, (bf) -2/ Z+tVU,O,b()

Finally, we show that the above quotient of modified Bessel functions of the first
and second kinds also generates an inﬁnitely divisible distribution.

Theorem 22. Ifa,b > 0, v, u > 5, then the function

n+v—1 ;
2 (W) (+ 1)e—<a+”>ﬁx—%—l“(“*/’_‘)

atb K, (by/x)
is the Laplace transform of an infinitely divisible distribution on (0, 00). Ifa, b > 0,
v > 0and p > —1, then the reciprocal ofe(‘”b)ﬁeu,,,,a’b(x), that is,

e—(ath)J/x atb’ wrv Ky (by/x)
= X 2 s
8u,v,a,b(x) 2M+V_1F(V)F(:u + 1) IM(aﬁ)

is also a Laplace transform of an infinitely divisible distribution on (0, 00).

8u,v,a,b(x) =
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Ifa,b>0and u,v > %, Theorems 21 and 22 imply that the function

2LV (WT(w+ 1)
H
atbvm?

oo v
fo e TN D) Yras (1) dt

is a probability density function and
00 00 v
([ e gu@viyas@dr) ds = =
0 0

atb’r?
2T WD(w+1)°

4. Remarks, open problems and challenges for future direction

4.1. Remarks on quotients of Tricomi hypergeometric functions. We now state
some facts related to quotients of Tricomi hypergeometric functions. Goovaerts et
al. [GHP78] proved that the distribution of the ratio of two independent gamma-
distributed random variables is infinitely divisible; this solved a problem posed
by Steutel [St73] in a survey of the theory of infinite divisibility. More precisely,
based on a relation between the Laplace transform of the density of the quotient of
two gamma random variables and the Tricomi confluent hypergeometric function,
Goovaerts et al. proved that the distribution of the ratio of two independent gamma-
distributed random variables is a generalized gamma convolution. In their proof
the logarithmic derivative of the Laplace transform is obtained by the argument
principle and contour integration. At the same time, Ismail and Kelker [IK79,
Theorem 1.5] proved with the Stieltjes transform technique that the distribution of
the two gamma random variables is self-decomposable, hence is infinitely divisible.
In this subsection we provide another way to show that the distribution of the ratio
of two gamma random variables is a generalized gamma convolution.

Theorem 23. The distribution of the quotient of two gamma random variables is a
generalized gamma convolution.

Ismail and Kelker’s proof of [IK79, Theorem 1.5] was based on the integral
representation

(4-1)

Y@a+1,c4+1,2) o 1% |y(a,c re™)|?
V(a,c,2) _/0 G+ @+ Dl a—c+1)

(see [IK79, p. 885]), where a > 0, ¢ < 1 and |arg z| < . Our proof of Theorem 23 is
also based on (4-1), bur our approach is based on the Pick function characterization
theorem, Lemma 3. Moreover, we show that it is possible to obtain similar Stieltjes
transform representations for quotients of Tricomi hypergeometric functions. These
results complement [IK79, Theorem 1.4].

Theorem 24. Ifa > 0, ¢ < 1 and |arg z| < 7, then the following representations
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are valid:

(4-2)

’

V(a,c,2) a—c+1 Jo z+4t T(@T(a—c+2)
Yv(a+1,c,2) _ 1 /oo z (a—c+1)t e
0

= — 1V (a, ¢, €™ 1)|~2dt,
V(a,c,z2) a—c+1 7+t T(a+ DT (a—c+2)

(4-3) VYia,c+1,2) | /Oot_”e_’ Y (a, c, ei”t)|_2d
Ya,c,?z) N 0o z+t T'@la—c+1)
Y@a—1,c,2) — r—cdadt © 7z t~%e'Y(a,c,eTt)|?
via,c,z) 0 z+t T(@T(a—c+1)

This follows naturally from (4-1), but for (4-3) we give a more detailed proof
via the Stieltjes representation and inversion theorems. We mention that by using
the Stieltjes transform technique Ismail and Kelker [IK79, eq. (1.5)] proved that

W(Q,C—I,Z)_fw b4 t_ce_tltﬂ(a,c,ei”t)rzdt
Ya,c.z)  Jo z4+t T(@T(a—c+2)

fora >0, 1 <c<a+1 and |argz| < 7, and our result (4-2) complements this
naturally.

Bondesson [B092, Example 4.3.1] remarked that the distribution of the quotient of
two gamma random variables belongs also to the class of hyperbolically completely
monotone densities. More precisely, if X and Y are independent gamma distributed
random variables with parameters (¢, ) and («g, Bo), then the probability density
function of their quotient Z = X/Y is given by

(e +a0) (B )a _1 Bo |\~ @teo

= TV (B0} el 4 PO ,
S F(a)F(a0)<,8 * ( + ﬁx)

where x > 0; see [IK79, p. 889]. Now, if u, v > 0 and w = v+ 1/v, we have, by

[B0o92, Example 4.3.1],

favf(%)= (M <@>a)2u2a_z<(1 N @w)(l N @Z))—(a-i-ao)

I'(e)T (a0) \ B B B v
o g —(a+agp
(T (Y Yo a(a0 () + ) ™

and thus w— f(uv) f (u/v) is completely monotonic on (0, co) for all «, g, 8, Bo > 0.

As discussed in [AB23], the integral representation (4-1) was important in the
study of the infinite divisibility of the Whittaker distribution. It is possible to obtain
similar results on ratios of Tricomi hypergeometric functions where the difference
between the parameters is not necessarily an integer; see [FS23, Section 2] for
details.
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4.2. The noncentral chi square distribution. The noncentral chi square distribution
is a noncentral generalization of the chi-squared distribution and has the probability
density function

x+r) 1
Ko () =17 (0/D) 51 e (Vi)

where A > 0 is the noncentral parameter and u > 0 is the degree of freedom.
From [IK79, Theorem 1.6] we know that the noncentral chi square distribution
is infinitely divisible for all degrees of freedom, including fractional ones. From
[B092, Example 9.2.2] we also know that the noncentral chi square distribution
belongs to the so-called class of generalized convolutions of mixtures of exponential
distributions, introduced in [Bo81, p.43], and which is in fact the smallest class of
distributions that is closed under convolution and weak convergence and contains
all mixtures of exponential distributions. We know that the class of generalized
convolutions of mixtures of exponential distributions is a subclass of the infinitely
divisible distributions, but contains all generalized gamma convolutions and hence
hyperbolically completely monotone densities. Thus, it is very natural to ask
whether the noncentral chi square distribution belongs to the class of generalized
gamma convolutions or to the class of hyperbolically completely monotone densities.
The next result suggests that under some conditions on the parameters w1 and A the
noncentral chi square distribution belongs to the class of hyperbolically completely
monotone densities, and hence to the class of generalized gamma convolutions.
The first open problem is to find the optimal range for the parameters © and A such
that the noncentral chi square distribution belongs to the class of hyperbolically
completely monotone densities.

Theorem 25. Let > 1, u,v > 0 and w = v+ 1/v. If A < u, the function
W = X (UV) x5 (/v) is strictly decreasing on (2, 00) and if 2h < , then
W > Xpa (V) xua (u/v) is strictly convex on (2, 00).

4.3. Hyperbolically complete monotonicity of McKay distributions. In Theorems
14 of Section 2 we studied the infinite divisibility and self-decomposability of
McKay-type distributions and checked their membership in the class of generalized
gamma convolutions. We were not able to check whether these distributions belong
to the class of hyperbolically completely monotone densities. (In Theorem 5,
Macdonald’s integral representation of the K -distribution was crucial; but to our
knowledge there is no similar result for modified Bessel functions of the first kind.)

A function f : (0, 00) — R is absolutely monotone (or absolutely monotonic) if it
has derivatives of all orders and ™ (x) >0 forallx >0andn {0, 1,2,...}. The
next result shows that w +— I, (uv) I, (u/v) is absolutely monotonic on (2, 00); thus
a more sophisticated analysis is needed to verify whether McKay type distributions
belong to the class of hyperbolically completely monotone densities.
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Theorem 26. If © > —%, u,v>0and w = v+ 1/v, then the function w —
I, (uv)1, (u/v) is absolutely monotonic on (2, 00).

The second open problem is to verify under what conditions the distributions
considered in Theorems 14 belong to the class of hyperbolically completely
monotone densities, and under what conditions the distributions in Theorems 2—4
belong to the class of self-decomposable distributions as well as of generalized
gamma convolutions. One can also ask under what conditions the probability density
function in Theorem 12 is hyperbolically completely monotonic.

4.4. Self-decomposability of modified Bessel distributions. Let w(x) be the Laplace
transform of a probability distribution on [0, co). It is known that if —dw(x)/dx
is the Stieltjes transform of a positive measure, then the original distribution is
self-decomposable, and hence is infinitely divisible. In other words, a nonnegative
random variable is self-decomposable if its Laplace transform satisfies

oo dew (1)

_ oo—xt _ —hx) I _
(4-4) /Oe dw (t) = e, h(x)_/o e dmn=0.

By Lemma 1, a probability measure dw supported on [0, co) is infinitely divisible
if and only if its Laplace transform satisfies

o0
(4-5) / e Mdw(t)=e"", h0)=0, andh'(x)is completely monotonic.
0

Recall that self-decomposable functions are infinitely divisible and a probability
distribution satisfying (4-4) and (4-5) is called a generalized gamma convolution. In
Theorems 14, 18 and 22 we have infinitely divisible modified Bessel distributions
whose Laplace transform can be written as Stieltjes transforms, but these Stieltjes
transforms do not have positive kernels. Thus, the third open problem is to verify
under which conditions the distributions considered in Theorems 14, 18 and 22 are
self-decomposable.

5. Proofs of the main results
Proof of Theorem 1. From Prudnikov et al. [PBM8S, eq. 2.15.3.2], we have
(2a)"T (1 + 1)
JTb?— az)u% ’

which in turn implies that the Laplace transform

o b
/0 xte ™ I, (ax)dx =

LIgap(x)] = /0 e Qpap(t) dt

of the probability density function ¢, 45 is given by
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2 2\uti poo 2 2 +1
Llgpanto) = YO Z " f o0 apyar = (2= )
- Qa)*T(n+3) Jo (x +b)? —a?

First we show that the McKay distribution with probability density function (2-1)
is infinitely divisible. In view of Lemma 1, this is equivalent to

dn Ll q5(x)] 1 1 1
> — . = ( +2)(x+b—a+x+b+a)

being complete monotone on (0, co) when u > —% and b > a > 0, which is true.

We show that the same distribution is self-decomposable. Write w4 ,(x) =
Ll@u.ap(X)]1/Ll@u.ap(ax)]. By Lemma 2, self-decomposability is equivalent to
the complete monotonicity on (0, co) of

_dInan® _ +1)< (1-a)(b—a) (1-a)(b+a) )

X 5
dx Y\ (x+b—a)(ax+b—a) (x+b+a)(ax+b+a)

when o € (0, 1), u > —% and b > a > 0, which is also true.
We show that our distribution belongs to the class of generalized gamma convo-
lutions. The moment generating function of the distribution is

00 b2 _ az l/«+§
¥ (2) == Mx(z) = /O ¢“Puap(®)dt = Llgy.ap(—2)] = (m> :

This function is analytic and zero-free in C \ [0, 00), so to apply Lemma 3 we just
need to verify that Im (¥/(s)/¥(s)) > 0 for Ims > 0. We have

Yi(s) | 1 1
vis) _(“+7)(s+a—b + s—a—b)’

which implies that for s = x +1iy and y = Ims > O we have, as needed,

Y/ (s) | y y
I = > 0
ml//(s) (et 2) (x~|—a—b)2—i-yz—’_(x—a—b)z—i-y2 ~
(Another proof that the distribution belongs to the class of generalized gamma

convolutions uses Lemma 4: we just observe that if ¢ (x) = L[¢, 4.5(x)], then
¢ (uv) ¢ (u/v) can be written as

(b2 _ a2)u+%u72pc71

( u2+(b_a)2)l‘v+;( u2+(b+a)2)“+§’
WA — WA
(b—a)u (b+a)u

¢ wv)p(u/v) =

which is completely monotonic in w =v+1/v > 0 for all p > —% and b >a >0.)
O
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Proof of Theorem 2. By [PBM8S, equation 2.15.3.2] we have

3
2b2a)*T (1 + 3)
JTb? — az)/ur% ’

which implies that the Laplace transform L[v, 45 (x)] = foooe_’” Yu.ap(t)dt of
the probability density function ¥, 4 5 is given by

3 3
JTBE — a)r /Ootu+le—(b+x)tl (at)di = (1+£> b2 — g2 /Hrz'
2bQ2a)T (u+3) Jo a b)\(x +b)? —a?

© u+l —b
/0 e, (ax) dx =

By Lemma 1, showing that the distribution with probability density function
(2-2) is infinitely divisible is equivalent to showing that

H_dlnL[wu,a,b(x)]_ w1 w41 N a’
dx T x+b—a x+b+a +b(x+b—a)x+b+a)

is completely monotone on (0, co) when & > —1 and b > a > 0, which is true. [J

Proof of Theorem 3. Equation 2.15.3.2 of [PBM88] reads foooxvfle*b"lu (ax)dx
= Cy,v,a,b> 5O the Laplace transform

o0
LI@pv.ap(x)] = /0 ¢ Qv.ap(t) di

of the probability density function ¢, , 4 5 is given by

pv ptv+l a’ )

b \Wtv ZFl( 2 0 2 ,M+1,(x+b)2
Ligunar = (135) 7
2F1(T,T,M+laﬁ)

Recall that the Gaussian hypergeometric function satisfies

d b
— (Fi@.b.c.x) = O L Fa+1,b+1,c+1,x)
X C

and for a, b and ¢ such that —1 <a < c and 0 < b < ¢ we have the Kiistner integral
representation [Kii02]

z-2Fi@a+1,b+1,c+1,2) (1 z

(5-1) =
2Fi(a,b,c,z) 01—tz

dqa,b,c(t)5

where z € C\ [1, 00), ga.p.c(1) — qa.p.c(0) =1 and g, p . is a nondecreasing self-
mapping of [0, 1]. To prove infinite divisibility, in view of Lemma 1, we just need
to observe that the function

_dIn L@y ,a,6(x)]
dx

X =
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2 u+v+3 a?
F (M+V+ ) M k) 27 )
_ ptv a2(u+v)(u+v+l)'2 ! 2 2 mt (x+b)?
Cx+b 2(u+D(x+b)? F(;urv ptv+l o d? )
2\ > ,M+,(x+b)2
_ M+V<1+“2(M+v+1) [ dgu. (1) )
x+b 2(u+1)  Jo (x+b—a/t)(x+b+a+/t)

is completely monotonic on (0, 00) forall u +v >0, v<u+1and b > a > 0,
where in view of (5-1) we have g, ,(1) —¢q,,,(0) =1 and g,,, is a nondecreasing
self-mapping of [0, 1]. ([

Proof of Theorem 4. Equation2.15.20.5 of [PBM88] reads [~ x**e~* (1, (ax))*dx
= Cu,a,b» SO the Laplace transform

oo
Llas@)] = [ e Euan(0)dr
of the probability density function &, , 5 is given by

Llanl = (125)

utl oF1 (45,20 + 3, n+ 1,407/ (x +)°)
2F1(M+%’2/’L+%’/’L+l,4a2/b2)

To prove infinite divisibility, in view of Lemma 1, we just need to observe that
dlnL[éu,a,b(x)]
H [—
dx
CApt1 8 (A DCut ) oFi (3 20+ 3, 142,407/ (x + b))
x+b o (DD oF(u 5, 2u 45, 141,402/ (x +b)?)
du+1 ( 2a*2u+1) 1 dq, (1) )
- 1+ /
x+b w+1 0 (x+b—2at)(x +b+2at)
is completely monotonic on (0, co) for all —1 < [L—I—% <u+1,0< 2,u+% <u+1

and b > 2a > 0, where in view of (5-1) we have ¢, (1) —¢q,(0) =1 and g, is a
nondecreasing self-mapping of [0, 1]. (]

Proof of Theorem 5. We will consider only the case when o # g for the proof of
the infinite divisibility, self-decomposability as well as when we prove that the
K -distribution belongs to the class of generalized gamma convolutions. However,
in the case of hyperbolically complete monotonicity we will consider also the case
when a = 8.

By using Lemma 1, first we show that the K-distribution is infinitely divisible.
Equation 2.16.8.4 of [PBM88] reads

00 F(q—i—v—i-l)F(q—V-l-l) 2
q—1/2 —rt _ 2 2 SZ
/O 1171267 Ko, (2sV/1) dit = CP——— W_q,v( ;. )




INFINITELY DIVISIBLE MODIFIED BESSEL DISTRIBUTIONS 287

where W, , stands for the Whittaker function of the second kind. Hence

2 2

00 B CIIB a+p—1 o 0[,3
Liowput)] = [[e oupu@rdr=(S0) T W aspr oca (5).

Wi, 1s related to the Tricomi hypergeometric function by
W u(x) = e ixhta. lﬁ(,u — K+ %, 1+2u, x),

so the Laplace transform of the K -distribution is

Y ol 28)
Lo pu()) = (550 ) v (a1 +a—p. 20).
Now, recall the recurrence relation [NIST10, eq. 13.3.22]
v'(a,c,x)=—ay(a+1,c+1,x)

and the integral representation (4-1), which is valid for |argz| <7, a >0 and c < 1.
In view of Lemma 1 and the above relations, to show that the K-distribution is
infinitely divisible we just need to show that for 6(x) = L[wq, g, (x)] we have

d In6(x) (X+C¥ﬁ w/(a,l'f‘a_,g, Z—i) o 062/3‘/’(“4‘1,2-1-04—/3,3—6)
T dx X)=- = — —
dx X sz W(Ol, 1+Ol—,3, Z—i) X quz w(a’ 1+Ol—ﬂ, Z—i)

that is,
d 0 t
4 ey =Y (1- % [ 9D
dx x ux Jo Z_§+t
where
tﬂ—a—l —t ) _
Gap(t) = Y, 1+ — B 1e™)|
’ o+ DHIB)

is completely monotonic on (0, 0o). To show this, observe that if in

%w(ow 1,2+a—p, %) B /oo 9w (1) "
0

(5-2)
nx (o, 1 4a—pB, L) Lt

we make the change of variable % — g and take s to infinity, then in view of the

nx

asymptotic expansion [NIST10, eq. 13.7.3]

V(a, c. x) ’vx’“(l—i-a(c—a— 1)%+%a(a+ D@+1-c)@a+2—c) +.. ).
X

which is valid for large real x and fixed a and ¢, we obtain

(5-3) /[ Y sty dt = 1.
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This implies that

ap Oowaﬁ(t) t)_/ooawa,ﬂ(t)
0

d
——Inf(x)=— Wy p(t)dt —
dx (x) (/ p(1) X “ﬁ—|—t x+(;—€

dt,

and this is completely monotonic in x on (0, oo) for all «, 8, u > 0 such that
o < B. All we need is to observe that the Whittaker function of the first kind is
symmetric in the second parameter, that is, W, , = W, _,, and this shows that
for every a, 8, u > 0 the Laplace transform of the K-distribution L[wg g, (x)] is
the Laplace transform of an infinitely divisible distribution. Another way to show

the complete monotonicity of —d In6(x)/dx is to use the Kummer transformation
[NIST10, eq. 13.2.40]

Va,c,x)=x"Yla—c+1,2—c,x)

and then apply the previous approach to the Laplace transform

(5-4) Lionpu) = (22) v (p.1-a+5.22),

to check that it is the Laplace transform of an infinite divisible distribution for all
o, B, ;u > 0 such that 8 < «.

Now set 6(x) = L[wqg,g,.(x)]. By Lemma 2, the K-distribution will be self-
decomposable if, for every a € (0, 1), the function n(x) = 6(x)/6(ax) is a Laplace
transform. Lemma 1 reduces the proof of the last condition to checking that
—d Inn(x)/dx is completely monotonic on (0, oo). Thus, by (5-2) we have

ap V(e l+a—pB. %) op ¥'(@ 1+a—p. 55)
apx? (o, 1+a—p, f,fx) 1x* g (a, 1+a—p, Z—ﬁ)

o2B V(e+1,2+a—p, m) 2B V(a+1,24+a—B, ;‘;—i)

()] =~

apx? W(a 14+a—p, aux) sz w(oz, 1+a—g, Z—f)
_ g(/oo W Wa, (1) dt_/oo fj—fwa,,e(t) dt)
X \Jo a"fx+t 0 Z—i—i—t

dt,

_ /°° o’ B(1 —a)wup (1)
0

aut(x+a’3)(x+;’i)

which is completely monotonic as a function of x on (0, o0), a € (0, 1), for all
o, B, u>0and o < B. Thus the K -distribution is self-decomposable if « < 8. The
case B < « is handled by repeating the process for the other version of the Laplace
transform, (5-4).

Lemma 3 is used to prove that the K -distribution belongs to the class of general-
ized gamma convolutions. The moment generating function
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o
Mx(s) = Ll (=51 = (=28 ) (o 140 =5, =)
of the K -distribution is analytic and zero-free in C\ [0, c0); we show that it satisfies

Im(y'(s)/¥(s)) = 0 for Ims > 0. In view of (5-2) and (5-3) for ¥ (s) = Mx(s)
and @ < 8 we obtain

W) o o ¥(etl24a—p —%) aﬂfoo—__”aﬂ(t)dt
0

v s ns? (e lta—p -2 $o8 —ih
o
t
=—a/ wa—ﬂiﬂ)dt
0 (S—m)

so for s = x +1iy such that y > 0 we have

I/f(S) /°° Ay We, (1)
TV Th (=)

This concludes the proof in the case « < 8. The case @ > B is handled by applying
the same process to the other version of the Laplace transform, (5-4).

Finally, we show that the probability density function of the K-distribution is
hyperbolically completely monotone. By using Macdonald’s integral representation

(5-5) K, (K, (y) = %/oooe"p(‘% - xgyz)’(“(%)%

(see [Wad4, p.439]), where x, y > 0 and u € R, we obtain

We, B, (UV) W g, (1] V)

= Lﬂgz(%yw /Ooo exp(—% - %(Zaﬂu)) Ka—ﬁ(%[ﬂu)ﬂ’

[2()I2(B) pt /ot
which is completely monotonic on (0, co) as a function of w = v + 1/v for all
o, B, u,u>0. O

Proof of Theorem 6. We apply Lemma 4. Observe that the Laplace transform of the
generalized inverse Gaussian distribution is given by

a )%.K,“/b(Zx—i-a)
2x+a Ku(\/%) )

$() = Lm0 =

Macdonald’s integral representation (5-5) then gives
1 aﬂ (K (‘4 )) _L_k(uw_;’_a) dt
- = @7 277 K. (b/ —,

where o = 2au > 0 and B = 4u* +a® > 0. On the other hand, by [Bal0, p. 589], the
function x — x*/2K . (+/x) is completely monotonic on (0, co) for all u € R. This

¢uv)¢ (u/v) =
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implies that the function w — (by/aw + B)* K, (b/aw + B) is also completely
monotonic on (0, co) for all u € R and b, a, 8 > 0. Since w — (cw + B)~ " is
completely monotonic on (0, oo) for all w > 0 and «, 8 > 0, and w — 6_2(‘””“)
is completely monotonic on (0, co) for all a, b, u,t > 0, we conclude that in-
deed the function w — ¢ (uv)¢ (u/v) is completely monotonic on (0, co) for
all w > 0 and a, b > 0. For the case when u < 0 we just need to observe that
K, (x) = K_,(x) and in view of the above mentioned results x — x*"/zKﬂ (Vx)
is completely monotonic on (0, co) for all 4 < 0, which implies that the function
w > (by/aw+ B) " K, (by/ow + B) is also completely monotonic on (0, co) for
all u <0and b, o, B > 0. Thus, we conclude that the function w +— ¢ (uv) ¢ (u/v)
is completely monotonic on (0, co) also for all 4 < 0 and a, b > 0. Now, applying

Lemma 4, the proof is complete. U

Proof of Theorem 7. We will use Lemma 3. From [IK79, Theorem 1.9] we know
that x > p,, ,(x) is the Laplace transform of a probability distribution, and so the
moment generating function s — ¢, 4(s) is

K ®

w o (—s)2 1 _(a)u 5?2 1

T(u+1) I(ay=s) \2/ T(u+1D) Ju(ays)
in view of the relation 7, (ix) =i"J,(x). Therefore s > ¢, ,(s) is analytic and
zero-free in C \ [0, co). Taking the logarithmic derivative of both sides of the
preceding display, we obtain
$ual®) . a Ji(aVs)
buals) 25 25 Juays)
Taking the logarithmic derivative of both sides of the infinite product representation

G
wo = 103

n>1

b1a®) = pua(=9) = ()

(5-6)

where j, , stands for the n-th positive zero of x + J,,(x), we obtain the classical
Mittag-Leffler expansion

J[L(x)_,u, 2x
R Dy

which implies that

O a’ _ a‘y

n>1 J'“’” n>1

whenever x =Re s € R and y =Ims > 0. Consequently, the conditions in Lemma 3
are satisfied and the proof is complete. U



INFINITELY DIVISIBLE MODIFIED BESSEL DISTRIBUTIONS 291

Proof of Theorem 8. Since 2*I"(u + 1)x #1,(x) — 1 as x — 0, it follows that
Qv.0ap(x) = 1 as x — 0. Using the recurrence relation /) (x) = I;+1(x) +
(n/x)1,(x) (see [Wad4, p.79]) and the Mittag-Leffler expansion

IM+1(X) _ Z 2x
L P,

we obtain for —d In 2, , 5 .4.5(x)/dx the value

_ @ L@y® b Loy | b LeVD g Ié(aﬁ)+2< b )
zﬁlu(a\/)_c) 2/ L,(VX)  2Yx (VX)) 2x L(ayx) = \bDx 4+ g,

1 1 1 1
= + +—T—
Z( x+«]/l.n -2 x—l—]2b2 x+]2 b2 X+J&na—2 X+]2b )

n>1

oo
B ) ) ) 2 2
:/ e x’( E (_e Ju.n@ r__ e /v,nb t+€ Jp,,nb t +€ Jv,n@ t+€ /U,nb t)) dt
0

n>1

o0
— —xt — _j/%,11472’ + _jﬁzt,nbizt + (= _j\%,nbizf + _-ig,nbizt + _.f\%.naizl ) dt.
/0 e ( E (( e e ) ( e e ) e )

n>1

b2t 2 pb%t

e_ja,n

Since a <b and —1 <o < v, we have e Iint ™ < g b’ and e~ Jiab ™M <
for every n € N and u > —1, where we used the fact that y — j, , is increasing
on (—1, oo) for every n € N. Consequently, the last expression is positive, and this
implies that —d In 2, , 5.4,(x)/dx is completely monotonic in x on (0, 00). In
view of Lemma 1 we conclude that €2, ,, 5 4,5(x) is indeed the Laplace transform
of an infinitely divisible distribution. ]

Proof of Theorem 9. The result will be established by verifying the conditions in
Lemma 1 and by using the main idea of the proof of [Is90, Theorem 1]. Clearly
Qvap(x) — 1 as x — 0, and by using the same approach as in the proof of
Theorem 8, we obtain

_dln Q. v,a,6(x)
dx

B +Z I I BN
_Zﬁ x+ji a2 x+12 b= x+4j2,b72 x+j2,a7?

—xt Z( j/%,.na_zt_i_e_ji,nb_zl+e_j3,na_2t) dt
2[ ZX+J2 b2 / :

n>1

:2 -2 22 -2
Note that e i " < e Junb " forallp>—1,b>a, t>0andneN. Consequently,

o 2 2 2 2 2 2
x»—>[ e E (—e /it Juab™t 4 eIt ") dt
0

n>1
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is a completely monotonic function on (0, co) for all © > —1, v > —1,and b > a.
Now, define

”“b(x)_zf Zx+;2 b2

Then ——= = l *_dt__ and thus
2\/_ 0 x+b72t?

) 1 poo  dt Z 1
X)=— _— _—
M 71/0 x+b=2t2 x+12 b2

On the other hand, for every s such that j, ,, <s < j, n+1, We have

s dt ]vm .]vn
[ av=ril ) Z/
0 x+b2t2 Jvo x+b x+b212 1x+b x+b22
Jon jv,n - jv,nfl
> - —1
Z/Umerb 2j2, §x+b—2j3,n

where we used the fact that # — 1/(x +b~2¢?) is a decreasing function on (0, o)
for all » > 0 and x > 0. We thus arrive at

1 jvn_jv n—1 1
M) Z — Y T =y s
T xX+b77j5, e ‘Xt b

Since j, , — jun—1 > 7w for v > % (see [Se01, Theorem 1.6], for example), we
conclude that 1, ;(x) > O for all x > 0 and b > 0. Moreover, from the previous
results we obtain that

(=D* (k) 00 dt 1
k! p(X) = /0 (x + b212)k+1 _Z (x—l—ﬂ h=2)k+1

1 jv n— jv n—1 1
> s s _
=7 g (x +]-3”1[9—2)k+1 ; (x +j3,,,b_2)k+1

for all x > 0, b > 0 and k € N, where we have used that t — 1/(x + b=2g2)k+1
is a decreasing function on (0, co) for all x > 0, b > 0 and k € N. Consequently,
(— l)kn(k) (x) >O0forall k e Nand x > 0, b > 0. Therefore 5, ; is also a completely
monotonic function on (0, 00) and this implies that x = —dIn 2, , 4 »(x)/dx is
the sum of two completely monotonic functions on (0, co). (]

Proof of Theorem 10. Let F(z) = e‘“ﬁz_%lu(aﬁ). Using eq. 10.30.1 of
[NIST10], we have
e~ aVigh

F(p) ~ ——— 0,
() Tt 1) as 7 —
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leading to F(z) = o(Jz|™") as |z] — 0. Using eq. 10.30.4 of [NIST10], we obtain

F2) 1 AT 2|
z7) ~ Z as |z| — oo.
V2ma

These relations hold uniformly in every sector |argz| < m — €, € > 0. Hence
conditions a and b of Lemma 5 hold, and by using (5-8) we arrive at

F(—t —in) = F(e™ (¢ +in)) = eV (e +in) =2 Jy(ay/t +in),
F(—t+in) = F(™ (1 —in)) = e V(1 —in) =2 T, (ay/t —in).
By using the asymptotic relation
(z/2)"
Frw+1)’
(see [NIST10, eq. 10.7.3]) we conclude that the function F(—t —in) — F(—t +in)
is continuous in every rectangle [#;, ] x [0, ], where t;, t,, n > 0. Thus, the

limit and the integral in (1-3) can be interchanged and the fundamental theorem of
calculus yields

5-7) Jy(2) ~ v£E—-1,-2,..., asz—0

, 1 &
o' (1) = 2

Ju(av/1) sin(av/1),

_t_7
/g

so that «(¢) is continuous and lim,_, o+ () exists. Letting @(f) = a () — «(0), we
get the normalized measure & (¢) with @' (¢) = o' (¢). O

Proof of Theorem 11. Let us consider the function

FR) =27 L(av)K,(by2).
Using eqgs. 10.30.1 and 10.30.2 of [NIST10] we get, for v > 0 and p > —1,
I'(v) ﬂ
C(n+1) bY
And using eqgs. 10.30.1 and 10.30.3 of [NIST10] we get, for v=0and u > —1,

F(z) ~ (%)M_UH asz— 0.

I

a
F(z) ~ —m In(b/z) asz— 0.

Similarly, by using the relations K, (z) = K_,(z) (see eqs. 10.27.3, 10.30.2 and
10.30.1 of [NIST10]) we have, for —1 <v <O and p > —1,
a'b’ T (—v)

Zv-i—l
2u+v+1 F(M+ 1)

F(z) ~ as z — 0.
We thus obtain F(z) = o(|z|™") as z — O forall v > —1 and > —1. Further using
eqs. 10.30.4 and 10.25.3 of [NIST10], we see that

v—pu—1 e_(b_a)ﬁ

F(z)~z 2 — as z — 0o,
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uniformly in every sector |argz| < w — ¢, ¢ > 0. This leads to F(z) = o(1) as
|z]| — oo, whenever b > a and v — u < 1. Thus, the conditions in Lemma 5 have
been verified because F(z) is analytic in |arg z| < 7.

Now, in order to apply Lemma 7, we observe that

F(—t—in) = F(e " (t +in))
= (7t +in) 2 Iu(ae™ T I T inK, (be” 3 /i +in)
=it +in) 2 Ju(ay/t +in) HP (by/t +in),
F(—t+in) = F(e™ (1 —in))
= (@ (1 —in) T Lu(ae Vi —inK,(beF /i —in)
—Lim (e —in) 2 Ju(ayt —in HP (by/t —in),

where we have used the following relations (see [IM79, p.459; NIST10, 10.27]):

HP(2) = 1,() +1Y,(2). HP () =J, (z)—iY (),
(5-8) Kﬂ(ze_%i”) = %ine%i”“H,ﬁl)(Z), K, (zezm) =— me 21”“H(2)(z)
I, (ze17) = e*2i07 ] (2), I,(z) = e~ 2T Ju(ze2‘”).

We next justify interchanging the limit and the integral in (1-3), in three cases:

() v>0and u > —1: By using the asymptotic relation

599 HVP@)~-HP ()~ “IrWw)(z/2)™", =0, Rev>0
T

(see [NIST10, eq. 10.7.7]) and (5-7), we observe that the function F(—t —in) —
F(—t +1n) is continuous in every rectangle [t{, ] x [0, n], where #;, >, n > 0.
Thus, in this case, we can interchange the limit and the integral in (1-3).

(i) v=0and u > —1: By using the asymptotic relation

N
(5-10) HY @)~ —HP () ~ ;lln(z), 20

(see [NIST10, eq. 10.7.2]) and (5—7), we obtain

F(—t—in) ~————1In(b/t t—0 0
( in) 2MF( +1) n(by/t+in), t—>0,n—>0,
F(—t—l—in)w—zur( +1)1 n(by/t —in), t—0, n— 0.

By the definition of asymptotic convergence, this means there are constants ¢, «,
B > 0 such that

ttin

|F(—t:|:1n)|_2ﬂr( ey for O<t<a, 0<n<B§B.



INFINITELY DIVISIBLE MODIFIED BESSEL DISTRIBUTIONS 295

Because the right side of this (double) inequality is integrable over [t1, f;], where
0 <t <t <a, we are allowed to interchange the limit and the integral in (1-3).

(iii) =1 <v <0and u > —1: Using the relations

1 i 2 o
(5-11) HEU)(Z) :eVﬂlH‘El)(Z)’ HEV)(Z) —e WTIHISZ)(Z)
(see [NIST10, eq. 10.4.6]) and the asymptotic relations (5-7) and (5-9), we have

e VT (—v)akb”
2”+V+1F(M+ 1)
"™ T (—v)a"b"
2u+v+1[‘(u+ 1)

F(—t—in) ~ (t+in)",

F(=t+in) ~ (t—in)",
as t — 0 and n — 0. Then the same reasoning as in the previous case justifies
interchanging the limit and the integral in (1-3).

Altogether we get

v—,

SACNOVRCNGY

1
(1) = — lim (F(—t —in) — F(—=t +in)) = 1t
o (1) =5 niff)l+( (—t—in)—F(—t+in)) =3
showing that «(¢) is continuous and lim,_, ¢ «(¢) exists. Then a(t) = a(t) — a(0)
is a normalized measure with &' (¢) = o/ (¢). O

Proof of Theorem 12. A function x — ¢ (x) is the Laplace transform of a probability
distribution on (0, oo) if and only if ¢(0) = 1 and ¢ (x) has the form

o) = [ T du(r)

and is completely monotonic on (0, c0) (see [B092, p. 8]). In view of (3-4) this
implies that x — 2ul, (Wx)K " (y/x) is the Laplace transform of a probability
distribution with support (0, co). Combining this with the second equality in (3-4)
we see that this distribution’s probability density function,

cu(x) = /L/Oooe"xJi(«/Z) dt,

is a completely monotonic function on (0, oo) for all u > 0, and by using the
Goldie-Steutel law we obtain that indeed the function x — 21, (/%) K, (4/x) is
the Laplace transform of an infinitely divisible probability distribution with support
(0, 00). Now using the formula foooe_”]/%(\/?) dt = %e*ﬁlu(zis), where 1 > 0
(see [OB12, p. 139]), we get

1

n o1
() = e 1 (57)

which completes the derivation of the probability density function. U
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Proof of Corollary 1. The assertions in parts a, b and ¢ follow immediately from
the integral representation (3-4). We prove part d. From [Se21, p. 8], we have

I,u.—l(x) Ku—l(x)
1, (x) K, (x)

and in view of the three-term recurrence relation

[x I, (X)K,(x)] =

2u
I 1(x) = u+1(X)+7I,L(x),
we arrive at

12 T () Ky ()
Iu.(x) Ku.(x) '

(1, () K (x))~
Now, replacing x by /x and dividing both sides by /x, we obtain

M 1 I;L-‘rl(«/)_c) 1 K/L—l(\/;)
I K A A AT A S
(I WOK) T = S S R

Using the integral representation

K, 1(Jx) 2 /00 =t ) 1
5-12 S JEWH+ Y1) dt

(5-12) NTANGREED +t( (WD + YD)

where x > 0, i > 0 (see for example [Is77a, eq. (1.3)] or [IM82, eq. (2.4)]) and the

series and integral representations for the ratios of modified Bessel functions of the

first and second kinds, we obtain

(L (VD K (V)™ 2“+Z

n>1

00 4—1
o RWDHYAD)

+J/,Ln 7-[2 0

which is the sum of three completely monotonic functions on (0, oo) for all i > 0.
For e we use the integral representation of 7, (1/x) K, (1/x) and the Landau bound

T Ol <crlt]™3, w>0, teR, cp=0.7857468704. ..
(see [La00] or [BMPS16]). We obtain, as desired,

473 B ne?
1L(/DK, <f><—/0 =k -

Proof of Theorem 13. Let

F) =27 e VI, (a2 K, (b/2).

The steps on the first half-page of the proof of Theorem 11 apply unchanged until
the use of eq. 10.30.4 of [NIST10], which is replaced by 10.30.5. We arrive at

z 1)—/2/,—1 e—bﬁ
2+/ab

F(z) ~ as |z] — oo,
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uniformly in every sector |argz| <m —e€, € > 0, and thus F(z) = o(1) as |z] — oc.
Hence conditions a and b in Lemma 5 have been verified, and this implies that the
corresponding Stieltjes transform representation exists. The use of the inversion
theorem to obtain the corresponding measure is also almost the same: from Lemma 7
and equations (5-8) we obtain

F(—t—in) = F(e ™ (t+in)) = lg(t-l-in)%e‘wt*i”J,L(a«/t+in)HU(1>(b\/t+in),

F(—t+in) = F(™ (1—in)) = —%(r—in)%e_“i‘/’_inju(a\/t—in)Hv(z)(b,/t—in).

The justification for interchanging the limit and the integral in (1-3) also goes as in
the proof of Theorem 11, and we omit it. Finally, from the relations (5-8), we get

o (1) = 3t 2 Ju(a/D) (o (V1) cos(av/t) — Yy (b/1) sin(av/D)). O

Proof of Theorem 14. From the recurrence relation K I’L xX)=—-K,—1(x)— %K w(Xx)
(see [Wad4, p.79]) and the equivalent form of the integral representation (5-12),
namely,

o 4 oo 4ol _
T = [T e o)

x+12
where x > 0, u > 0, we obtain

AN fuap@) _ @ p—v  a Liavx) b K(bJx)
dx 2% 20 2Ux Lavx) 24X Ky (by)
_a _a IM+1(a«/)_C)+ b K,_1(byx)
S 2Vx 2Yx Lu(ayx) 2% Ku(byx)

= ®(x)+£/OOL(JZ(t)—i-YZ(t))_]dt
B 72 Jo x+b722"" Y ’

where
1 [ dr 1
Okx)=— —
) 7'[/0 x+a2t? ;x—i-a_zjﬁ’n
> l ju,n - ju,n—l _ Z 1 >0
= 232 2 =Y
T ol X+a Jiin w1 x+a Jiin
Further,
(=D"d"O(x) - 1 Z Jun = Jun-1_ Z 1 -
= 22 1 22 1=
ml o dxm T (ebajE )M A (et a2 g )"

SINCE ji.n— ju,n—1 > 7 Whenever > % andn eN. Thus, x — —d In x;, v 4, (x)/dx
is completely monotonic on (0, co) foralla, b, v>0and u > % In view of Lemma 1
the proof is complete. U



298 ARPAD BARICZ, DHIVYA PRABHU K, SANJEEV SINGH AND ANTONY VIJESH V

Proof of Theorem 15. Let F(z) = = K, (ay/z)K,(b\/z). Using the asymptotic
eq. 10.30.2 from [NIST10] for a, b, u, v > 0, we have

v

ntv 2
27 K@y Ky (bya) ~ Dl () —

as z— 0. Hence, f(z) =o0(|]z|™") as |z] = 0. Using [NIST10, eq. 10.25.3], we have

n+v 7T
22 K, (av/2)K,(b/2) ~
w@v2)Ky(by/z /T
as |z] = oo and |argz| < %JT. From this we see that F(z) = o(1) as |z| — oo,

uniformly in every sector |argz| < w — ¢, ¢ > 0. Therefore, the conditions of
Lemma 5 hold true. At the same time, using (5-8) we obtain

F(—t—in) = F(e ™ (t +in)) = —lnz(r+in)“T”H“>(a,/r+i YHD (by/t +1n),
F(=t+in) = F(e™(t —in) = = 4wt —in) T HP (ay/t =i HP (by/1 = in),

By using the asymptotic relation (5-9), we conclude that F(—¢ —in) — F(—t +1in)
is continuous in every rectangle [#1, 1] X [0, n], #1, t2, n > 0. Consequently, we can
interchange the limit and the integral in (1-3). In view of Lemma 7 we arrive at

o' (1) = =147t T (L (@D Y, (b3/1) + (VDY (/D).

Thus «(t) is continuous and lim,_, o+ o (¢) exists. Then @(#) = «(t) — «(0) is the
normalized measure with &'(¢) = o’ (7). O

Proof of Theorem 16. Infinite divisibility results from [IK79, Theorem 1.8]. Namely,
we know that the function x = (v/x)" K, (/x)/(2"~'T'(v)) is the Laplace transform
of an infinitely divisible distribution with support (0, co) whenever v > 0. Thus the
Laplace transform 9, , 4 5(x) is the product of Laplace transforms of two infinitely
divisible distributions, and hence the Laplace transform of an infinitely divisible
distribution, by [SHO3, Proposition 2.1]. More precisely, (5-12) gives

dinduvap(x)  ptv a KaJx) b K)(bJx)
B dx T 2x 2JxKuavx)  2Jx K (bJX)
_ a Kufl(a\/;)_i_ b val(b\/;)
ZﬁK(a«/_) 2x K, (by/x)
1 00
=—(/0 — (WD +Y2WD)d

w2 X +ta
+f jtbz(ﬂuf)”z(f)) )

which as a function of x is completely monotonic on (0, co) for all strictly positive
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real numbers a, b, n and v. Applying Lemma 1, this shows that x > ¥, , 4,5 (x)
is the Laplace transform of an infinitely divisible distribution.
Set £(x) = ¥y v.a,6(x)/Pu.v.ap(x). Then

dIn&(x)

T dx

_a K,@yx) b K;(bﬁ)+aﬁK;(aJoTx)+bﬁK;(bM)
2Jx Ky(ayx) 23X Ky(byx)  2Jx Ky(aax) 2% K, (b/ax)

_ 4 K@) b Ki(bVD) ava Ku-iavax)  bya Ko (byax)

2% Kulavx) o 2Jx Kubyx)  2Jx Kulavax)  2Jx Ky(byax)
2 00 1— _

= (2D WD)

(a?ax +t)(a*x +1)

b2 0 l—« —1
T /0 (b2ax (+ t)(b)2x +1) (/D + YD) di
is completely monotonic with respect to x on (0, co) for all & € (0, 1) and strictly
positive real numbers a, b, ¢ and v. Applying Lemmas 1 and 2 we conclude that £ is
the Laplace transform of an infinitely divisible distribution, and so x = ¥, 1 4,5(x)
is the Laplace transform of a self-decomposable distribution.
Finally, let w = v+ 1/v. For a, b, 1, v arbitrary positive real numbers set

atb”
2020 ()T (v)

Op,v,a,b =

Using Macdonald’s integral representation (5-5) for modified Bessel functions of
the second kind we can write

ﬁuvab(uv)ﬂuvab(u/v)
=02,y u VK (auv) K (ay/u/v) Ky (0/uv) K, (by/u)v)

o
1 2 v
1 ,uvabu

b2t +a’s t+s au? bu?\ dt ds
< Sy S e (e (o) ee (- )R ( ) K (B)
The factor containing w makes the function w +— ¥,y 4.5 (UV)Py v a.p (u/v) cOM-

pletely monotonic with respect to w on (0, co). Then Lemma 4 gives that x —
Vyiv,a,5(x) 1s the Laplace transform of a generalized gamma convolution. |

Proof of Theorem 17. Let F(z) = e~ @th)viz=" =y (a2 1, (b7). As 7 — 0,

at*bY
F'(u+DHrw+1)

T L (ayD L by ~ ()
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and hence F(z) = o(|z|™") as |z| = 0. Using [NIST10, eq. 10.25.3] we obtain

1 _ ptvAl
Z 2
2mwA/ab

as |z| — oo, uniformly in every sector |argz| < m — &, ¢ > 0. Thus, conditions
a and b of Lemma 5 are met. Now we use (5-8) to evaluate

F(z) ~

F(—t—in) = F(e ™ (t1+in)) = e TNV (1 i) =5 1, (a/t+im) Jy (b1 41,
F(—t+in) = F(e™ (t—in)) = e @IV _in)="3" ] (a/t1—in) J, (b/t—in).

By using the asymptotic relation (5-7), we can validate the interchange of the
integral and limit in (1-3). Then Lemma 7 gives

o (1) = %r—% Ju(aN/1) 1, (b/1) sin((a + b)V/1),

and thus «(¢) is continuous and lim,_, o+ e (¢) exists. Letting &(¢) = a(¢) —a(0) we
get the normalized measure with &'(r) = o' (¢). O

Proof of Theorem 18. From [1s90, Theorem 2] we know that if v > % the function
x> 2"T'(v+1Dx Y21, (ﬁ)e*\/} is the Laplace transform of an infinitely divisible
distribution that is not a generalized gamma convolution. Hence &, 4,5(x) is the
Laplace transform of an infinitely divisible distribution that is not a generalized
gamma convolution, being a product of two such.

To prove infinite divisibility we start with the observation that —In ¢, , 4 »(x) — 0
as x — 0 (see [NIST10, eq.10.30.1]). Using the same idea as in the proof of
Theorem 9 we obtain
_ In é‘u,c\;,a,b(x) x)

X
_a+b p+v a Li@/x) b I(byx)
2V 2x o 2Ux Luavx) 22X LX)

a 1 b 1
:zf_z +'2 —2+2f_z +'2 b—2
X X+ jiaa X xt i,

n>1

1 [ dt 1 1[‘” dt 1 _
_<n/0 x+t2a=2 Zx+j3,na2>+(ﬂ 0 X+t2b—2 Zx—l—j]%nb*2 ’

n>1 n>1

this is a sum of two completely monotonic functions on (0, co) if a, b > 0 and
W,V > %

To show that ¢, , 45(x) is not a Laplace transform of a generalized gamma
convolution we use Pick’s characterization (Lemma 3). If ¥/ (s) = £, v.4,5(—5) i
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the moment generating function, we have Im (' (s)/¥ (s)) < 0 whenever Ims > 0,
as follows: With s = re' = x +iy, we can write

lﬁ/(s)__(a—l—b)i_,u—i-v+ a J/L(a\/E)+ b J/(b/5)
Y(s)  2s 2s 2f Ju(av/s) = 25 Jy(b/5)

(+b) b?
: IZ +)

n>1 S_J”‘” n>1s_‘]"""

9 2 %) . 2 %) .
(—51n2—1cos )(a+b) a (X—J,”,—l)’) b (a—JU,n—ly)
+2 >

2 — 2 2427
2Jr il Gl R R e S C Sl P R
which is negative when Im s > 0, as desired. O
Proof of Theorem 19. Define
e*(a+b)«/§

F(z) =

27 KulayDKu(b3)

First take 4 > 0 and v > 0 and use [NIST10, eq. 10.30.2] to get
alb¥e—@+b)z

2820 ()T (v)

Then take n > 0 and v = 0 and use [NIST10, eq. 10.30.3] to get

F(z) ~ as z — 0.

F(z) ~— as z — 0.

24711 () In(b/2)
When p > 0 and v < 0, we use [NIST10, eq. 10.30.2] and K, (z) = K_,(z) to get

e*(aer)\/Zaubvafv
F(z) ~ as z — 0.
24220 ()T (—v)

To sum up, F(z) = o(|z|™!) as |z] — 0 whenever s > 0 and v € R, and by
interchanging v and x we can conclude that in fact F(z) = o(|z|™!) as |z] = 0
whenever . € R, v € R and i + v > 1. Using [NIST10, eq. 10.25.3], we also have

QA/JZ l—(;;Jrv)
JT

for w+v > 1. Hence, F(z) = o(1) as |z| — oo in the region |arg z| < %n, showing
that condition b in Lemma 6 is met.

K,.(z) has no zeros in |arg z| < 7 and has finitely many zeros in C\ 2, where
Q= { Dargz| < 5 } Consequently, K, (a./z) has no zeros in |arg z| < 7 and has
finitely many zeros in 7 < |arg z| < 2. Hence, we can find a 6 € (, 1) such that

F(z) ~ as |z] > oo
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the function F(z) is analytic in the region |arg | < /6, showing that condition a of
Lemma 6 is also met.
Using the residue theorem, we evaluate the contour integral in (1-2) to

1 ze? i . .
_ —F Z — — F 1T _F 17T
o) =5~ [ FEndz=3(Fad™) ~ Fe™),

where C is arectifiable closed curve going around [—im, ir] in the positive direction
and lying in the strip |[Im z| < /8. On the other hand, in view of (5-8), we have

_ Qo (atb)ivi

72T HP (avD B (031
_4ela+bivi

72" B (avD HP (03/1)

F(te™) =

F(te ™) =

All this leads to

o) = 4 1 Tuvap(®) cos((@+b)v/1) =Ty vab(1) sin((a +b)/1)
' 2 (J2(avD) + Y2(aVD) (JEH VD) + Y2(bVD))
Proof of Theorem 20. From [1s90, Theorem 1] we know that if v > %, the function

x> 2" T () x~"2e= Vi /K, (v/x) is the Laplace transform of an infinitely divisible
distribution that is a generalized gamma convolution. This implies that k., 45(x) is

(]

the Laplace transform of an infinitely divisible distribution that is also a generalized
gamma convolution, being a product of two such. (See [Bol5, Theorem 1] or
[BB17, Proposition 7].)

For infinite divisibility we calculate

dInky yap(x)
B dx
=a+b+u+v+ a KL(aﬁ)—F b K/ (bJx)
2Vx 0 2x 2Yx Ku(ayx)  24/x Ky(b/x)
_a  a Ku—l(a\/;)_{_ b b K1)
2Vx  2yx Ku(ayx)  2Jx  2x K,(byx)

1o 1 ( 2(mt) !
" mxJo x+12a? J2(t) +Y2(1)
+1 o ] 2(t)~!
7 Jo x+12b2 J2(@t)+ Y2(1)

which for y > % implies, in view of the inequality Jl%(t) +Y 5(t) > 2/(mt) (see
[Wad4, p.447]), that x > —d Ink, , 4.5(x)/dx is indeed completely monotonic on
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(0, 0o) for all i, v > % and a, b > 0. Then Lemma 1 shows that k,, , 4 5(x) is the
Laplace transform of an infinitely divisible distribution. (I

Proof of Theorem 21. Letting

F2) = ¢~ etath i 1@V
Ky (by/2)
we go through the same manipulations as in the proof of Theorem 19 to obtain the
asymptotics of F" as z — 0: when v > 0, use eqs. 10.30.1 and 10.30.2 of [NIST10];
when v =0, use 10.30.1 and 10.30.3; when v < 0, use 10.30.1, 10.27.3 and 10.30.2.
Finally, when a, b > 0 and u + v > 0 use 10.30.4 and 10.25.3 to obtain

_ kv

F(z)'»\/b/aZ i as |z] - oo.

g

Thus, condition b of Lemma 5 holds true. K,(z) has no zeros in |argz| < Z, so
neither does K, (b+/z) have zeros in |arg z| < 7. Thus, condition a of Lemma 5 is
also met. From (5-8) we then obtain

2i(t +in) =T e @HIWITI T (a /T 1)
™ H (bTF1)
2i(r —in) T e~ @IV 1 (0 /T—1n)
JT HP (bJT—1n)

To validate the interchange of limit and integral in (1-3) we consider three cases
as in the proof of Theorem 11:
(i) v>0and u > —1: From (5-7) and (5-9) we see that F(—t —in) — F(—t +in)
is continuous in every rectangle [¢1, t2] x [0, n].

F(—t—in) = F(e ™™ (t +in)) =

F(—t+in) = F(e™(t —in)) =

(i) v=0and u > —1: From (5-7) and (5-10) we get, as t — 0 and n — O,

at 1
F(—t—in) ~ — ,
=) ™ = T ) InbJ )
F(—t+1in) a’ !
—t+in) ~ — .
P T () In(b =)

Thus, both functions are bounded in every rectangle [, #>] x [0, n].

(i) v <0and u > —1: From (5-7), (5-9) and (5-11) we get, as t — 0 and n — 0,

ewriau )
F(—t —in) ~ t+in)~ ",
= ™ S T o (T
) e—vr[iau )
F(—t+in) ~ (t—in)™";

20=v=1pVI (u + DI (—v)

that is, both functions are bounded in every rectangle [t;, t>] x [0, 1].
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Finally, in view of Lemma 7, we obtain

"

da(r) 21~ ?J(J)cos((a+b)J)J (b/7) +sin((a + b)V1) Y, (bf)
a2 J2(b1) + Y2 (b1 0

Proof of Corollary 2. We can simply take a — 0 in Theorem 21. However, we give
another proof using the Stieltjes transform representation in Lemma 6. Let

_ —v —bf
F(z) = (2) X, (b 7
Equation 10.30.2 in [NIST10] gives F(z) ~ o(|z|~!) as z — 0, while 10.25.3 gives
F(z) ~ (\/Z)_”Jr%\/m as |z| — 0o. Hence condition b in Lemma 6 holds true.
Next, K, (z) has no zero in the region |arg z| < 7 and it has finitely many zeros
in the regions 7 < argz < 7 and —7 < argz < —7%. Hence F(z) is analytic
in |largz| < w. We can find € € (%, 1) such that F(z) is analytic in the region

larg z] < %, so condition a in Lemma 6 is also met. In view of Lemma 7 we obtain

da(t) 1 o o
o _2—7Ti(F(e 1)— F(e™1)),
where
i iTv, /v by 1 2(«f N ”WJ (by/1) =Y, (b\/1)
P = e e e S ™ i 2 T YYD
i T, v by L _ 2D i VD iV (VD)
P = e e~ i T2+ Y2 (D)
This leads to
do(t) __(J)— Jy(b/1) cos(b/1) + Y, (bA/1) sin(bA/1) -
dr J2(b\/1) + Y2(b/1)

Proof of Theorem 22. Applying Theorems 1 and 2 of [Is90] in the same way as
in the proof of Theorem 18 shows that ¢, , 4 »(x) is the Laplace transform of an
infinitely divisible distribution. More precisely, we use that

dlnsﬂ,v,a,b(x)( )= a+b u+v a I'(ay/x) n b K/ (byx)
—_— T (x

dx 2\/_ 2x 2ﬁ I (ayx)  2Jx K, (by/x)

atb a Ii1(a/x) b Ky_1(b/x)
2Jx  2yx I(ay/x) 2J/x K, (by/x)

1o 2(r)”!
" wJo x+b22 J2(t) + Y2(t)
1 oo dt 1

+_ - -
0 x+a 22 leﬁ-a—z]ﬁn



INFINITELY DIVISIBLE MODIFIED BESSEL DISTRIBUTIONS 305

is completely monotonic on (0, co) for all u, v > % and a, b > 0, being a sum

of two completely monotonic functions: the expression on the penultimate line

is completely monotonic because of the inequality Jv2 (r) + YU2 (t) > 2/(mrt) where
> % (see [Wad4, p.447]), while the expression on the last line satisfies

1 [ dt 1
® = — _
x) JT/O x+a-2? ; x+a2j2

Jun

> l Ju,n — Ju,n—1 _ Z 1 ~0

p— 72 .2 72 .2 j—
T ol xX+a “ji, - x+a=“ji,
and
(=D"d"ex) 1 Jun = Jun—1 1
o 22 -2 20,

—2:2 ym+l 232 ym+tl =
™ (x+a=2jz " = (x+a2jz )"
since j, n — jun—1 > 7 whenever u > % and n € N. In view of Lemma 1, this
proves the first part of Theorem 22.

For the second part we observe, using a similar approach as before, that the
corresponding expression

4, e—<“+b>ﬁ__u+u_ b K;(bﬁ)+ a I,(ayx)

dx " epvar(®) | 2x 2JxK(byD) | 245 Lu(ayx)
_ b Ka0V®) | a L@y
C2Jx Ky(byx) o 2(x I(ayx)

2 1

o0 1
== JX0) + Y20 dr -
71-2‘/0‘ X+b 22[ ()+ ()] +Z _ZJ/%H

is completely monotonic on (0, c0), being a sum of two completely monotonic
functions whenever a, b, v > 0 and p > —1. (|

Proof of Theorem 23. Let X and Y be independent gamma variables with parameters
(o, B) and (g, Bo). The probability density function of the quotient Z = X/Y is

f@)= %(%)axa—l(l n %x>—(a+ao)’

where x > 0 (see for example [IK79, p.889]). Leta =« and ¢ = 1 — «p. The
Laplace transform L(s) of the quotient of two gamma random variables is

_Ta—c+1)
L&) =—Fi— g V@)
(see [IK79, p.889]) and thus the moment generating function ¢ (s) = L(—s) is
(5-13) sy =4t e e,

r'a—-c)
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Since a > 0, by using [NIST10, eq. 13.9.13], we observe that i (a, ¢, —s) has no
zeros in C\ [0, 0o). Thus the first condition of the Pick function characterization
theorem (Lemma 3) is verified, and by taking the logarithmic derivative of both
sides of (5-13), we obtain

@' (s) _ _lﬁ/(a, c, —s) _ ay(a+1,c+1,—s)
¢(S) w(a’c9 _S) w(a9cv —S) ‘

For s = x 4 iy, by using the integral representation (4-1), which is valid for
largz] <, a > 0 and ¢ < 1, we arrive at

P'(s) [ arCe! |Y(a,c, te™)|2dt
& (s) _fo (=s+DT @+ Dl (a—c+1)

® gr~Ce ! Y (a, ¢, te™)|2dt
/0 (—x—iy+Ta@+ Dl (a—c+1)
[P —x+iy)at e [Y(a, c,1e7) | dt
_/0 (t—x)2+y)la+ Dl @@a—c+1) °

This shows that Im ¢’(s) /¢ (s) > 0 whenever Im s > 0. O

Proof of Theorem 24. By using equations (12)—(15) of [EMOT53a, p.258] and the
equality ¥'(a, ¢, z) = —ay(a+ 1, c+ 1, z), we obtain

Vac—1,0=—"C yae+—% y@atl,ctl,2),

a—c—+1 a—c—+1
_ 1 _ z
Vatleg=_——v@c)—-——¥@t+lctl,

Ya,c+1,2)=v(@a,c,z)+av(a+1,c+1,z),
Y@a—1,¢,2)=z¥(a,c,z2) —(c—a)¥(a,c,z)+azpla+1,c+1,2).

Dividing both sides of these equations by ¥ (a, ¢, z) and using the integral repre-
sentation (4-1) yields the required results.

Thus, the representations in Theorem 24 follow naturally from (4-1), but for
(4-3) we give a more detailed proof via the Stieltjes representation and inversion
theorems. For this let
_VYctla
C Y@cen

Using eq. 13.7.3 of [NIST10], we have

F(2)

Z (@)s((@a—c)s—(a—c+Ds)(=2)"°
s>1 s!
Z (@)s@—c+1);(=2)"*
s>0

s!

F(z) ~ as 7 — 0o,
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and |arg z| < %n, showing that f(z) — 0 as |z] = o0o. Next, for ¢ < —1, using
eq. 13.2.22, we have

['(=0)/T(a-0)
T =¢)/Ta—c+1)
for c = —1, eqgs. 13.2.21 and 13.2.22 give

1/T(a+1)
TTU=¢)/Tla—c+1)
for —1 < ¢ <0, eqs. 13.2.20 and 13.2.22 yield

['(=c)/T(@a-o0)
TTU=¢)/Ta—c+1)
for c =0, egs. 13.2.19 and 13.2.21 lead to
_ —l/T(@(n(z)+d)

1/T(@a+1)
(where d is the constant in eq. 13.2.19), and for 0 < ¢ < 1, eqs. 13.2.18 and 13.2.20
give

—1 asz—0;

F(z)

F(2)

—1 asz—0;

—1 asz—0;

F(z)

1 asz—0,

F(z)

_T(©/T(@z+T(=¢c)/I'(a—c)

F@ F(l—c)/Ta—c+1)

as z — 0.

Thus F(z) =o(|z]") as z— 0, fora > 0 and ¢ < 1. The conditions in Lemma 6 have
been verified, because 1 (a, ¢, z) has no zeros in |arg z| < 7/, where « € (%, 1).
By using the residue calculus we obtain

%a(t) = ZLM(F(te_i”) — F(te™))
= % nlij(;(F(—t —in) — F(—t +in))
V(a,c, e (1 — i)y (a,c+1, e (1t + in)
| —Y(a,c,e T +in)yY(a, c+ 1,7 (¢t —in))

2o [V (a e —in)|’ |
Now, by using [EMOT53a, eq. (14), p. 263], for —a < min{0, 1 — ¢} we have
-4 limya, e, @ F i) =k (=0 =T kaya(=0),
where

yx)=®@, c,x) and y@x)=x'""®a—c+1,2—c, x),

®(a, c, x) being the Kummer confluent hypergeometric function and

I'(l—c) ky = (_1yl-e =D

kl:F(a—c—i—l)’ T(a)
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On the other hand, from [EMOT53a, eq. (9), p. 253] we have

(5-15) Wiyi(x), y2(0)] = y1(x0)ys(x) — y2(x)yj (x) = (1 —c)x~“e”

and by using the recurrence relation ¥ (a,c+ 1, x) = —¢/'(a, ¢, x) + ¥ (a, ¢, x)
(see [EMOT53a, eq. (14), p. 258]) and equation (5-14), we obtain

(5-16) nlin3+¢(a,c+1,e¢i”(tiin))
= kiy|(—1) — e ko yy (—1) + k1 yi (—1) — e kaya(—1).
From (5-16), (5-15) and (5-14) it follows that
da(t) _ _sin(@e) kiky (1 (=0)y5(=1) = y2(=1)y{ (=1))

dt |y (a, c,emt)[?
z?d by using the formula sin(rc) = m(see [IK79, p. 890]) we arrive
do(t) e |y(a,c,e™)| 2
dt ~— T@I'a—c+1)
This completes the proof of (4-3). (]

Proof of Theorem 25. From [MOS66, p.90] we have this integral representation for

the product of modified Bessel functions of the first kind, where © > —%:

(5-17) L, (a) 1, (b) =

1 \» T
(Eab) f 2,12 _1 2,2 172\ i 2
—=—~— | (a“+b"—2abcost) 2“IM((a +b°—2ab cost) )sm “rdt,
VAT (3+w) Jo

Combining this with
K (V) X (u /0) = Fe™ w/2) T~ e 5 Ly (VAuw) L _y (/Ru]v).

and using the notation 7 = /Au(w — 2 cos t), we obtain

T Iy (T)

(5-18) )(M,,\(uv)xﬂ,,\(u/v):cu,k(u)e_gw/ ﬁsin"_ztdt,
0

with
e =2
N )
Since 2dT /dw =Au/T and by the recurrence relation (z7#1,,(z)) =z7"1,41(2)

(see for example [Wa44, p. 79]), after differentiating both sides of (5-18) with respect
to w = v+ 1/v, we arrive at

Cu,k(u) =

d
@ (XM,A(MU)XM,A(’/‘/U))



INFINITELY DIVISIBLE MODIFIED BESSEL DISTRIBUTIONS 309

uw T Iﬁ—] (T) uw T )\, Iﬁ (T)
=y () <—%M€_2/ L sin* 2 rdt e 2 el e sin“‘%dr)
0

m

Ti_l 0 2 T2

_ U T gint 2 ¢ / - AI%(T) J
=cp.a(u) € I\ w (T)+ T t).

The recurrence relation (2u0/z)1,,(z) = 1,—1(z) — 1,,4+1(2) (see [Wad4, p. 79]) yields

—Iu(T)_—Iu (T)——Iu (T),
w5 e
which in turn gives

d
- (X;L,A(MU)X;L,A(”‘/U))

dw 1
=2
sucy ;. (u) ”sm” t{/x A

whenever 0 < A < and u# > 0. By using a similar approach we obtain
d2
m(xu,x(uv)xu,x(u/v))

uy [7 Lo_(T)  1x(T)
=Cu,/\(”)|:—%uze_2w/0 sin“_zt(— ZT%I_ +A—— )dt

1 T2

e*%w/ﬂsin‘“zt —)L—MI%(T)—F&—I%H(T) dt
0 2 T5 2 Th5+!

u
2

2 s =2

U’ 7 sin* ¢

=) e [T (1 1(T)——Iu(T)—|— Iu+1(T))
2

which can be rewritten as

ucy s (u) (™ sin* 2t 2A 2A 22
el M (1——)Iﬁ_l(T)+—1M+1(T)+—1M+1(T)

and this is strictly positive whenever 0 < A < /2 and u > 0. (Il

Proof of Theorem 26. If t € (0, %] and a, b >0, then a®>+b>—2abcost > (a—b)> > 0;
ifte (%, n) and a, b > 0, we likewise have a? + b% — 2abcost > 0. Inserting
a =uv and b = u/v in the integral representation (5-17), we obtain

(12
Ny

where £,,(S) = S7*I,(S) and § = y/u?((w? —2) —2cost) > 0. The recurrence
relation (z71,(z)) = z7"1,4+1(2) (see [Wad4, p.79]) implies that each of

1, (o), (u)v) = / fu(S) sin** ¢ dt,
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if(S)—uzwf (S) d—zf (S) = t? fs1(S) + (u?w)* fu12(S)
dw 12 - /L+1 [l du)2 12 - /L+1 M+2 )
d3

T3 fu($) = 3wt £,42(8) + (Pw)? f43(5),

d4
T fu(S) = 3u f12(8) + 6ulw? £,43(S) + (U2 w)* fu14(S)

is positive for all @, b > 0, w > 2 and u > —%. In view of these relations we make
the induction hypothesis that the (2n + 1)-st derivative is of the form

g2+
Wf 1 (8) =

@) f2001(8) + @2n @Ww? ™! f120(S) 4+ -+ @2 @ w sk (S)
and this expression is positive, where k < 2n and oy, (1), ap,—2(u), ..., az(u)

are nonnegative constants. We also make the induction hypothesis that the 2n-th
derivative is of the form

a» _
T (S = W)™ fr120(S) 4 Bon W ™" fryon—1(S) + - -+ Bau) fu 14 (S)
and this expression is positive, where k <2n—1 and B, (1), Bon—2W), ..., B2(u) are

nonnegative constants. By using the recurrence relation df,, (S)/dw = u?w fu+1(S)
repeatedly we see that the derivatives d>'+3 £,,(S) /dw?' 3 and d***2 f,,(S) /dw*'+?
have a similar form as d>"*! £,,(S)/dw?' ! and d*" f,,(S)/dw?", respectively, and
that each of these expressions is positive. Consequently, for all u > —%, u,v >0,
w > 2 and n € N we have

@ Gy o
— (L)l (u/v)) = / fu(S)sintdt >0. O
dw" \/EF(%-HL) o dw"
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ON R-TREES, HOMOTOPIES, AND COVERING MAPS

JEREMY BRAZAS, GREGORY R. CONNER, PAUL FABEL AND CURTIS KENT

A map p : E — X has the unique path lifting property if every path in X,
after a choice of an initial point, lifts uniquely to a path in E. We prove
that if a group G acts on an R-tree T in such a way that the quotient map
p: T — T /G has the unique path lifting property, then the quotient space
T /G does not contain a disc. As a consequence, we show that every map
of manifolds with the unique path lifting property is a covering map. The
proof requires a study of one-dimensional backtracking in paths. We show
the surprising and counterintuitive result that the equivalence relation given
by homotopies of paths rel. endpoints is generated by inserting and deleting
one-dimensional backtracking.

1. Introduction

Actions of groups on R-trees are a central tool in topology and geometric group
theory. Paulin constructed essential actions of hyperbolic groups on R-trees [18].
Culler and Vogtmann’s outer space has a natural boundary consisting of actions of
a free group on an R-tree [3, Section 2]. Sela and Groves used isometric actions on
R-trees to study limit groups [13; 19]. Rips developed tools to understand finitely
generated groups acting freely on R-trees (see [4; 12]).

Our interest here is motivated by considering non-finitely generated groups acting
on R-trees. Berestovskii and Plaut in [1] proved that every length space X is the
quotient of an R-tree T obtained via an action by isometries of a locally free group
G on T. They showed that the quotient map p : T — T /G = X has the property
that every rectifiable path in X lifts uniquely to a path in 7', after a choice of initial
point. They constructed the R-tree T by considering the set of rectifiable paths in
X without backtracking and showed that these paths naturally formed an R-tree.

We say that p : E — X has the unique path lifting property (or is a UPL map)
if for every path « : [0, 1] — X and every e € p~'({a(0)}), there is a unique path
a:[0,1] - E with @(0) = ¢ and p o @ = «. The following is well-known:

(%) If p: E— X is acovering map, then p has the unique path lifting property.

MSC2020: 54F50, 55R65, 57M10.
Keywords: R-tree, geodesic R-tree reduction, path homotopy, dendrite, unique path lifting, covering
map.
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If the quotient map p : E — X coming from a group action is a UPL map, one
may understand the group action in terms of paths in the base space. Thus it is
natural to ask when can a topological space X be the orbit space of a group acting
on an R-tree in such a way that the quotient map has the unique path lifting property.
We prove the following.

Theorem 1.1. Ifa group G acts on an R-tree T in such a way that the quotient map
p: T — T /G has the unique path lifting property, then the quotient space T |G
does not contain a two-dimensional Euclidean disc.

Theorem 1.1 follows from the following lemma.

Lemma 1.2. If X is a first countable, locally path-connected, and simply connected
space, E is a path-connected space, and p : E — X is a UPL map, then p is a
homeomorphism.

This gives the following surprising corollary for manifolds.

Corollary 1.3. If p: E — X is a UPL map where X is first countable, locally path
connected, and semilocally simply connected and E is locally path connected, then
p is a covering map. In particular, every UPL map p : M — N of manifolds is a
covering map.

Lemma 1.2 is a positive answer to Dydak’s unique lifting problem: Is every
map with the unique path lifting property from a path-connected space E to the
unit disc D? in the Euclidean plane a homeomorphism? (See [9, Problem 2.3]
and [5, Problem 4.6].) Additionally, Corollary 1.3 is a converse to (), which is
surprisingly difficult to verify outside of one-dimensional cases.

The primary obstruction to establishing the converse to (x) is showing that the
unique lifting of paths rel. basepoint implies the lifting of path homotopies. If
one assumes that path lifts vary continuously relative to their starting point, then
standard techniques would apply; see, for example, [15, Section 12 of Chapter III].
However, the weaker lifting hypothesis of UPL maps need not imply continuous
lifting in general. In fact, the aforementioned results of Berestovskii and Plaut
may be considered as evidence that the converse of () should not hold even
when X = D?. Since arbitrary paths in [ can be approximated by paths in
one-dimensional subspaces and since R-trees are closed under various limiting
constructions, limiting methods seem a promising way to produce a counterexample
extending that for rectifiable paths.

Our principal tool is understanding one-dimensional backtracking. We will make
backtracking formal by considering maps into R-trees. Suppose the nonconstant
path « : [0, 1] — X in a metric space factors through an R-tree T as o« = g o p,
where p : [0,1] > T isapathand g : T — X isamap. Letr : [0,1] > T
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parameterize the unique geodesic in 7" from p(0) to p(1). Then we say that the
path 8 = g or is obtained from « by geodesic R-tree reduction. Certainly, if
is a geodesic R-tree reduction of «, then @ and 8 are homotopic. The surprising
result and main idea for proving Theorem 1.1 and Corollary 1.3 is that any two
homotopic paths are both R-tree reductions of a single common path. Hence, one
may delete one-dimensional backtracking from this common path to obtain either
of the two homotopic paths.

Theorem 1.4 (main theorem). If X is a topological space and «, B : [0, 1] — X
are homotopic paths, then there exists a path y : [0, 1] = X such that a and B are
both geodesic R-tree reductions of y.

Typically, the path y will be very complicated, as it (1) will be space-filling in the
image of some chosen homotopy between o and 8 and (2) must pass through all of
the points of both @ and § in the same order that each of these paths does. Despite
its complexity, the construction of y from the pair «, 8 is entirely explicit. Our
main theorem implies that the equivalence relation on paths generated by geodesic
R-tree reduction coincides precisely with path homotopy (Corollary 5.7).

In [14, Corollary 2.4], it is shown that the following notion of “thin homotopy”
is an equivalence relation on the set of paths in a Hausdorff space: two paths are
thinly homotopic if they form a loop that factors through a simplicial tree. The
key idea needed to verify transitivity is a technical result ensuring that certain
pushouts of simplicial trees are simplicial trees [14, Proposition 5.5]. Theorem 1.4
implies that if one replaces “simplicial tree” with “R-tree” in the definition of a
thin homotopy, then the analogous relation is not transitive (Corollary 5.8). This
occurs precisely because there exist extreme situations, namely those modeled by
our main construction, where analogous pushouts of R-trees are topological discs.

Outline of paper. Section 2 establishes notation for four equivalence relations on
the path space that we will require throughout the paper and lays out some of their
properties. Section 3 defines Cantor paths and staggered paths, which we will use
in our construction of the path y from Theorem 1.4 to control the distance between
approximations of y. In Section 4, we define CIP loops and LIP loops and state
Lemmas 4.6 and 4.8. These two lemmas allow us to conclude that whenever a given
path is modified by a recursive process of inserting out-and-back paths along parts
of the domain where it is already constant, the uniform limit is R-tree homotopic
to the original path. In Section 5 we prove the technical result, Lemma 5.3, that
constitutes the inductive step in the construction of y for Theorem 1.4, and so
complete the proof of that theorem. Section 6 contains the proofs of Theorem 1.1,
Lemma 1.2, and Corollary 1.3. The proof of Lemma 4.6 is given in the Appendix.
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2. R-tree factorization of paths and loops

For paths « and 8 in a space X, o8 will denote path concatenation and @ will denote
the reverse path. If (X, d) is a metric space, p (o, 8) =sup {d(ot (), B(t)) |t €[0, 1]}
defines the sup metric on the space of paths from [0, 1] to X. Recall that when
(X, d) is complete, so is its path space [11, 4.3.13]. We also require notation for a
variety of relations on paths.

Definition 2.1. Let « : [a, b] — X, B : [c¢, d] — X be paths.

(1) We say « is equivalent to 8 and write « = § if « = 8 o h for some increasing
homeomorphism % : [a, b] — [c,d]. If h is linear, we may say that « is a
linear reparameterization of B.

(2) We say « and B are Fréchet equivalent and write ¢ X if ¢ o f = B o g for
nondecreasing continuous surjections f : [0, 1] — [a, b] and g : [0, 1] — [c, d].

Both = and % are equivalence relations finer than the path homotopy relation,
which we denote by >~ . See [8] for a proof of the transitivity of &. Recall that an
R-tree is a uniquely arcwise connected, and locally arcwise connected geodesic
metric space [2; 16] and a Peano continuum is a compact, connected, locally path-
connected, metric space. A dendrite is a Peano continuum that does not contain
a simple closed curve [17, Definition 10.1]. It is then an exercise to see that a
dendrite is uniquely arcwise connected and locally arcwise connected. Mayer
and Oversteegen showed that any uniquely arcwise connected and locally arcwise
connected metric space admits a geodesic metric [16, Theorem 5.1]. Thus every
dendrite admits a metric that makes it an R-tree.

Definition 2.2. Let o, 8 : [0, 1] — X be paths in a topological space X.

(1) We say that g is a geodesic R-tree reduction of o, and we write o >g B, if
there is an R-tree 7', a path p : [0, 1] — T, an injective path r : [0, 1] = T
with p(i) =r (i) fori € {0, 1}, and amap f : T — X such that f o p =« and
for=g.

(2) We say that « and g are R-tree homotopic, and we write « ~g B, if af is a
loop that factors through an R-tree, that is, if ¢ (i) = (i) fori € {0, 1} and if
there exists an R-tree 7', aloop £: [0, 1] — T and amap f : T — X such that
fol=ap.

Note that
a=f = azppf = a=pgp = a=p,

where the last implication holds since R-trees are contractible. Geodesic R-tree
reduction is our formalization of removing backtracking, as mentioned in the
introduction. Also, if @ >~ 8, where  is injective, then o >g B. Certainly, >~ is
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reflexive and symmetric. However, the transitivity of ~g does not hold in general;

see Corollary 5.8. In a given space, transitivity of ~p is equivalent to all paths

admitting a unique (up to =) “maximally reduced” geodesic R-tree reduction. One

must be wary of this temptation as our main result implies that there exist some

paths in the plane which fail to have unique maximally reduced representatives.
We note some key properties of >~g and >R that do hold.

Remark 2.3. If 7 and T; are R-trees, f; : [0, 1] — T is an injective path, and
f> 110, 11 — T5 is any path, then the pushout of f| and f is an R-tree. Indeed,
this pushout is obtained by attaching the closure of each connected component of
11\ f1([0, 1]) to T» at a point along the image of f,. As a consequence:

(1) >g is transitive and is antisymmetric up to equivalence; that is, « >r 8 and
B >r o = «a = B. Hence, >R induces a partial order on path-equivalence classes.

(2) o ~p B if and only if @ and B share a common geodesic R-tree reduction, that
is, if and only if there exists § with @ >R § and S >R 4.

Lemma 2.4. The following properties of R-tree homotopy hold.

(D) Ifa, B:10, 1] = X are paths such that « ~g 8 (resp. « >g B)and f : X — Y
is a map, then foa~g fop (resp. foa >r f o pB).
(2) If o1 =g 1, 02 =R B2, and a1 (1) = a2(0), then ajo =g B1Ba.
Assume moreover that X is Hausdorff. Then:

3) Ifa, B:[0, 11— X are paths and ao g ~r Bog» for nondecreasing continuous
surjections g1, g2 : [0, 1] — [0, 1], then a ~g B.

@) Ifay, ap 110, 1] = X are paths such that oy ~g o and By, B2 : 10, 1] > X are
paths such that a) & 1 and oy X By, then B =g Bs.

Proof. (1) is clear. (2) holds since the one-point union of two R-trees is an R-tree.
(3) Since o 0 g >~k B o g2, there exists an R-tree 7, map F : T — X, and loop
£:[0,1]— T such that Fof = (xo gl)(ﬂo_gg). We may replace T with the dendrite
£([0, 1]) and assume ¢ is surjective. Since X is assumed to be Hausdorff, F'(T')
is a compact metric space [17, 8.17] and we may replace X with F(T). Define a
nondecreasing surjection g : [0, 1] — [0, 1] by

381(21) if 1 €[0, 1],

g(1) =
1-3g02-2) ifre[3.1],

so that F o £ = (af8) o g. Applying the monotone-light factorization theorem (see
[10, Theorem 1] or [20, Theorem 2.3]) to the map F : T — X of compact metric
spaces, we have F = F’ onr for a monotone map 7 : T — T’ and a light map
F’: T’ — X. Since 7 is a monotone quotient map on a dendrite, 7’ is a dendrite
[17, Exercise 10.52]. Since g is monotone, F’ is light, and F' o o £ = (aﬁ) og,
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the loop 7w o £ : [0, 1] — T’ is constant on the fibers of g. Thus, there is a unique
loop w1 :[0,1]— T’ suchthat m o £ = o g:

0,1] —*

T
T’ F
n
F/
[0, 1] —ﬁ> X

8

Since F' o puo g = (af) o g, where g is surjective, we have F’ o i = a B, proving
o >~g B.

(4) Write a1 o fi = By o g and as o f, = B, o g» for nondecreasing continuous
surjections f1, f2, g1, g2 : [0, 1] — [0, 1]. Since «| ~g a», there exists an R-tree 7',
amap F:T — X, and loop £:[0, 1] — T such that F ol = ajop. Write £ = o
sothat Fou; =a;,ie€{l,2}. If ¢ = (u1 0 fi)(us o f), then the factorization

Fol = (aio fi)(az0 f2) =(Bi1og)(Br0g2)

shows that 8) o g ~g B2 o g2. Now, (3) implies 81 ~r B». O

3. Cantor paths and their staggering

Definition 3.1. Recall that a Cantor set is any nonempty, compact, perfect, and
totally disconnected metric space and any such space is homeomorphic to the
standard ternary Cantor set. An open set U C (0, 1) is a Cantor complement if
[0, 1]\ U is homeomorphic to a Cantor set.

An open set U C (0, 1) is a Cantor complement if and only if U is dense in [0, 1]
and the set of connected components of U have the order type of (. It is necessarily
the case that the connected components of a Cantor complement have pairwise
disjoint closures. Given a path « : [0, 1] — X, let Ic(«) denote the set of connected
components of the open set O(«a) = {t € [0, 1] | « is locally constant at t}. Note
that distinct elements of lc(a) have pairwise disjoint closures and that « is a light
map if and only if O(o) = @.

Definition 3.2. A nonconstant path « : [0, 1] — X is a Cantor path if O(a) is a
Cantor complement.

The standard ternary Cantor map t : [0, 1] — [0, 1] collapses the closure of each
component of the complement of the ternary Cantor set to a point. Thus 7 is a
nondecreasing, surjective Cantor path. If « is a light path, then « o 7 is a Cantor
path. A key concept in the proof of our main theorem is the following.
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Definition 3.3. Let Uy, U, be proper open subsets of (0, 1) such that for each
i €{1,2}, inf(U;) = 0, sup(U;) = 1, and such that the connected components
of U; have pairwise disjoint closures. We say the sets U; and U, are staggered if
U,UU, = (0, 1), or equivalently, if dU; N dU;, = {0, 1}.

The next lemma, which has a straightforward proof, allows us to select connected
components from staggered Cantor complements U; and U; so that the resulting
collections have the order type of Z while still having staggered unions.

Lemma 3.4. Let U; and U, be staggered Cantor complements. Then fori € {1, 2}
there exists a set of connected components %; of U; such that %; has the order type
of Z, inf(J%;) =0, sup(U%;) = 1, and such that \ J21 and \ J %> are staggered.

Proof. Let 7/ be the components of U; that are not entirely contained in some
component of U;. Let % be the components of U, which are not entirely contained
in some element of 7/. Note that % U % still covers (0, 1). Now suppose the set
of endpoints of %) has an accumulation point, p, that is neither O nor 1. Since the
components of % are disjoint and open, p is not contained in any element of 7.
Since %1 U %, covers (0, 1), p is contained in some O € %. By construction each
element of %, can contain at most two endpoints of %, which contradicts that p is
an accumulation point of the endpoints of %/.

Since both %, and %, are nonempty and each component separates R, it must
be that the set of components, and thus the set of endpoints, of %; is infinite, does
not contain 0 or 1, but has both as limit points.

Therefore the set of endpoints of % is discrete and (being a subset of R) linear,
and it has limit points at 0 and 1. Hence it must be a bi-infinite sequence and thus
have order type Z. A similar argument holds for %5. ]

Lemma 3.5. Let U be a Cantor complement. For every € > 0, there exists an
increasing homeomorphism f : [0, 1] — [0, 1] such that p(f, idjo.17) < € and that
U and f(U) are staggered.

Proof. Let € > 0 and let % be the set of connected components of U with the
induced ordering. Since U is a Cantor complement, %/ is densely ordered and we
can find a bi-infinite sequence 1, = (a,, b,) € %, n € Z, such that inf({J ,en1,) =0,
sup(UneN I,,) =1, and such that for all n € Z, the segment [b,, a,+] has diameter
less than %e. For eachn € Z, find J,, = (¢,,, d,) € % with J C (b, a,+1). We will
define f by first setting its value on the closures of the intervals in the bi-infinite
sequence

--'<I,2<J,2<I,1<J,1<10<J()<11<Jl<12<.]2<~-.

For each n € Z, choose a subdivision of [a,, b,] as follows. Find a, < D,,_; <
A, < B, < C, <b,, where the outer four segments [a,,, D,,—1], [Dn—1, Anl, [Bn, Cpl,
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<e/3 <e/3 <e/3 <e/3 <e/3 <e/3 <e/3 <€e/3 <e/3 <e/3

Figure 1. Part of the homeomorphism f : [0, 1] — [0, 1] that maps I, to
K, and J, to L, in a piecewise linear fashion.

and [C,, b, ] all have diameter less than %e. IfK,=(A,, B, and L, = (C,, D,),
then the bi-infinite sequence

o< K g<L hy<K <L 1 <Kog<Ly<Ki<Li<Ky<Ly<---

limits to O on the left and 1 on the right. Moreover, K, C I,, and J, C L, for all
n € Z. We define f so that it maps [a,, b,] to [A,, B,] and [¢,, d,] to [Cy,, D,] by
increasing linear maps. Since the sets 1, J,, K, L, limit to 0 as n — —o0 and
to 1 as n — oo, this definition extends uniquely to an increasing homeomorphism
f:10, 11— [0, 1], which is piecewise linear on [a_,, b, ] for all n > 1 (see Figure 1).

Our choices of the sizes of the intervals [b,,, a,+1] and subdivisions ensure that
p(f,1do,17) < €. Additionally, if # € (0, 1) \ U, then ¢ € [b,, ¢,] U [dy, an+1] for
some n € Z. Since [b,, ¢, U [d,, ay+1] € L, = f(J,) where J, € %, we have
t € f(U). We conclude that UU f(U) = (0, 1), i.e., U and f(U) are staggered. []

Definition 3.6. We say that two Cantor paths «, 8 : [0, 1] — X are staggered if
O(a) and O(PB) are staggered.

Our final lemma of the section allows us to take two nonstaggered Cantor paths
and perturb one of them so that the resulting pair is staggered.

Lemma 3.7. Given any two Cantor paths «, § : [0, 1] — X and €, 5 > 0, there
exists an increasing homeomorphism f : [0, 1] — [0, 1] such that p(f,1djo,17) < 6,
pla, o f) <€, and such that o o f and B are staggered.

Proof. Let Uy = O(«) and U; = O(B) and note that V = U N U, is also a Cantor
complement. Find 0 < 8’ < § such that |s — 7| < & implies |a(s) — «(?)| < %e. By
Lemma 3.5, we can find an increasing homeomorphism f : [0, 1] — [0, 1] such that
| f(t)—t]| <8 forallr €[0,1]and VU f (V)= (0, 1). Hence, |a(f(¢)) —a(t)| < %6
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for all ¢ € [0, 1], which gives p(f,idjo.1]) <& < § and p(a, @ o f) < €. We also
have VU f~1(V) = (0, 1) and O(a o f) = f~1(Uy). Thus

O, D=VUfr (V) =WUinU)u(f'Unnf1U)) S, UO0o f),

showing that o o f and 8 are staggered. (]

4. Inserting inverse pairs into Cantor paths

If % is a collection of open intervals in [0, 1] with disjoint closures, then a % -
collapsing map is a nondecreasing, continuous surjection u : [0, 1] — [0, 1] that is
constant on the closure of each J € % and bijective on [0, 1]\ | je# J. Such maps
may be constructed canonically using dyadic rational outputs and by enumerating
% by nonincreasing length and the ordering in [0, 1] (lexicographically). If a path
o : [0, 1] — X is not light and k,, : [0, 1] — [0, 1] is a Ic(«)-collapsing map, then
there is a unique light path o : [0, 1] — X such that a* o ko = a.

Definition 4.1. We call a loop ¢ : [0, 1] — X an inverse-pair loop if there exists a
path « : [0, 1] — X such that £ = aa. More specifically:

(1) If @ is a Cantor path or has the form o = «j«, for Cantor path «; and constant
path a», then, we call £ a Cantor-inverse-pair loop or CIP loop (see Figure 2).

(2) If « is light, we call £ a light-inverse-pair loop or LIP loop.

Remark 4.2. If o : [0, 1] — X is a CIP loop, then « is a Cantor path. If « = a* ok,
where kg : [0, 1] — [0, 1] is an lc(a)-collapsing map o* : [0, 1] — X is a light path,
then o* is a LIP loop.

Definition 4.3. Let o, 8 : [0, 1] — X be Cantor paths and % C Ic(«). We say that
B is a % -extension of « if

(1) p(t) =a(t) forall t €0, 1]\ %, and
(2) for each J € %, By is a CIP loop.

o o
A A
r Y hY
L A L A
\ [ \ [
o o
14 A Y A — N\
o o
. , { \ . \
¢ } { ) " }

Figure 2. A CIP loop is an inverse pair loop that has either the form of
an inverse pair ae of Cantor paths (top) or the form «; 8o for a Cantor
path «; and constant path 8 (bottom).



324 JEREMY BRAZAS, GREGORY R. CONNER, PAUL FABEL AND CURTIS KENT

If B is a % -extension of « for some subset %7 C lc(«), we write o <, B.

Remark 4.4. If o <, B, then O(B) € O(«). In particular, if J € Ic(B), then either
J €le(a)\ % or J C K for some K € % . The loop a8 factors through a dendrite in
a highly structured way: namely, there is a dendrite D (8, o) constructed by starting
with a “base arc” B and attaching an arc to B for each element of 7. We have
Fo(ab) = aB where a : [0, 1] — D(B, o) is a monotone map onto B and where
b:10,1] — D(B, o) maps [0, 1]\ [J% into B and the closure of each element of
% onto the corresponding attached arc in D(8, «) by an inverse-pair loop. While
o ~p B holds, the relation o <g § only holds in the trivial case where = &.
(See the Appendix for details.)

Remark 4.5. The relation <, on the set of paths in a space X is certainly reflexive
and it is straightforward to check that it is antisymmetric. However, <, is not
transitive. Rather, it is a very fine relation that generates a partial order relation,
which is strictly finer than <g.

If we have a sequence y| <, ¥» <4 ¥3 <4 - -+ in a space X where, as one proceeds
through the sequence, the added out-and-back loops have very quickly shrinking
diameters, then {y,},en should converge uniformly to a path y. Moreover, y;»
factors through a dendrite, call it D, as described in Remark 4.4. Since y,4
agrees with y,, except on portions on which y,,4 is a CIP loop, we may recursively
construct a dendrite D), by attaching arcs to D, so that y;¥, factors through D,
for each j € {1, 2, ..., n}. In the limit, we find that there is a uniquely determined
limit dendrite Doo = lim, D, that y, y factors through for all n. Hence, y ~g y, for
all n € N. The next lemma establishes this conclusion assuming the existence of the
limit y. As one can see from the above proof sketch, this result is fairly intuitive.
However, a detailed proof requires careful bookkeeping of parameterizations of
paths in inverse limits. We defer the details to Appendix.

Lemma 4.6. If {y,},en is a sequence of Cantor paths in a metric space (X, d) such
that vy, <4« Yn+1 for all n € N and such that {y,},en — y uniformly, then y, ~g y
foralln e N.

In the next section, we will form alternating sequences o] <, ai =y <y oeé =...,
where the equivalences are given by small perturbations. The next lemma, which is
proved using elementary real analysis, allows us to manage all these perturbations
simultaneously.

Lemma 4.7. Suppose {f,}nen is a sequence of increasing homeomorphisms f, :
[0, 1] — [0, 1] such that p(fy,idjo.17) < ar” for some a > 0 and |r| < 1. If
gn=fto n:ll 0--:0 f2_1 o fl_lfor alln e N, then {g,}nen converges uniformly
to a continuous, nondecreasing surjection g : [0, 11 — [0, 1].

Next, we combine the previous two lemmas.
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Lemma 4.8. Suppose {a,},en and {o) }nen are sequences of Cantor paths in a
metric space (X, d), y :[0, 1]— X is a path, and { f, }neN is a sequence of increasing
homeomorphisms f, : [0, 1] — [0, 1] such that the following hold:

(1) {ontnen — v uniformly.

(2) oy 2y ), foralln e N.

() ant1 =a), 0 f, foralln e N.

(4) There exists a > 0 and |r| < 1 such that p(fy,1idjo,17) < ar" for alln € N.
Then oy, =g y for alln € N.

Proof. Let gg =1idjo,1; and g, = fn_1 o n__ll 0---0 fz_l o fl_1 for all n € N. Note
that f,, 0 g, = g,—1 for all n € N. By Lemma 4.7, {g,},en converges uniformly to
a continuous, nondecreasing surjection g, : [0, 1] — [0, 1].

Set y; = o1 and y,, = &, 0 g,—1 for n > 2. For the moment, fix n € N. Since
Ont1 =, 0 f,, we have

’ ’
Vn+1 = Op41 Ogn=06n0fn08n =Q,08-1-

By assumption, o, <, «,,. Composing «, and o, with the homeomorphism g,
gives ¥, < Yn+1. Additionally, since {o, },en — v and {g,,—1}neNn = Zoo Uniformly,
we have {y, }nen = {0 0 €n—1}neN = ¥ © goo- It now follows from Lemma 4.6 that
Vo R Y 0 8o forall n € N. Thus o, 08,1 R ¥ 0 €00 for all n € N. Since we have
Fréchet equivalences (see Definition 2.1) o, X oy, 0 gp—1 and y X ¥ 0 g, it follows
from Lemma 2.4(4) that o, ~g v for all n € N. [l

5. Proof of the main theorem

To begin, we fix Cantor-path parameterizations of planar line segments. Recall that
7:]0, 1] — [0, 1] is the ternary Cantor map.

Definition 5.1. Given points x, y in the closed unit disc D?, let Ly,:[0,1]— D?
be the path defined by Ly, y(s) = 7(s)(5(x +¥)) + (1 — T(s))x.

Remark 5.2. If x =y, then L, , is constant. If x # y, then L, , is a Cantor path that
parameterizes the line segment from x to %(x + y). Moreover, if x1, x2, y1, 2 € D2
with midpoints m; = %(xi + yi), then since the paths L,, ,, and ijz, x, are both
parameterized using t, their sup distance is the maximum distance between the
endpoints, that is,

p(Lyx, y,s Ly, x,) <max{d(xy, mp),d(my, y2)}
< max{1d(xz, y2) +d(x1, x2), 3d (x1, y1) +d(y1, y2) }

(see Figure 3). When x = x; = xp and y = y; = y», we have p(L, y, Zy,x) =
3d(x, y).
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X Xy

Figure 3. Since L, ,, and ZyMz are both parameterized by 7, their
metric distance is the maximum length between starting and ending
points.

We attribute the next lemma especially to the third author. The main idea is to
fix staggered Cantor paths «, A : [0, 1] — D? satisfying a(i) = (i), i € {0, 1}, and
modify both of them by inserting CIP loops on a Z-ordered sequence of elements
of Ic(«) and Ic(B), respectively, so that o <, «’ and B <, B’. Specifically, we
construct ¢’ from « by inserting a bi-infinite sequence of CIP loops of the form
Lx,yzx,y or (Lx,y)c(zx,y) (for a constant path ¢) on certain elements of Ic(«). We
will construct 8 from B in an analogous way. However, the two constructions are
not symmetric. Rather, they must be done simultaneously in an interlocking fashion.
In the end, the resulting paths o’ and B’ will have % the sup distance of the original
paths. That one can insert nonconstant portions into both paths and somehow shrink
the distance between them is somewhat nonintuitive and is only possible because
the paths are staggered.

Since the construction of «’ and B’ will involve an intricate arrangement of
overlapping intervals, we employ the following notation: if / C [0, 1] is an interval,
then ¢(I) and r (/) will denote the left and right endpoints of 1.

Lemma 5.3. For staggered Cantor paths «, B : [0, 1] — D? such that a(i) = B(i),
i € {0, 1}, there exist Cantor paths o', ' : [0, 11 — D? such that

(1) a =, o and p(a, ') < 3p(a, B),
(2) B =« B and p(B. B) < 5p(a. B). and
3) pe’, ) < 3p(a B).

Proof. Let § = p(a, B). By assumption, O(«) and O(B) are staggered Cantor
complements. By Lemma 3.4, we may select a set of connected components
2, of O(a) and %> of O(B) such that for i € {0, 1}, %; has the order type of Z,
inf(lJ%) =0, sup(lJ%) = 1, and such that | J%) and | J%, are staggered. Index
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the elements of 27 as --- < A_, < A_| < Ag < A| < Ay < --- and the elements
of%as---<C_r<C_1<Cy<C;<Cy<---sothat C, meets A,_1 and A,,.
Set w, = a(A,) and y, = B(C,).

For the moment, fix n € Z. Since O(«) is a Cantor complement and « is uniformly
continuous, we can find a sequence B, | < B, <--- < By, in O(«) of length
kn, > 2, where each set B, ; is contained in [r(A,), £(A,+1)] and such that if I is
a connected component of [r(A,), £(A,+1)]\ UI;”ZIBM-, then diam(a (1)) < %8.
Similarly, since O(B) is a Cantor complement, we can find a sequence D, | <
Dp> < --- < Dy, in O(B) of length m, > 2 where each D, ; is contained in
[r(C,—1), £(C,)] and such that if I is a connected component of [r(Cj,—1), £(Cp)]\

’;ZIDM, then diam(8(I)) < éS. Note that D, j; € A, and B, ; < C, holds
whenever these sets are defined (see Figure 4).

Set x, ; = oz(En,j) and z,, ; = ﬂ(ﬁn,j) whenever these sets are defined. Let p,
be the midpoint of [£(A,), r(C,—1)], g, be the midpoint of [£(C,), r(A,)], n,,; be
the midpoint of B, ;, and 6, ; be the midpoint of D, ;.

To begin our definition of &', we set &’ to agree with @ on {0, 1} and on
[r(An), L(An+1)] \ Ulj‘.”le,,,j for all n € Z. We complete the definition of o’
piecewise by fixing n € N and defining o’ on A, in three cases and B, ; for
1 < j <k, in a fourth case. It may be helpful to note that

Ay =[L(A), palULpn, r(Cr)D1U[r(Cro1), L(CHIUE(Cr), gulUlgn, r(Ap)]
(see Figure 5).

(A1) On [£(A,), 6,.1], we define o’ to be the CIP loop, which is the linear repa-
rameterization of Ly, ,, , on [£(A,), p,], the constant path at %(wn + Yn—1) on
[pn, £(Dy.1)], and the linear reparameterization of an,yn_l on [£(Dy 1), 64.1]-

(A2) On [0y, 0, j+1] (foreach 1 < j <m, — 1), we define «’ to be the CIP loop,
which is the linear reparameterization of Ly, z,; on [0n, 7, r(Dy, )], the constant

path at %(wn +2n,j) on [r(Dy, ), £(Dy, j+1)], and the linear reparameterization of
Ly, z,; on [€(Dy, j+1), On j+1].

By 11 Bioi2 Y| Bi1 By An+1 Byi1 Buyi2

"
1
1
’
:_
1

——t—t } {
C Dy Dy » C Dyy1,1 Davr2 Doy3 Cn+1

Figure 4. Top: the selected sets A, and B, ; on which « is constant.
Bottom: the selected sets C,, and D, ; on which g is constant.
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Bi11 Byioin A B, B,

n+1,1

B

n+1

P! Vg,

Dy D, 2

C

n—1

C

" Pun! Dyy11 Das12 Dy M Cn+l
Figure 5. The interlocking pattern that determines the structure of &’ and

B’. The triangles represent inserted inverse-pair loops and the trapezoids

represent an inverse pair loop but with a constant path included in the

middle. The three subintervals of A, and the five subintervals of C,

partitioned by the trapezoids correspond to the piecewise definitions (A1)-
(A3) and (B1)-(B5) respectively.

(A3) On [6m,, r(An)], we define &’ to be the CIP loop, which is the linear repa-
rameterization of Ly, z, . on [0y m,, r(Dn,m,)], the constant path at %(wn +Zn.m,)
on [r(Dy m,), qn], and the linear reparameterization of an,zn_mn on [g,, r(Ap)].
This completes the definition of ' on A,,.

(A4) Lastly, on E,,, j» we define o’ to be the linear reparameterization of the CIP
loop Ly, .y, Lx, .y,

This completes the definition of o’ (compare Figures 5 and 6). Note that o’
agrees with o everywhere except on a Z-ordered sequence of elements of Ic(«) on
which CIP loops replace constant loops. Hence, it is clear that o’ is a well-defined
function.

To begin our definition of B’, we set B’ to agree with 8 on {0, 1} and on
[r(Cp=1), £(Cp)]\ UTLIDM- for each n € Z. We complete the definition of g’
piecewise by fixing n € N and defining 8" on C,, in five cases and D,, j for 1 < j <m,,

in a sixth case.

(B1) On [£(Cy), g, we define B’ to be constant at y,. (This happens to agree with
the value of 8.)

(B2) On [gn, nn.11, we define B’ to be CIP loops, which is the linear reparameteriza-
tion of Ly, ,, on [g,, r(A,)], the constant path at %(yn +wy) on [r(A,), £(By1)],
and Zyn,wn on [£(By.1), Nn.1]-

(B3) On [ny,j, nn, j+1] (for each 1 < j <k, — 1), we define B’ to be CIP loops,
which is the linear reparameterization of Ly, xo; O0 [N, r(By, j)], the constant
path at %(yn +x,,j) on [r(By,;), £(B,, j+1)], and the linear reparameterization of

Lyn,xn.j on [E(Bn,j+l)’ 77n,j+1]-
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Figure 6. A full period of the construction of &’ and B’ starting with
£(A,) and ending with £(A, ). Starting and ending points are circled
and the initial and terminal steps are indicated with arrows. The upper
and lower curves represent respectively o and 8, where each subdivided
segment has diameter less than %8 . The numbered paths trace out the
trajectory of @’ and the box-numbered paths trace out the corresponding
trajectory of 8. When a number is positioned at a point, the path is
constant at that point.

(B4) On [y, pnt1], we define B’ to be the CIP loop given by the linear repa-
rameterization of Ly, . on [n,k,, r (Buk,)], the constant path at %(yn + Xy k,) ON
[r(Bu.k,),£(Au+1)], and the linear reparameterization of Zynvxn,kn on[£(An+1), Pnt1l-

(B5) On [py+1,7r(Cy)], we define B’ to be constant at y, (this happens to agree
with the value of 8). This completes the definition of 8’ on C,,.

(B6) On 5,,, j (foreach 1 < j <m,), we define B’ to be the linear reparameterization
of the CIP loop L., ; w,Lz, ; u,-

This completes the definition of 8, which is a well-defined function (see Figures 5
and 6).

By construction, a’|, 1y is continuous. If U is a convex neighborhood of «(0) =
B(0) in D?, then we can find N € Z such that «(A, U C,) U B(A, UC,) C U
for all n < N. Let t = sup(Ay). Since the CIP loops added to « on [0, ] are
contained in line segments with respective endpoints in « ([0, ¢]) and B([0, ¢]), it
follows that «/([0, t]) € U. Thus «' is continuous at 0. A symmetric argument
shows that «’ is continuous at 1. The construction of «’ also ensures that distinct
elements of Ic(a) have disjoint closures. Hence, o’ is a Cantor path. Since o’ is
constructed from « only by replacing constant loops with CIP loops on elements of
Ic(a) (one on each B, ; and at least three on each A,), we have o =<, o’. Moreover,
if u : I — D? is one of the added CIP loops in the construction of «’, then the
image of u is the line segment connecting «(s) and %(a (s) + B(s)) for some s € I.
Thus p(, @) < % p(a, B). Since these arguments apply just as well for 8/, we also
conclude that B’ is a Cantor path satisfying 8 <, B’ and p(B, B) < %,o(a, B).
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To complete the proof, we will show that d(a/(s), B/(s)) < %8. We begin by
considering the case s € A,,.

(1) On [£(A,), pn], @ parameterizes the line from w, to %(w,1 4+ yu—1) (see the
first part of (Al)) and 8’ is a corresponding parameterization of the line from
%(Xn—l,k,,,l + yn—1) to y,—1 (see the last part of (B4)). Thus if s € [£(A,), pnl,
Remark 5.2 gives us the first inequality in the following sequence:
d(a'(s), B'(s))
< max{3d -1k, 1> Y1) +d a1k, 1> Wa), 3d W, Yo-1)}
= max{3d(«(r (Bu-14,))s BUr(Bu—i 4, )))+d(nt k1> wa), 5d(@(pa), B(pa))}
<max{15+ 18, 38} < 35.
(2) On [p,, r(Cy)], o' is constant at %(wn + yn—1) (see middle part of (Al)) and
B’ is constant at y,_; (see (B5)). Therefore, if s € [p,, r(C,)], we have

d(@'(s), B'(5)) = 3d (W, Yu—1) = 3d(@(py), B(pn)) < 36.

(3) On [r(Cp), £(Dy.1)], o is constant at %(wn + yn—1) (see middle part of (Al))
and B’ agrees with 8. Thus if s € [r(C,), £(Dy.1)], then
d(a'(s), B'(s)) <d (' (s), B(r(Cp-1))) +d(B(r(Cp-1)), B'(5))
=d(3wp 4 Ya-1, ya—1) +d (B (Cy1)). B(5))
= 2d(a(pn), B(pn)) +d(B(r(Cu1)), B(s))
1 1 2
(4) On [€(Dy.1), 6n.1], &' parameterizes the line segment from %(wn + yu—1) to
w, (see last part of (Al)) and B’ parameterizes the line segment from z,; to
%(ZnJ + wy,). In this case, if s € [€(Dy.1), 6,.1], then
d(@'(s), B'(s)) < max{d(wy, 3 (Wn + yo-1)), d@n.15 3@t +wn))}
= max{%d(wn’ Yn-1), %d(Zn,ly wn)}
= max{3d(a(pn), B(pn)). 3d(2(On.1), BOn1))}
<38 < 36.
(5) On [6,.1, r(Dy1)], & parameterizes the line segment from w, to %(Zn,l + wy)
(see first part of (A2)) and B parameterizes the line segment from %(zn,l + w,) to

Zn.1 (see (B6)). Since these paths move along the same line segment, it follows that
if s € [0y,1,7(Dy.1)], then

d(&'(s), B'(5)) = 2d(w, 2.1) < 1d(@(B,.1), B6n1)) < 16.
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As we proceed through the remainder of the intervals on which o’ and B’ are
defined piecewise, every remaining case (all of which are illustrated in Figures 5
and 6) may be verified using an argument nearly identical to one of the above five
cases. Hence, we omit the remainder of the details. We conclude that p(a’, /) < %8 .

0

The construction given in the proof of Lemma 5.3 results in two Cantor paths
«’ and B’, which are not staggered. Hence, to iterate this construction, we must
perturb one of these two paths so that they become staggered.

Lemma 5.4. For given staggered Cantor paths a, B : [0, 1] — D? with a (i) = B(i)
fori € {0, 1} and § = p(«, B), there exists sequences of Cantor paths {oy}n>0,
{&) }n=05 {Bn}n=0, such that ag = o, By = B and that, for all n > 0,

(1) ap 2y 0y, and By 2« Bt

(2) ay and B, are staggered,

3) apy1 = a,’1 o fu for some increasing homeomorphism f, : [0, 1] — [0, 1] with

o (fnsidpo, 1)) <27", and

@) max{p (e, tnt1), P(&n, cnr1)s 0(Bus Bas1), plan, B)} < 8(3)".
Proof. Letayg=w, fo=p, and § = p (a0, Bo). Suppose ¢, and B, are given staggered
Cantor paths that satisfy p(a,, 8,) <6 ( %)n. Applying Lemma 5.3, find Cantor paths
a;lv ,/1 : [07 1]_> [D)z SuCh that al’l ﬁ* a;p ﬂ}’l f* ;17 max{p(an: a;)a p(ﬂnv ﬂ;l)} S
% p(cty, Bn), and p(a;, B,) < %8. By Lemma 3.7, there exists an increasing homeo-
morphism f, : [0, 1] — [0, 1] such that p(f,,idjo,1]) < 27", p(a, o f4, ) <
ﬁp(an, B,), and that «), o f, and B, are staggered. Set a4+ = «;, o f, and

Bn+1=P,. Then o, and B, are staggered Cantor paths and satisfy the following
inequalities:

1
p(a,/,l,an+1) < ﬁp((xn’ ,Bn) < 1_128(%)11 < 8(%)}14-

p (e, dyy) < plotg, ay,) + ploy,, Apy1)
< 50, Bn) + 50, B) < 3p(tn. Ba) < 8(3
P B Bas1) < 2o, Bo) < 30, B) <5(3)",
P@ny1, But1) < plotng1, ap) + play, Br)
< 150, Ba) + 50, Bn) = 30(tn, Bn) < 8(3

)n+1

’

)n+l

This completes the inductive construction of the desired sequences. O

In the next two statements, we assume «, § are fixed staggered Cantor paths as
given in the hypothesis of Lemma 5.4.
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Proposition 5.5. The sequences {0, },>0 and {Bn}n>0 constructed in the proof of
Lemma 5.4 both converge uniformly to a single path y : [0, 1] — D?.

Proof. Recall that § = p(a, o) is fixed. Since p(cty, api1) < 8(2)" forall n > 0,
{otn}n>0 1s Cauchy in the sup metric and so converges uniformly to some path
y :[0,1] — D?. Since the sequence {f,},>0 satisfies the same inequality, {B,},>0
also converges uniformly to some path. Additionally, since p(a, B) < 8(3)" for
all n > 0, {a, }u>0 and {B,},>0 must both converge uniformly to y. O

Lemma 5.6. If y : [0, 1] — D? is the uniform limit of the sequences {otn}n>0 and
{Bnln>0 as given in the conclusion of Proposition 5.5, then o =g y and f =R y.

Proof. For given paths o and 8, Lemma 5.4 gives sequences {ay},>0, {@),}n>0,
{fn}nen, and { B, },>0 satisfying a variety of relations and inequalities. Proposition 5.5
ensures that {o,},>0 and {8,},>0 converge uniformly to a path y. The sequences
{an}n=0, {0 }n>0, { fu}nen and the limit path y satisfy the hypotheses of Lemma 4.8.
It follows that «,, ~g y for all n > 0. In particular, « = a9 ~g y. Similarly, we may
apply Lemma 4.8 to the sequence {S,},>0 in the case where 8, = 8, and f, =id
for all n > 0 (or we could apply Lemma 4.6). Thus, 8 = o ~r y. U

Proof of Theorem 1.4. First, we prove the special case X = D?. Respectively, let
a and b be the injective paths in D? from (1, 0) to (—1, 0) that parameterize the
upper and lower semicircles of § I Let t:[0, 1] — [0, 1] be the ternary Cantor
map and note that a o T and b o t are Cantor paths. Set b = b o t. By Lemma 3.7
(taking € = 1), there exists an increasing homeomorphism f : [0, 1] — [0, 1] such
that ag =a ot o f and by are staggered Cantor paths. Applying Lemma 5.6 to ag
and by, we obtain the existence of a path ¢ : [0, 1] — D? such that ag >~k ¢ and
by ~r c. Since a X ag and b X by, Lemma 2.4(4) gives that ¢ ~g ¢ and b ~p c.
Since a and b are injective paths, it follows that ¢ >g a and ¢ >R b.

In the general case, suppose «, 8 : [0, 1] — X are path homotopic. Find a map
f:D? - X such that foa=a and fob=p. By Lemma 2.4(1), the path y = foc
in X satisfies y >gr @ and y >p B. O

Corollary 5.7. The equivalence relation on the set of paths in a given topological
space generated by >g (and ~g) coincides with path homotopy.

If X is one-dimensional, then a loop is null-homotopic if and only if it factors
through a loop in a dendrite; see [6, Theorem 3.7] for the nontrivial implication.
Thus, for one-dimensional spaces, the relation >~k (see Definition 2.2) is equivalent
to the homotopy rel. endpoints relation and hence is transitive. Since D? contains
simple closed curves (parameterizations of which cannot factor through an R-tree),
Theorem 1.4 implies the following.

Corollary 5.8. If D? embeds in X, then the R-tree homotopy relation on the set of
paths in X is not transitive.
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6. A Solution to Dydak’s Problem

We conclude with a proof of Lemma 1.2 and Theorem 1.1. The following auxiliary
result is proved using standard techniques from covering space theory.

Lemma 6.1. Let p : (E, eg) — (X, xo) be a based map with unique lifting of paths
rel. starting point and suppose T is an R-tree. If f : (T, ty) — (X, xo) is a based
map, then there exists a unique based map f : (T, ty) — (E, eg) such that po f = f.

Proof of Lemma 1.2. Let p : E — X be a map where X is first countable, locally
path connected and simply connected and such that every path in X has a unique
lift in E rel. starting point. Since X is path connected, p is surjective. Suppose
that p(e;) = p(ex) = x for ey, e; € E. Let B 1[0, 1] — E be a path from e to e;.
Then B = pof is aloop based at x. Let « : [0, 1] — X be the constant path at x.
Since X is simply connected, o =~ § and thus, by Theorem 1.4, there exists a path
y 110, 1] — X such that y >r @ and y >R B. Let &, v : ([0, 1], 0) — (E, e1) be the
lifts of « and y and note that & is constant at e;. Since oy factors through an R-tree,
it follows from Lemma 6.1 that (1) = (1) in E. Similarly, B(1) = 7(1). Thus
e; = Y (1) = ey, proving that p is injective. Since X is first countable, it suffices to
show p~!': X — E preserves convergent sequences. If {x,} — x is a convergent
sequence in X, the hypotheses on X allow us to find a path « : [0, 1] — X with
a(l/n) = x, for all n € N and «(0) = x. There is one lift & : [0, 1] — E for
which p o@ = « and it satisfies @(1/n) = p~'(x,) and @(0) = p~!(x). Since & is
continuous, {p‘l(x,,)} — p‘l(x) in E. Thus p_1 is continuous. O

Proof of Theorem 1.1. Suppose that a group G acts on an R-tree T in such a way
that the quotient map p : T — T /G is a UPL map. Suppose that 7/ G contains a
two-dimensional Euclidean disc D. Let E be a path-component of p~!(D). Then
ple : E — D is a UPL map over a first countable, locally path-connected, and
simply connected space D. Hence p|g is a homeomorphism, which is impossible
since E is a subspace of an R-tree. O

Proof of Corollary 1.3. Lemma 1.2 implies that Dydak’s unique lifting problem has
a positive answer. It is an exercise to see that the evaluation map from P (X, x) to
X is an open surjection, since X is locally path-connected [5, Section 2.1]. Then
Corollary 1.3 follows immediately from [5, Corollary 4.10]. ]

Appendix: Proof of Lemma 4.6

To prove Lemma 4.6, we must first detail the structure of a single % -extension. For
the moment, suppose that 8 : [0, 1] — X is a given % -extension of « : [0, 1] — X,
where both are Cantor paths. Additionally, we fix
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(1) an Ic(ar)-collapsing map k, and light path o* such that a” o k, = «, and
(2) an lc(B)-collapsing map kg and light path 8* such that 8* o kg = B.

It follows from Remark 4.4 that there is a unique map kg : [0, 1] — [0, 1] such
that ky = kg o okg. Let ¥ = {kg(J) | J € %} be the collection of open intervals
that are the images of the elements of . If J € % and (c,d) = kg(J) € 7,
then 8|7 is a CIP loop and (BM)(c.q) is a LIP loop. Thus we have the equivalence
(ﬁk)|[c,d] =b 115 , for a light path b;. In particular, there exists m € (c, d) and
a “tent map” t; : [c,d] — [0, 1] which (1) is an increasing homeomorphism
[c, m] — [0, 1] on [c, m], (2) a decreasing homeomorphism [m, d] — [0, 1] on
[m, d], and (3) satisfies the equality (ﬁk)l[c,d] =b,o1y.

Let ~ be the smallest equivalence relation on [0, 1] such that s ~ ¢ if there exists
J € % such that s, t € [c,d] = k,g(J_) and t;(s) = t5(t). Set D(B, @) = [0, 1]/~
and let g : [0, 1] = D(B, o) denote the quotient “folding” map.

Note that D(B, ) is constructed by folding each interval [c, d] = k,g(J_ ), Jew
in half according to the tent map 7;. Hence, D(f, o) is a dendrite consisting of the
base arc B=¢q ([O, INYU7 ) and possibly infinitely many attached arcs. In particular,
the arc A; = g([c, d]) meets B at the point g({c, d}) and has free-endpoint g (i)
(where m is defined as above).

The definition of ~ ensures that * is constant on the fibers of ¢ and, therefore,
there is a unique map F : D(B, ) — X such that F og = p*. Recall that each fiber
of kg is contained in (and possibly equal to) a fiber of k. If g(s) = q(¢) for s #1,
then k/;l (s) and k;l (¢) lie in the same fiber of k, (the closure of some element
of % ). Therefore, k, is constant on the fibers of g o kg and there is a unique map
r:D(B,a) — [0, 1] such that k, =r o q o kg. In particular, » maps the base arc B
homeomorphically onto [0, 1] and if (¢, d) = kg(J) for J € %, then r maps the arc
A to the point kg ([c, d]) = ko (J) in [0, 1]. It follows that r is a monotone map.
Finally, since r og okg = ko = kg 0 kg Where kg is surjective, we have rog = kg 4.
Overall, the following diagram on the left commutes. We address the diagram on
the right in the next proposition.

id id

[0, 1] —— [0, 1] C———¢C
kg kqy kglc kalc
k.o Blc
gl B/ |4 id g/ |4 / id ol
DB,a) —— 0,11 /. D(B, ) [0, 1]
F o F a*
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Proposition A.2. The map r : D(B, a) — [0, 1] is a retraction. The unique section
o : [0, 1] - D(B, a), which satisfies r o o = id, parameterizes the base arc B and

satisfies F oo = o

Proof. Let C = [0, 1]\ (U and note that the restrictions g o kg|c : C — B
and (ky)|c : C — [0, 1] are quotient maps that make the same identifications,
namely they collapse intervals J for J € Ic(a) \ % and identify endpoints of
intervals J € % . Thus, there exists a unique homeomorphism o : [0, 1] — B
such that o o (ky)|c = q o kgl|c (see the right diagram on the previous page). Since
rooo(ky)|c =roqokg|lc = (ky)|c, where (ky)|c is surjective, we have roo =idjg 1.
Overall, r is a retraction whose section o parameterizes B.

One can use the same diagram to confirm that F oo o (ky)|c = B|c. By definition
of 8 being a % -extension of «, we have a|c = B|¢. Thus F oo o (ky)|c =a|c =
a* o (kg)|c. Since (ky)|c is surjective, we have the desired equality F oo =a*. O

Corollary A.3. If a <, B, then a ~g B and o* <g p.

Proof. Note that o ok, and g o kg are paths in the compact R-tree D (8, «) with the
same endpoints and satisfying F' o (0 oky) =« and Fo(qokg) = . Thus o g B.
Since F og = B* and F oo = a* where o is injective, we have o* <g p*. O

Again, we suppose that 8 is a % -extension of « (where both are Cantor paths)
and we reuse the above notation. However, now we suppose also that there exists
a dendrite D, amap H : D — X, and a surjective path Q : [0, 1] — D such that
H o Q = o’ (surjectivity of Q is not required for the following construction but
appears naturally in our recursive application so we assume it). We use this data
and the above construction of D(f, o) to uniquely determine a factorization of 8*.

Let D’ be the pushout of Q : [0, 1] — D and the section o : [0, 1] — D(B, ).
We have the following pushout square:

0.11—2-n

o i

DB, o) T) D’

Note that i is injective since o is injective. Also, j is surjective since Q is surjective.
All of the domains being compact ensures that i is an embedding and j is a quotient
map. Observe that since i (D) is a dendrite and D'\ i(D) = D(B, @) \ o ([0, 1]) is
a disjoint union of half-open arcs, D’ is a dendrite.

Since H o Q = a* = F oo, there exists a unique map H' : D’ — X making
the left diagram below commute. Set Q' = jogq : [0, 1] - D’. Then H' o Q' =
H'ojoq=F oq= " Additionally, since r oo = id[o,1] the right diagram below
shows that there exists a map R : D’ — D such that Roi =idp and Ro j = Qor.
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Thus R is a retraction with section i. Additionally, note that R is monotone, since
r is monotone.

Q

[0,1] —— D [0,1] —— D

I

[0, 11— DB, ) —— D

o i

D(ﬁ9a)—.>D/
N !

Qor

ﬂk

We also have Ro Q' =Rojog=Qoroqg= Qokg, and H oioQ =a
Finally, note that the paths i o Q ok, : [0, 1] = D’ and Q' o kg : [0, 1] — D’ start
and end at the same points and that H' oio Q ok, =a and H' o Q" o kg = B. This
gives a factorization of the loop «f : [0, 1] — X through the dendrite D’. Overall,
we conclude the following, which employs the notation in the construction of both
D(B,a) and D'.

Lemma A.4. Let Cantor path B be a % -extension of another Cantor path o and
let ko and kg be collapsing maps for these paths respectively. Suppose there exists
a dendrite D, amap H : D — X, and a surjective path Q : [0, 1] — D such that
H o Q = a*. Then there exists a dendrite D' (constructed from the pushout square
ioQ=joo),amap Q' :[0, 1] — D’ defined as Q = j o q, a monotone retraction
R : D" — D with section i, and a map H' : D' — X such that the following diagram
commutes:

0,11 —95 10, 1]

kg ke

X X
Moreover, (io Q o ka)(Q’Tk,g) is a well-defined loop in D’ satisfying
af=H'o((ioQoks)(Q okp)).
In the proof of Lemma 4.6, we iterate this construction.

Proof of Lemma 4.6. Since y,, <y Yn+1> Va+1 18 @ %,-extension of y, for some
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U, < lc(y,). Before we inductively apply the construction from Lemma A.4, we
fix collapsing functions k,, for the paths y,. We then have uniquely determined
maps ky, .y, : [0, 1] — [0, 1] such that k,,, ,, o ky,,, = ky, and light paths y,.
To simplify notation in the inverse systems to come, we write k, for k,, and
Kyy1,n for ky, ., .. Recall that since y, < y,41 for all n € N, we have a dendrite
D(Yn+1, vn), which comes equipped with a corresponding folding map ¢4 :
[0, 1] = D(¥Yn+1, ¥n), retraction ryq1., @ D(Vuy1, vu) — [0, 1], and embedding
Onn+1: [0, 11— D(Vut1, yu) such that ry 41 4 0Gui1 =Kknt1,0 a0d g1, 000 np1 =
id[o’l].

To begin the recursion, set Dy = [0, 1], H; = yﬁ, and Q; = idjp 1 so that
Hy o k; = y1. Suppose that we have given dendrite D,,, map H, : D, — X, and
quotient map Q,, : [0, 1] — D, such that H,,0 Q, = y,{\. We apply the construction
used in the proof of Lemma A.4 to the case where y,4] is a %,-extension of y,,.
We obtain a dendrite D, constructed as the pushout of embedding o, ,+1 and Q.
This pushout construction yields a quotient map j,+1 : D(Vn+1, ¥Yn) = Du+t1, and
an embedding iy, ,41 : D, = Dp41 such that iy, ,410 Oy = jut1 00,.n+1. We also
obtain a map H,+1 : D,+1 — X, a quotient map Q,+1 : [0, 1] — D, defined
as On+1 = Jjn+19qn+1, and a retraction R,11 5 : Dyy1 — D,. These maps satisfy
Hyy100Q0n41= (Vn+1)}\’ Ryt1n0Qni1 = Qn Okn—',—l,n: and Ryt1n0inns1 = ian-

This recursion results in the following infinite diagram where the top three rows
form inverse systems. In the n-th column, the vertical composition is y;,.

[0,1] — - —95 0, 11— 10, 11 —2= 10, 11 —2— [0, 1]

j{km ky k3 ky ki

[0, 1] —— -« —25 10, 1] —24 [0, 1] —225 10, 1] —2" [0, 1]

lan Q4 03 0> Q1=idjo,1)

Do s g B B b =0, 1]
Hy Hs H> Hi=y}
X X X X

The inverse limit of the top row may be identified with [0, 1] so that the projec-
tion maps are also the identity. Since the bonding maps in the second row are
nondecreasing continuous surjections, the inverse limit lim ([0, 1], K41 ,) may
also be identified with [0, 1] and the bonding maps K, : [0, 1] — [0, 1] are also
nondecreasing continuous surjections, see [7, Theorem 4.8 and Lemma 4.2]. We let
ke = (lim, k) : [0, 1] — [0, 1] be the inverse limit of the morphisms connecting
the first two rows.
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In the third row, we have an inverse sequence where the bonding maps R,+1.»
are monotone retractions of dendrites. Since any inverse limit of dendrites with
monotone bonding maps is a dendrite [17, Theorem 10.36], the inverse limit
Do = lim, (Dy, Ry+1.n) is a dendrite and the n-th projection Ry, : Doo — Dy, is
also a retraction. For m’ > m, let iy, v : Dyy — Dy and Ry @ Dy — Dy
be the respective composition of the sections i, ,41 and retractions R,+1 , (and
the identity if m = m’). For fixed n, the maps iy ,,, m > n induce a unique map
in : D = Dy such that R, oi, =i, . The case m = n shows R, oi, =1idp,.
Finally, let Qo =lim, O, be the inverse limit of the maps connecting the second
and third rows. Then the following diagram commutes for all n > 1:

[0, 11— [0, 1
kool kn
[0, 11— [0, 1]
Ooo On Yn
R,
Doy —— D, Vv
|
| 3H H,

N2
X X

We include y in the above diagram to indicate that we intend to show that y is
constant on the fibers of Q. 0ks, and therefore induces a unique map Heo : Do — X
such that Hy o Qoo 0 koo = y. First, we pause to verify that ko, and Qo are
surjective. In the top two rows, 0 and 1 are identified in the inverse limit with
(0,0,0,...) and (1,1, 1,...) respectively. Since k is continuous and maps
koo (0) = (k,(0)) = (0) =0 and koo (1) = (k, (1)) = (1) = 1, the connectedness of
[0, 1] ensures that ko, is surjective.

To check that Q is surjective, we first show that i,(D,) C Im(Q) for all
neN. If d, € D,, we have that i,(d,) = (d1, dz,d3, ...) so that dy =i, x(dy)
for k > n, and dy = Ry x(d,) for k < n. Fix ¢, € [0, 1] with Q,(¢,) = d,. For
k < n, recursively define ;1 = Ky —1(fx). Since Qk_j 0 Ky x—1 = Rg k-1 0 O, it
follows that Qg (#x) = di for all 1 < k < n. For k > n, recursively choose points
k11 € g +11 (0k.k+1(t)) (see the diagram on the next page to trace these choices).
From this choice, we have for every k > n that

Ok 1t 1) = Jit1 0 g1 (Fk1) = Ji1 Ok k1 () = i k41 0 O ()

and so, by induction, Q(#;) = dy for all k > n. Hence Qo (21, 2, 13, ...) = i,(dy),
proving that i,,(D,) € Im(Q). Now, consider any element x = (dy, d>, d3, ...)
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0.1 —2 - p,

Un,n-%—ll in,n+1

dn+1 Jnt1
[0, 1] ——— D(Vu+1, ¥a) — Dt

“n+l,n+2l int1,n+2

Qn+l
qn+2
[0, 1] —— D(Vu+2, Vut1) I Do
n+
an+2‘n+3l \—/ in2.n43
Qn+2

of Ds. We have

Xp = (dl» ) d}’l—]a dnv in,n+l(dn)v in,n+2(dn)a .. ) € ln(Dn)

for all n € N. Since D is topologized as a subspace of [],.n Dn, We have
{xp}nen — x in D. For each n € N, find ¢, € [0, 1] such that Q. (¢#,) = x,. Since
[0, 1] is compact, we can find a subsequence {1, }nen such that {t,, }men — ¢
for some ¢ € [0, 1]. Since {Qoo(t,,)}men = {Xn,, tmen — x and { Qoo (t,,) Jmen —
O (1), it follows that Q () = x. Thus Q is surjective.

Knowing that O o ke is surjective, we now check that y is constant on each
fiber of Qo 0kso. Suppose a, b € [0, 1] such that Q o, 0koo(a) = Qoo 0koo(b). Then
0, oky(a) = Q, ok, (b) for all n € N. Applying H, gives

vn(a) = Hy 0 Qyoky(a) = H, o0 Q, 0k, (b) = y,(b)

for all n € N. Since {y,} — y uniformly, we have {y,(a)},en — y(a) and
{yn(D)}nen — y (D), but since these sequences in X are equal, it follows that
y (a) = y (b). This completes the check and so we conclude that the desired map
H exists.

With the existence of Hy, confirmed, we fix m € N and check that the equality
H,, = Hy oiy, holds. Since {H, 0o R, 0 Qoo 0koo} = {Vn} = ¥ = Hoo 0 O 0 ko
uniformly and Q o k is surjective, we have that {H, o R} — Hy, uniformly.
Recalling that m is fixed, we have { H, 0 R, 0i, }p>m —> Hoxo0l,, uniformly. However,
{Hyo Ry 0imlnsm = {Hn 0 imntn=m = {Hnln>m is the constant sequence at H,,.
Thus H,, = Hy 0i,, for all m € N.

We will now consider the endpoints of the paths to complete our proof. For
t€{0, 1}, set x, ; = OQpok,(¢). Since R, 41 n(Xp+1.1) = Xn,1, We have Qoo 0koo(t) =
(xn.1)nen. However, recall that our inductive construction ensures that i, , (x, ;) =
Xm, whenever m > n. Thus in the limit, we also have i, (xp ;) = (Xn.t)nen. We
conclude that Qo 0 koo (t) =i, 0 O, 0k, (¢) for all n € N and ¢ € {0, 1}. Therefore,
if we set g,,1 = O 0 koo and g, 2 = i, 0 @, 0 k,, the concatenation g, 18,2 1S
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a well-defined loop in Dy,. Moreover, Hy 0 gn.1 = Hoo © Qoo 0 koo = ¥ and
Hyogno=Hyoi,oQnoky,=Hy0Q,0k, =y, Thus Hy o (84,181.2) =V V>
proving y ~g ;. (]
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SEVERI VARIETIES ON RULED SURFACES
OVER ELLIPTIC CURVES

XIAOTIAN CHANG, X1 CHEN AND ADRIAN ZAHARIUC

We prove that the general members of Severi varieties on an Atiyah ruled
surface over a general elliptic curve have nodes and ordinary triple points as
singularities.

1. Introduction

Severi varieties of projective surfaces are roughly parameter (moduli) spaces of
curves of fixed geometric genus, in a given linear system or homology class on the
projective surface. The natural expectation is that a general curve in any irreducible
component of a Severi variety will have only nodes as singularities. This expectation
often turns out to be true under the natural assumption that the surface has general
moduli, although there are notable known exceptions, for instance, in the case of
abelian surfaces [DS17, Example (4.17)]. This problem has been investigated for
many classes of surfaces beyond the classical case of P2, including K3 surfaces
[Che02; Chel9], abelian surfaces [KLM19; KL.22], Enriques surfaces [CDGK23b],
surfaces in P [CC99], and some ruled surfaces [CDGK23a].

In this paper, we consider Severi varieties on a ruled surface over a smooth
elliptic curve. We will see that the unexpected phenomenon of general curves with
worse than nodal singularities occurs again on this ruled surface.

Let E be a smooth elliptic curve, let & be a rank 2 vector bundle on E given by
a nonzero vector in Ext(Og, Og) and let R = P&. Such surfaces arise naturally
when we study the degeneration of abelian and K3 surfaces [Zah22]. We call such
a ruled surface the Atiyah ruled surface over E.

The main purpose of this note is to prove the following:

Theorem 1.1. Let E be a smooth elliptic curve, let & be a rank 2 vector bundle
on E given by a nonzero vector in Ext(Og, Og) and let R = P&. For a line bundle
Lon R, let Vg 1 ¢ C|L| be the locus of integral curves C € |L| of geometric genus g.
Then when E is general, L is ample and g > 1, for a general member [C] € Vg 1,
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e if L.D>2, C isnodal, and
e if L.D =1, C has only nodes and/or ordinary triple points as singularities,
where D is the unique section of R over E with self-intersection D* = 0.

Theorem 1.2 below shows that triple points do occur in some cases.

The Picard group Pic(R) of R is generated by D and 7* Pic(E), where 7 : R — E
is the projection.

For an integral curve C C R of geometric genus g with normalization f : C —> R,
we have

deg(we ® ffwy) =2g—2—Kg.C=2(g—1+C.D),

since —Kr =2D. Based on [DS17, Corollary 2.11] (see also [HM98, Section B,
pp- 108-111] and [AC81, Lemma 1.4, p. 345]), we know the following.

« If the degree of wg ® f*wy, is at least 2g, or equivalently,
(1-1) C.D>1,

then a general deformation of f is immersive.

« If the degree of wg ® f*wy, is at least 2g + 2, or equivalently,
(1-2) C.D>2,

then a general deformation of f has nodal image.

Consequently, our main theorem holds for every L = mD +n*M if m > 0
and deg M > 2. Therefore, the only remaining case for Theorem 1.1 is m > 0
and deg M = 1. Furthermore, we will show that the case g > 2 can be reduced
to g = 1 by a degeneration argument. That is, it suffices to prove the theorem for
L=mD+ R, and g =1, where R, = 7" p is the fiber of R over a point p € E.
Indeed, we have a more precise statement for this case:

Theorem 1.2. Let E be a smooth elliptic curve, let & be a rank 2 vector bundle
on E given by a nonzero vector in Ext(Og, Og) and let R=P&. When E is general,
for L=mD + R, and every [C] € Vg 1 1,

e if4¢m, C is nodal, and
e if4|m, C has only nodes and/or ordinary triple points as singularities,

where D is the unique section of R over E with self-intersection D> =0 and R p IS
the fiber of R over p € E.

In addition, if 4| m, then there exists at least one irreducible component V of
Vg 1.1 such that the general curve [C] € V has at least one triple point.

Such elliptic curves were also studied by E. Sernesi in [Ser23].

Conventions. We work exclusively over C.
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2. The Atiyah ruled surface P&
We start with some basic facts about the Atiyah ruled surface P&.

Proposition 2.1. Let E be a smooth elliptic curve, let & be a rank 2 vector bundle
on E given by a nonzero vector in Ext(Og, Og), let R = P& and let D C R be the
section of R/ E with D* = 0.

(1) For every point p € E, |D+ R,| is a pencil such that every curve C # DUR, €
|D+ R\ is a smooth elliptic curve and any pair C; # Ca € |D+ R, | of curves
meet only at p (viewed as a point of D) with multiplicity 2, where R, is the
fiber of R over p € E.

(2) For every point pe E, R\ (DUR),) = (E\ {p}) x Al
(3) For every pair of points p # q € E, R\ D is isomorphic to the gluing of
(E\{p}) x Al and (E \ {g}) x Al via an automorphism

(E\{p,q}) x Al —= (E\(p,q}) x A!
given by
n(z,s) = (z, s + h(2)),
where h(z) is a meromorphic function on E with simple poles at p and q.

(4) There is an exact sequence of group schemes

0 > Gy > Aut(R)g —— Aut(D)g —> 0
2-1) H

Aut(E)o,

where G, is the additive group of C and Aut(R)y and Aut(E)g are the con-
nected components of Aut(R) and Aut(E), respectively, containing the identity.
Every ¢ € Aut(R)g is given by

$(z.9)=@+T1.54+b1(2) on(E\{p,p—1}) xA,

(2-2)
¢(z,5) = (z+1,5+b2(2)) on(E\{q,q—1})x Al

where © € Pic’(E) = J(E), p and q are two distinct points on E satisfying
p —q # xt1, b1(2) is a meromorphic function on E with simple poles at p and
p — T, ba(2) is a meromorphic function on E with simple poles at g and q — t,

and by (z) and by(z) satisfy
(2-3) b1 +h(@)=by(z) +h(z+71)

on E\{p,p—1,q,q— 1t} with h(z) given in (3).



346 XTAOTIAN CHANG, XI CHEN AND ADRIAN ZAHARIUC

Proof. By the exact sequence

0 s> Of > & s> OF s 0

we obtain
h2(&Y ® Op(p) = h°(Op(p)) + h°(Ok(p)) =2

and hence |D + R, | is a pencil. Since
Or(D+Rp)|, =Ok(p)

every C € |D + R,| passes through p. If C is reducible, C must contain a section
of R/E and hence it must contain D. Consequently, the only reducible member of
|D+ R,|is DU R,. Every other member of |D + R,| is a section of R/E. For
Ci1 # Cy €D+ R,|, one of Cy and C, must be integral. Let us assume that Cy is
a section of R/E. Then

Oc,(C2) = Oc¢, (D + Rp) = Oc,(2p).

We know that both Cy and C; pass through p and they have intersection number
2.S0 C1.Co=p+p'. Then p+ p’ ~2p on C; and hence p’ = p. That is, C;
and C, meet at p with multiplicity 2 and they do not have any other intersections.
This proves (1).

Leta,:R--» P! be the rational map given by the pencil |D + R,|. By (1), the
map

T XO{p 1
R\(DUR,) "% (E\{p}) x A
is an isomorphism, where 7 : R — E is the projection. This proves (2).

We have
R\D=(R\(DUR))U(R\(DUR,))

with (R\(DUR))) and (R\ (DUR,)) isomorphic to (E\{p}) x Al and (EN{g}) x Al
via 7w X ap and 7w X g, respectively. So R\ D is the gluing of (E '\ {p}) x A! and
(E\{g}) x Al via an automorphism 1 € Aut(U x Al/U)

UxAl 15 UxA!

for U = E \ {p, q}. Such an automorphism is given by
n(z,s) = (z, h(2)s + f(2)),

where h(z) and f (z) are meromorphic functions on E such that they are holomorphic
on U and h(z) # 0 on U. So h(z) has zeros and poles only at p and ¢ and f(z)
has poles only at p and q.

A member of the pencil |D + R, | other than D U R, is given by

(T x oe,,)_l{s =a}
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for a € C. Similarly, a member of the pencil |D + R, | other than DU R, is given by
(m x ag) s = b}
for b € C. These two curves meet at two points lying in R\ (DUR,UR,). Therefore,
{s=a}nn s =b}

has two intersections (counted with multiplicity) in U x A! for all a, b € C. That
1s, the function

ah(z) + f(z) =b

has exactly two zeros over U for all a, b. It follows that 4(z) is a nonzero constant
and f(z) has simple poles at p and g. We may choose h(z) = 1. This proves (3).

Clearly, every automorphism of R preserves the section D. Let ¢ : R — R be
an automorphism of R in the kernel of Aut(R) — Aut(D) and let ¢; and ¢, be the
restriction of ¢ to (E \ {p}) x Al and (E \ {g}) x Al, respectively. Suppose that
¢1 and ¢, are given by

#1(z, 5) = (z, a1(2)s + b1(2)),

$2(z, 8) = (2, a2(2)s + b2(2)),
where a;(z) and b;(z) are meromorphic functions on E with poles at p, a»(z) and
b>(z) are meromorphic functions on E with poles at ¢, a;(z) #0 on E \ {p} and

ax(z) #0on E \ {g}. Clearly, a;(z) = a; and a>(z) = a, must be constants. In
addition, since ¢; o = n o ¢,, we have

ai(s +h(z)) +b1(z) = axs +bar(z) + h(z)
on (E\ {p, q}) x Al. Obviously, a; = a» = a and hence
b1(z) = b2(2) = (1 —a)h(2).

Since h(z) has simple poles at p and ¢, b;(z) has a single pole at p and b,(z) has
a single pole at g, b1(z) and b,(z) must have simple poles at p and ¢, respectively,
and hence they must be constant. It follows that a = 1 and b;(z) = by(z) = b. This
proves that

G, = ker(Aut(R) — Aut(D)).

To complete the proof of (2-1), it remains to prove that the map
Aut(R)g —» Aut(D)g

is surjective.
Every automorphism A € Aut(E)y is given by a translation A(p) = p + 7 for
some T € Pico(E) = J(E).
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For a given T € J(E), if there exists a pair of meromorphic functions b, (z) and
by (z) satisfying (2-3), then ¢ € Aut(R)g given by (2-2) maps to A € Aut(E)g with
A(p) = p+t. So it suffices to prove the existence of b1 (z) and b, (z) satisfying (2-3).

If T =0, we can simply take b;(z) = b(z) = b to be a constant.

Suppose that T £ 0. We lift (2-3) from E = C/A to C. Then b;(z), b(z) and
h(z) are doubly periodic meromorphic functions on C. We choose b1 (z) such that

Res, b1(z) = —Res, h(z).
Since
Res, b1(z) +Res,_ b1(z) =0
we have
Res, ; b1(z) =Res, h(z) =Res, ; h(z+ 7).

So by(z) = b1(z) + h(z) — h(z + 1) is analytic at p and p — . This proves the
existence of b (z) and b,(z) satisfying (2-3) and hence (4). O

Let C € [mD+ R, | be a (possibly singular) elliptic curve on R and letv: %4 — R
be the normalization of C. We let

S=F€xgR=P(mrov)*&

viathe maps T ov: %4 — E and w : R — E. Clearly, (;1 o v)*& is a rank 2 vector
bundle on ¥ given by a nonzero vector in Ext(O, O¢).
The map g : S — R is induced by w ov : ¥ — E and is hence étale. Let us
consider the preimage
g N(C)=¢x%xEC

of C. It contains the curve G = {(s, v(s)) : s € ¥} = %. It is not hard to see
that G € |Os(Z + S,)|, where 2 = g*D is the unique section of S/% with self-
intersection 0, g € (7 ov) ™' (p) and Sy 1s the fiber of §/% over gq.

Since g : § — R is Galois,

g’c= > oG

oeAut(S/R)

The map g : g*C — C is étale. So C is nodal if and only if g*C is, i.e., it has
normal crossings.

Since h =m ov : ¥ — E is an isogeny, the dual isogeny 4" : E — ¢ has the
property that ¥ o h : € — € is a multiplication map given by x — p +n(x — p)
for some integer n. So the Galois group Aut(¢’/E) is a subgroup of Aut(h” o h).
Hence Aut(%/E) is given by a finite subgroup of J(%) = Pic’(¢). That is, every
o € Aut(%¢/E) is given by a translation o (x) = x + 7 for some torsion element
T e J(%).

To prove Theorem 1.1, it suffices to prove the following:
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Proposition 2.2. Let E be a smooth elliptic curve, let & be a rank 2 vector bundle
on E given by a nonzero vector in Ext(Og, Op), let R = P&, let D C R be the
section of R/ E with D> =0 and let A C Aut(R)g be a finite subgroup of Aut(R)
acting freely on R. Then when E is general, for every point p € E and every smooth
curve G € |D + R,|,

> a(G)

og€eA

has normal crossings if A does not contain the subgroup
J(Ey,={t€J(E):21=0}=7/27 x 7/2Z
and has only nodes and ordinary triple points as singularities otherwise.

When C € |mD + E|, the Galois group Aut(¢/E) has order m. If 4{m,
Aut(%¢/E) does not contain a subgroup of order 4 and hence C is nodal by the
above proposition.

Here we let

J(E)y,={teJ(E):nt=0}=Z/nZ xZ/nZ and J(E)wws= [.j J(E),
n=1

be the torsion subgroups of J(E). For every T € J(E)is, We define the order
ord(t) of T to be the smallest positive integer n such that nt =0 and let ord(t) = 0o
if t ¢ J(E)tors-

Let ¢ € Aut(R)(y be an automorphism of order n. By (2-2), ¢ is given by a
meromorphic function b;(z) on E with simple poles at p and p — t satisfying

(2-4) bi(2)+biz+ )+ +bi(z+(n—1D1) =0,

where t € J(E)rs has order ord(t) = n.
To prove that G and ¢ (G) intersect transversely, it suffices to prove that b;(z)
does not have a zero of multiplicity 2, i.e.,

(2-5) bi(p—n) #0 forr=2p

when E is a general elliptic curve.

Let ¢; # ¢ € Aut(R)o be two automorphisms of finite order. Similarly, ¢; and
¢, are given by two meromorphic functions b1 (z) and b>(z) on E with simple poles
at {p, p— 11} and {p, p — 1o}, respectively, satisfying

(2-6) bi(2)+biz+T1)+---+bi(z+; — 1) =0

fori =1, 2, where t; € J(E)ors has order n; and 71 # 1p. To show that G, ¢,(G)
and ¢, (G) do not meet at one point, it suffices to show that

2-7) {b1(2) =0} N {b2(2) =0} = 2,
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where FE is a general elliptic curve. So it remains to prove (2-5) and (2-7).
Let us start with the observation that the meromorphic functions b; (z) satisfying
(2-6) are unique up to a scalar, depending only on p and ;.

Proposition 2.3. Let E be an elliptic curve and let p be a point of E. For every
T € J(E)ors Of order n and every meromorphic function b(z) on E with simple
poles at p and p — t and no other poles,

n—1
> bz +kt)

k=0
is constant.
In addition, there is a unique meromorphic function b(z) = b ,(z) on E, up to a
scalar, with simple poles at p and p — t and no other poles such that

n—1

(2-8) > b(z+kt)=0.

k=0

Furthermore, for all positive integers m with n|m and every meromorphic func-
tion b(z) on E with simple poles at p and p — t and no other poles,

2 n—1
m

2- =— .
(2-9) > b+ ’l§:b@+kw

AT (E)m k=0
Consequently, (2-8) holds if and only if
(2-10) > b+1=0

AeJ(E)m

for some positive integer m with n | m.

Proof. Letw e H 0(QE) be a nonzero holomorphic 1-form on E. Then b(z)w is a
meromorphic 1-form on E with simple poles at p and p — 7. So

Res, b(z)w +Res,_; b(z)w = 0.

It follows that

n—1

}:b@+knw

k=0
is a holomorphic 1-form on E and hence

n—1

Z b(z+kt)

k=0

is constant on E.
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Let V = H(Op(p1 + p2)) = C? be the vector space of meromorphic functions
on E with at worst simple poles at py = pand pp=p—tandlet L:V — Cbe
the map given by

n—1

L(b(z)) =) _b(z+k).

k=0

Clearly, L is linear. When b(z) = c is constant, L(b(z)) = nc and hence L is
surjective. Thus, ker(L) is a one-dimensional subspace of V. So there exists a
unique b(z) € V, up to a scalar, such that

n—1

Zb(z—l—kr):O.

k=0
Obviously, G = {kt : k € Z} is a subgroup of J(E),, for n \ m. So
d
i=1

for some Ay, Ay, ..., Ag € J(E),, and d =m2/n. Then

d
D0 b+ =) b+ri+A)

AeJ(E)m i=1 AeG

We have proved that > b(z + 1) is constant. Therefore,

reG

D b+ =) ble+hiti)

reG reG
for all i and hence

d
D b+ =) b+r+r)=d) bz+2).
AEJ(E)m i=1 reG reG

This proves (2-9). (]

We formally state the context around (2-5) and (2-7):

Proposition 2.4. For a general elliptic curve E, every point p € E, every T €
J(E)tors Of order n = 2 and every n € J (E)ors Satisfying 2n = t, we have

br,p(p - 77) 7& 0,
where b ,(z) is the meromorphic function on E given in Proposition 2.3.

Proposition 2.5. Let E be an elliptic curve, let p € E be a point on E and let b, )
be the meromorphic function on E given in Proposition 2.3 for a nonzero torsion
point T € J(E)ors-
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For E general and any two torsion points 1| # 1) € J(E)ors 0f orders ny > 2
and ny > 2, respectively, one of the following holds:

(2-11) {be),p(2) =0}N{by, p(2) =0} =@
or

(2-12) (n1,n2) =(2,2)

or

(2-13) (n1,n2) =(6,6), (11, ) =3in J(E)s and ord(ti—1)=06.
In addition, when (n1, ny) = (2, 2),
(2-14) {brl,p(z)zo}m{brz,p(z) :0} = {p—r3},

where 13 € J (E)ors is a torsion point of order 2 different from t; and ;.
For E general and any three distinct nonzero torsion points 1, 72, T3 € J (E)ors»

(2'15) {brl,p(Z) = 0} N {bm,p(z) = 0} N {br3,p(z) = 0} =0o.

The intersection pairing (-, - ) on J(E), will be defined in the next section.

Let us explain how Propositions 2.4 and 2.5 imply Proposition 2.2. Proposition 2.4
implies that any pair of curves among {0 (G) : 0 € A} meet transversely and thus
> o (G) has only ordinary singularities, i.e., singularities whose local branches are
smooth and meet transversely pairwise. Then Proposition 2.4 says that no three
curves among {0 (G) : 0 € A} meet at one point with the exceptions (2-12) and
(2-13), in which cases no more than three curves among {0 (G) : 0 € A} meet at one
point by (2-15). In case (2-12), 7| and 1, generate J(E), C A. In case (2-13), 1
and 7, generate a subgroup of J(E)g of order 12 contained in A; such a subgroup
clearly contains J(E)>.

Finally, let us explicitly illustrate how the considerations above lead to curves with
triple points in the case 4 |m. Let us first consider the case m =4. Let [2] : E — E
be the multiplication by 2 map on E relative to the choice of a point on E. It is clear
that [2]*¢ = & hence R = E x[2), g, R. The group of deck transformations of the
projection to the second factor g : R — R is {idg, ¢¢,, ¢r,, P-;}, with ¢, : R — R
lying above z > z+1;, where J(E), = {0, 71, 12, 13}. If G € [ D+ R, |, then (2-14)
implies that

G N e, (G) Npr, (G) # @

by the same reasoning as above. Therefore, the curve g(G) € |[4D + R, | has a triple
point. In general, if 4| m, consider an isogeny ¢ — E of degree m /4. As above, let
S =% x g R, which is the Atiyah surface associated to &, 2 C S the section of S/%
of self-intersection 0, and g € €. By the case m = 4 discussed above, [42 + §, |
contains genus 1 curves with triple points. Then, their images in R by S — R
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are curves C € [mD + R,| with triple points. Furthermore, if f : C — R is the
normalization, then f is immersive and deg Ny =2, so

h%(C, Ns) =2 = dim Aut(R)o,

which implies that all equigeneric deformations of C C R come from automorphisms
of R, and thus have triple points as well. (For ease of language, we have included
the deformations which change the linear system.) Hence, if 4|m, there exists
at least one irreducible component of the Severi variety Vg ,,p+ Rp.1 in which the
general curve has triple points, as claimed in Theorem 1.2.

3. Torsion points on generic elliptic curves

We will prove Proposition 2.4 and 2.5 by letting E vary in a complete family of
elliptic curves X/B with a unique section P. There are many choices of such X.
Let us choose X to be a K3 surface with Picard lattice [7% (1)] We call such X a
Bryan—Leung K3 [BL00]. Such X admits an elliptic fibration 7 : X — B = P'. For
X general, it has 24 nodal fibers over S C B. The (—2)-curve P C X is the only
section of 7. For each positive integer n, let us consider

(3-1) Th={qe€Xy:b ¢S, ord(p—q)=nforp=P,=PNX,}

Clearly, X, is a multisection of X/B of degree

n’ l_[ (1 — #)
p prime
pln
We claim that X, is irreducible. This is proved by studying the monodromy action
of 1 (B\ S) on X,. Actually, the monodromy action of 7 (B \ §) on X, is induced
by its action on H' (X, Z).

Fix a smooth fiber £ = X, of X over b € B° = B\ § and let us consider the
monodromy action of 71 (B°) on J(E)rs and H'(E, Z). From the exponential
sequence, we have the diagram

J(E),

[

0 — HY(E, Z2) ——— HY(Op) —— J(E) —— 0

\[Xn Xn lxn

0 —— s H(E,Z) ——— H'(Op) —— J(E) —— 0

|

HY(E,7)/nH'(E, 7)
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Thus, we have
J(E), = HYE,7)/nH (E, 7)

and the action of 1 (B°) on J(E ) 1 induced by its action of H WE, 7).
The action 7, (B°) on H'(E, Z) preserves the intersection product of H WE, 7).
Thus, it is given by a group homomorphism

71(B°) —— Aut(H'(E, 7)) = SL,(2),

where Aut(H'(E, 7)) is the automorphism group of H'(E, Z) as a lattice. Thus,
the induced action of 71 (B°) on X, is given by the group homomorphism

71 (B°) —— SLa(2)

|

SL,(Z/nZ)

Proposition 3.1. Let 7 : X — B = P! be a Bryan—Leung K3 surface with 24 nodal
fibers. Then the monodromy action w1 (B°) — SLo(Z/nZ) is surjective and X, is
irreducible for all n € Z* with ¥,, C X defined by (3-1).

The action of 71 (B°) on H'(E, Z) is well understood. Ateach b; € {by, by, ..., b},
the loop around b; acts on H WE, Z) by a Lefschetz—Picard transform [Lew99]:

Ts, (M) = A+ (A, 6;)6;,

where 8; € H'(E, 7) is called the vanishing cycle at the node of X, for i =
1,2,...,24 and (-, -) is the intersection pairing on H Y(E,Z). The monodromy
action of 7;(B°) on H'(E, Z) is the subgroup of Aut(H'(E, 7)) generated by
1, Ts,, . .., Ts,,. Clearly, T, lift to actions on HI(E, Z)/nHl(E, 7). We start
with a simple observation:

Lemma 3.2. Let 81,8, ..., 804 € H' (X}, Z) be the vanishing cycles associated to
a Bryan—Leung K3 surface w : X — B = P! with 24 nodal fibers. Then:

(1) The §; are indivisible, i.e., there do not exist n € H'(Xp, Z) and an integer
m > 2 such that 6; = mn.

(2) For every indivisible A € H' (X}, Z),
ged((A, 81), (A, 82), ..., (A, 624)) = 1.

Proof. 1t is well known that the §; are indivisible, as a consequence of the smoothness
of X. (See [Lew99, Example 6.6, p.72], for instance.) Here we give another
argument based on torsion points.

Suppose that §/m € H'(E, Z) for some § = §; and m > 2. For simplicity, let us
assume that m is prime. Then H'(E, Z)/mH'(E, Z) is fixed by Ts so %,, is the
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union Q1UQ,U---UQ, 2 of m? — 1 local sections over a disk U C B around the
point s = b; € §. Since X is smooth, each Q; meets X; at a point away from the
node x of X;. Let f: X --+ X be the rational map given by f(g) = p +m(g — p)
for g € Xp, b € B° and p = PN X,. Then f can be extended to a regular, quasifinite
and unramified morphism

f
X\ {x1,x2, ..., x4} — X,

where x;, X2, ..., xp4 are the nodes of the 24 fibers Xg = 7~ '(S). Then
Xynf ' (P)=PUQIUQrU---UQ,n_

for Xy = 7~ '(U). Since f is unramified, P, Qi, Qo, ..., Q0,2 are disjoint.
Therefore, p = PN X and ¢; = Q; N X are m? distinct points on X \ {x}.
But there are only m distinct points ¢ on X; \ {x} such that m(¢g — p) = 0 in
Pic’(X,) = C*, which is a contradiction.
For (2), if
ged((A, 81), (A, 82), ..., (A, 804)) =m = 2,
then A € H'(E, Z)/mH'(E, Z) is fixed by Ty, for all i. Therefore, %, contains a

section. But P is the only section of X /B, which is a contradiction. (I

Proof of Proposition 3.1. If n = nn, for two coprime integers n; and n;, then the
surjectivity of 1 (B°) — SL,(Z/nZ) follows from those of 71 (B°) — SL2(Z/n; Z)
for i =1, 2 via the group isomorphism

SLy(Z/nZ) —— SLy(Z/n1Z) x SLo(Z/ny7)

So by induction on the number of prime divisors of n, it suffices to prove the
proposition for n = p¢ with p prime.

For simplicity, suppose that §; = e;, where {ey, e»} is the standard basis of
Z/nZ x Z/nZ. By Lemma 3.2,

ged((81, 62), (81, 83), ..., (81,824)) =1

So there exists 2 < i < 24 such that pt(;, §;). We may assume that p{(3;, §2).
Then &, = ae; + be, for some p1b. Let m be an integer such that bm =1 (mod n).
By changing the basis from {e, e,} to {e, ame| +e,}, we may assume that §, = bej.

Clearly, - B]=[l }] m and (Ty,)" B]=[} 1] [ﬂ

for [;] = xe| + yey, and hence 7| (B°) — SL,(Z/nZ) is surjective. U

Let us consider the degeneration of the function b; ,(z) when X, degenerates to
X for some 0 € S.
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Proposition 3.3. Let 7 : X — A be a flat projective family of curves over the unit
disk A such that X is smooth, X, is a smooth elliptic curve for t # 0 and Xy is a
rational curve with a node, where X, is the fiber of X overt € A. Let P and Q be
two sections of X /A such that P, — Q, is a torsion class in J(X;) of order n > 2
fort £ 0. Then there exists an integral curve Z C X flat of degree 2 over A such
that Zy is supported on the node of Xo and

(3-2) {brp(z) =0} =7,

fort #0, where by ,(2) is the meromorphic function on X; given in Proposition 2.3
witht = P, — Q;and p = P,.

Proof. Since P and Q are sections of X/A and X is smooth, P and Q meet X
at smooth points Py and Qg of Xo. By the argument in the proof of Lemma 3.2,
Py — Qg is a torsion class in Pic’(X() = C* of order n.

Let us consider 7,Ox (P + Q). This is a rank 2 vector bundle over A since
h°(Ox, (P + Q)) =2 for all ¢. Therefore,

HO(m.0x(P+ Q) = H'(Ox(P + Q))

is a rank 2 free module over C[[¢]).
Let o be the node of Xi3. Then Xg \ {o} = C*. We may assume that Py = 1
and Qg = n =exp(2mi/n). Then HO(OXO(PO + Qo)) is spanned by the constant

function 1 and
Z

(z—D@—mn)
over C. We can choose s € HY(Ox (P + Q)) such that sg is the restriction of s to
Xo, i.e., s0(z) = s(0, z), where we consider s = s(¢, z) as a meromorphic function
on X with simple poles along P and Q. Then H’(Ox (P + Q)) is generated by 1
and s over C[[¢]].

Let ¢ : X\ {o} = X \ {0} be the automorphism given by ¢(z) = z+ (p — ¢q) for
z€ X, p= P, and g = Q,. Then

s0(z) =

n—1

> s, ¢ ()

k=0

is constant for each fixed ¢ # 0 by Proposition 2.3. For t = 0, we have

n—1 n—1 k
500, ¢4 (2) = L =0
g g (*z = D'z —n)

Therefore,
n—1

fO) = st ¢*2)

k=0
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for some f(t) € C[[¢]] with f(0)=0. Thenns(z, z)— f(¢) is a section of Ox (P + Q)
whose restriction to X; is exactly the function b, ,(z).
Let

(3-3) Z ={ns(t,z) — f(1) =0}

be the vanishing locus of ns (¢, z) — f(¢). Then (3-2) follows from our choice of
f (). In addition, since ns(0, z) — f(0) = nso(z) and sg only vanishes at the node
o of X, we see that Zy is supported at o.

We know that Z is a closed subscheme of X of pure dimension one and flat of
degree 2 over A. So we are in one of the following cases:

e Z is supported on a section of X/A with multiplicity 2.

e Z is a union of two distinct sections of X/A.

e 7 is an irreducible multisection of degree 2 over A.

Since Zj is supported on the node o of Xy and X is smooth, Z cannot contain
any section of X/A. Thus, Z must be an integral curve flat of degree 2 over A. [J

Proposition 2.4 follows immediately from the above proposition.

Proof of Proposition 2.4. Suppose that b ,(p —n) =0 on a general elliptic curve E
for some torsion class T € J(E) of order n > 2 and 2n = . Then by Proposition 3.1,
this holds for every torsion class 7 of order n.

Let 7 : X — B = P! be a Bryan—Leung K3 surface with 24 nodal fibers over
S C B. We choose a point s € § and let U C B be an open disk about s. Then there
exists a section Q of Xy =~ (U) over U such that P, — Q, is a torsion class of
order n for all ¢ € U. It follows from Proposition 3.3 that b, ,(z) has two distinct
zeros on X, for T = P; — Q; and p = P,, which is a contradiction. O

4. Proof of Proposition 2.5

In this section, we will prove Proposition 2.5. Combined with Proposition 2.4, we
obtain Proposition 2.2. Then Theorem 1.2 follows.
We will prove the following two statements in sequence:

Proposition 4.1. For a general elliptic curve E, a point p € E and a pair 1y # 15 €
J (E)tors Of torsion points of orders ny > 2 and ny > 2, respectively, if

{be),p(2) =0} N {by, p(2) =0} # O
then either
(4-1) {Pp—4q:by,p(q) =0} C J(E)ors
fori=1,2or
4-2) n=ny=6, (11,2)=3inJ(E)s and ord(t;—1)=06.
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Proposition 4.2. For a general elliptic curve E, a point p € E and a pair 1) # 12 €
J (E)ors of nonzero torsion points, if

(4-3) {bry,p(2) =0} N {br,, p(2) =0} # @
and
{p—q:b,p(q) =0} CJ(E)iors fori=1,2,
then ord(t;) = ord(tp) = 2.
Our main tool is the monodromy action of 7 (B°) on J(E)s. We fix a Bryan—
Leung K3 surface X — B = P! with 24 nodal fibers over S C B and a general

fiber £ = X, of X/B. We extend the monodromy action on J (E )5 to the triples
(T, q1, g2) with T € J(E)ors and {br,p(Z) =0} = {q1, 2}

Define a curve in Pic®(X/B) x5 X x5 X by
(4_4) {(‘[76]1’6]2) ‘Te J(Xt)n’ re B\S, qdi1, 42 (S Xt, and
{br,p(z) =0} ={q1, g2} for p = Pt}'

By Proposition 2.4, for each fixed n > 2, there exists a finite set S, C B such that
for every t € SUS,, b; ,(z) has no double zeros on X;. So the curve defined by
(4-4) is unramified over B\ (SU S,) and we have a well-defined monodromy action
of w1 (B\ (SUS,)) on such triples (7, g1, g2) on a general fiber E = X,. Let us use
the notation A(t) and A(7, g1, g2) to denote the action of A € 7 (B \ (SU S,)) on

T € J(E)ors and (7, q1, q2).

Lemma 4.3. Let X — B = P! be a Bryan—Leung K3 surface with 24 nodal fibers
and let E = X, be a general fiber of X/B. Let t € J(E)s be a torsion class of
order n > 2 and let q1, q» € E be two points given by

{bar,p(2) =0} ={q1, q2}
for some integer d withdt #0. If , e T (B\ (SUS,)) acts on J(E), by
A =n+n, 1)t
foralln € J(E),, then
rldt, qu, q2) = (dT, g2, q1)-

Proof. Fix a point 0 € § and let § be the vanishing cycle associated to the nodal
fiber Xy. If T =§ in J(E),, then we must have A = T in SL,(Z/nZ), where Ty is
the Picard—Lefschetz transform associated to §. Since

Ts(dt) =dr,

there is a local section Q C Xy = X x g U over a simply connected open neighbor-
hood U of 0 such that P, — Q; = dt. Then the lemma follows from Proposition 3.3.
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More generally, by Proposition 3.1, there exists & € w1 (B \ (SU S,)) such that
a(8)=1. Then Ts = ' oA o« since

a loroa(n) =a " (am) + (@), a(8))a(s))
=a ! (a(n) + (1. 8)a(8))
=a toa(n+ (n,8)8) = Ts(n).
Thus, the lemma follows. 0

Lemma 4.4. Let X — B = P! be a Bryan—Leung K3 surface with 24 nodal fibers
and let E = X; be a general fiber of X/B. Let 11 and 1) € J(E)rs be two torsion
classes of the same order n > 2 withm = (11, 12) in J(E),, let n1, ny be two integers
such that n{n; and let

{bny7.p(2) =0} = {q1, g2}
I.fbnztz,p(ql) == 0, then

by (v +kmry).p(q1) =0 if 2|k,
bnz(rg+krnr1),p(Q2) = 0 lf‘ 21’]{

If, in addition, (2 gcd(mny, n)){n, then nit| = na1y.

(4-5)

Proof. By Proposition 3.1, we can find A € (B \ (SU S,)) such that
Ma)=a+ (o, 11)T)

for all « € J(E),. Then A(t;) = ;. Hence, by Lemma 4.3, we have

“6) M. qr.q2) = (mriqr @) if 2|k,
Mt g1, ¢) = (i, . q1) if 21k

Obviously,

4-7) () =1 —kmr

for all integers k. Combining (4-6) and (4-7), we obtain (4-5).
If (2 gecd(mny, n))1n, then kg = n/gcd(mny, n) is odd. Setting k = kg in (4-5),
we obtain

bnzrz,p(qZ) = bnz(‘[z—i—k()lnr]),p(qZ) =0.

On the other hand, we assume that b,,, ,(q1) =0. So

{bn,-ri,p(z) = O} = {CII’ 612}

for i =1, 2. This implies

nt=((p—q)+p—q)=nn.
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O

Lemma 4.5. Let E be an elliptic curve, let p be a point on E and let T € J(E)ors
be a torsion point of order 2. Then

{br,p(Z) =0} = {q1, ¢2},

where q1, q2 are such that T, p — q| and p — g, are the three distinct 2-torsion
points.

Proof. Let 7, 71 and 1> be the three distinct 2-torsion points. Clearly,
T=1+1.

So there exist a rational function b(z) on E with simple poles at p and p — 7 and
simple zeros at p — t; and p — 1». Note that b(z + 7) also has simple poles at p
and p — t and simple zeros at p — t; and p — 1. Therefore,

b(z+71)=cb(z)

for a constant c. And since b(z) + b(z + t) is a constant by Proposition 2.3, we
must have ¢ = —1 and

b(z)+b(z+1)=0.
Therefore, b; ,(z) = Ab(z) for a constant A # 0 by the uniqueness of b; ,(z) and
the lemma follows. U

Lemma 4.6. Let E be an elliptic curve, let p be a point on E and let 1) # 1» €
J (E)ors be two distinct nonzero torsion classes. If

{be),p(2) =0} ={q1,q2} and (b, ,(z) =0}={q1,q3},
then

brlfrz,p(q2) =0.
Proof. From 71 = (p —q1) + (p — q2) and ©2 = (p — q1) + (p — q3) we have

g2 = q3 — (11 — 7). Let us consider the meromorphic function b-, ,(z 4 (11 — 12)).
It has simple poles at p — (11 — 12) and (p — 12) — (11 — 72) = p — 11 and a zero at
g3 — (11 — 1) = q2.

Therefore,
b(z) = by, p(2) +cbr, p(z + (11 — 12))
has simple poles at p and p — (t; — 72) and a zero at g; for the constant ¢ given by
_ Res,_¢, by p(D)w
Res, 1 bfz,p(z + (11 —n))w ’

CcC =

where  is a nonvanishing holomorphic 1-form on E.
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Let n be a positive integer such that t;, 7o € J(E),. Then

Yo b= ) byt Y byt (m—m) )

reJ(E), reJ(E)n reJ(E)n
= > byt Hc Y by,E+r)=0
reJ(E), A€J(E)n

by Proposition 2.3. Then by the uniqueness of b;, _, ,(z), we must have

bfl—‘tz,p(z) = ab(z)
for some constant a % 0 and the lemma follows. O

Lemma 4.7. Let E be an elliptic curve, let n be a positive integer satisfying 4 |n
and 81n and let ay # oy € J(E)iors be two torsion classes of order n. If

(a1, 00) =n/2 inJ(E), and 4(dia; —drop) =0
for some odd integers dy and d,, then
Ol‘d(d10l1 — dzOlz) =2.

Proof. Let m = n/2. We may assume that o =[] and ap = [ ] in J(E), =
Z/nZ x Z/nZ, where gcd(a, m) = 1 and hence a is odd. Then

d] —ddz]

diay —dray = [ _dym

and 2m |4(d) — ad,). Since d; — ad, is even and 4{m, we see that 2m | 2(d; — ad,)
and hence djo; — dyap has order 2. |

Proof of Proposition 4.1. Suppose that E is a general fiber of a Bryan—Leung K3
surface 7 : X — B = P! with 24 nodal fibers. Let

n n
n:lcm(nl,nz), d] = — and d2=—.
ni na

Suppose that

{b;,p(2) =0} ={q1,q2} and {b, ,(2) =0} ={q1,q3}.

It suffices to prove that one of p — g1, p — g2 and p — g3 is torsion.

Since ord(t;) = n;, we have t; = d;«; fori = 1,2 and some «; € J(E)ors Of
order n. Let m = (v, ap) € Z/n”Z.

By Lemma 4.4,

bQ—i—kd;mm,p(Q]) =0 if 2|k,
btz+kd2m0{1,p(q2) = 0 lf 2+k
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If ko =n/gcd(drm, n) is odd, then t; = 7, by Lemma 4.4, which is a contradiction.
Therefore, kg and n are even. If kg #~ 2, we have two cases:

Suppose that 4| ky. We have

b, p(q1) = beyt(ky/2)dsmar, p(q1) = 0.

Let
T{ =10+ (k0/2)d2m0l1 and ‘Eé = 1.

Suppose that
by p() =01 = (g1, 45} and {byy ,(2) =0} = {q1. q4}.
By Lemma 4.6,
bei_z.p(q5) =0.
Obviously, ord(t] — 75) = 2. Therefore, p — g5 € J(E)ors by Lemma 4.5. It follows
that p — g1 € J(E)ors and we are done.
Suppose that 41 kg and kg > 2. We have

brg,p(Ql) = b7:2+2d2ma1,p(q1) =0.

Let
‘L’{ =1 +2dyma; and ‘L’é = 17.

We see that 7| # 7, ord(t]) |n, = ord(r}) and
(t], 13) =m' =2(dom)?
with ny/ged(m’, n2) odd. Then 7; = 7} by Lemma 4.4, which is a contradiction.
So we have ky = 2. That is,

n =2gcd(dym, n).
Similarly, we have

n =2gcd(dym, n).
So we have "

dom=dim= 5 (mod n).

And since gcd(dy, d) = 1, we conclude that

n
= — (mod
m= 7 (mod n)
and d; and d, are both odd. That is, we have reduced the proposition to the case

that
(4-8) Z‘n, 2tdyd, and ng.
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Note that under these assumptions,
mt; =dima; =ma;

foralli, j =1,2.
If one of the 7; is 2-torsion, then it follows immediately from Lemma 4.5 that
P —q1 € J(E)ors and we are done. So we may assume that n; > 3 fori =1, 2.
By Lemma 4.6,

brl 7r2,p(q2) =0.

If 7) — 15 is a 2-torsion class, then p — g> € J(E)ors by Lemma 4.5. We are again
done. So we may assume that none of 71, 7o and t; — 1, are 2-torsion classes. That
is, we may assume that

(4-9) ni >3, ny>3 and ord(ty —1) >3,

in addition to (4-8).
Repeatedly applying Lemma 4.4, we obtain

{by,.p(2) =0} = {q1, q2},
{br,,p(2) =0} ={q1, g3},
{brytmar, p(2) =0} = {q2, g4},
{bry4mas.p(2) = 0} = {q3, g5}

Continuing this process, we obtain

by tm(y+may).p(qa) = 0.

Suppose that 4|n, i.e., 2| m. Then m(az + ma;) = ma, and hence

b tmay,p(q4) = 0.
Since {by, yma,, p(z2) =0} = {g3, g5}, we have either g3 = g4 or g4 = gs.
o If g3 = g4, then
{be,p(2) =0} = {q1, q2},
{bry,p(2) =0} ={q1. g3},
{brytmar, p(2) =0} = {q2, g3},

and hence
(P—q1)+(—q2) =11 € J(E)ors,
(p—q1)+(p—q3) =12 € J(E)tors,
(p—q2)+(p—q3) =2+ may € J(E)ors-

It follows that p — g1, p —q2, p — q3 € J (E)ors. We are done.
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e If g4 = g5, then
{br,.p(2) =0} ={q1, 92},
{br, p(2) =0} = {q1, g3},
{bry+mey.p(2) =0} = {q2, g4},
{brl-i—mozz,p(z) = 0} = {Q3v 44}7

and hence
(P—q)+(p—q) =11,

(p—q1)+(p—q3) =12,

(P—q2)+(p—qs) =v2+may =12 +mry,

(p—q3)+(p—qs) =71 +may =1 + m1,.
It follows that

(m—2)(t1 — 1) =0=gcd(m — 2, n)(t; — 1) =0.

Since ged(m — 2, n) = ged(m — 2, 2m) is either 2 or 4, the order of t; — 1 is either
2 or 4. By our hypothesis (4-9), ord(r; — 12) # 2. So ord(t; — 12) = 4. Then
gcd(m —2,2m) =4 and 44 m. This contradicts Lemma 4.7.

So far we have proved the proposition when m is even. Suppose that 2{m. Then
m(ay +ma1) = m(og + ) and hence
beytm(ai+a).p(qa) =0.
Continuing with the use of Lemma 4.4, we obtain
{be,,p(2) =0} = {q1, g2},
{bry,p(2) =0} = {q1. g3},
{bty4may,p(2) =0} = {q2, qa},
{br)+may,p(2) =0} = {g3, g5},
{bri4m(ar4a2),p(2) = 0} = {q4, g6},
{brytm(a1+ar),p(2) =0} ={gs, g7}
Applying Lemma 4.4 to (t; + m(o; + a2), 7o + may), we obtain
br2+m(a1+az),p(%) =0.
Similarly,
be, ym@i+a),p(q7) = 0.

That is, g6 € {g5, g7} and q7 € {q4, g6}. Since {gs, g7} # {q4, g6}, we must have
g6 = ¢7. Then from

{br,,p(2) =0} ={q1, q2},
{bm,p(z) =0} = {le 613},
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{brytmar, p(2) =0} = {q2, g4},
{bry4mas,p(2) = 0} = {q3, g5},
{br1+m(a1+az),p(z) =0} = {g4, g6},
{beytm(ai+ar), p(2) =0} = {g5, g6},
we obtain
3(t1 — ) =m(a —a2).

Hence t; — 15 has order 2 or 6.

By our hypothesis (4-9), ord(t; — 72) # 2. So t; — 1 has order 6. Hence 6 \ n,
3|m and 3|nns.

Since d; and d; are odd, ny =n/d; and n, = n/d, are even. So at least one of n;
and ny is divisible by 6. Without loss of generality, let us assume that 6 |n;. Then

nt—n)=0 = nn=0 = nz\nl = n=nj.

Let
1i=7 and T, =71 —10.

By Lemma 4.6,
bfl’,p(q2) = bfzf,p(qz) =0.
Applying the whole argument to (7, 7;), we again arrive at
ord(t] — 75) = 6.

That is, np = ord(tp) = 6. Then this implies that 7} = 7, + (7] — 12) also has order 6.
So we have (4-2). O

Proof of Proposition 4.2. Let

(b, p(2) =0} ={q1,q2} and {by, ,(z) =0} ={q1, g3},

where 1; = p — ¢; are torsion fori =1, 2, 3.

Suppose that n = lem(ord(z;), ord(n;), ord(n2)) and that t; = do; for some
o1 € J(E)wors of order n. Let E be a general fiber of a Bryan—Leung K3 surface
X — B = P! with 24 nodal fibers. Clearly, each A € (B \ (SU S,)) acts on

(1,91, q2) by
AT, g1, g2) = (A (T1), p— A(m), p — A(2)).
On the other hand, for A(n) = n+ (n, a;)ay,
A(T1, g1, q2) = (A (T1), 92, q1)
by Lemma 4.3. Therefore,

n2 =A() =n +may
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for m = (n1, @1). And since t; = 1| 4+ 12, we have
T =20 +ma; = ((d—m)ay,a1) =(2n,a1) = 2m=0

in Z/nZ. If m =0, then n; = n,, which contradicts Proposition 2.4. So n is even
and m = n/2. Therefore, we have

(4-10) ord(n; — n2) = ord(t; —2n1) =2.
Similarly,
4-11) ord(n; —n3) = ord(tz —2n1) = 2.

It follows that t; — 1, is a 2-torsion class as well. By Lemma 4.6,

brl—rz,p(q2) =0.

Hence 1, is a 2-torsion class by Lemma 4.7. Together with (4-10) and (4-11), we
see that all of ty, 12, 11, 12, N3 are 2-torsion classes. O

To finish the proof of Proposition 2.5, it remains to justify (2-15).

Proof of Proposition 2.5. We have proved (2-11) with two exceptions outlined in
the proposition.
If (2-15) fails, we must have one of the following:

A. 11, 7o, T3 are three distinct 2-torsion points.

B. 71, 12, 73 are three distinct 6-torsion points satisfying that (7;, 7;) = 3 and
ord(t; —tj)=6forall 1 <i < j <3.

In case A, by (2-14),

{br),p(2) =0} N {by, p(2) =0} = {p — 13},
{bry p(2) =0} N {bry, p(2) =0} ={p — 71},

and (2-15) follows.
In case B, we may assume that

n=[,]eJ(E)=2/6Zx7/6Z

Since (1;, T;) =3 fori # j, we must have 7, = [g] and 13 = [13’] for some a,be”Z

satisfying 31ab and 24 (a — b).
Since ord(t; — 72) = ord(7; — 73) =6, 31(a — 1)(b — 1). Together with 3{ab,
we must have
a=b=2 (mod 3).

Then ord(ty — t3) = 2. Therefore, there are no such triples (71, 72, 73). U
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5. Proof of Theorem 1.1 for g > 2

It remains to prove Theorem 1.1 for g > 2. As mentioned in Section 1, we will
reduce it to the case g = 1 by a degeneration argument.
Let E be a smooth elliptic curve. We first construct a smooth projective family
X of surfaces over A = A! such that Xo = E x P! and X, = P& for ¢ # 0, where
& is the rank 2 vector bundle on E given by a nonzero vector in Ext(Og, Og).
Let V be a rank 2 vector bundle over E x A given by

t € Ext(Opxa, Opxa) = H (Opya) = C[1]

and let X = PV. Clearly, X is such a family.

There is an effective divisor D C X, flat over A, such that D; is the section of
X,/E with D? = 0. Fix a point p € E and let L = mD + *p, where 7 is the
projection X — E.

For t # 0, the Severi variety Vy, 1., has expected dimension g. If we fix g
general points on X,, there exist finitely many [C] € Vx, 1 , such that C passes
through these points. Let us fix g general sections Py, P>, ..., P, C X of X/A.
Then after a base change, there exists a flat projective family C C X of curves
over A such that C; is an integral curve in |L| on X; passing through P; N X; for
i=1,2,...,gandt #0. Here we replace A by an analytic disk or a smooth affine
curve finite over A!,

We may choose the base change in such a way that there exists a family of stable
maps ¢ : € — X over A such that ¢ maps ¢ birationally onto C.

On Xy, the linear system |L| is completely reducible in the sense that

H°(Ox, (L)) = Sym™ H(Ox, (D)) ® H*(Ox,(7*p)).

Therefore,
Co=mDy+myDy+---+mgDg + F,

where D; are the sections of X¢/E passing through P, N Xy fori =1,2,..., g,
F is the fiber of m : X9 — E over p and the m; are positive integers such that
> mi=m.

Clearly, C; only has singularities in open neighborhoods of D;. So it suffices to
show that C, has only nodes and ordinary triple points as singularities in an analytic
neighborhood of each D; fori =1, 2, ..., g, if E is general.

Since %; is a smooth projective curve of genus g for ¢ # 0, there are exactly g
irreducible components I'y, I'p, ..., I'y of 4 such that each I'; is a smooth elliptic
curve dominating D; fori =1,2,..., g.

Let us fix i. If m; = 1, there is nothing to do. Otherwise, suppose that m; > 2.
Let ¢ : X — X be the blowup of X along D;. Then the central fiber Xo=SUR s
a union of two smooth projective surfaces S and R, where S is the proper transform
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of Xy, R is the exceptional divisor of ¢ and S and R meet transversely along a
curve over D;, which we still denote by D;. Let C be the proper transform of C
under .

The rational map ¥ o : € --» X is regular at a general point of I';. We claim
that

v o) ¢ Di=SNR.

Otherwise, we choose a local section Q of ¥’/ A passing through a general point
of I';. Then ¢(Q) is a local section of X /A meeting D; = SN R, which is impossible
since X is smooth. So ¥ ! o maps I'; to an irreducible curve on R other than D;.
That is, 60 does not contain D;.

We have either R = P& or RZ E x PL.

A. If R = P&, then C N R must be an integral curve in |mi5 + 7*p| of geometric
genus 1, where D is the proper transform of D and 7 = 7 o ¢ is the projection
X — E. Then by Theorem 1.2, C N R has only nodes and ordinary triple points as
singularities and the same holds for C; in an open neighborhood of D;.

B. If RZ E x P!, then CNR = m; D; + F, where D; is the section R/E passing
through the point P N R with P, being the proper transform of P; under w and
F is the fiber of R over p € E. So we continue to blow up X along D;. By
embedded resolution of singularities, there exists a sequence of blowups over D;,
say f : X’ — X, such that the proper transform C’ of C is smooth over a general
point of D;. Then by Zariski’s main theorem, the map f~' o : € --» X’ has
connected fiber over f~!(D;). This means that C{, is smooth over a general point
of D;. So we will eventually end up in case A after a sequence of blowups over D;.
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SPUN NORMAL SURFACES IN 3-MANIFOLDS
II: THE TOROIDAL CASE

ENSIL KANG AND J. HYAM RUBINSTEIN

Spun normal surfaces are a useful way of representing proper essential
surfaces using ideal triangulations for 3-manifolds with tori boundaries.
Here we consider spinning surfaces in the case of a 3-manifold with a non-
trivial JSJ decomposition, where each of the JSJ components is hyperbolic.
We prove that a proper essential surface X can be spun, so long as none of
the JSJ components are bundles with fiber a subsurface of X and the ideal
triangulation satisfies similar properties to a taut structure.

1. Introduction

Definition 1. A crushing of a space X is an epimorphism f : X — Y that is cell-like,
ie, f~'(y)isacell foreach y € Y.

It is well-known that such a map is homotopic to a homeomorphism; see [Sie].
We will be interested in crushings associated to triangulations and normal surfaces.
In particular, if S is a closed 2-sided normal surface in a triangulation 7" we will be
concerned with the process of cutting M open along S and then crushing each com-
ponent of S to a point. If we delete the image points of S after crushing, we obtain a
new triangulation which is ideal. We want to crush the cell structure of the cut open
triangulation into a new triangulation. This crushing process is detailed in [JR1]
in the case of 2-spheres and also will be described in Section 2 for our case of tori.

In [KR2], it is shown that a properly embedded nonfibered incompressible and
d-incompressible 2-sided surface in M can be spin normalized along boundary tori
of M, if M is a suitable 3-manifold with 1-efficient ideal triangulation.

Definition 2. An ideal triangulation I of a 3-manifold M is 1-efficient if it satisfies
the following conditions:

e There are no embedded normal 2-spheres, projective planes, or Klein bottles.

» Every embedded normal torus is peripheral.
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Equivalently, there are no normal surfaces with nonnegative Euler characteristic,
except for peripheral tori and Klein bottles.

[KR2, Theorem 8]. Let M be an anannular, atoroidal, irreducible and P*-irreducible
3-manifold with tori boundary components and I be a 1-efficient ideal triangulation
of M. If F is a properly embedded, incompressible and 0-incompressible 2-sided
surface in M which is not a fiber, then F can be spin normalized in (M, J) with 2"
choices of spinning direction, where r is the number of boundary components of M
containing a curve of OF.

We generalize this result by allowing JSJ-normal tori in M. To deal with such
tori, we need to restrict how they can be realized as normal surfaces.

Definition 3. An ideal triangulation 3 of an irreducible and P2-irreducible 3-mani-
fold M is T-efficient if it satisfies the following conditions:

o There are no embedded normal 2-spheres or projective planes.
« Every embedded normal torus or Klein bottle is essential, i.e., i -injective.

» For each isotopy class of essential tori or Klein bottles in M, there is exactly
one embedded normal torus or Klein bottle representing that class.

Our main theorem is the following.

Theorem 6. Suppose that M is compact, irreducible, and P>-irreducible and has
essential tori boundary components. Assume that each of the JSJ components
M; of M is hyperbolic for 1 <i < k. Let ¥ be any properly embedded 2-sided
essential surface in M with the property that no subsurface of X is a fiber of a
bundle structure for one of the JSJ components.

Assume that M has an ideal triangulation I which is T -efficient. Then X can
be spin normalized with boundary curves spinning in all possible combinations of
directions.

To prove Theorem 6, we carry out the crushing process along JSJ-normal tori 7;,
cutting M open along those 7; and then crushing and deleting the boundaries to
have an ideal triangulation for the interior of each JSJ component of M. This new
ideal triangulation of each of the JSJ components is 1-efficient, so that we can apply
the results of [KR2]. Also, in Section 5, we will show that there always exists an
ideal triangulation that satisfies all the conditions described in Theorem 6, so it is
reasonable to impose the above restrictions.

Another generalization would be to replace “1-efficiency” with “O-efficiency” for
the ideal triangulation of the JSJ components we are considering. However, in this
case, it is difficult to avoid inessential normal tori in spinning. Whether a properly
embedded surface can spin along an inessential normal torus is not clear to us.
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Spun normal surfaces and generalized spun normal surfaces play a central role in
the 3d index of Dimofte, Gaiotto, and Gukov [DGG]. The relationships between spun
and generalized spun normal surfaces and the 3d index are discussed in [GHRH].
To define the 3d index, a 1-efficient ideal triangulation is required. In [GHRS] it
is shown that the 3d index is independent of the choice of triangulation, so long
as a suitable class of triangulations are used, which come from the hyperbolic
structure on the 3-manifold. It is conjectured that the 3d index counts surfaces in
3-manifolds without reference to a triangulation. Moreover, an important problem
is to understand if the 3d index can be defined for toroidal manifolds. Exploring
the behaviour of spun normal surfaces in toroidal manifolds may give some insight
into this issue.

2. Crushing JSJ tori in an ideal triangulation

When a triangulation is cut open along a normal surface, we get a cell decomposition.
The cells are either truncated tetrahedra, truncated (triangular) prisms or normal
prisms (quadrilateral normal prisms and triangular normal prisms) with base a
quadrilateral or triangular disk included in the normal surface. As the normal
surface consists of quadrilateral and triangular disks, when these are crushed, we
need to extend the crushing to these cells to produce a new triangulation. In this
section, we will discuss such crushing. A detailed background and discussion is
given in [JR1].

Most of the arguments in this section will be developed under the conditions given
in the assumptions of the main theorem (Theorem 6) in Section 1. Although there
are some arguments that hold true in more general situations, this article will focus
on normal spinning a properly embedded incompressible and d-incompressible
surface, rather than on crushing a more general triangulation.

Let M be a compact, irreducible, and P2-irreducible 3-manifold with essential tori
boundary components, and I be an ideal T -efficient triangulation of M. Assume
that M is toroidal and each of the JSJ components M; of M is hyperbolic, for
1 <i < k. We ultimately want to find a 1-efficient ideal triangulation for each
JSJ component M;. To make further arguments easier, we will truncate (M, ) by
removing an open regular neighborhood of ideal vertices whose boundaries are
peripheral normal tori, and denote the resulting manifold by M.

Let S be the union of all the JSJ tori that are in (unique) normal form for (1\04 , )
and all the boundary components of M. We assume that each JSJ component
M; is obtained by cutting M open along the JSJ-normal tori in S. Then all the
boundary components of M; are in normal form. Since we truncated (M, ),
M, has no ideal vertices and has the induced cell decomposition C; from the ideal
triangulation J, which consists of four types of cells: truncated tetrahedra, truncated
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[

truncated tetrahedron truncated prism

vertical edge

trapezoid

triangular/quadrilateral normal prism

Figure 1. Four types of cells in C;.

prisms, triangular normal prisms, and quadrilateral normal prisms (see Figure 1).

We will define a nice crushing f; : M; — M, in Theorem 1, which satisfies the
following conditions; f; maps each component of M to a point, M ¥ obtained by
deleting vertices from M; is homeomorphic to A;Ii, and the induced cell decomposi-
tion of M, is an ideal triangulation of Aodi after deleting the vertices. We will show
that the new induced ideal triangulation of M ¥, or equivalently M;, is 1-efficient
(Theorem 5).

Let us define a crushing f; : M; — M, by collapsing each cell of C; as shown in
Figure 2, and call it a canonical crushing on M;.

We will investigate if f; is cell-like (see Figures 2 and 3). We denote the induced
cell decomposition of M; by ;. Note that each boundary component of M; crushes
to a vertex of 3;. But there is no guarantee that the new manifold M ¥ given by
deleting vertices from M; is homeomorphic to M;, or that the induced cell structure
of M ¥ is a well-defined ideal triangulation. If f; is cell-like, the first assertion
follows from [Sie]. We will find that this is the case under our assumptions.

To investigate this, we need to look at the cycles of truncated prisms or trapezoids.
Here a trapezoid is a rectangular face of C; bounded by two parallel (i.e., normal
isotopic) normal arcs and two vertical edges, where a vertical edge is an edge of
C; whose interior is inside M; and both of whose boundary points are in aM;, ie.,
in S (see Figure 1). A trapezoidal cycle is an annulus or a Mobius band properly
embedded in M, formed by gluing trapezoids together along their vertical edges.

Note that a truncated prism crushes to a triangle and a trapezoid to an edge by the
canonical crushing f;. To achieve that M ¥ is homeomorphic to M;, we will verify
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Figure 2. Canonical crushing f = f;.
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Figure 3. Crushings of quadrilateral and triangular disks by f = f;.
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that the regions surrounded by the cycles of trapezoids are simply connected, so that
such regions can be crushed into the edges. By modifying f; in this way, we are
able to achieve that the modified f; is cell-like and so the topology of M; is that of
M; (Lemma 2). We also need to verify that there are no cycles of truncated prisms
(Lemma 3) which collapse to a triangle by f;, to finish the verification that the
modified f; is cell-like and that the induced cell structure of M ¥ is a well-defined
ideal triangulation. This is the main topic of discussion in this section.

Let P(C;) be the collection of all cells which crush to edges of ; by the canonical
crushing f;. Then P(C;) = {all normal prisms of C;} U {all trapezoids of C;} U
{all vertical edges of truncated tetrahedra and truncated prisms of C;}. We call P(C;)



376 ENSIL KANG AND J. HYAM RUBINSTEIN

the combinatorial product region of C;. Each component of P(C;) crushes to an
edge of J; by the canonical crushing f; : M; — M;, and for M ¥ to be topologically
identical to M;, the inverse image of an edge must be simply connected. If each
component of P(C;) is simply connected, the canonical crushing f; is what we
need for spinning. If not, we will modify f; by further crushing as follows: each
region enclosed by the cycles of trapezoids (together with normal disks in aM;)
crushes into an edge (Figure 4, right, shows an example of such a region — in this
case, a truncated prism that is crushed to an edge under modified crushing), so that
the enlarged crushing region is simply connected. We denote the union of the new
enlarged regions by P(M;) and call it the induced product region, and the modified
crushing is called a combinatorial crushing. Under suitable conditions, the desired
P (M;) can be constructed with properties required to achieve spinning. In our case
(assuming the hypotheses of the main theorem (Theorem 6), P(C;) has simply
connected components so that P(C;) = P(Mi) (Lemma 4) and furthermore the
canonical crushing f; itself is a combinatorial crushing and does not change the topol-
ogy of the original manifold. Under what general circumstances P (C;) is simply
connected, and under what conditions P(M;) exists, is a subject for further study.

The following theorem states that the canonical crushing in our case induces a
suitable cell decomposition of the resulting manifold.

Theorem 1. Let M be compact, irreducible, and P2-irreducible with essential
tori boundary components. Assume that each of the JSJ components M; of M is
hyperbolic for 1 <i <k and the ideal triangulation I of M is T -efficient. Then for
each JSJ component M;, 1 <i <k, the canonical crushing f; Mi — M, gives that
M; is homeomorphic to M ¥, with vertices deleted from M;. Moreover the induced
cell decomposition J* of M ¥ is an ideal triangulation of M;.

We will prove this by using Lemmas 2, 3 and 4 below and [JR1, Theorem 4.1].

Lemma 2. With the same hypotheses as Theorem 1, any trapezoidal cycle in M; is
an annulus and together with two disks in S bounds a 3-cell, where M; is a truncated
JSJ component obtained by cutting M open along the normal representatives of the
JSJ tori.

Note. The hypothesis of “unique normal representative of each JSJ torus” in
Theorem 1 could be replaced by “least-weight normal representative” in this lemma.

Proof. Let T be a trapezoidal cycle in M;. Then T is on S, which is the union
of all normal JSJ tori of M and the normal boundary components of M and T
is a properly embedded annulus or Md&bius band in M;. By the assumptions of
Theorem 1, M; is hyperbolic and so there are no properly embedded essential
surfaces with nonnegative Euler characteristic. If 7 is an inessential Mobius band,
then 7 is either d-parallel or has a boundary compression to S. But since M; is
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hyperbolic and has tori boundary, neither can occur. Therefore T is an inessential
annulus with both boundary curves on S. Here since S is incompressible, either
both boundary curves of T are essential in S or both are not.

If both curves of a7 are essential, then 7 must be boundary parallel, since M; is
hyperbolic. Let S; be the component of S containing 07 and A the annulus in S
which is parallel to 7. Note that 7" is 0-weight (meaning that its interior does not
intersect any edges of the triangulation). The new torus T U (S \ A) is a barrier
(see [JR1]) so normalizing produces a topologically boundary parallel normal torus
with less weight than S;. This contradicts the fact that there is a unique normal
representation of each JSJ torus in S. Therefore the only possibility is that the curves
of 0T are inessential and each bounds a disk in Sy, say D; and D, respectively. If
say D; C D, then T must be d-parallel (to the annulus D, \ D°1). But then we get
a contradiction to the unique normal representation of JSJ tori again by a similar
argument to the previous paragraph. Hence D N Dy = & and D and D, together
with T form a 2-sphere. Therefore T together with two disks in S bounds a 3-cell
in M; since M is irreducible, and the proof is complete. U

The following remark comes from the proofs of Lemmas 3 and 2.

Remark 1. (1) No 0-weight annulus properly embedded in M; can be o-parallel
to an annulus with positive weight in S.

(2) Any non-9-parallel O-weight annulus properly embedded in M; has inessential
d-curves in § and together with two disks in S bounds a 3-cell in M;.

Since any trapezoidal cycle together with two disks in S bounds a 3-cell by
Lemma 2, we can define P(M,-) by adding to P(C;) these 3-cells enclosed by
trapezoidal cycles of P(C;). Note that P(M;) is obtained by gluing a collection of
project regions of the form D x [0, 1], where D x 0 and D x 1 are disks in S, to
P(C;), and so the components of P(Mi) are simply connected.

The following lemma says that the components of P (C;) itself are simply con-
nected with our hypotheses and so P(C;) = P(M,-) and the canonical crushing f; is
a combinatorial crushing. This plays an important role in proving Theorem 1, and
also in Theorem 5, which asserts the 1-efficiency of the induced ideal triangulation
ST of M,‘.

Lemma 3. With the same hypotheses as Theorem 1, there is no cycle of truncated
prisms in C;, the induced cell decomposition of M;.

Proof. We mostly follow the ideas of Theorem 5.5 in [JR1]. But in the details, the
argument is simpler because of our strong hypotheses.

Let X be a cycle of truncated prisms of C;. We can exclude the case that the cycle
X is formed along a single edge, i.e., the hexagonal faces of all truncated prisms
of X are glued along a single edge. For in that case, there is a properly embedded
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D -
/ ‘ glue | \ e ~
e e
> -
D: isotopic to a disk in S e

Figure 4. A cycle of truncated prisms glued along a single edge.

disk D in M; which is isotopic to a disk in S (due to the incompressibility of )
and meeting edges of C; in precisely one point (see Figure 4). By replacing the
disk in S with D and normalizing, we obtain a new normal representative of a JSJ
torus, contradicting the uniqueness assumption.

Hence we may assume that X is a cycle about more than one edge and so is a
solid torus with boundary identifications along some trapezoids (if any). Figure 5
describes X without any identifications along trapezoids.

identified

Tz‘/

AN
N\

identified

Y

identified

|

Figure 5. A cycle of truncated prisms without any trapezoidal identification.
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a regular

neighborhood
/ of trapeziods

Figure 6. Truncating prisms along a trapezoidal identification.

The first case is of six strips in d X, three from S and three from trapezoidal cycles,
and the second case is of two strips in d X, one from S and the other from trapezoidal
cycles. If there are identifications along some trapezoids, we will truncate an open
regular neighborhood of the trapezoidal cycles at X (see Figure 6) so that the new
cycle of truncated prisms, again denoted by X, is a solid torus without any boundary
identifications. In this case, the boundary of the solid torus is covered by either six
strips (three from S and three 0-weight annuli parallel to the original trapezoidal
cycles in d.X) or two strips (one from S and one O-weight annulus parallel to the
original trapezoidal cycles in 9 X).

Case 1. Assume that the boundary of X has three strips, say A; (i =1, 2, 3), from
S and three 0-weight strips, say 7; (i =1, 2, 3), from trapezoidal cycles. Figure 7
describes this case.

By Lemma 2 and Remark 1, 7; with two disks D, and D; in S bounds a 3-cell
A;, and each boundary curve of 7; (and so of A;) bounds a disk in S. Fix an annulus
A;, say A1, which has boundary curves, say C; and C», and let D; and D; be disks
in § bounded by C; and C, respectively. Since D; and D, are glued along 0A;,

D T, with 87,=C,UC;]
C,(=dD))
A, with 04, =
D,=D,UA, | with 04,=C,UC,
Cy(=3D,) |
2 T, with 07,=C,UC}
Cl
2 A2
t1 L
Ci(=aDJ) | A,
Dy

Figure 7. A cycle X of truncated prisms with six strips in its boundary.
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these are all contained in the same component of S, and so either D, = D1 U A,
or Dy = DU Ay, say D, = D; U A} which means that A; C D,. (Otherwise,
D1 UDyU A is a 2-sphere.)

On the other hand, two 0-weight annuli, say 7} and 73, from trapezoidal cycles
are adjacent to A along the boundary curves C; and C,. Let C i and Cé be the
remaining boundary curves of 7; and 7>. By Remark 1, C} and C} also bound
disks in S, say D} and D), and T; U D1 U D} and 7> U D, U D) bound 3-cells A}
and A,. Then the entirety of the cycle X is contained in Aj and so in P(Mi) since
Ay C D, C A; and so truncated prisms along A; are contained in A,. Furthermore
Ay C A (because dA| C Aj) and Ay, A3 C D) (because d A, = D, UT> U D) and
Ay, A3 CAA)).

Therefore, the remaining trapezoidal cycle 73 adjacent to A, and Az must be
parallel to an annulus in D). This contradicts Remark 1(1).

Case 2. Assume that the boundary of the cycle X has two strips: one from S,
say A, and the other from a trapezoidal cycle, say T. Let C; and C, be the curves
in X bounding A and T'. Since T is a O-weight annulus properly embedded in
Mi, by Remark 1(2), T with two disks D; and D; in S bounds a 3-cell A, where
oD, = C; and 0D, = Cp. Then AU D U D; is a 2-sphere in S, which gives a
contradiction. O

Lemma 4. With the same hypotheses as Theorem 1, there are no truncated prisms
or truncated tetrahedra in P(M;), i.e., P(M;) = P(C;) and so the components of
P(C;) are simply connected.

Proof. Suppose that there is a truncated prism or truncated tetrahedron A in P(M).
The closure of each component of P(Mi) \ P(C;) is a product D x [0, 1], where
D x 0 and D x 1 are disks in S. Since A is contained in such a closure of a
component of P(Ml-) \ P(C;), at least two normal disks in d A belong to the same
D x € (e = either 0 or 1) and so the vertical arc o connecting these two normal
disks is isotopic to an arc B of S along a disk in D x [0, 1] C P(]\;Ii) (see Figure 8).

«———arcin Dx1c§
isotopic (isotopic to o)

\dlsk in Dx[0,1]

D><1

\ Dx0 or Dx1

Figure 8. A vertical edge isotopic to an arc in S.
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Now we can isotope S so that it doesn’t meet the vertical edge and obtain
a new normal representative of S which contradicts the uniqueness of normal
representatives of each JSJ torus. (The new normal representation here may not be
least-weight.)

This completes the claim that P(M,-) has no truncated prisms or tetrahedra and
SO P(Mi) = P(C;). Thus the components of P(C;) are simply connected. O

Remark 2. From the arguments of the above lemmas, we can say that Lemma 2
(as already observed) and Lemma 3 hold even if the “unique normal representation
of each JSJ torus” hypothesis is replaced by “unique least-weight normal repre-
sentation”. On the other hand, the proof of Lemma 4 required the assumption that
there is a unique normal representation of each JSJ torus.

Now we are ready to prove that M ¥ is homeomorphic to M; and that 37 is an
ideal triangulation of M;. In the general case of P(M,-) # P(C;), an additional
crushing is required and the 3 cells enclosed by the trapezoidal cycles of P(M;)
are further crushed to the edges. This modified crushing f; : M; — M; will be
a combinatorial crushing. But in our situation described in Theorem 1, since the
components of P(C;) are simply connected, no further crushing to edges is required
and the canonical crushing will be a combinatorial crushing.

The following theorem from [JR1] provides sufficient conditions for P(I\;I,-) to
ensure that the manifold M ¥ obtained by a combinatorial crushing map is home-
omorphic to M; and that the induced cell-structure 37 is an ideal triangulation
of Mi. In our case of Theorem 1, it is enough to show that P(A;Ii) satisfies the three
conditions given by the theorem.

[JR1, Theorem 4.1]. Suppose 3 is a triangulation of a closed, orientable 3-manifold
or an ideal triangulation of the interior of a compact, orientable 3-manifold M.
Suppose S is a normal surface embedded in M, X is the closure of a component
of the complement of S and X does not contain any vertices of 3. Let P(X) be the
induced product region for X. Suppose the following conditions are met:

e X # P(X).
o P(X) is a trivial product region for X, i.e., it has simply connected components.
o There are no cycles of truncated prisms in X that are not in P(X).

Then the triangulation I can be crushed along S into an ideal triangulation 3* of X.

Proof of Theorem 1. We will show that the three properties described in Theorem 4.1
of [JR1] hold for X = M;.

Since P(]\;Il-) = P(C;) and P(C;) itself has simply connected components, we
can work with the canonical crushing map f; : M; — M;, which crushes each cell
of C;, as shown in Figure 2. Here C; is the cut-open cell decomposition of M;
induced from 3.
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o If M,- = P(Mi), by Lemma 4, Mi is simply connected. But this contradicts
that M; is a JSJ component.

e Since P(C;) has simply connected components, P(Mi) (= P(Cy)) is a trivial
product region.

o There are no cycles of truncated prisms outside P(M;) by Lemma 3. U

Remark 3. (1) In [JR1], the induced product region P (M;) is defined in a different
way; each component D x [0, 1] of P(M;) does not have to be simply connected,
but the inclusion homomorphism 71 (D X €) into 71 (S) must be injective for e =0, 1.
But in our case, we are able to satisfy the [JR1] requirements above and deduce
Theorem 1. Therefore, Theorem 4.1 of [JR1] is also valid in our case.

(2) In [JR2] and [BJR], any crushing satisfying the three conditions above is called
a “combinatorial crushing”. In our case, the canonical crushing f; satisfies those
conditions, so it is also a combinatorial crushing in the sense of [JR2] and [BJR].

Now we are ready to prove that the constructed ideal triangulation I of M Tis
1-efficient.

Theorem 5. Let M be compact, irreducible, and P2-irreducible with essential tori
boundary components. Assume that the JSJ components M; of M are hyperbolic
for 1 <i <k. Ifthe ideal triangulation 3 of M is T -efficient, then for each JSJ
component M;, 1 <i <k, the ideal triangulation I} of I\;Ii induced by the canonical
crushing f; M; — M; is 1-efficient.

Proof. By Theorem 1, the cell decomposition I} induced by the canonical crushing
fi: Mi — M, is an ideal triangulation of Mi. To prove the 1-efficiency of (A;I,-, 37
(which is hyperbolic), we need to show that there is no normal 2-sphere or non-
vertex-linking normal torus in (M ¥, 37). Suppose that there is one, denoted by 7.
It is enough to show that the inverse image of T* by f;, denoted by T, is a normal
surface homeomorphic to 7* in (M;, C;) and so in (]\04, J).

(i) If T is a 2-sphere then 0-efficiency is contradicted.

(ii) If T is a torus then, by uniqueness of normal tori, 7 must be vertex-linking
in ¥ or boundary-linking normally parallel to a boundary component of M; that
crushes onto a vertex-linking normal torus in (M ¥, 7). This contradicts that 7* is
not vertex-linking.

We will follow the proof ideas of Lemma 3.4 and Theorem 3.5 in [BJR]. (In [BJR],
the cell decomposition of M; must be an inflation of 37 which is a minimal-vertex
triangulation of M; (in the sense of [BJR]) crushing to J7. So direct application of
the proof technique is problematic. However, the proof ideas are valid in our case
using the cell decomposition C; of M;.)
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Note that the canonical crushing f; : M; — M, is a combinatorial crushing and
T crushes onto T* by f;. Since f; is a combinatorial crushing and P(M;) = P(C;),
there is a 1-1 correspondence between the tetrahedra of 37 and the truncated
tetrahedra of C;, and a 1-1 correspondence between the normal disks in a tetra-
hedron of J7 and the normal disks in the corresponding truncated tetrahedron of C;.
Therefore, when comparing 7 and T* we need only consider the inverse image
of T* intersecting with 2-simplices or 1-simplices of J7.

We first show that 7 and 7* are homeomorphic. In the proof of [BJR, Lemma
3.4], which uses the approximation theorem in [Sie], it is only necessary to prove
that the canonical crushing f; gives a proper cell-like map from T to 7%, i.e., for
each point y of T* the inverse image ffl(y) is compact and contractible. Let y be
a point of 7* contained in a tetrahedron A of J7. If y is placed in the interior of A,
the inverse image fi_1 (y) is a point in a truncated tetrahedron of C;. Assume that
y is in the interior of a face of A. The inverse image of a face of a tetrahedron via
fi is either a face between two truncated tetrahedra or a chain of truncated prisms
that is not a cycle. So the inverse image fi_l (y) in this case is either a point or a
long arc inside the chain of truncated prisms. Finally, assume that y is in an edge
of A. The inverse image of an edge of J7 by f; is a product component D x [0, 1]
of P(C;), so the inverse image ffl(y) is a horizontal cross section D x ¢t which
is simply connected. Therefore, fi_l(y) is contractible for all cases and by the
approximation theorem in [Sie], 7 and 7* are homeomorphic. (For the crushing
fi, see Figures 2 and 3.)

Next, we will prove that T, the inverse image of T* by f;, is a normal surface.
We will prove that the inverse image of each normal disk, which is a quadrilateral
or a triangle, must be in normal form, i.e., a union of normal disks. Let A* be a
normal disk of 7*. Since there is a 1-1 correspondence between the tetrahedra of
S and the truncated tetrahedra of C;, there must be a unique normal disk A, which
crushes onto A*, in a truncated tetrahedron of C;.

We need now consider inverse images of edges and vertices of A*. Let « be an
edge of A*; then « is an arc inside a face of a tetrahedron in J7. As we described
above, the inverse image of a face of a tetrahedron via f; is either a face between
two truncated tetrahedra or a chain of truncated prisms that is not a cycle. Hence
the inverse image of o must be an arc in a face of truncated tetrahedra (so it is an
edge of A in this case) or a strip inside the chain and further normally parallel to a
horizontal boundary strip of the chain (so in this case it is a union of normal disks
parallel to normal disks in the boundary of truncated prisms). Now we will look
at the inverse image of a vertex v of A*. Since v is a point in an edge of J7, the
inverse image of v is a horizontal cross section of a product component D x [0, 1]
of P(C;), so it is either a vertex of A or a disk that is a union of normal disks
parallel to those in D. This completes the proof. (I
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Remark 4. From the reasoning in this proof, we can derive the following results.

(1) The inverse image under the combinatorial crushing f; of a normal surface 7" in
(1\7;*, J7), or equivalently (1\3[,-, J7), is a normal surface 7" in (1\;1,-, C;), and further
T and T* are homeomorphic.

(2) The inverse image under the combinatorial crushing f; of a spun normal surface
in (M ¥, 37) is a surface that spins in normal form along some JSJ tori and some
boundary tori of M. We call such a surface a pseudo-spun normal surface. Such a
surface can spin along nonperipheral essential normal tori embedded in the interior
of M, and thus may contain infinitely many quadrilateral normal disks. However
there are only finitely many quadrilateral normal disks which are not contained in

the infinite annuli spinning around nonperipheral essential normal tori.

(3) The combinatorial crushing f; : M; — M is a proper cell-like map, i.e., for
each point y of M;, the inverse image fi_1 (y) is compact and contractible.

3. Review of the construction of a spun normal surface
in the case of 1-efficient ideal triangulations

The way that normal surfaces with nonnegative Euler characteristic can be an obstruc-
tion in normal spinning of a properly embedded incompressible and d-incompressible
surfaces has been described in [KR2]. We will briefly review the construction of
a spun normal surface in the absence of normal surfaces with nonnegative Euler
characteristic.

Definition 4. Let M be a 3-manifold with an ideal triangulation J and let M be the
compact 3-manifold obtained by deleting regular neighborhoods of ideal vertices
of I from M with the induced truncated triangulation J.

(1) A normal surface embedded in M is a closed surface that intersects each
tetrahedron in finitely many elementary disks.

(2) A spun normal surface S in M is an embedded surface formed from elementary
disks in the tetrahedra satisfying the following conditions:

» § consists of finitely many quadrilaterals and infinitely many triangular disks.

 § has a finite collection of disjoint infinite cylinders that spiral around ideal
vertices.

o Each such cylinder consists of an infinite subset of the triangular disks in S.

o The remainder of S outside these cylinders is compact and consists of finitely
many quadrilateral and triangular disks.

(3) Suppose that F is a properly embedded incompressible and d-incompressible
surface in M. We say that F spin normalizes (or normally spins) if there is a spun
normal surface S in M such that SN M is isotopic to F.
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[KR2, Theorem 8]. Let M be an anannular, atoroidal, irreducible and P2-irreducible
3-manifold with tori boundary components and I be a 1-efficient ideal triangulation
of M. If F is a properly embedded, incompressible and 0-incompressible 2-sided
surface in M which is not a fiber, then F can be spin normalized in (M, J) with 2"
choices of spinning direction, where r is the number of boundary components of M
containing a curve of O F.

According to this theorem, if the manifold M we are considering is equipped
with a 1-efficient ideal triangulation then we can always normally spin a properly
embedded 2-sided essential surface F if F is not a fiber. To prove this, we truncated
M at an open regular neighborhood of the ideal vertices, to work on a compact
manifold with a truncated triangulation, and applied normal surface theory adapted
to the truncated triangulation.

Here is a rough sketch of the proof of [KR2, Theorem 8]. Each step will be
discussed in some detail later.

Step 1. Find a sequence < Fj; > of topological spinnings of F', which contains an
infinite number of isotopy classes with a fixed boundary.

Step 2. Normalize each Fj to obtain a sequence (ﬁk) of normal surfaces, which
also has an infinite number of normal isotopy classes.

Step 3. Find a fixed common core surface S of an infinite number of normal surfaces
Fi, which means that the F; differ only by annuli (with only triangular normal
disks) parallel to boundary tori or Klein bottles of M.

Remark 5. (1) A sequence of “topological spinnings” in Step 1 requires that there
are infinitely many different isotopy classes in the sequence. These are compact
properly embedded surfaces with the same boundary curves and isotopies must
keep the boundaries fixed.

(2) The statement of Step 3 means that F is spin normalized. The reason is that if a
surface Fy spins once along a boundary torus or Klein bottle then we can attach an
infinite normal annulus along the surface without introducing any new folds, and
obtain a spun normal surface where the core surface S is isotopic to F.

(3) Step 3 is the only place that requires 1-efficiency in the proof of the theorem.

(4) All steps are performed on the truncated manifold and triangulation (M , fs).

To apply this process to the proof of our main theorem in the next section, we
need additional information on how to construct the surfaces mentioned in each
step. Without loss of generality, we can assume that F is properly embedded in
the truncated manifold (M, S) and its boundary curves are normal curves on the
boundary of M and have the least intersection with the 1-simplices of dM in their
isotopy classes.
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Step 1: Constructing Fy, the k-th spinning of F. The k-th spinning Fy of F is a
surface obtained by spinning F k times for each boundary curve, along the boundary
tori or Klein bottles of M. That is, we attach a boundary parallel annulus of length k&
along each boundary curve of F so that the boundary slope of Fj, is exactly the
same as that of F.

Step 2: Normalizing Fy, with the boundary fixed. Here, we perform the normalizing
process on the truncated triangulation of M. Since F, and so Fy, are essential, we
can always normalize F} keeping the boundary fixed, so that the boundary curve of
the resulting normal surface ﬁk is identical to the boundary curve of F and I:“k is in
normal form.

Step 3: Finding a core surface S. There is a finite number of fundamental surfaces
from which any closed normal surface can be represented by geometric sums. Since
the original ideal triangulation is 1-efficient, there are no closed normal surfaces with
nonnegative Euler characteristic, so all fundamental surfaces except the peripheral
tori or Klein bottles have negative Euler characteristic. Therefore, for a fixed Euler
characteristic x (F) = x (I:”k), only a finite number of possibilities for A and C arise
when we write Fy = A+ B+ C, where A is a proper normal surface with the same
boundary as Fi, Bisa multiple of a peripheral normal surface and C is a closed non-
peripheral normal surface. (Here we assume that A cannot be written as a sum A =
A’+ B.) This allows us to choose an infinite number of F’s with a fixed core, say S:

-
ﬁ'k = S+Zlki,jTj
j=1

where the /i ; are nonnegative integers, and the 7; are boundary components of M
containing some curves of d F'. Furthermore, the boundary slope of § is the same
as the boundary slope of F.

4. Spinning for suitable ideal triangulations in the toroidal case

Now we prove the main theorem, which guarantees the existence of a spun normal
surface for the case with only hyperbolic JSJ components. As mentioned in the
introduction, we first crush the JSJ tori to points by an appropriate cell-like crushing
map, yielding a 1-efficient ideal triangulation of each JSJ component, and then
apply the result of the 1-efficient case in [KR2].

Theorem 6. Suppose that M is compact, irreducible and P*-irreducible and has
essential tori boundary components. Assume that each of the JSJ components
M; of M is hyperbolic, for 1 <i < k. Let X be any properly embedded 2-sided
essential surface in M with the property that no subsurface of X is a fiber of a
bundle structure for one of the JSJ components.
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Assume that M has a T-efficient ideal triangulation T. Then ¥ can be spin
normalized with boundary curves spinning in all possible combinations of directions.

Proof. Let C be the collection of all JSJ tori which are the only normal surfaces
that have nonnegative Euler characteristic, except for boundary parallel normal tori,
and let S be the union of tori in the collection C. Since S is a collection of closed
2-sided essential normal surfaces, crushing each of these tori to a new ideal vertex
produces a 1-efficient ideal triangulation for each JSJ piece M; of M, for 1 <i <k,
by Theorem 5 in Section 2.

Now, given an essential proper surface X embedded in M, we can isotope X
until it meets each of the tori of C in a minimal set of essential loops. (We may
assume that ¥ meets all JSJ tori in C. The reason is that if there are JSJ tori and JSJ
components that ¥ does not meet, we can cut and remove those JSJ components
along the JSJ tori and then work on the remaining M.) In particular, it then follows
that ¥ N M; = %; is a properly embedded essential surface in M;. We can further
isotope X to have minimal intersection with the edges of tori in C, which is required
in the spin normalizing process of each piece %;. This immediately implies that X
intersects tori of C in normal curves. So when we crush all the tori of C to ideal
vertices, X; becomes an essential surface X* with the same boundary slope as X; at
each vertex-linking torus of ¥ and properly embedded in (M7}, 37), where M7 is
obtained by deleting vertices from the result of the canonical crushing f; : M; — M,
and 37 is the induced ideal triangulation.

Since, by Theorem 5, 3} is 1-efficient, £ can be spin normalized by [KR2]
with any combination of directions of spinning for the boundary curves. We will
use these spun normal surfaces, each representing El.* in M ¥ (1 <i <k), as barriers
when normalizing a spinning of X, and do this in a covering space of M. Here is
some notation for the construction.

e X7 (resp. X}): the spinning of X (resp. X;) obtained by attaching infinite annuli
parallel to the boundary tori of M (resp. M;) along 9 X (resp. 0%;).

e X" (resp. X;"*): the normal spinning of ¥ (resp. X;) obtained by normalizing
X¥ (resp. X7) in (M, 3%) (resp. (A7I;", J7)). (Here, X is a pseudo-spun normal
surface in M.)

« M: the covering space of M corresponding to 71 ().

o« M;: the lift of M; to M, which is the covering space of M; corresponding to
1 (%).

e X: the lift of ¥ to M.

« ¥’ and £": parallel copies of 3 placed on opposite sides of X.
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¢ 3, =X N M;: the lift of ¥; to M;.
o X (resp. f)f): the spinning of ¥ (resp. %;) obtained by attaching infinite annuli
parallel to the boundary infinite annuli of M (resp. M;) along 0% (resp. 9 %;).

Let M be the covering space of M correspondmg to 71(X) and ¥ the lift of
¥ to M. It is obvious that the coverlng space M; of M; corresponding to 7y (X;)
is embedded in M, and each piece &; =X N M; is an essential surface properly
embedded in M;. Since ¥ is 2-sided, we can take a parallel copy of % on each side
and denote the copies by %" and ¥”. All three copies are parallel, i.e., normally
1sotop1c in M with the induced ideal triangulation. (Here, the ideal trlangulatlon
of M contains an infinite number of ideal tetrahedra.) Let E/ = ¥' N M; and
2/ "= 3"NM,. Now we will spin all these 2/ and E/ " surfaces by attaching infinite
annuh parallel to 3 M; along the boundary curves of ¥/ and ¥/ (see Figure 9).

The spinning direction for each boundary curve will be chosen so that the spinning
does not meet 3. Note that this choice of spinning direction causes ¥/ and X/’ to
spin in opposite directions in M; (1 <i <k). Now using the methods of [KR2], we
claim that the spinnings of E/ and E” can be pseudo-spin normalized as follows:
Let X! and X! be the image of 2’ and Z” into M, and (X))* and (X/)* be the
correspondlng essential surfaces properly embedded in M . As mentioned above,
the induced cell-structure I of M ¥ is a l-efficient ideal triangulation by Theorem 5,
so any spinnings of (X/)* and (X!)* can be spin normalized by [KR2] and the
inverse images of the resulting pseudo-spun normal surfaces are also pseudo-spun
normal surfaces (by Remark 4) in M;. Finally the latter surfaces can be lifted
to pseudo-spun normal surfaces, say (£/)" and (X/)™, representing =/ and %
in M;. This establishes the claim that the spinnings of >/ and ¥/ can be pseudo-spin
normalized.

Now we will use all the surfaces (f]lf)’” and (f)lf/ )™, which are lifts of spun
normal surfaces representing X and X, as a barrier when we normalize a spinning
of ¥ in M (see Figure 10).

(Z )ns (Z )ns (Z )}’IS
= v S S ]
= T e i v S 5 — =
e e S S — =
(i,l,)ns (ig)ns (E )ns
oM A oM

Figure 9. Both way spinnings of %; in M.
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Figure 10. A barrier for spun normalizing ¥.

Note that the pseudo-spun normal surfaces (f]lf )" and (f]lf/ )" are inverse images
of spun normal surfaces obtained by normalizing the corresponding spinnings of
¥/ and %7, and the direction of spinnings of %/ and £/ were chosen to not meet
Y. This implies that & does not meet any of (f;l{)ns and (f)lf/ )™ for 1 <i <k, and
any combination of spinning directions for the boundary curves of ¥ can be chosen
so that the spinnings with arbitrarily long annuli attached are all disjoint from the
barriers (X)) and (£/)" for | <i <k.

The normalizing process does not introduce any new intersections with the
1-skeleton of the triangulation; it just removes them by isotopies. With this ob-
servation, the union of pseudo-spun normal surfaces (f)lf )" and (f]lf/ )" acts as a
barrier, so that the normalization of a spinning of ¥ in the complement of this
union does not touch the barrier (see Section 3 of [JR1] for details on barriers)
and ¥ must normally spin in M exactly as in the argument in [KR2]. What we
need to additionally check here, unlike [KR2], is that the normal spinning of %
does not spin along the infinite annuli lifted from JSJ tori of M. Suppose that %
normally spins along the infinite annulus A lifted from a JSJ torus T bounding
two JSJ components M; and M ;. Here, there are two possible ways of spinning
) along A; spinning between (E )™ and (E )", or spinning between (Z” )™ and
(E”)”S (see Figure 11).

However we obtain the normal spinning ()" of ¥ by normahzmg a spinning
(£)*, which is obtained by attaching infinitely long annuli along 3% lying on the
annuli of 9M (note that none of these were lifted from JSJ tori), without touching
the barriers. Therefore, neither (f))Y nor (f])’” can meet the 1-skeleton located
between the long annuli of (Z )™ (resp. (E”)’”) and (E )™ (resp. (E”)’”) This
establishes the claim that the spun normal surface (¥)™ does not spin along any
lifts of JSJ tori of M.
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Figure 11. Spinnings of % along a lift of a JSJ torus in M.

Now, (£)™, which normally spins along the boundary annuli of M, can be
projected to M to obtain a normal spinning of ¥ in M. This completes the proof.
O

5. Constructing suitable triangulations

Among the assumptions of Theorem 6, the condition of T -efficiency of the triangula-
tion, that the boundary of the JSJ components are the only normal tori, seems rather
strong. However, in this section we show that such an ideal triangulation can always
be constructed if the manifold under consideration admits a taut ideal triangulation.
Moreover, Lackenby showed in [Lac] that taut ideal triangulations are very common;
it is sufficient to assume the manifold is irreducible, P2-irreducible and anannular to
achieve a taut triangulation. The assumption that all JSJ components are hyperbolic
implies these conditions and hence the existence of a T-efficient taut triangulation.

Lemma 7. Suppose that M is compact, irreducible and P>-irreducible and has
essential tori and Klein bottle boundary components. Further suppose that M is
toroidal and admits a taut ideal triangulation T. Then every essential torus or Klein
bottle admits a unique normal representative in its isotopy class.

Proof. The argument follows by the same method as in [DGR]. We first consider the
case of 2-sided surfaces. Namely, if there were two normal essential 2-sided tori or
2-sided Klein bottles isotopic to each other [DGR, Theorem 5.5], then we can find
two disjoint such normal surfaces bounding a product region [Wal, Lemma 5.3].
So the surfaces are topologically but not normally parallel. However, by standard
sweepout theory from [Rub] and [Sto], there must be an almost normal torus or
Klein bottle in this product region, and this contradicts the taut structure of 7.
According to the Euler characteristic calculation using the angles induced by the
taut structure (see Remark 6), almost normal surfaces with a nonnegative Euler
characteristic are not allowed in such a structure.
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To deal with the case of 1-sided surfaces, assume that is a normal essential
1-sided torus or Klein bottle. The boundary of a small regular neighborhood is
then a 2-sided normal torus or Klein bottle. By the 2-sided case, this surface is
unique in its isotopy class. but then it follows immediately that so is also the 1-sided
surface. O

Remark 6. Let X be a normal or almost normal surface in M with an ideal
triangulation 7.

(1) By Gauss—Bonnet,

2w x(X) =Y (vertex angle sum of a triangle T — 1)
T

+ ) (vertex angle sum of a quadrilateral Q — 27)
Q

+ ) (vertex angle sum of an octagon O — 67).
0

(2) In a taut structure, the vertex angle sum is m for a triangle, 0 or 27 for a
quadrilateral, and 27 or 47 for an octagon. For details, see [KR1].

Theorem 8. Suppose that M is compact, irreducible and P*-irreducible and has
essential tori boundary components. Further suppose that M has a JSJ decomposi-
tion with only hyperbolic pieces. Then M has a taut ideal triangulation T which is
T -efficient. Consequently, any surface X in M satisfying the same conditions as
Theorem 6 can be spin normalized with boundary curves spinning in all possible
combinations of directions.

Proof. By Theorem 2.6 of [KR1], any taut ideal triangulation is O-efficient; that
is, there are no embedded normal 2-spheres, projective planes, or Klein bottles,
and moreover any normal torus or Klein bottle is essential. By Lemma 7, every
essential torus or Klein bottle admits a unique normal representative in its isotopy
class. Therefore, it suffices to establish the existence of a taut ideal triangulation.
According to Theorem 1 of [Lac], a compact, irreducible, P2-irreducible, and
anannular 3-manifold with incompressible torus boundary admits a taut ideal tri-
angulation. The assumption that the 3-manifold has a JSJ decomposition with all
components hyperbolic implies that the manifold is anannular. Indeed, suppose
there exists an essential annulus or Mobius band B. Then B can be isotoped to
intersect the JSJ tori in parallel essential curves. An innermost annulus between
two such curves would lie in a single JSJ component and must be inessential, since
all JSJ components are hyperbolic. Consequently, B can be isotoped to remove all
intersections with the JSJ tori. This contradicts the assumption that B is essential,
as it would then be properly embedded in a hyperbolic component. Hence, all such
3-manifolds admit taut ideal triangulations. This completes the proof. ]
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Example 1. Suppose that M is a punctured surface bundle over a circle. Assume that
the fiber is a union of subsurfaces glued along their boundary curves. Finally suppose
that the monodromy is a collection of pseudo-Anosov maps on these subsurfaces
and the boundary curves of the subsurfaces are fixed under the monodromy. If we
take a layered ideal triangulation of M, this clearly has a taut structure satisfying
the conditions of Theorem 6 and the JSJ decomposition is given by the surface
bundles over a circle with fibers given by the subsurface system. In general such
bundles have many essential surfaces which do not have subsurfaces in the fiber
bundle structure. These surfaces can all be spin normalized by Theorem 8.

Remark 7. In the proof of Theorem 8, it is sufficient to assume that all JSJ
components of M adjacent to the boundary components of M are hyperbolic
in order to conclude that M is anannular and hence admits a taut triangulation.
Therefore, it may be possible to extend the main results of this paper to this more
general setting. However, for such 3-manifolds, in addition to the tori defining the
JSJ decomposition, further essential tori are allowed inside JSJ components that
are not adjacent to the boundary of M. This must be taken into account in the
construction, and as a consequence, applying the methods of [KR2] becomes more
difficult.
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RESOLVENT BOUNDS FOR REPULSIVE POTENTIALS

ANDRES LARRAIN-HUBACH, YULONG LI,
JACOB SHAPIRO AND JOSEPH TILLER

We prove limiting absorption resolvent bounds for the semiclassical Schro-
dinger operator with a repulsive potential in dimensions n > 3, which may
have a singularity at the origin. As an application, we obtain time decay for
the weighted energy of the solution to the associated wave equation with a
short range repulsive potential and compactly supported initial data.

1. Introduction and statement of results

We establish limiting absorption resolvent bounds for the semiclassical Schrodinger
operator with a repulsive potential in dimensions three and higher. The one-
dimensional case was studied in [ChDa21, Section 2]. As an application, we
obtain time decay of a weighted energy for the solution to the associated wave
equation with a short range repulsive potential and compactly supported initial data.

Let A := 2?21 8]2 < 0 be the Laplacian on R". We use (r, 8) = (|x|, x/|x]) €
(0, 00) x §"~! for polar coordinates on R" \ {0}. Throughout, we equip S"~' with
the standard Borel measure d6 such that the product measure r"~'dr x d6 gives
Lebesgue measure on (0, 0o0) x S"!. Put B(0, ry) := {x € R" : |x| < ro}. For a
function u defined on a subset of R”, we write u(r, 8) := u(r9), and denote the
radial derivative by u’ := 9,u. If E C R" is a Borel set, 1 stands for its indicator
function.

Our Schrodinger operator takes the form

(1) P(h):= —h’A+V(x): L2 (R") —> L>(R"), xeR",

where i > 0 is the semiclassical parameter. The conditions we place on the Borel
measurable potential V : R" — R are as follows. We suppose V = VT — V~ with
Vvt =max(V,0) and V- = — min(V, 0); moreover

2 V™ e L¥(R"),
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(3) rP™V (x) is bounded for r < 1,
()] V (x) is bounded for r > 1,
(5) foreach 6 € S"!, (0, 00) 3 r +> V(r,0) := V(r6) has bounded variation.

Here, p(n) > 0 depends on the dimension #:

3 .

s ifn=3
6 2 :
©) p(”)<:2 if n>4.

Recall that a function f of locally bounded variation on an interval I C R has
distributional derivative equal to a locally finite signed Borel measure, which we
denote by df. In particular

@) [edf=—[ro'ax. wecw),

where the dx on the right side denotes Lebesgue measure on /; df further satisfies
8 df = f®®) - R,

(8) S =110 = 1@

for any interval (a, b] C I, where FR(x) :=lims_ o+ f(x +8).
The last condition we impose on V is that there exists Cy > 0 such that for all
0 eS" ! and every bounded Borel set £ C (0, c0),

9) /EdV(r, 0) < —Cy /E(r + D)7V 0)dr.

We emphasize that since the inequality (9) is one sided, each measure dV (-, 6) is
allowed to have negative point masses. Moreover, because only the positive part V+
appears on the right side, the potential is allowed to approach a negative constant
as r — 00. A prototype potential satisfying the above conditions is

V(r,0) =g@®)(1p0,1r "™ =2 g g1 (r° —271)

for some § > 0 and g > 0 a bounded measurable function on S"~!. Note that for
V e CY(R"; [0, 00)), (9) implies each V (-, @) is repulsive in sense of classical
mechanics, i.e., that V (r, 8) > 0 implies V'(r, ) < 0. The local bound (3) allows
for mild singularities at the origin, most notably the repulsive Coulomb behavior.

For a real-valued potential V € L?(R") 4+ L*°(R") with p >2, p >n/2, P(h) is
self-adjoint if one takes the Sobolev space H 2(R") as the domain [Ne64, Theorem 8].
The conditions (2), (3), and (4) imply that V € L?(R") 4+ L*°(R") for some such p.

Our main results are the following weighted limiting absorption resolvent bounds
for P(h).

Theorem 1.1. Suppose n > 3 and V satisfies (2)—(5) and (9). Define P (h) by (1)
and equip it with the domain H*(R"). Forall s > % and z = E +ie with E >0
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fixed, there is a constant €(E, s, €, ||V ™| L~) > 0 defined in (40) such that

C(E,s, & [V llL>)

10) [ +D P =)'+ D7 2@y 2@ < b

When V~ =0, we prove stronger estimates.

Theorem 1.2. Suppose n > 3 and V satisfies (2)—(5) and (9) with V™~ = 0. Define
P(h) by (1) and equip it with the domain H2(R™). Forall s, s\, s» > %, with
s1+ sy > 2, there is C > 0 such that for all z € C\ [0, 00) and h > 0,

C

1
2°

_ -1 _
(1 1) || (r + 1) S(P(h) - Z) (l" + 1) S”LZ(Rn)*)LZ(Rn) =< W!
1) Je+D ™ Pw -2 ¢+ D)7 <<

r 2 LAR)—L2RY) = 32

Remark 1.3. From (42), we see how the constant C in (11) depends on s and Cy.
The dependence of C in (12) on s, s and Cy can be deduced from (49).

Section 2 is devoted to the proof of Theorem 1.2, which builds on [ChDa21,
Theorem 1.2], where the authors obtained (11) and (12) for bounded, repulsive
potentials, nonnegative potentials on the half-line. The novelty of our paper is that it
extends these bounds to dimensions n > 3 for repulsive potentials that may be singu-
lar as r — oo. The corresponding problem in dimension two appears to be delicate,
and to our knowledge remains open; we comment below on a possible approach.

Remark 1.4. In Appendix D, we recall how for the case V = 0 and n = 3, the
conditions on s, s1 and s, in Theorem 1.2, as well as the /- and z-dependencies of
the right sides of (11) and (12), are nearly optimal in a suitable sense.

Remark 1.5. The weighted estimates underlying (10), (11), and (12) hold under a
condition weaker than (3), namely that IF"~ 1V (r, 0)] = 0 as r — 0; see (32). (The
factor "~ reflects the volume element of Lebesgue measure in polar coordinates.)
These estimates are derived for test functions in C3°(R") and are transferred to
resolvent bounds via the density argument in Appendix C. This step uses that
the operator domain is H 2(R") and that Cy°(R") is dense in H 2(R™), which is
why we impose the stronger hypothesis (3). We note, however, that self-adjoint
realizations of —A + V exist under weaker local assumptions on V. For example, if
Ve LIZOC(R") and V >0, then —A+V is essentially self-adjoint on C3°(R") [ReSi75,
Theorem X.28]; essential self-adjointness on C;°(R" \ {0}) holds under inverse
square lower bounds [ReSi75, Theorem X.30]. It would be interesting to formulate
the weighted estimates in such frameworks, which would allow more singular
potentials. However, for the wave decay results discussed below, a restriction comes
from the need to control »V near the origin. We thus adopt the more streamlined
approach here.



398 ANDRES LARRAIN-HUBACH, YULONG LI, JACOB SHAPIRO AND JOSEPH TILLER

We prove Theorems 1.1 and 1.2 using the spherical energy method, a widely
used technique for deriving weighted estimates for Schrédinger operators. The
approach is based on separation of variables and the classical identity

n—1

(13) P (=AY = —32 4 2A,
where
(14) A= —Ag1+1(n—1)(n—3),

and Ag,-1 denotes the negative Laplace-Beltrami operator on S"~!. The repulsivity
condition is sufficiently advantageous to allow the use of a relatively simple weight —
specifically, the same weight employed in [ChDa21]— to obtain (35) and (46). For
more general potentials, it is usually necessary to instead conjugate the Laplacian
by e?/ =072 (gee, e.g., [CaVo02; Dal4; GaSh22]) for a suitable phase ¢. This
results in a Carleman estimate with exponential losses as & — 0.

We use in a crucial way that A > 0 on L*(S™1); see (30). This is why our
approach does not cover the case n = 2 where the effective potential —1/(4r%)
has a strong negative singularity as r — 0. We expect that repulsive potentials in
dimension two can be treated by adapting the Mellin transform methods used in
[DGS23; Ob24].

As an application of (12), we prove weighted energy decay for the solution to
the wave equation

(15) {(83—A+V(x))u(t,x)=0 for (t,x) e RxR"*, n>3,
u(0, x) =up(x), o;u(0,x) =u1(x) for x e R",

where ug € H'(R") and u; € L*>(R") have compact support. The potential obeys
V >0, (3), (5) with p = p(n) =1, (9), and the extra short range condition
(16) Ipnpo.nV < C(r+ 1)@,
for some C > 0 and §(n) > 0 such that
13 yf 8
(a7 s = {3t T s
—i— 3 if n=8.

Since P:=P(1)=—A+Vis self—adjomt (and nonnegative) under such conditions,
we may use the spectral theorem for self-adjoint operators to represent the solution
to (15) by
sin(t+/P)
up.
VP

For s > 0 fixed, define the weighted energy of the solution u to (15) to be

(18) u(t, )—cos(t«/_)uo—l-

E[u](t) = Ey(t) := /Rn(x)_zs(|8,u(t,x)|2+|Vu(t,x)|2—|—|u(t,x)|2) dx.
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Set also
E(0) := [ Vuoll7, + lu1ll3 .

Theorem 1.6. Suppose V > 0 satisfies (3), (5) with p = 1, (9), as well as (16). Let
ug € H'(R") and u, € L*(R") have compact support. For each s such that
nt3
s> 4 l.f n # 89
3 ifn=8§,

there exists Cy > 0 depending on s but independent of t, ugy, and u, so that

19)

(20) E,(t) < Cs{t) 2E(0),
where (t) := (1+|t|*)V/2.

Remark 1.7. Since u(—t, ) = cos(tv/P)ug + (sin(t«/?)/«/ﬁ)(—ul), to prove
(20) it suffices to suppose ¢ > 0.

Remark 1.8. We expect that, by adapting the arguments of [Vo04b, Section 3], the
assumption of compact support on the initial data can be relaxed. Specifically, the
decay should continue to hold for initial conditions lying in an appropriate weighted
Sobolev spaces. However, to keep the presentation technically streamlined, we
suppose ug and u; have compact support.

Remark 1.9. The condition (17) has a quirk in dimension eight compared to other
dimensions. This appears to be an artifact of our approach, which analyzes the
low-frequency behavior of the resolvent kernel in terms of Hilbert—Schmidt norms
(Appendix E).

For smooth, nonnegative potentials of compact support, the local energy
En@ = [ 18u(t. 0P +|Vut, 0P +|ut.x)dx. >0,
B(0,ro)
obeys
O(e ") for some ¢ >0 if n > 31is odd,
(2D Ey (1) = —om . .
oM if n >4 1is even.

Indeed, Vainberg [Va75] showed (21) for compactly supported perturbations of
the Laplacian satisfying the generalized Huygens principle (as defined in [VoO4c]).
A result of Melrose and Sjostrand on the propagation of singularities [MeSj78;
MeS;j82] implies that this principle holds for a broad class of nontrapping perturba-
tions of the Laplacian, which includes smooth, nonnegative, compactly supported
potentials. The study of energy decay for nontrapping perturbations has a long
history, going back to the works of Lax, Morawetz, and Phillips [LMP63; Mo66;
Mo75].

Bounds similar to (20) were obtained in previous works for various classes of short
range potentials. In [Za04], Zappacosta considered potentials V € C!(R?; (0, 00))
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with 97V = O ({x)~%1ly for all 0 < |or| < 1 and some & > 2. For each x € C(‘)’O(R3),
the bound

| XV GintVP) NPV x|, 12 = 067

was proved. In [VoO4a], Vodev showed E,(¢) = O(t~?) in dimension n > 3, where
V e C'(R"; [0, 00)) obeys

(22) V = 0((x)"%) for some §y > 2, and
(23) 2V +ro,V SC()C)_‘S for some C > 0 and some § > 1.

Additionally, it is assumed that V has no resonance at zero energy, a condition
closely related to the validity of a bound such as (12) for |z] <« 1. Vodev also
obtained weighted energy decay for a class of long-range, nontrapping perturbations
of the Laplacian that includes perturbations by a nonnegative long-range potential,
provided the initial conditions are spectrally localized away from [0, a] for a > 0
sufficiently large [Vo04b]. (In our approach, the positivity of the potential appears
crucial for obtaining (12). Indeed, the constant €(E, s, &, ||V || L=) in (40) blows
up as E — 0™ unless |V ||z~ =0.)

We note the connection between (23) and our repulsiveness condition. If V €
C'(R"; (0, 00)) satisfies (9), then 3, (logV(-,0)) <—Cy(r+ ! uniformly in 6.
Integration in r yields 0< V (r, 0) <C(r+1)"¢v,s02V+rd,V <2V <C(r+1)=¢v,
which is (23) provided Cy > 1.

In the absence of a bound like (12), or a condition excluding a resonance or
eigenvalue at zero, decay of wave equation solutions generally cannot be expected.
Thus, in the present work the positivity of the potential serves as a sufficient
condition to rule out threshold obstructions. Other sufficient conditions have been
obtained in previous works; for example, smallness of the potential in the Rollnik
and global Kato norms [RoSc04]. For related discussions and further references,
see [JeNeOl; ChDa25; CDY25].

The proof of Theorem 1.6 follows the strategy of [Vo04a, Section 3], with
modifications to account for the possible singularity of V at the origin. The key
step is to establish

(24) 1?E,(t) < Ct? fOOES(r) dt <CE), t>1.

Using Duhamel’s formula and the Fourier transform (¢ dual to A), the Fourier
transform of u can be expressed in terms of (P — 22)~1: see (64). Because the
initial data are compactly supported, finite speed of propagation allows insertion
of a cutoff function 5, and Plancherel’s theorem then reduces control of E;(t) to
bounds on (x) (P — A%)"'n, which comes from (12); see also Lemma 3.1.
However, the factor 2 in (24) corresponds to differentiation with respect to A, so
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it is also necessary to control
d
- 21
() —=(P=27)""n.
dxr

This is achieved under the stronger assumptions (3) with p = 1 (compare with (6))
and (16). In particular, the restriction p = 1 arises from the need for a uniform
bound on AV (—A —A2)~1(x)™ for Im A > 0, see (58). It would be interesting to
determine whether more singular potentials could be accommodated by controlling
the A-derivative in a less perturbative manner.

We expect that for certain potentials with mild spatial decay depending on the
dimension, =2 is the optimal decay for the local energy. A sharper description
should depend on a low-frequency expansion of the resolvent around A = 0 (see,
e.g., [JeNe01]), rather than a bound alone.

Another energy studied is the quantity

EQul@) = /K|8,u(t,x)|2+ IVu(t, x)|> + V)| u, x)|> dx,

where K C R" is a region of interest. In [VoO4a, Theorem 1.1], Vodev studied the
case K = B(0, ypt) C R" for n > 3 and suitable 0 < yy < 1. Under the assumption
of no resonance at zero, along with (22) for some 8o > 1 and (23) for constants
C > 0 and § > 1, he proved that Eg)[u](t) = O(t™"). In [Ik23, Theorems 1.1
and 1.2], Ikehata considered exterior subdomains €2 of R", n > 2, excluding the
origin. For compact subsets K C €2, he established the same decay rate assuming V
is nonnegative, C!, and obeys x - VV +2V < 0. The O (t~!)-decay was first showed
by Morawetz [Mo61] for V = 0 in the exterior of a three-dimensional star-shaped
obstacle (later improved to exponential decay in [LMP63]).

There is an extensive body of literature on wave decay for higher-order perturba-
tions. For general second-order perturbations that may exhibit trapping, logarithmic
decay — rather than polynomial decay — is more typical. For historical background
and related developments, see [Bu98; Vo99; Bu02; Bol1; CaVo04; Sh18; Chlk20].

Outline. In Section 2, we prove Theorem 1.2. In Section 3, we apply Theorem 1.2
to prove norm bounds for (x) (P — 22)~1(x)~ and its A-derivative. In Section 4
we prove Theorem 1.6. Finally, we include several appendices of technical results
that assist with the proofs of earlier sections.

2. Proof of Theorem 1.2

Throughout this section, we take P (k) as in (1) and assume the potential V satisfies
(2)—(5) and(9).
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By (13),

—1

(25) PEMR) :=r"T (P(h)— E+ig)r— T
= —h*?+h*r A+ V —E +ie,

where we let E and ¢ vary in [0, 00). Let u € r("_l)/ZCSO(R”). Define a spherical
energy functional F[u](r),

(26) F(r) = Flul(r) == |hu/(r, ) |* = ((B*r 2A+VR@, )= Edu(r, -), u(r, -)),

where || - || and (-, -) denote the norm and inner product on Lz(Sg_l). We take
complex conjugation to occur in the first argument of (-, - ). Here, VR(r, 6) is the
measurable function defined by VR (r, 8) := limy_, o, V((r + (1/k))8) for k € N.
The limit exists for each r and 0 since each V (-, 6) has bounded variation. Each
VR(.,0) is decreasing thanks to (2), (8) and (9).

For a weight w(r) which is absolutely continuous, nonnegative, and increasing,
we compute the derivative of wF in the sense of distributions on (0, 0o). For this
we need the following technical lemma, whose proof we give in Appendix A.

Lemma 2.1. The function r — fgn—l VR(r,0)|u(r,0)>d0 has locally bounded
variation and its derivative in the sense of distributions on (0, 00) is the element of
C5°(0, 00) given by

27 ¢+
/0°°<p(r) [, V.6 2ReGu) do dr+/§n71/()00g0(r)|u(r, 0)2dV (r.0)do.

Note that, aside from the term in F(r) involving V & (r, ), the remaining terms
are functions of r with locally bounded variation on (0, co). Thus by Lemma 2.1,
F(r) itself is of locally bounded variation on (0, 00).

Using (27) we have, in the sense of distributions on (0, 00):

(28) (wF) =wF' +w'F
= w(—=2Re((—h*8> +h*r >A+V — E)u,u')
+20%r 3 (Au, u) — [ lu(r, 0)|?dV (r, 0) dO)
+w' (|hu' I|* = (h*r "2 Au, u) + ((E — V)u, u)
= —2wRe(PE(h)u, u') 2w Im(u, u') + w'||hu'|]?
+ Qur™ = w)(h?r 2 Au, u) + Ew'|u||?
— fgn—l lu(r, 0)1>(w(r)dV (r,8) +w'(r)V(r,8))dé.

First we show (11). Since increasing s decreases the left side of (11), without
loss of generality we may take 0 < § :=2s — 1 < 1. We will show that the last line
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of (28) can be made to have a suitable lower bound, using

Cy

29 =1 1+r)7°.
(29) w(r) CV+8( r)
For such w, we clearly have
8Cy
I — +1 7178‘
w'(r) CV+5(r )

Therefore, on the one hand,

Cy or
2wr™ —w' =2r7! H~ 1) — 1 >0,
wr —w =2+ DA e D= M ST ) ) 2

where we used

C s8C r+l s8C
r+1)) - ——> Y s> — =V
Cy+6 Cy+4dJ1 Cy+6)Tr+1)

since § < 1. On the other hand, using (9), we have, in the sense of measures on

bounded Borel subsets of (0, 0c0),

SCyV L wdV < CVV+
w
(Cy +8)(r +1)1+3 R

Thus, the last two estimates and (28) imply, for any ¢ € C5°((0, 00); [0, 00)),
(30) [ pdwF)
- / (wF)g'dr
> / (=2wRe(PE(hyu, u') £ 2ew Im(u, u') +w'||hu'|* + Ew'|u|?) @ dr,

wdV 4+w'V =

(r+1H% =1 <o0.

where in the first line of (30) we applied (7). Now, take a sequence of ¢; €
Cy°((0, 00); [0, 1]) that converges pointwise to the indicator function 1, 1 with
0 < rg < 1 and 7| large enough so that u(r, ) = 0 for near [r, 00) x S"~!. Substi-
tuting ¢ = @ in (30), sending k — oo, and applying the dominated convergence
theorem and (8) gives

o 2 2 R
(31) / Ew'||ull* +w'||hu'||= dr + w(rg) F" (ro)
ro

< /oozw Re(P(h)u, u') F 2ew Im(u, u') dr-
ro

Since u = r®~D/2y for some v € Co°(R"), we recognize that
(32) FR(ro) = |hu(ro, HII* + 1§ > (h* Asumrv(ro, +), v(ro, -))
+(Er™ = 1?47 (= 1) (n = 3)rg ) v (ro, HII?
+ 157 (VR (ro, Hu(ro, -). (g, -)).
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We rewrite the term in (32) involving Ags-1 using the formula for the Laplacian in
spherical coordinates:

r 2 Ag = A —93>—(n—Dr1a,.
This leads to
(33) ri 3 (h*Agi1v(rg, ), v(ro, -))
= h*ry H(AV) (ro, ), v(ro, - )) — R rd (@2 0) (ro, - ), v(ro, -))
— 1 (n— V)i 2((@,v) (ro, - ), v(ro, -)).

We can express the differential operators 9, and 8,2 with respect to the Euclidean
coordinate system as

n n n
(34) O =r""Y xjde. F=r7) xk ) xj0x0s,.
j=1 k=1 j=I

By (3), (33) and (34), all terms in (32) tend to zero as ro — 0, except possibly
for ||hu’(r, -)||* in dimension three, which in that case tends to |v(0)|? fg,n—l do.
We conclude that

2 e
limow(ro)F(rO) — w(0)F(0) = {E)Un_1w(0)|v(0)| if n=3

if n>4,

where w,_; is the (n — 1)-dimensional volume of S"!.
Thus, in view of B1) and 0 < w <1,

o0
(35) /0 Ew'||u||® + w'|hu' | dr

o ] 1/2 o0 1/2
< 2(/ ||Pi(h)u||2dr) (/ u/||hu’||2dr)
o h2w 0

P ar) ([T merpar)”

We now estimate
o 2
/ b’ |2 dr
0
o 2.1
=Re/ (u, —h2u"y dr
0
o + o0 2.2 R
=Re(/ (u, P (h)u)dH—/ (. (E=V—h*r~ A)u)drq:is/ ] dr)
0 0 0

—Re /Ooow, Pi(h)u>dr+/ooo<u, (E—V—h%"2A)yu) dr

oo 1 N ) 1/2 o ) 1/2 _ 9
< ([T upEamulPar) ([ Tw P ar) s+ EY e [l ar
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and

o0
2 2
sfo ) dr = el|v]2

= [Im((P(h) — E £ig)v, v) 2| = ’Im /OOO(Pi(h)u, ) dr‘

=(/ minPi(h)uuzdr)l/z( /[ it ar)”,

Combining these estimates gives

2
& 00 00
ﬁ/o ||u||2dr[0 ' dr
1
h2w’

— o0 + 2 © 2
=E+e+ IVl | IP=hull=dr-- | = willull”dr.
Plugging this into (35) yields

o 2 2
(36) / Ew'|lu|l”+ w'||hu||* dr
0

o 1 N , o \L/2
=2( [~ 1Pl dr)

00 1/2 [’ 1/2
(w12 ar) " (B +e+1vies) (T wuitar) ).

Now restrict to £ > 0 and complete the square in (36) to find

4D (ﬁ(/oww/”””zd’"f‘ \/W(/omhzlw,||Pi(h)u||2dr>é>2

T (( /[ i P ar)’ - ( [ ||Pi<h>u||2dr);)2

2F V7L o ]
R
E 0 h2w’

Dropping the second term on the left side of (37) implies, for all £ > 0 and ¢ > 0,

(38) ﬁ(/ooow/llullzdr);

VE+e+IV-lie | V2E+e+IV =\ p° 1 oy 0 N\
P=(h dr)".
(e ()

Recall that w’' = Cy8(Cy +8) "' (r +1)717% and § = 25 — 1. From (38) and the
density argument in Appendix C we get, rewriting z = E +i¢, that

<

C(E,s, & [V llL>)

(39 IA+n"2 (P =) A+ @2 < ,
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where

(40) €(E,s,& IV |lL=)
_ Cy+6
~ ESCy

((E+e+IVTllL)' 2+ QE+e+ |V [=)'?).

From this point on, we assume V~ = 0. Fix 0 < « < 1. From (38), we get for all
h>0,all E+ieinthesector {ze€C:|Imz| <aRez},andu € r"*I/ZCgo([R{"),

(41) |(Ej:is)1/2|(/Ooo(r+1)*2S||u||2dr)1/2

1

—1 21/4( 1
<h'(1+a?) (5+CV

)((1 +a) 2+ 2+ a)'?)
. (/Ooo(r + 1)2S||Pi(h)u||2dr)l/2.

Here, our branch of the complex square root is chosen so that Im(E +ig)!'/? > 0,
and we used that |(E £i¢)|'/? = (E?>+&2)1/4 < EV2(1 +a?)'/4 because E +i¢c €
{zeC:|Imz| <aRez}. Since u r(”_l)/zC(‘)’o(R"), a standard density argument,
which we review in Appendix C, shows that (41) implies

42 |Pe+DPm -7 e+ D7

-1 a4l 1

<h e (5 &

on {z € C:|Imz| < ¢Rez} and for any 0 < o < 1. To extend this bound to all

z € C\ [0, o0), we will use the Phragmén-Lindel6f method [EM] in the following
way. For u, v € L?(R"), put

J(+@) 2+ 2+ a)'),

UR) :=z"r+D(PM) -2 '+ 1D u,v),.

Then U(z) in analytic in Q4 :={z € C:aRez < |Imz|}. By (42), on 02, \ {0} we
have

1
)
On the other hand, in 2, we have the standard bound

[l 21l 2

@3) U@ =h™ 1 +a) (5 + Civ)«l +)' 2+ Q4 a) )l vz

if Rez <0,
@4y U@ < 12172l 2 M0l 22 _ |z|1/2
= dist(z, [0, N 172
ist(z, [0, 00)) 1zl =Nl 2 vl 22 if Rez>0, z €y,
|Im z|

where we used

1 _ 1 _[lzI7tif Rez <0,
dist(z, [0,00))  inf((Rez—r)*+(Im2)»)!/2 | [Imz|™! if Rez>0, €.
r=
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Finally, define, g(z) = ¢! where our branch of the square root is as above.
In Q, [g(@)] < e~ for some 0 < ¢y < 1 depending on «; this is because,
from the definition of €2, there exists 8, € (0, w/4) such that any z € 2, takes the
form |z]e!? with 6, < 0 < 2w — 6,. Hence Re(i(z™)!/?) = —|z|7'/%sin(6/2) <
—|z|7"? sin(6,/2). Combining with (44) gives

(45) limsup |g(2)|°|U(z)|=0, o >0.

z—0, zeQy

Therefore, from (43) and (45), the Phragmén—Lindelof theorem (Theorem B.1 in
Appendix B) implies that (42) holds for all z € Q4 too. Sending @ — 0 completes
the proof of (11).

To prove (12), start again at (37) and drop the first term on the left-hand side.
Still working on {z € C : |Im z| < « Re z}, some manipulations give

ao) ([ Twimrar)” <o vava ([T o

h2w’
By integration by parts, we have

172
||Pi(h)u||2dr) .

o0
[+ i ar
0
2 00
=—2+5/ (r+ 1> Re(u, u') dr
0

oo 1/2 00 1/2
gh—l(/o (r+1)—1—5||hu’||2dr) (/O (r+1)—3—5||u||2dr) ,

which implies

2

o0 —3=8y. 02 172 —1 o0 =8y 12 1/
(47) (/0 o+ 1737 u| dr) <h (/O r+ 1)~ | dr) .
From (46), (47) and w’' = Cy8(Cy +8)~'(r + 1)~'7%, we obtain

([ o+ 1)_3_5||u||2dr)1/2

<n2(5+ Civ)a VI ([Tt muar)

Using again the density argument in Appendix C, for 0 < § < 1, we get
@8) [+~ F (P - (1+1 "7 | o, .<h 267 +C5) 1 +vV2F @)

on {z € C:|Imz| < o Rez}. Then, as above, we can use (44) and the Phragmén—
Lindelof theorem, and take the limit @« — 01, to obtain

|A+1"FPW = A+ o < h 207 + ¢ +V2),
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for z € C\ [0, 00). Since the norm of an operator coincides with that of its adjoint,
we reach

|A+n"FPh) - A+ "7 o, <207+ 1 +V2),

for z € C\ [0, 00). The three lines lemma then says that for fixed z € C\ [0, 00),
the analytic mapping

A (14" 2P - M0 +r) "%, 0<Reir <1,
with values in the space of bounded operators L?(R") — L*(R"), obeys

@9) |+ FHPm -2 A+ T L L<h 2 (67146 (14V2),
0 [0, 1].

Having established (49), to finish, we need to see that we can choose § and
6 appropriately to arrive at (12). That is, we need to attain the more general
weights characterized by sy, 55 > % and s; + s, > 2. However, because we have
the restrictions § € (0,1) and 6 € [0, 1], we first need to make reductions as
follows. Since decreasing s; or sp in (12) increases the left side, it suffices to
suppose s1, s» > % and 2 < s + sp < 3. Furthermore, by taking the adjoint, it is no
restriction to have s; < s,. If we write s; = (1 + 2§,)/2 for some §, > 0, then we
may replace s, by min(s, (3 + 82)/2). Having made these reductions, (12) follows
from (49) by setting § =51 +s52 —2 < 1 and

O=1(—s1+D)<1@4-8) <1l

Remark 2.2. The bound (38) with ¢ =0 rules out P (/) having an eigenvalue E > 0.
When V~ =0, a zero eigenvalue is ruled out by combining (36) (with £ =& =0)
with (47).

3. Resolvent bounds for wave decay

In this section, we consider the operator P := P(1) = —A + V, with P(h) as in
(1) and V obeying (2)—(5) and (9). As a consequence of Theorem 1.2, we prove
several more resolvent bounds for P, which enable us in Section 4 to establish
weighted energy decay for the solution to the wave equation (15). Throughout
this section, C denotes a positive constant whose precise value may change, but is
always independent of XA, which plays the role of our spectral parameter.

Lemma 3.1. Fix sy, sp > % with s1 4+ s > 2. There exist C > 0 such that for all
A€ Cwith0 < |ImA| <1 and for all multiindices a1, oy with |a| + |az| < 2,

<Cc(+ |Rek|)|al|+|a2|_1,

(50 [ ()3 (P =270 )™ 2y oy =
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Proof. Since (P —A*)™1)* = (P — 1?71, to prove (50) is suffices to assume
ImA > 0.

First, we treat the case |ap| = 0. Using (11) if [ReA| > 1 or (12) if |ReA| <1,
we get
G @) P =) b SCU+ReADT, 0<Ima <1,
Recall from standard elliptic theory that for all f € H*(R") and all y > 0,

£z < CAf N2+ IAf N L),
IFI5 < CUF fllaz < CO M AR +vIALIZ).
Therefore, for any f € LZ(R"),
1) 1P =221 ™2 fll 2y
< C(Hx) P =21 ™ fll 2y + (=AY (x) P =2 71) ™ fll 2y
< CUE) T P=2)TX) T fllg ey + 1) T (=AY P=2D) T T fll 2 geny)
<C " HIRe A (x) (P =2 X T f 2y
+ CyIIAX) T (P=2D) "X T fll 2wy + ClL Il L2y -
Selecting y sufficiently small depending on C and applying (51) yields
53) 7P =TT | gy < CA+ IRADIf 2 )

as desired. This confirms (50) for |o;| = 2. For |a1| = 1 (still with |ap| = 0),
combine (51) and (53) via the second line of (52).
If |erz| > 0, let f € C3°(R"), and put

u=(x)"(P =2 (x) 202 f.
We need to show
lull gen < €L [Re DTN £l HO = L2R™).
If || = 0, we use self-adjointness and the already proved estimate
1) 72 (P =237 ) ™ fllgs < CA+ReAD I fll2, j€{0,1,2),

to get
lall3 = (u, (x)751(P =A%) "N x)T20%2 f) 12

< [18%2 (x) 72 (P — 22 ) a2 f Nl 2
< C(1+ [Re A | 2| £1l 2
If |o;| = 1, we recognize that

(P =22y = (x) 1720 f 4 [=A, (1) 1)



410 ANDRES LARRAIN-HUBACH, YULONG LI, JACOB SHAPIRO AND JOSEPH TILLER

Then multiply by u, integrate over R”, and integrate by parts as appropriate:
1Vully. = [ 02 =)l = [ a2 ™" 2a f + [ al=a, 07w
<22 [l = fora ™ f+ [ar-a, ™) .
Because both 072 (x) ™' 7% and

[=A, ()7 HKx)™ = (=Ax) ) () =2(V(x)™) - V(x)"

are first-order differential operators with bounded coefficients, we conclude, for all
y >0,
IVul72 < Cyp (1 + IR AD?lully2 + 1L £1172) + ¥ [ Vull 7

<Cy(L+ReXD?| £l + 7 IVull3.,

for some C), > 0 depending on y.
Fixing y small enough, we absorb the second term on the right side into the left
side, confirming (50) when |o1| = |op| = 1. U

Next, we prove an estimate for the A-derivative of the weighted resolvent, which
requires the extra short range conditions (16) and (17) on the potential. As input
we need the following bound for the weighted square of the free resolvent, which
we prove in Appendix E.

Lemma 3.2. Let n > 3. Suppose s satisfies (19). There exists C > 0 such that for
all » € Cwith 0 < |ImA| < 1, and any multiindex o such that |a| < 1,

54 00 A =220 | a2y < CAF D

Remark 3.3. In [Vo04a], the estimate (54) is stated to hold in any dimension n > 3
provided s > % However, our proof of Lemma 3.2 in dimension n > 4 needs s
larger if (54) is to hold uniformly as |*| — 0. In our approach, we use the integral
kernel of A(x)™*(—=A — A?)~2(x)~ to assess L>-boundedness as |x| — 0. The
kernel is given in terms of the Macdonald function [DLMF, 10.27.4, 10.27.5] of
order (n/2) — 2, along with other factors. We are able to conclude boundedness on
L?*(R™) for s as in (19).

Lemma 3.4. Let n > 3 and suppose s is as in (19). Assume V obeys (2)—(5) and
(9), as well as (16) and (17). There exists C > 0 such that for all » € C with
0<|ImA| <1, and any j € {0, 1} and multiindex o such that j + || <1,

(55) ) A% (P =A%) x) S

<C
L2(R")— L2(R")

P

Proof. Without loss of generality, we take s sufficiently close to (but larger than)
%(n + 3) when n # 8, or sufficiently close to (but larger than) 3 when n = 8§, so
that by (17) we may fix s’ > % such that s + 5" < §. With these choices we have
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s’ 4+ s > 2, so we are permitted to apply (50) as the need arises.
We begin from the resolvent identity

(56) (P =27 x) ST+ K () = Ro(W)(x) %,
where
KQ) = V) )™ ) Ry (x)™* and Ro(A) = (—A — A2,

We know that (x)_s/Ro()\)(x)_s : L*(R") — H?*(R") has a continuous extension
from either half-plane (£ Im A > 0) to R [GiMo74, Proposition 2.4]. Let us denote
this extension by Ry, (1) and put K*(1) = V (x)(x)* 'Ry, (0.

We now show that K*(}) is a compact operator L*(R") — L?*(R"). To see this,
write K*()) as the sum

K*Q) = ()™ VIRG () + (L= ) V) ) RE, ().

where x € Cg°(R"; [0,1]) is supported in B(0,1) and x = 1 near the origin in R".
The second operator on the right side of the display is compact by [DyZw19, Theo-
rem B.4]). The first operator on the right is compact, as follows: It is the composition
of bounded R&s,’s (A) : LA(R") — H?(R") with multiplication by x (x)S“/V. Due
to (3) and Lemma F.1, we have ||X(x)S+S’Vu||Lz(Rn) < Cllullg1(p(,1y) for some
C > 0and all u € H*(R"). By the Kondrachov embedding theorem the inclusion
H?(B(0, 1)) = H'(B(0, 1)) is compact. So compactness of (x (x)S“'V)Rng,’S(A)
holds as desired.

We claim further that 7 + K*()) : L2(R") — L2(R") is invertible for all A with
+ImA > 0. By compactness of K %(}) and the Fredholm alternative [ReSi80,
Theorem VI.14], I + K* (%) will be invertible if we can show that for g€ L*(R"),
(I + K*(2))g = 0 implies g = 0. To this end, put u := (x)* Ry, (A)g. which
belongs to (x)S/H 2(R"). If we can show u = 0, then in fact g = 0. This is because
(—A —AH)u = (x) g in the distributional sense.

Now let us show u = 0. If A2 € C\ [0, 0o) (so that K+ (1) = K (1)), this follows
immediately from (P —A?)u = (x) g+ VRy(W)(x) g = (x)*(I + K(1))g =0.
If A2 € [0, 00), the idea is the same, but we incorporate a limiting step. Set
Ut o =(—A—22%ie)~" (x)~g. Proposition 2.4 of [GiM074] implies that (x) ™ u ,
converges to (x)"%u in H2(R") as ¢ — 0. We also have

Use=(—A—A+ie) ' (x)"g
=(P—-A4ie) (P—A2%ie)(—A—21%+ie) ' (x) g
= (P =A%) x) U+ V(x) (—A =27 ie) " (x) g,

Therefore, by (12),
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1) ™ ull 2 = Hm J10) ™ ua el 2
e—>0t
= C lim [|(/+ V{x)"(=A = W tie) " (x) gl
&—
= (I +K=)gll 2 =0.

Thus we have demonstrated that  + K jE()\) is invertible for = Im A > 0. As A — o0,
IK();2- 12 — O thanks to (50); hence we can compute (/ + K*())™! by a
Neumann series, thanks to (50). Therefore

(57) 17+ K*0)) 22 < C.
Now for 0 < [Im A| < 1 the A-derivative of (56) is
i -S54 jaa _ 1231 —s
(58) (50 AP =2 ) ) U+ K G)
_i —§5q jqo —s
= 0T Ry () (x)

—20x) A% (P =A%) ) TV () A ) T (A = A7) TR x) T,
where we used

(59) %(x)‘S’agRo(x)u)—S:2x<x>—5’a;;‘(—A—xz)—2<x>—S, jefo,1}.

The operator norm L%(R") — L*(R") of the term in the second line of (58)
is bounded above by a constant, due to (54) and (59). As for the third line,

)= 2792 (P — 22~ (x) || ,»_, ,» < C by (50). Moreover,

[V ) agx) =S (—A=2H) 72 (x <Crx) S (=A=AH) 2 (x

>7S ||L2—>L2 >7S HH1—>L2’

since multiplication by V (x)* +5" is a bounded operator H L(RY) — L*(R") (see (3)
and Lemma F.1). Finally, because ||A(x) ™ (—A —22)72(x)*| ,1_, ,» < C by (54),
the proof of (55) is complete. (]

4. Proof of Theorem 1.6

In this section we prove Theorem 1.6 by combining the resolvent bounds of the
previous section with an argument from [Vo04a, Section 3]. As before we set
P=—A+V:L*R") — L*(R"), n > 3, where V obeys (2)—(9), (16) and (17).

In several steps below, we use that for all 0 <« <1 there exists C > 0 such that,
for any f € H'(R"),

(60) IV, <CUAV LR+ 1£13.) < CIVEIZ..

The first inequality follows from (3), (16) and Lemma F.1, while the second follows
from the Poincaré inequality (as we work in dimension n > 3).
Given s > 0 and « as in (18) solving the wave equation (15), with compactly
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supported initial conditions (0, x) = ug(x) € H'(R"), 3;u(0, x) =u; (x) € L>2(R"),
define

E(t) := /R ()T B, )P+ Va0 + |ut, x)*) dx,
E(0) := [ Vuoll, + lull3..

Lemma 4.1. Ifs > % and V satisfies (2)—(9), there exists C > O such that
o0
(61) / E,(t)dt < CE(0).
0

If in addition s satisfies (19) and V (16) and (17), there exists C > 0 such that, for
t>1,

(62) /t *E,(r)dt < Ct=2E(0).

Proof. Choose ¢ € C*°(R) with ¢ >0, ¢(t) = 0 near (—oo, %], and ¢ () = 1 near
[1, 00). Since (8t2 + P)u =0, where P = —A +V, we have
(63) (8,2 + P)pu = (¢" +2¢'0)u :=v(z).
By Duhamel’s formula for the solution to an inhomogeneous wave equation with
zero initial conditions,

1 sin(t — r)\/?
0 VP

du(t) = v(t)dr.

On the other hand,

® itG—ie) SINUV P)
e ——dt
JP

It follows from the last two identities that the Fourier transform @ of ¢u satisfies

(P—(n—ig)h) ' = fo

, &>0.

(64) u(r—ie) = /oo e OO NDu(-,1)di=(P—(—ie)) 0 —ie).

By finite propagation speed for the wave equation, and because v(#) is compactly
supported in ¢, supp, v(¢), and thus also supp, 0(A), is contained in some compact
subset of R" independent of . Choose n € C3°(R") such that n = 1 near supp, v(t)
for all + € R. By (64),

() QUG —ie) = (x) (P — (. —ie)) 'nd (A —ie),
()G~ ig) = (x) (A —ie)(P — (.~ ie)) D~ i),
(X)) Vouh —ig) = (x) V(P — (A —ie)>) i (h —ie).

Therefore, by (50), for s > % and V obeying (2)—(9), there is C > 0 independent of
A and ¢ and such that forall A € R, 0 < ¢ < 1, we have
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(65) 8 (pu) O

oo ol

“SGu(h — zs)” <CIH0.— i)l 12 + CKITD(h — ig) || 12

d
Hm<
L

for k = 0. If in addition we suppose s satisfies (19) and V satisfies (16) and (17),
then by (55), (65) holds for k € {0, 1}. Here when k = 1 we used the product rule
and the identity dd(A —ig)/d) = —ifv(h —ig).

Next, by (65) and Plancherel’s theorem, there exist C1, Co, C3, C > 0 independent
of ¢ and such that

(66) / U 0 @I+ 1) V) 12, + [100) " pull2)e > dr

—CI/ () 3 (Gu)(h — i) 125 + 1 (x) S Vgu(r —is)l|2,
1) S pu(r —ie)l|2,) di

=G [ IBG—ie)Fadr = Cs [ Jo)le* dr < Csup [v(o) |
teR

The last constant C is independent of & because v(¢) has compact support in #; see
(63). The proof of (61) is completed by sending ¢ — 0 in (66) and observing that

(67) lv@®llz2 < CCluollz2 + IV Puoll 2 + 1 1 12)
< C(IVuoll2 + llurll2) = Cv E(0).

In the last inequality we used that for any f € H>(R") (and thus any f € H'(R"),
since H?(R") is dense in H'(R")),
INPfIZ. = (f, PA = IV fI + IVV £l < CIV £,

with the inequality being due to (60).
To prove (62), we again use Plancherel’s theorem with (65), so that for all
O<e<land T > 1,
(o.¢]
68) T2 [ (1)@l + 11 x) V(@7 + 1 (x) pull7)e " di
T

< [ (i + ll<x>‘stv<¢u>niz +1 <x>—°'z¢u||iz)e—2w dt

:clj (de )7 3, (pu) (1

+ H d)L V¢u(k

s ¢u@—w>H )

o o .
=G (Ilﬁ()»—iS)IIiz+IIIU(?»—ls)IILz)d)»

(Ilv(t)lle +lltv@)7.)e > dt < C sup lo(@®)]I* < CE(0).
te

\l\

=Cj3
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Once again sending ¢ — 0™ concludes the proof of (62). (Il
The local energy decay (20) follows from (62) and the following:

Lemma 4.2. Ifs > 0 and V > 0 satisfies (3) and (4), there exists C > 0 such that,
forallt > 1,

(69) E (1) <C fOOES(t) d.

Proof. The strategy is the same as that of [Vo04a, Lemma 3.2]. Computing %E s(1),
one finds

(70) %Es(l‘) = _2Re/|‘v aru(t’x)marpc)—lv dx

+2Re /W(—Vu(t,x)mﬂ(z,x)m)(xrz-" dx.
By (60),
IV {x) " ult, )Mz < ClIVEx) " ult, x)l2
< Clx) 7 Vult, )|l 2 + C [ {x) " ult, x) [l 2

for C > 0 independent of ¢, and whose precise value may change between lines.
Thus we can bound the right side of (70) from above by Cauchy—Schwarz:

4 g0
dr*

< C| ) 0ut, x)| | () 0ut, x) | o+ C | V) u, x)| ] () du, )|,
+ C|[x) " ut, )| L] () dur, x) |
< CE,(t).

We then have, forall T > ¢t > 1,
T
(71) E,(t) < ES(T)+Csf E,(1)dT.
t

From (61), we also have a sequence T; — oo such that limTJ,_>c>o E (T;) =0. So
setting 7' =T in (71) and sending T; — oo completes the proof of (69). ]

Appendix A. Proof of Lemma 2.1
First we check that
(o.¢]
(72) CPO.00 30 [ [ o)) dV(r.0)do
=1 Jo

(part of the expression in (27)) is well defined as a distribution on (0, co). Indeed,
by (7), for each 0 € s,

/ T oMl 0P dV(r.0) = A TV 0)(u(r, 0) P () dr.
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By Fubini’s theorem the expression on the right side belongs to L!(S"~!). Hence
the quantity in (72) is well defined as a distribution on (0, 00).

Next we demonstrate that the function r f - VR(r, 0)|u(r, 0)|> d6 has locally
bounded variation. Suppose [a, b] C (0, 00) anda=r¢g<r; <---<ry =b. We have

N
oL VRO e 0P do — [ VR 0)lutio. 0 do|
k=1 N
< [ X e 0P 1V 6) = VR (i, )]
k=1
N
+/§ S IVRGr1, O |luGre, )1 — lu(ri1, )| d6.
k=1
For each 6, the function r — VX(r, 0) is decreasing, so
N
ot 2 e OPIVE (i, 0) = VEGrer, )] d6
k=1 N
< e sy [ IV 0) = Vi, 0)1do
< 1l iy [, (V5@ 0) = VE (b, 0)) a6

2
< w1 ”Lt I|L°C([a,b]><§”‘1) ” Vv ||L°°([a,b]><§"’l)’

where w,, is the (n — 1)-dimensional volume of S"*~!. On the other hand,
N
2 [ VECe, Ol OF = lu(rir, )| d
k=1 N . )
WV lisaoresrn 3 [ [ lorlutr 6)P1dr do
k=1795""Jre1

2
< wp—1(b =)Vl Lo (qa,pxsn—1y 10r 1]l Lo (a,p1x 501y -

Taken together, the previous two estimates show that r — f gt VR, 0)|u(r, 6)?do
has locally bounded variation.

We finish by confirming (27). Let ¢ € C§°(0,00). In the following chain
of equalities, the first uses Fubini’s theorem, the second arises because for each
eSS VR(.,0)=V(-,0) almost everywhere with respect to the measure dr,
and the last uses (7):

_/ooo@/(r) /51 VR 0)u(r, 0)1>do dr
- _/Sn_l /OOO‘P/(”)VR(", O)u(r, )1> dr do
- _/g,n,lfooofp/(ﬂV(r, 0)|u(r, 0)|* dr d6
= [ [T (@) . )P ~ o) 2Retr, 00, 00) V 7, 6) dr d
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=/§H /Ooow/(r)lu(r,e)ﬁd\/(r, 0)de
+2 [ [T ) Re@tr, 00, 000V, 0) dr do.

Appendix B. The Phragmén—Lindelo6f theorem

Let f(z) be a holomorphic function in a domain D of the complex plane with
boundary I". We say that f(z) does not exceed a number M > 0 in modulus at a
boundary point ¢ € I' if limsup,_, . ..p | f(2)| = M.

Theorem B.1 (Phragmén-Lindelof [EM]). Suppose that E C T and that f : D — C
is analytic and does not exceed M in modulus at any point of I \ E. Suppose also
there is a function g(z) with the following properties:

(1) g(z) is analytic in D.
(2) 1) < linD.
3) g(z) #0in D.

(4) For every o > 0, the function |g(2)|° | f (z)| does not exceed M in modulus at
any ¢ € E.

Then | f(2)| < M everywhere in D.

Appendix C. Density argument: proof of (42) and (48)

Estimates (42) and (48) are consequences of the following fact:

Lemma C.1. Fixh, s1 > 0,0 < sy <1,and z € C\ [0, 00). Let P(h) be as in (1)
with V : R" — R obeying (3) and (4) (so that P (h) is self-adjoint with respect to
the domain H*(R™)). Suppose there exists C > 0 so that for all v € Co°(R"),

(73) 1x) ™M w]|7, < Cll(x)2(P(h) — 2)v]3.
Then
(74) [1{x) ™51 (P (h) — 2) " (x) ™2l 22 < C.

Proof. The operator
[P(h), (x)2](x) ™2 = (=h*(A{x)*) = 2h*(V(x)™) - V) (x) 7%

is bounded HZ(R") — L%(R"). So, for v € H*(R") such that (x)%2v € HZ(R"),
(75)
[1(x)*(P(h) —2)vll 2 < I(P(h) —2){x)?vll 2+ I[P (h), (x)™1(x) "2 (x)v| 12

< Conllix)> vl g2,

for some constant C, ; > 0 depending on z and 4.
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Given f € L?(R™), the function u = (x)*2(P (h)—z) H{x y 2 f e H?(R") because
u={PMh -2 (f+w), w=[PH), (x)]u,

with [P (h), (x)*?] being bounded L?(R") — L?*(R") since s, < 1.
Now, choose a sequence vy € C° such that vy — (x)"(P(h) — 2) " Nx)72 f in
H?(R"™). Define ¥y := (x) *>vi. Then, as k — o0,

[4) ™51 — ) N (P —2) T ) T2 f ] o < Joe— ()2 (P =) Hx) T f e
which tends to 0. Also, applying (75),
1) (P(h) = 2)k — fliz2 < Conllvr — (x)2(P(h) — E+ig) ™ (x) 2 |l 2 — 0.

Thus (74) follows by replacing v by vy in (73) and sending k — oco. U

Appendix D. Justification of Remark 1.4

In the setting of Theorem 1.2, consider the case of V =0 and n = 3. In that scenario
the integral kernel of (P (h) —z) ™! = (—=h?A —z)~! with z € C\ [0, c0) is given by

VA
ol
Ro(x,y,2):=h>————, Im+z>0.
4m|x —y|
Looking at the operator
(76) ()N=RPA =) ()T LR - LR

we recall why having a bound on it like (11) requires s1, 52 > %

Since the norm of an operator and its adjoint coincide, it suffices to show that
s1 > 3 is necessary. Use ,/zZ of the form \/z = E + i¢ for E > 0 fixed and
& > 0 tending to zero. As calculated in the proof of [DyZw19, Theorem 3.5], for
feCER),

A7) )7 [ Rox.y. 9 () dy

— 2 FE (2L 4 o(1) + 0(x )
47 x| h x|

as ¢ = 0T and |x| — oo. Iff is chosen so that |f| > ¢ for some ¢ > 0 on

{Ix| = E/h}, then (77) and s; <  imply [|(x) ™' [ps Ro(x, y, 2) f(») dyll 2 = 00
ase — 0.

Next, supposing s1, sy > %, we show why a bound like (12) on (76) requires

additionally that s; 4+ 5o > 2, which is nearly the condition we impose for (12).

Using /z = i¢ for ¢ > 0 tending to zero, and f,(y) = (y)_"_%, n > 0, we see as
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in [BoHal0, proof of Remark 2] that

07 [ Ro 3. )07 ()

2 s e—%|X—y| s
=20 [ () f(y)d
SO prp— 2 fOdy
22 BTt [ )T dy 2 e B g e,
lyl<%

where the implicit constants indicated by 2 are independent of ¢ and 7. First
sending ¢ — 0T gives 51 + s > 2 — 1, but since n > 0 is arbitrary, we in turn get
S1+ sy > 2.

To see that the O(|z|~ 2h 1) dependence of the right side of (11) is optimal,
consider the function u = ¢ % *1 x for nontrivial x € C °°([R3 [0, 1]). We have

() (—h2A — Du = —iJTh(x) 0y, x — K2 T5 () Ay = ,
whence (- )7 (=h*A —z)7'(-)™ f = (-)"%u and thus, as & — 0,

IC) P ERPA =7 ) flle I u||L2>|| byl

1l I A%

Finally, we argue why the O(h~2)-dependence of the right-hand side of (12)
is sharp. As noted before, Proposition 2.4 or [GiMo74] gives that Ry, (1) =
(VS(=h2A = 2D 7)™, with sy, s > % and s1 + 52 > 2, extends continuously
from Im A > 0 to R in the space of bounded operators R3 — R3. In this case,

- - 1 - , .
A2 )~ /Rsmm ”dy||quLz=;E}) | Ro,s1.5, (G 125 2.

Appendix E. Proof of Lemma 3.2

Lemma 3.2. Let n > 3. Suppose s satisfies (19). There exists C > 0 such that for
all A € Cwith 0 < |ImA| < 1, and any multiindex o such that |o| < 1,

(78) |2 (x) 29 (—A =272 < C(1 4 |apl=t,

“LZ(R")—>L2 ®ny) =

Proof of Lemma 3.2. Initially we take |«| = 0 in (54), so may assume without
loss of generality that Im A > 0. We treat the |«| = 1 case at the end of the proof.
Observe that

L) (A= 7 0™ = 20007 (A =) 2
so we can bound the LZ(R") — L%(R") norm of either quantity.

We now consider two cases for |A|.
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Case |A| > 1. If we assume |A| > 1, then

(79) =2 (x) " (=A —AH) 2 (x) ™

=—3(0) 7 (A=) T (F28) (A=A T ) T () T (A=) TH

By (50), the L?(R") — L?(R") norm of the second line of (79) is bounded by
C(1 + |ReA|)~!. So it suffices to investigate the first summand on the right side
of (79). For notational brevity, put Ry(A) := (—A — 22371, We show that, for all
feCe R,
(80) (x) " Ro(A)(=2A)Ro(M){x)™* f

= —(x) " Ro(M) 0y (r{x) " f)+ (x) " Ro() (x) " f +{x) " rd- Ro(A) (x) " f.

Since s > % by (19), the L?*(R™)-norm of the right side of (80) is bounded by
C|l f 12, thanks to (50). So it remains to show (80).
Recall the formula

A=+ m—1)r '8, +r2Agi
for the Laplacian in polar coordinates, which implies the commutator identity
(81) [FOr, A]l:=rd,(A) — A(rd,) = —2A.
Fix f € C°(R"), g € L*(R"), and put
U= Ro(A\)(x)~° f € H*(R").

Let {ux}z2, € C°(R") be a sequence converging to u in H 2(R™). Starting from
the left side of (80) and applying (81),
(82) (g, (x) " Ro(M)(=2A)Ro(M)(x) " f) 2
= klig)lo<g, (X) " Ro(M)[r 0y, Alug) 2
= (g, ()~ rdpuyp2 = lim (g, (x)* RoGrdy (—A — 2 %)) .
The purpose of the following calculations is to show that the limit on the last line
of (82) equals (g, (x) ™ Ro(A)rd,(x)~* f);2. First, for any v € L>(R"), we have
rRo(A) (x)"'v e HY(R"), for the following reason. Setting w := (x)Ro(1) (x) T,
then r Ry(A) (x) ~'v = r(x)'w and
(A = 2P)w =[=A, ()RoM)(x) v +v =
w = Ry ([—A, (x)IRo (M) (x) v +v) € H*(R).

Furthermore, for any w, v € Cgo (R™),

(w, 3:v) 2 = (37w, v) 2 := (1 —n)(r_lw, V)2 — (0w, v) 2.
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Hence, by the density of C3°(R") in H'(R"), and setting ity = (—A — A)uy, we get
(83) kE)H;O(g, ()" Ro(M) (rd)itg), » = kli)ngo((ar)*rRo(/_\)(X)_sg, Ur) 2

= (@) rRo(W) (x) ™8, (x) ™ f) 2
= (g, (X) " Ro(Mrd (x)7" f) 2.
as desired. Taken together, (82) and (83) confirm (80).

Case |A| <1. Now we turn to the case |A| < 1, and utilize the integral kernel of
the free resolvent, which is given by [JeNeO1, Section 3],

_ 1 —ir \2! _
(84) (-A-3?) 1“’“‘”):5(m> Ky i(=itlx—y]), Im2>0,

where K, (z) is the Macdonald function of order v [DLMF, 10.27.4, 10.27.5]. Now,
if n = 3, the integral kernel of

7sd_ a2yl —s
()7 (FA—AD )

is given by i (47) ! (x) ~$e/**=¥I(y) =5, which has Hilbert-Schmidt norm bounded
uniformly in |A| < 1 provided s > % Moving on to n > 4, by [DLMF, 10.29.2],

d (=i N R G :
i (m) 1 (—iAx —y|) = IS Y Ky _o(=ik[x —yl).
The Macdonald function satisfies [DLMF, 10.25.3, 10.30.2, 10.30.3]

ClzI”V if0<lzl<1,v>0,

(85) |Ky(2)| < {Cllnlz]| if0<lz]<1, v=0,
Clz|™V? if |z|>1, Rez >0, v=>0,

for C > 0 a constant independent of z. Therefore, there is a constant C > 0
independent of A such that, if n =4,

AT x) T ()

(86) Ky _p(—idlx — y))
lx — y|2
n_ 3
PN IA272 () (y)
< CIAx) ()7 In(Al 1x = yD | Lyaje—y<y+C | I%_% Lioje—yi>1
X =y
and, if n > 4,
A2 x) S (y) .
(87) | — Ky (=il —y])
lx —y|2
n_3
[AJ() 5 () ° A[272(x) "5 (y)
CW (rllx—yi<ty +C | T= L ix—yi=13-
X =y



422 ANDRES LARRAIN-HUBACH, YULONG LI, JACOB SHAPIRO AND JOSEPH TILLER

As preparation for the conclusions we draw in the next paragraph, we observe that
the first summand on the right-hand side of (87) has the bound, for |A| < 1 and
O<a<l,

|1 () (p) ™ [Allx — yI*{x) " (y)™°
) 1 yen = xlxiy|rji4+ay

x =yl
@O
~x _y|n74+ot {

Lijape—yl<n)

[Allx—yl<1}-

In what follows we make repeated use of Lemma F.3 to verify that a given kernel
is Hilbert—Schmidt. In both (86) and (87), the last summand on the right side is
uniformly bounded in Hilbert—Schmidt norm for |A| < 1, provided s > %(n + 3).
This also holds for the first summand on the right side of (86) if s > % In addition,
to address the first summand on the right side of (87), we utilize (88) in combination
with Lemma F.3. Taken together this means that (x)™*(y)™*|x — y| A s
Hilbert—Schmidt

whenn=5,ifa=1and s > 3.

2’
whenn =6,if <o <lands >2— 201 and

whenn=7,if0 <a < 1 5 ands>2—§a.

Thus, when n = 6 it is enough to take s > 2,

Finally, if n > 8, the first summand on the right in (87) is uniformly bounded as
an operator L*(R") — L*(R™) for |A| <1 provided s > 3. This is due to (88) with
o = 1 and the Schur test; see Lemma F.2.

We finish by resolving the || = 1 case for (54). By (54) in the || = 0 case, and
by (52), we need to show that

|47 (A =020 f |l yo = OA+IADIf 22

According to (89) below,

|20 (=8 =25 x fHHz

while whenn =7, s > Z suffices.

< Crx) " (=A =272 f||L2+C||x (A A—DTH) T F L
=C| fll2+ C|r(x) ‘( A=A =227 f o
Then use

()T (A=A =22 x) T f
= ()7 A=) T TS R0 T (A=A ) T,
which in combination with (50), as well as (54) in the |«| = 0 case, yields
|20 7 (=2 (=A =) T f|| 1 < CA+IADI fr2,
completing the proof. U
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Appendix F. Useful lemmas

Lemma F.1 [Fa67, Proposition 6]. Let n > 3. Then

- 2\
Il = (=5 ) 1Vul we H'®).

Lemma F.2 (Schur’s test [DyZw19, Section A.5]). Suppose K (x, y) is measurable
on R" x R" and satisfies

sup/ |K(x,y)|dy <C and sup/ |K(x,y)dx <C.
x y
Then the linear operator

TF() = [ K(x.y)f () dy.
obeys the estimate
ITfll2 < Clifll2-

Lemma F.3 [Pe24]. The necessary and sufficient conditions for

[, [ 0700 e =y dxdy < oo,
are

s+p>n, t+p>n, s+p+t>2n, p<n.

Lemma F4. Suppose T : L2 (R") — H*(R") is a bounded operator. For any s > 0,
there exists C > 0 such that

(89) O T2 2 < CUX) T T2 2 + 1x) T AT 120 12).

Proof. Let f € L>(R") and put u = TF. By the first line of (52), there exists C > 0,
whose precise value may change from line to line, such that

(90) 1) ull g2 < Clx) Sullp2 + ClIAX) Sull 2, it € H*R").
Then use the second line of (52):
IAG) " ullz2 < A, () Jull 2 + 1(x) ™ Aull 2
< ClIx) P ullg + 1)~ Aull 2
<Cy @) P ulle + CyIAX) ull2) + 1(x)  Aull 2,y > 0.
Fixing y small enough yields
IAC) ullze < CAUKx) " ullz + 1(x) " Aull2),

which in combination with (90) implies (89). U
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DIFFERENTIABLE SPHERE THEOREMS FOR COMPACT
SUBMANIFOLDS

JUAN L1, HONGWEI XU AND ENTAO ZHAO

We investigate the differentiable structure on compact simply connected
submanifolds in Riemannian manifolds under curvature pinching condi-
tions. We prove a sharp differentiable sphere theorem that an n-dimensional
compact simply connected submanifold M" (n > 5, n # 7, 8) in the sphere
SN (1/./¢) (c > 0) with the second fundamental form A and the mean curva-
ture vector H satisfying |A|> < 4c + % is diffeomorphic to the standard
sphere. The similar differentiable sphere theorem also holds for compact
simply connected submanifolds in the space form F" (¢) with ¢ < 0.

1. Introduction

The sphere theorems characterize the geometric and topological properties of
compact Riemannian manifolds through curvature pinching conditions, representing
a forefront topic in global Riemannian geometry. Rauch [30] first introduced the
concept of curvature pinching for Riemannian manifolds. A Riemannian manifold
M" is §-pinched (globally) for § > O if the sectional curvature K;; of M satis-
fies § < K < 1. Rauch [30] proved a topological sphere theorem for compact
simply connected §-pinched Riemannian manifolds with § &~ 3/4. Berger [3] and
Klingenberg [17] provided a topological sphere theorem under the 1/4-curvature
pinching condition. Subsequently, Brendle and Schoen [6] proved the following
differentiable sphere theorem by using Ricci flow techniques.

Theorem A [6]. Let M be an n-dimensional (n > 4) complete and simply connected
Riemannian manifold. If 1/4 < Ky <1, then M is diffeomorphic to the standard
sphere S".

In fact, Brendle and Schoen proved the differentiable sphere theorem for point-
wise 1/4-pinched Riemannian manifolds. They proved in [5] that a compact simply
connected weakly pointwise 1/4-pinched Riemannian manifold is diffeomorphic
to the standard sphere S" or isometric to a compact rank one symmetric space
(CROSS).

MSC2020: 53C40.

Keywords: differentiable sphere theorem, compact submanifold, curvature pinching, mean curvature
flow, homology vanishing theorem.
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Since any Riemannian manifold can be regarded as a zero-codimensional sub-
manifold of itself, it is an interesting problem whether it is possible to extend
the Brendle—Schoen differentiable sphere theorem to the case of submanifolds of
arbitrary codimension in a general Riemannian manifold.

Let M" be an n-dimensional submanifold in an N-dimensional Riemannian
manifold M". Denote by A and H the second fundamental form and the mean
curvature vector of M, respectively. Lawson and Simons [19] proved a topological
sphere theorem for compact submanifolds in the unit sphere by combining the
homology vanishing theorem for compact submanifolds with Smale’s [33] proof of
the generalized Poincaré conjecture in dimensions n > 5.

Theorem B [19]. Let M" be an n-dimensional oriented compact submanifold in
the unit sphere SV

() If n #3,4 and |A|* < 2/n — 1, then M is homeomorphic to a sphere.
(i) If n =3,4 and |A|> <n —1, then M is a homotopy sphere.

Inspired by the rigidity theorems for submanifolds with parallel mean curvature
(see [32; 36; 37; 38]), Shiohama and Xu [31] improved and extended the theorem
of Lawson and Simons [19]. They proved the following optimal topological sphere
theorem for complete submanifolds in space forms.

Theorem C [31]. Let M" be an n-dimensional oriented complete submanifold in a
simply connected space form F" (¢) with nonnegative constant curvature c. Assume

sup (JAI* —a(n, |H|, ¢)) <0,
M

where

n |2_ n—2
2(n—1) 2(n—1)

(1) If n # 3, then M is homeomorphic to an n-dimensional sphere.

an, |H|,c) =nc+ |H VIH*+4(n — 1)c|H|2

(11) If n = 3, then M is diffeomorphic to a 3-dimensional spherical space form.

For compact submanifolds in the hyperbolic space, a similar topological sphere
theorem was proved by Fu and Xu [11].

Xu and Zhao [40] were the first to apply the Ricci flow to prove differentiable
sphere theorems for compact submanifolds in general Riemannian manifolds. In
particular, they proved the following theorem.

Theorem D [40]. Let M" be an n-dimensional (n > 4) oriented complete submani-
fold in the unit sphere SV

(1) If n=4,5,6 and sup,, |A)? < 2+/n — 1, then M is diffeomorphic to S".
(i) If n > 7 and |A|* < 23/2, then M is diffeomorphic to S™.
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Xu and Zhao [40] also obtained a topological sphere theorem for compact simply
connected submanifolds in a Riemannian manifold under the assumption that
|H|?
n—2

|A|2 < % (Emin_ %Emax) +

Here K pin and K max are the minimum and the maximum of the sectional curvatures
of M at a point.

Xu and Gu [39] further advanced the field by proving an optimal differential
sphere theorem for complete submanifolds in space forms.

Theorem E [39]. Let M" be an n-dimensional (n > 2) oriented complete submani-
fold in a simply connected space form FN (¢) with nonnegative constant curvature c. If

, |HP?
sup [ |[A]“— ———2¢ ) <0,
P n—1

M
then M is diffeomorphic to S".

Many other differentiable sphere theorems for compact submanifolds were ob-
tained by using Ricci flow and mean curvature flow techniques [1; 2; 12; 13; 22;
21; 23; 24; 26]. For instance, Lei and Xu [22; 21; 23] proved several optimal or
sharp smooth convergence theorems for the mean curvature flow of submanifolds
in space forms, which imply optimal or sharp differentiable sphere theorems for
submanifolds in space forms.

Inspired by these developments, we prove the following differentiable sphere
theorem for compact submanifolds in Riemannian manifolds.

Theorem 1.1. Let M" (n > 4,n # 7, 8) be an n-dimensional compact simply
connected submanifold in an N-dimensional Riemannian manifold MN . If

2 _10(p
AP < = Kumin

then M is diffeomorphic to S".

Theorem 1.1 refines Xu and Zhao’s topological sphere theorem in [40] to a
differentiable sphere theorem. More differentiable sphere theorems for compact
submanifolds in Riemannian manifolds will be proved in Section 6.

If the ambient space is a space form of constant sectional curvature c, then
the condition in Theorem 1.1 simplifies to |A|? < 4c + ‘nHTl; With the aid of the
homology vanishing theorem for compact submanifolds and the mean curvature
flow of arbitrary codimension, we prove the following differentiable sphere theorem
for compact submanifolds in space forms under a weak pinching condition.

Theorem 1.2. Let M" be an n-dimensional compact simply connected submanifold
in a simply connected space form FN (c) of constant sectional curvature c.
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Q) Ifc=0,n>5n+#7,8,|H| > 0forc=0,and

AP < e+ LHE
< 2
then M is diffeomorphic to S".
) If c<0,n>9, and
AR < ey A2
n—2

then M is diffeomorphic to S".
For ¢ > 0 and n > 5, consider
M"(e) :=S*(e) x S" *(V1/c —&*) C S"t!(1//¢),

with 0 < ¢ < 1/4/c. Intuitively, M"(¢) is simply connected and not homeomorphic
to the sphere. By a direct computation, we have

H? 2mn—-4)1 2n
|HI=  2( )_+

Al - =
n—2 n—2 g n-=-2

C.

For n > 5, one has
2n—4) 1 2n

n—2 € n-2

2(n—4)1+ 2n 4
= c— 4c as & > —.
n—2 ¢ n-2 Nz

c—> 400 as e— 0,

Therefore, for any constant C > 4c, there is 0 < & < 1/4/c such that M" (¢) satisfies
AI><C+ % So for ¢ > 0, Theorem 1.2 is sharp in the sense that the constant 4c
in the pinching condition is the largest constant such that the differentiable sphere
theorem holds. For ¢ > 0 and n =7, 8, M is homeomorphic to the sphere under
the same pinching condition (see Theorem 4.1 in Section 4).

The paper is organized as follows. In Section 2, we introduce the relevant concepts
and some curvature inequalities for Riemannian manifolds. In Section 3, we prove
Theorem 1.1 with the aid of the classification theorem for Riemannian manifolds
proved by using Ricci flow techniques. In Section 4, we prove a topological sphere
theorem for compact submanifolds in space forms F" (¢) with ¢ > 0, utilizing the
homology vanishing theorem for compact submanifolds. In Section 5, we prove
Theorem 1.2 by applying the mean curvature flow techniques. In Section 6, more
differentiable sphere theorems for compact submanifolds under different curvature
pinching conditions are proved.
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2. Notation and formulas

Let (M", g) be an n-dimensional Riemannian submanifold in a Riemannian man-
ifold MY of dimension N with metric g. We shall make use of the following
convention on the range of indices:

1<i,jk,...<n, 1<A,B,C,...<N, and n+1<a,pB,y,...<N.

We choose a local orthonormal frame {e;} for the tangent bundle and a local
orthonormal frame {e,} for the normal bundle. Let {w4} be the dual frame field
corresponding to {e,}. Denote by Rm and Rm the Riemannian curvature tensors of
M and M. Then we have

Rm= ) Rijnwi®@w;®w®aw,
ij.k,l

Rm= 3" Rapcpwa®wp® wc @ wp.
AB.C,D

Let A and H be the second fundamental form and the mean curvature vector of M,
given by
A= Z Alwi@wj®ey, H=3 H%,, H"=) Aj.
i,j,o o i
We have the Gauss equation

Rijii = Riju + %:(A?kA(}lz — AjA%).-

The trace-free second fundamental form A is defined by A = A — %g ® H. Then

. o . 1
A:Z Af;a),®a)1®ea, AZ:AZ—;H“(S”
1],
The sectional curvature, Ricci curvature, and scalar curvature on M and M are
defined as K, K, Ric, Ric, R, and R, respectively. Thus, we have
Ric(e;) =Y Rijij, Ric(ea) =) Rapap, R=)Y Rijij, R=Y Ragas.
J B i,j A,B

The normalized scalar curvature Ry on M is defined as

— R
Ry=—.
NN —1)
Set

Kmin(x) = min_K(7), Ricmin(x) = min_Ric(u),
rCTM ueU,M

K max (x) = maxﬁ[?(zr), R_icmax(x): maxiR_ic(u).
nCTM ueU,M
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We have Berger’s inequalities:

|Racpcl < A(Kmax — Kmin)  for all distinct indices A, B, C,

|Ragcpl < 3(Kmax — Kmin)  for all distinct indices A, B, C, D.

For any unit tangent vector u € U, M at point x € M, let V¥ be a k-dimensional
subspace of T, M satisfying u | Vf . Choose an orthonormal basis {e4} in T, M
such that for distinct indices 1 < Ag, A1, ..., Ax < N, we have

k
eq, =u, spanfeas,,...,esz}=V,.

The k-th Ricci curvature on M is defined as

k
Sk k Sk 5
Ric® (u; VE) =Ric® ([ea,. ea, .-, ea) = D Raga, 04,
p=1
Set
Iﬁtfﬁi)n(x)= min  min 7R_ic(k)(u; ka),
ueUcM ulVicT.M
R_icflfgx(x) = max  max 7R_ic(k)(u; ka).
ueUyM ulV¥CT M
Extend the orthonormal s-frame {e4,,...,ea, ,} On Txll_d to an orthonormal

(k+ 1)-frame {ea,, ..., es ) for 1 <s <k+1 < N. The (k, s)-curvature on M is
defined as

_ s—1 k _
R (leay e, .oead =2 3 Ra,a,4,4,-
p=04¢=0
Set
. . e
Rinhf)(x) = min R%Y([eay, e, -5 eal),
{eAO’eAl ..... KA/\,}CTXM
RE) (x) = max R* D ([eay, eays - - - ea)).

{eag-ea e )CTM
The s-th weak Ricci curvature on M is defined as

Ric*!([eay, €a,s .- eay D= RN ([eay, ea,s v eay D)
s—=1 N-1 _
= Z Z RA],AquAq-
p=0¢=0

Set

Richi, (x) = min RicM(eay enr, .. eay D
{eag.eayseay_ }CTeM

Richl (x) = max _Ric¥([ea,, €. ... eay D).
{eag.eays-.eay_}1CTeM
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The k-th scalar curvature on M is defined as

_ _ kooko_
RO (eny, ear. ... ead) =RV (leqp ea,....eaD =2 3 Ra,a,a,4,-
p=04g=0
Set
— . _
Rr(ni)n: min ,R(k)([eA()’eAlv ---,eAk]),
{er,eAl,.‘.,eAk}CTxM

0 e
RI(‘[12)1X= max R( )([eA()aeAp "'9eAk])-

{eag-€ay e }CTM

Remark 2.1. Based on the definitions, the Ricci curvature of M is equivalent to
its (N — 1, 1)-curvature, its (N — 1)-th Ricci curvature, and its 1-st weak Ricci
curvature. The scalar curvature of M is equivalent to its (N — 1, N)-curvature, its
N-th weak Ricci curvature, and its (N — 1)-th scalar curvature.

Without loss of generality, all manifolds and submanifolds in this paper are
assumed to be connected and without boundary.

3. Differentiable sphere theorem for compact submanifolds
in Riemannian manifolds

To prove the sphere theorem, we need the classification theorem for compact
Riemannian manifolds with positive isotropic curvature. For an n-dimensional
(n > 4) Riemannian manifold M", if the Riemannian curvature tensor R of M"
satisfies R1313 + Ria14 + Ro323 + Ro424 — 2R 1234 > 0 for every orthonormal four-
frame {e1, e2, e3, e4}, then we say that M has positive isotropic curvature. Recently,
Brendle [4] utilized curvature pinching estimates under Ricci flow to demonstrate
that compact Riemannian manifolds with positive isotropic curvature in dimen-
sions n > 12 maintain the pinching condition under Ricci flow. This led to the
development of a classification theorem for compact Riemannian manifolds with
positive isotropic curvature, thereby strengthening the intrinsic connection between
curvature conditions and differential structure, and extending the applicability of
classical differentiable sphere theorems. Chen [7] further extended the theorem to
dimensions n > 9.

Theorem F [4; 7]. Let M" be an n-dimensional (n > 9) compact manifold with
positive isotropic curvature. If M does not contain any essential incompressible
(n—1)-dimensional space forms, then M is diffeomorphic to a connected sum of
finitely many spaces, each of which is a quotient of S" or S"~! x R by standard
isometries.

In the above theorem, an incompressible space form N"~! in M" is an (n — 1)-
dimensional submanifold diffeomorphic to S"~!/ I such that the fundamental group
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1 (N) injects into 71 (M). The space form is said to be essential unless I is trivial,
or I' = Z, and the normal bundle is nonorientable.

Proposition 3.1. Let M be an n-dimensional (n > 4) compact simply connected
Riemannian manifold. Then there is no essential (n —1)-dimensional incompressible
space form in M.

Proof. Let N be an (n — 1)-dimensional submanifold that is diffeomorphic to
S"1/T in the Riemannian manifold M. By applying the Killing—Hopf theorem
[15; 16], we deduce that 77 (N) = 1 (S"~!/T) ~ T as S"~! is simply connected.
Clearly, if I is nontrivial, then there is no injective homomorphism from 7 (N) to
m1(M), since I" contains more than one element, while 7v1 (M) is trivial. Therefore,
there is no essential (n — 1)-dimensional incompressible space form in M. (]

Using the above proposition, we present the proof of Theorem 1.1.

Proof of Theorem 1.1. From the definition of the second fundamental form, we have

AP =) (A5 =D (A7 + ) (A~
i=1

i,j=1 i#]

For all distinct indices p, g, k, [, applying the Cauchy inequality yields

n 2
(Z Ag;.) <(n-2) [(A‘;;p AL+ AL+ AT+ Y (A?‘l-)z}
i—1 i#p,q.k,l
n

=(n—-2) (Z(Af;)2 +2A% A% + 2AgkA?;>.
i=1

This inequality implies
nooAe)?
(3-1) 2A% A% +2A%,Af > —(Z;—l_ 2”) = (A%
i=1
(i A5 s N ey
_ 1= 12 o o
=SSy T (AR - ) M)
i#] ij=1
Suppose {e1, €2, €3, e4} is an orthonormal four-frame. By the Gauss equation, we
have
(3-2)  Ri313 + Ria1a + Ra323 + Roaza — 2R1234
= R1313 4 Ri414+ R2323 + Roaoa — 2R1234
+ Z [AT, A% + A Ay + A5, A% + A%, A, — (Ay)” — (AS))?
’ —(A%)" = (459)° = 2(Af3A5, — A}, AS)].
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Applying Berger’s inequality yields

E1234 =< %(Emax - Emin)-

Hence,
(3-3)  Ri313+ Ruists + Ro323 + Roaza — 2R1234 > 4K min — 5 (K max — K min)-

By (3-1), we obtain the following estimate for the first four terms in brackets on
the right-hand side of (3-2):

(3-4) AY A5 + AT AL + APATS; + A% AY,

n 2 n
1A
EMJFE (A%.)Q_ E (Aj?;)z.

o itj i j=1

Combining (3-2)—(3-4), we obtain

(3-5)  Ri313 + Ria14 + R2323 + Rag24 — 2R1234
= E(I?min - %I?max)
2
(i1 A% -
P [ e T 8y
o i#]j i,j=1

—2(A%)* —2(A%,)? —2(A%)* — 2(A‘§‘4)2}

|H|?

n—2

Z%(Emin_};imax)‘i' _|A|2-
Therefore, under the assumption of Theorem 1.1, M has positive isotropic curvature.

When n =4, by [8; 9; 14], M is diffeomorphic to the standard sphere.

When n =35, 6, it is known from [27] that M is homeomorphic to a sphere. As
the differentiable structure on the topological sphere of dimension 5 or 6 is unique,
M is diffeomorphic to the standard sphere.

When n > 9, Proposition 3.1 implies that M contains no essential (n — 1)-
dimensional incompressible spatial form. By Theorem F, M is diffeomorphic to
the standard sphere. (I

4. Topological sphere theorem for compact submanifolds in space forms

In this section, we prove a topological sphere theorem for compact submanifolds in
space forms of nonnegative sectional curvature.
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Theorem 4.1. Let M" be an n-dimensional (n > 5) compact simply connected
submanifold in a simply connected space FV (¢) with ¢ > 0. Assume that |H| > 0
forc=0.If

|H|?

Al <4 ,
Al = C+n—2

then M is homeomorphic to S".

Theorem 4.1 provides a proof of the case n =5, 6 of (i) in Theorem 1.2.

We need the following homology vanishing theorem for compact submanifolds
in space forms to prove Theorem 4.1. Lawson and Simons [19] initially established
the homology vanishing theorem for compact submanifolds in spheres under a strict
pointwise pinching condition. Subsequently, Xin [35] generalized this theorem to
compact submanifolds in the Euclidean space. It was observed by Elworthy and
Rosenberg [10] that the Lawson—Simons theorem still holds under a weak pinching
condition that is strict at some point. This generalization is also true for compact
submanifolds in the Euclidean space.

Theorem 4.2 [10; 19; 35]. Let M" be an n-dimensional (n > 5) compact submani-
fold in a simply connected space form " (¢) with nonnegative constant curvature c.
Assume that, for an integer 0 < q < n,

n q
@D > > (1A e — (Ale, €), Alex. er))) < q(n—g)c

k=g+1 i=1

holds for any orthonormal basis {e;} of T, M at any point x € M. If there is a point
such that (4-1) is strict for any orthonormal basis {e;} at that point, then there do
not exist any stable q-currents, and

Hy(M; Z) = Hy—q(M; Z) =0,
where H;(M; Z) is the i-th homology group of M with integer coefficients.

Proof of Theorem 4.1. We follow the computation in [31]. For any orthonormal
basis {ey} of the normal space at a point,

n q
42) > Y (21Aer e0)l* — (Aler e). Alex. ex)))

k=q+l i=1

n q n q
=20, 2, QA=) D ) ARAL

a k=q+1i=1 o k=g+1i=1

o k:q+1 i=l1



DIFFERENTIABLE SPHERE THEOREMS FOR COMPACT SUBMANIFOLDS 437

We take r = n — g and set

q q n i
(San) (- an). sam eanrs o= Yn?
i=1 i=1 i=1

i,j=1
Applying the Cauchy inequality, we have

4-3) qu =gqr Z(A ) +qr Z(A
i=1

k=gq+1
q 2 n 2
=r(an) vl 2 an)
i=l1 k=q+1

q 2 9
=X an) —2ame (S an) +acny.
i=1 i=1

This inequality implies

q
(4-4) nZy+(r—q)H" (Z A?,-) +q(H*)* —qr8, <0.
i=1

By the definition and applying the Cauchy inequality, we have

q 2 n 2
__(Ha)z Z(A )%+ Z (A%, 5(255’@) - < > °2k>
i=1

k=q+1 k=q+1

- (611 + %) <g fi%)z.

q
5| < (Gt
i=1
Combining this inequality with (4-4), we get
Za < ﬂga_ (‘K"ZQ) )(HO[)Z |H0l \/C]’” (HO[) )
n n

Substituting this inequality into (4-2) yields

N =

Hence,

q

Y D QlACe, el — (Aleis ), Alex, ex)))

k=q+1 i=1 0 g
=3 ¥ Yo+ s - (US04 ey

o k:q+1 i=1
lr—ql qr (s 1 2
+—n |Ha|\/_n (Sa_ﬁ(Ha) ) :
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Forn>5and2<¢g <n—2,one has gr >n. Soforanyn —1<a <N,

4-5) 2 Z Z(A )2 +—Z(A

k=q+1 i=1

n q n
=T A= (L 1) S - Yo an~ 3 gy

i,j=1 i#£]j i,j=1 i,j=q+1

. i#j i#j
qr 2
< — E A%~

Applying the Cauchy inequality, we have

wo) Y5 Loy < \/Z(H“)%Z(Sa—%(mﬂ).

Hence,

n q
@7 D D ClAGe e = (Alei, ), Alex, ex))

k=q+1i=1
qr 2gr 2\ | Ir—ql [qr 2 ¢ 1 2

< 2 (Esu— S quey?) + /72“”9 (8 =)

[0 o o

< ar 2 Ir=ql 2 1

n(lAl |H|+W|H| Al anl)

CI_

n

2 2 n—4 | 2
Al —=|H|* — —— |H Al —-|H .
<| 2 nl |”—nc+ 2n(n—2)| |V IAI" = 5] |>+CIVC

Now we take the case ¢ > 0. By a direct computation, we have, for2 <g <n—2

andn > 35,
2_ 242 n—4 21
|A]" = =|H|" —nc+ |H|\/ A" — 5 [H|” <0,
n 2n(n —2) n

provided |A|> < 4c + |H |2 Therefore,

n q
DY (ClAGe, el — (Alei, @), Alex, @) < gre

k=q+li=1

for2<qg <n—2. By Theorem4.2, H,(M; Z)=H,_4(M; Z)=0for2<q <n-—2.
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Next, we consider the case c = 0. Asn > 5 and 2 < g <n — 2, by a direct
computation we have

n q
@8) Y Y (20Ae, e —(Aei, e, Alex, er)))

k:q+1 i=1

< 9 (1AP = 211 P + =2 1) 1A - LHP) <0

7
provided |A|? < |H|?/(n — 2). Moreover, the second inequality becomes equality
at a point if and only if |A|> = |H|? /(n —?2) at this point.

If the second inequality in (4-8) is strict at a pomt for any orthonormal basis {e;}
at that point, then by Theorem 4.2, H,(M; Z) = H,_,(M; Z) =0for2<q <n-—2.

Now we consider the case that the equality holds for the second inequality in
(4-8) at any point for a certain orthonormal basis {e;} at that point. Then at any
point, all inequalities become equalities. In particular, from (4-8), there holds
AP —|H[?/(n—2) =

At any point, given a corresponding {e;} and for any {e,}, the equality case of
(4-3) implies that forany n + 1 <o < N,

Al = =A%, AY

— o
q99° q+lg+1 = - Ann'

Moreover, the equality case of (4-5) gives that foranyn+1 <o <N,
A?‘j =0, foranyi #j.
This implies S, = S, for anyn+1<a <N.
From the equality case of (4-6) we conclude that there exists a constant p for

this point such that
Sa=p-(H")

=0, onehas,o_L.

foranyn+1 <o < N. Since S, = S and |A]? — |H|2
As |[H|>0and |A|>—|H|*/n > 0, the equahty case of (4-7) implies
lr—q|  n—-4
NN
Hence, g =2 or ¢ = n — 2. Without loss of generality, we choose g = 2.
As |H| > 0on M, at any point we can choose {e,} such that e, 1 = H/|H|. Then
H™ ! = |H| and H* =0 forany @ =n+2,..., N. Since AJ; =0 for any o and

i#j,and S, = 2(H"‘)2 for any o, we conclude that A =0 fora =n+2,...,N.
Thus,

ntl |H|*
Sui1 = Z(A P =1AP =5

This implies A”Jrl <|A|= |H|/«/n — 2 < |H|. Therefore, by Proposition 2.5 in [28],
M lies in an (n + 1)-dimensional affine subspace of R". Since M is a hypersurface
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in R+, its second fundamental form can be considered as a symmetric 2-tensor
A ={A;;} and the mean curvature H of M is essentially a scalar function. We have
|A|>— H?/(n—2) =0, and at any point there is an orthonormal basis {¢;} such that

A11:A22, A33:~~-:Ann, Aij:() forallz;é]

Therefore, M is a compact hypersurface in R"*! with two distinct principal curva-
tures of multiplicities 2 and n — 2. We denote the two principal curvatures by A and
W, respectively. Then A and p are smooth functions on M. We may assume H > 0.
Since 2

A+ —2pu=H and 22>+ @ —2)u’*=

-2’
we have, by a direct computation,

A=0 and pu=——
or

n nn—2)

In the first subcase, one has A = 0. By the Gauss equation, at any point of M
there exists a tangent plane with zero sectional curvature. However, since M is a
compact hypersurface in R"*!, there exists a point of M at which all the sectional
curvatures are positive. Therefore, this subcase is impossible.

For the second subcase, we will prove that M is isoparametric. By Theorem 2
in [29] and its corollary, the distribution of the space of the principal vectors
corresponding to A (resp., i) is completely integrable, and A (resp., ©) is constant
on each integral submanifold of the corresponding distribution of the space of the
principal vectors. At any point of M, there exists a corresponding {e;} such that
e1, ey are principal vectors of A and es, ..., e, are principal vectors of u. Putting

n n
dr = Z)»,kwk, du= Z Mk Wk,
k=1 k=1

one has at this point that

Ai=i2=0, pz=---=p,=0.
Putting n
dH =" Hyox,
we have " k=1
H;, = Ek’i =0, fori=1,?2,
and
sz’/’fi”—_jf)u,jzo, for j=3,....n.

Consequently, d H = 0 at this point. Since the point is arbitrary, one gets dH =0
on M. This implies that the mean curvature is constant on M and the principal
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curvatures A and p are both constant. Therefore, M is an isoparametric hypersurface
in R"*! with two distinct principal curvatures A and .. By Cartan’s formula, Au = 0.
This leads to a contradiction.

In summary, we conclude that there always exists a point of M such that the
second inequality in (4- 8) is strict at this point for any orthonormal basis {e;}.
Therefore, H;(M; Z) = H,_4(M; Z) =0for2 <g <n-—2.

Finally, we give the proof of Theorem 4.1. Since M is simply connected, it is
oriented (see Theorem 15.43 in [20] for a proof). By the Hurewicz theorem (see
Theorem 5 in Chapter 7 of [34]), the homotopy groups of M satisfy m; (M) =
fori=1,...,n—1. So M is a homotopy sphere. By the proof of the generalized
Poincaré conjecture [33], M is a topological sphere. (Il

5. Differentiable sphere theorem for compact submanifolds in space forms

We will use the mean curvature flow as a tool to prove Theorem 1.2.

Let M be an n-dimensional compact submanifold in a simply connected space
form " (c) of constant sectional curvature c¢. Denote by F the immersion. We
deform M by the mean curvature flow F : M" x [0, T) — F¥ (c) that satisfies

3F()c, t)=H(x,1t),

where H (x, t) is the mean curvature vector of the submanifold M, = F(M, t).

Lemma 5.1. Let F : M" x [0, T) — FN(c) be a mean curvature flow of compact
submanifolds of dimension n > 8 in a simply connected space form FN (c). Assume

2 2
M satisfies |A|> < 4c+%, and |H| > 0 for c=0. Then M, satisfies |A|*> < 4c+%
fort > 0.

Proof. Asin [1; 2; 26], we set Q = |A|> —a|H|> — bc. Then

(5-1) (% - A)Q — _2(VAP? —a|VH[*) + 2R, — 2aR,
—2nc|1§|2 —2n(a—%>c|H|2,
where
2
Z(ZA"A’S> +IRY?  and R2=Z<Z H“A;?;) :
a,B i,j o
with

|IRL12 = Z(Z(A WAl — Al Al ) ZN(A"‘A’S AP A%,

i,j.a.p

Here A* = (A"‘ ) and N(-) denotes the squared Frobenius norm of a matrix.
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At the point where |H| # 0, we choose {e,} such that e, = H/|H | at this pomt.
LetAy=Y,  AlM'o'®w/, Ay =A—Ap, Ap=An—tH®g Ai=A—Ay.
From the deﬁnmons it follows that

Al = AP AP = ) AP —|Aul?,
a>n+1

|Aul> = 1A', (AP = D0 (AP =|AP - |Aul.
a>n+1

Notice that [Ay|* = |Ay|* + L|H|? and |A;|? = |A;|?. By the calculations in [1],
one has

. 2\ 2/ 1
(5-2) 2R1—2aR2:2|AH|4—2(a—;>|AH|2|H|2—;(a—;)lHF‘

+4Z (ZAn-HAa) +4Z N(An-i-lAa_AocAn-H)

a>n+1 a>n+l
) Y (ZAaAﬂ) 12 Y N(AAP - 484,
o,B>n+1 o, B>n+1

For the first line of the right-hand side of (5-2), we replace |H |> with

A +1A1> —bc— Q
1

a— —
n

and get

o o 2
53 Al =2(a=2) AuPIHP = = (a1 ) 1H]'
n n n

= —(2+L)|AH|2|AI|Z+ (HL)MHFQ
n(a—y) n(a—3)

+(2b+ 2 )cvim —~ |A71* + |A120
(a—3) (a—3) (a—3)
4bc . ,  4bc 2b%c? 2 )

+- |Arl* — 0- —0°.

For the last two lines of the right side of (5-2), the computations in [1] give

2
-4 Y (Z At ua;;) + D N(ATTAT — A2 AT <2 Ay P41

a>n+1"i,j a>n+1
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and

(5-5) 2 ) (ZA“Aﬁ) 2 Y N(A"AP - APA") <3]A,"

o,f>n+1 o,f>n+1

Combining (5-2)—(5-5), we have

] B 3 2 o 5o B 2 -
(5-6) 2Ry —2aR, < |6 ~ JIAuITIALI"+ (3 T~ JIA1l
n(a—y) n(a—y)
2 o 5 4 9
+ (24— )lAulP 0+ ——14/1°0
n(a—y) n(a—y)
4bc

We also calculate that
(5-7) —2nc|A]? - 2n<a—%)c|H|2 — 2nclA)? = 2nc(A? = be — Q)

= —dnc|Ay|* —4nclA;)? 4 2nc*b + 2ncQ.
Substituting (5-6) and (5-7) into (5-1) yields

59 (4-2)0

—2(IVAP* —a|VHP?)

6—

o o 2 o
>|AH|2|A1|2 + (3 - m) Arlt

2
na—y) 7

(
+ (2b+ % 4n)c|AH| 4 <% —4n>6|1‘il|2
<2

n

a o |2+ 4
1 H 1
n ”(a—z)
2h? 2
+ (2nb - - >c2 — 0’

o)

For n > 8, we choose a = 2 and b = 4, satisfying the condition a < =5. We

(A|> = bo) +2nc> 0

also have the following gradlent inequality for submanifolds in F" (c):

3
5-9 VA?> ——|VH/?.
(5-9) | |_n+2| |
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From this inequality, we derive —2(|VA|? — ﬁlVH ) < 0. Consequently, we
discard this term in (5-8).

We will analyze the following three cases separately: ¢ =0, ¢ < 0 and ¢ > 0 for
the constant curvature ¢ of the space form FN(c).

Case ¢ =0: Since |H| > 0 att =0, there is a fy > 0 such that | H| > 0 for ¢ € [0, 1y].
At any point in M, for t € [0, fp], (5-8) implies

9 2 e 9% o 2 e 4
(E—A)Qs<6—m)mﬂ| A1 +<3‘n(a_%)>'A"

2 2(a—2) . 4
——1)Q2+< la f)|AH|2+—|A|2)Q.

n(a—y a—s n(a—1)

Since a = ﬁ, one has

6 — =—m-8) =<0, -— =—(n—-2)<0.
e
Therefore,
5100 (2 -48)0= -0 =4/ + (== DIAyP +20: - DIAP) 0.

By the maximum principle, (5-10) implies that Q < 0 is preserved on [0, #y].
By (5-10) we have, on [0, #],

(5-11) (&-a)o=—m-5)A1 - —alinPo.

Since —(n —5)|A;|* <0, by the strong maximum principle, either Q < O for all
te€(0,f],or Q=0forallt €[O0, t)].

Recall that we discarded the nonpositive term —2(|VA|* — ﬁWH ?) in the
above computations. If we retain this item, then (5-11) becomes

9 2 1 2 ;o4 P2
(55 = 8)0 = =2(IVAR = —|VHP) = (1 = 5)I A = (0 = Hl A 0.

If Q =0 for all 7 € [0, o], this inequality implies |VA|* — -5 |VH|*> = 0 and
fi, =0. As n_iZ < n%z for n > 8, it follows from (5-9) that VA =0, i.e., the second
fundamental form is parallel. Therefore, M lies in an (n 4 1)-dimensional affine
subspace of R, and the second fundamental form of the hypersurface M in R"*!
is parallel. Then by [18], M = Sk(r) x R % fork=0,1,2,3,...,n. Since M
is compact, we conclude that k =n and M = S"(r). This implies |A]? = %|H 12,
which is a contradiction to that Q = 0. Therefore, O < 0 for all ¢ € (0, #9]. By the
maximum principle, QO < 0 for all # > 0.

Case ¢ < 0: Att =0, the pinching condition implies that |H| > 0. Then there is a
to > 0 such that |H| > 0 for ¢ € [0, t].
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Asa= ﬁ and b = 4, (5-8) implies that, at any point in M, for ¢ € [0, 9],

(5-12) (% - A) 0
<[~ —DIAu* +2(n - 2)(JA)* — bc) +2nc] O — 8(n — 4)c?.

As —8(n—4)c? <0, by the maximum principle, Q < 0 is preserved on [0, #g].
By the strong maximum principle, either Q < 0 for all ¢ € (0, #p], or Q =0 for all
t €10, to]. For the second case, (5-12) implies

0<—8(n—4)c* <0,
which is impossible. Therefore, Q < 0 for all # € (0, fp]. By the maximum principle,
O <Oforallz > 0.
Case ¢ > 0: We first consider the point |H| # 0. For x, y > 0, define the function

(o))

n

2b 4b 20\ ,
+ |20+ —F—— —4n)ex + —1—4n)cy+<2nb——l>c.
n(a—;) n(a—3) n(a—3)

n

Asa= nlfz and b =4, F(x, y) can be expressed as
Fx,yY)=—mn—-8)xy—(n— 5)y2 +4(n—4)cy —[8(n —4) — €lc? —ec?.
As n > 8, we have —(n — 8)<0. Hence, we only need to consider the function
fO)=—(n—=5)y"+4(n—4cy —[8(n —4) — €],
The discriminant of this quadratic satisfies
A=16(n—4)>—4(n—5)[8n—4)—€] <0
for a sufficiently small € > 0. So f(y) < O for this €. Therefore,
F(1 Al 1A11?) < —ec?
Thus, (5-8) implies

513) (& -a)0 <[~ —lAnl +20 -2 (AP —be) +20¢] @ — .

If |[H| =0 at a point, then Q = |A|® — be, which implies |A|> = |A|? = Q + be.
Therefore, by the Li-Li inequality [25],

(%—A)Q53|A|4—2nc|fi|2=3|A|2(Q+bc)—2nc|/i|23|A|2Q+(3b—2n)c|fi|2.
Asb=4,3b—2n=-2(n—6) <0. Hence,

(5-14) (& -8)0 = (IAP =20 6)c) 0 —8(n — 6)c’.
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Therefore, by the maximum principle, we see from (5-13) and (5-14) that Q <0
is preserved.
Moreover, by (5-13) and (5-14), one always has

(£-a)o=-niir+o0-

for positive constants y; and y». Therefore, by the strong maximum principle, either
O <O0forallt >0, or Q=0 forall t > 0. However, for the second case, the above
inequality implies

0<—y1 <0,
which is impossible. Therefore, Q < 0 for all ¢ > 0. ([

Remark 5.2. For4 <n <7, by a similar computation, the pinching condition
1

|A|? < a|H|? + bc for certain g <a< 2 and 2 < b < 4 is also preserved.
Proof of Theorem 1.2.. Whenn =35, 6,ifc>0,orc=0and |H| > 0, by Theorem 4.1,
M 1is a topological sphere. Since the differentiable structure on a topological sphere
of dimension 5 or 6, M is diffeomorphic to the standard sphere.

When n > 9, combining Theorem 1.1 and Lemma 5.1, we conclude that M is
diffeomorphic to the standard sphere. U

6. More differentiable sphere theorems for compact submanifolds

We present two more differentiable sphere theorems for compact submanifolds in
Riemannian manifolds.

Theorem 6.1. Let M" (n > 4,n # 7, 8) be an n-dimensional compact simply
connected submanifold in an N -dimensional Riemannian manifold MN. Suppose
that one of the following conditions holds:

. —_— _ — 2
(1) |A|2 < m (Rlcmin - 5N5 11I{malx) + lHl .

2
(i) |A]> < 2V (Ricl] —sONIN=2D ) 'H'2 for some 1 <s < N.

min TN
7NN 1 TN2—TN—-24 H|?
(iii) |A]* < I )(R ~ TIN(N=D) KmaX)""n—lz'

Then M is diffeomorphic to S".
Proof. Asin Theorem 1.1, we need only show that M has positive isotropic curvature.

(i) For any x € M, suppose u, v € U, M be two orthonormal vectors such that
K () = K min(x), where mw = span{u, v}. Let Vk C T M be a k-dimensional sub-
space such that v € V)f and u L ka- Define eq, =u, eq, =v,andlet {e4,, ..., ea,}



DIFFERENTIABLE SPHERE THEOREMS FOR COMPACT SUBMANIFOLDS 447

be an orthonormal basis of V. We have

k k
Ric® ([eay. ea,. ... ea,]) = Z Raga,a0a, = Raga a0, + Z Ruga, 404,
p=1 p=2
= I?min + (k - l)l?ma)v
By the definition of RlCmm, one has
(6-1) Krnm = Rlc(k) (k — 1)Emax~

Suppose {e1, €2, €3, e4} is an orthonormal four-frame. Extend {ey, e, €3, €4} to
an orthonormal (k + 1)-frame {ey, ..., ex+1}. Then

k+1 k+1
Ric®([er, 2, ..., ex1]) = Z Ripip=Rizi3+ Riaa + (Emz + Z Elplp)
p=2 p=5

< Ri313+ Ris1a + (k — 2) K max.
This implies
(6-2) Ri313+ Ria1a ZR_iCr(ﬁi)n—(k—Z)Emax-
Combining (6-1) and (6-2) with Berger’s inequality, we obtain

(6-3)  Ri313+ Ria1a — Ri23a > R_i<3(k~) — (k —2)K max — %(kl?max - R_lcr(fl)n)
[RIC(k) (k — g) I?max].

min

Similarly,

(6-4) Ro303 + Roaoa — Rinzs > 3 [RIC( ) —(k— 8) Kmax]-

min

Combining (3-2), (6-3) and (6-4), we obtain

Ri1313 + Ris14 + R2323 + Roapa — 2R 1234

> 9IRTE - (=9 K] + [ 5 i S N
i#] i,j=1
—2(A%)? — 2(A%,)? — 2(A%)? — 2(AS )}

H2
|H | — AR

> 10 [Rlcr(rll?n (k — g) I?max] +

Choosing k = N — 1 and combining the assumption, we know that M has positive
isotropic curvature.
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(ii) For any x € M, let u, v € U, M be two orthonormal vectors such that K () =
K min(x) with m = span{u, v}. Let {e4,, €4,, ..., €4,} be an orthonormal (k + 1)-
frame such that ey, = u, e4, = v. Then

k k
E(k) ([eAO’ €Aps - eAk]) = Z Z RA,,AquAq

p=04=0

= Raga,404; T Ra 404,40

ko k
+ E E Ra,a,8,4,— (RagA A0A, T Ra,A0A A0)
p=04¢=0

= 2Emin+[k(k+ 1) _2] Emax-

This implies

1(pk)
(6'5) K min > Q(R

- min

—[k(k+1) = 2] K max)-

By the definition of R**), one has

n (k) p(k,s)

(6—6) Rmin > RmirLlv
k(k+1) = ks =
Combining (6-5) and (6-6), we have
(6-7) Komin = S RYEY — [k(k + 1) — 2] K ax).-
Suppose {e1, e, €3, e4} is an orthonormal four-frame. Extend {eq, 3, e3, €4} to
a (k + 1)-frame {ey, ..., exs+1}. As R® = R&k+D we have
k+1 k+1

RO(er, ... e1]) = Z Z Rijij

i=1 j=1
=2 (Ri1313 + Ri414+ Ro323 + Roana)
k41 k+1

+ Z Z Rijij —2(Ri313 + Ria14 + Ra32s + Roana)
i=1 j=1

<2(Riz13+ Ris1a + Rozo3 + Roans) + [k(k + 1) — 8] K max.

By (6-6), this implies that for 1 < s < N, there holds

(6-8)  Ri313+ Ris1a+ Ro3o3 + Rogoa > %(%R(k’s) —[k(k+1) — 8] K max).

min
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Combining (3-5), (6-7) and (6-8) with Berger’s inequality, we obtain
R1313 + Ria14 + Ro323 + Roaoa — 2R1234
S R = TG+ 1) = 81 Ko
_%[k(k+])l?max (k+1)R(k S)]+ |H| |A|2
7
6

v

min

(LR — (k2 + K — 2) Koo ] + 25 — A2,

v

Choosing k = N — 1 and combining the assumption, we know that M has positive
isotropic curvature.

(iii) Substituting s = N into (ii), we derive that M has positive isotropic curvature.
O

Theorem 6.2. Let M" (n > 4,n # 7,8) be an n-dimensional compact simply
connected submanifold in an N -dimensional Riemannian manifold MY . Suppose
that one of the following conditions holds:

(i) AP < 2D (K i — 5 Ricmas) + 25,
N . = 2
(i) |A|? < M(Kmin = +6R10[f1]1x) + % for some?2 <s <N.
2(N*-N+6) (& - H?
(iii) |A> < 2NNHO (g — PN Rg) o L

Then M is diffeomorphic to S”.
Proof. Asin Theorem 1.1, we need only show that M has positive isotropic curvature.
(i) As in the proof Theorem 6.1(i), one has

I?max =< R_icgfgx - (k - 1)I?min-

Suppose {ey, e2, e3, e4} is an orthonormal four-frame. Combining (3-5) with the
above inequality, we obtain

Ri313+ Riara+ Rozos + Roaos —2R1234 = 2 (K min — § K max) + 2 lHl —|AJ?
> 4((k+3) K min — Ric) )+ HE | A2,

— max

Choosing k = N — 1 and combining with the assumption, we see that M has positive
isotropic curvature.

(i1) As in the proof of Theorem 6.1(ii), one has that for 2 <s <k 41,
I?max =< %(Efgéi) — (ks — 2)[?min)-
Combining this with (3-5), we obtain

Ri313+ Ris1a+ Rozos + Roaoa —2R1234 > 2 (Kmin — 1 K ma )+‘H| — A
> 2((ks +6) Kin — R&D) + 15 — A2,

max
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Choosing k = N — 1 and combining with the assumption, we know that M has
positive isotropic curvature.

(iii) Substituting s = N into (ii), we derive that M has positive isotropic curvature.
O

Remark 6.3. From the proofs of Theorems 6.1 and 6.2, similar differentiable sphere
theorems can be established for compact submanifolds under pinching conditions
involving the k-th Ricci curvature or the (k, s)-curvature.
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QUASITRIANGULAR AND FACTORIZABLE
POISSON BIALGEBRAS
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We introduce the notions of quasitriangular and factorizable Poisson bialgebras.
A factorizable Poisson bialgebra induces a factorization of the underlying Pois-
son algebra. We prove that the Drinfeld classical double of a Poisson bialgebra
naturally admits a factorizable Poisson bialgebra structure. Furthermore, we
introduce the notion of quadratic Rota—Baxter Poisson algebras and show that
a quadratic Rota—Baxter Poisson algebra of zero weight induces a triangu-
lar Poisson bialgebra. Moreover, we establish a one-to-one correspondence
between factorizable Poisson bialgebras and quadratic Rota—Baxter Poisson
algebras of nonzero weights. Finally, we establish the quasitriangular and
factorizable theories for differential antisymmetric infinitesimal (ASI) bialge-
bras, and construct quasitriangular and factorizable Poisson bialgebras from
quasitriangular and factorizable (commutative and cocommutative) differential
ASI bialgebras respectively.
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5. Quasitriangular Poisson bialgebras via quasitriangular differential
ASI bialgebras 473
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1. Introduction

Poisson algebras serve as fundamental structures in various areas of mathematics
and mathematical physics, including Poisson geometry [28; 29], classical and
quantum mechanics [3; 9; 22], algebraic geometry [13; 23], quantization theory
[14; 17] and quantum groups [8; 12]. A Poisson algebra is both a Lie algebra and a
commutative associative algebra which are compatible in a certain sense.
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Definition 1.1 [19; 29]. A Poisson algebra is a triple (A, [, ], -), where (A, [, ])
is a Lie algebra and (A, -) is a commutative associative algebra satisfying

l[a,b-cl=la,bl-c+b-[a,c], Va,b,ceA.

Both Lie algebras and associative algebras possess well-developed theories of
bialgebras, which have found extensive applications in various mathematical fields.
In the Lie algebra setting, Lie bialgebras, introduced by Drinfeld [11], play a
fundamental role as the infinitesimalization of Poisson Lie groups [8; 16]. On the
side of associative algebras, the notion of infinitesimal bialgebras was introduced
by Joni and Rota to provide an algebraic framework for the calculus of divided
differences [15]. Variants of this notion, such as balanced infinitesimal bialgebras
(also termed antisymmetric infinitesimal bialgebras or associative D-bialgebras in
different contexts [2; 4; 30]), have been systematically studied by Aguiar [1; 2],
who established their close analogy with Lie bialgebras. These structures have been
found significant applications in combinatorial mathematics.

Building on these ideas, a unified bialgebra theory for Poisson algebras, called
Poisson bialgebras, was later developed in [21], combining aspects of both Lie and
infinitesimal bialgebras.

Meanwhile, In the realm of Lie bialgebras, quasitriangular Lie bialgebra struc-
tures have been pivotal objects in mathematical physics [12; 26]. Among these
quasitriangular Lie bialgebra structures, factorizable Lie bialgebras constitute a par-
ticularly important subclass, linking classical r-matrices to factorization problems
and playing a key role in integrable systems [5; 24; 25]. Recently, quasitriangular
and factorizable theories has been extended to antisymmetric infinitesimal bialgebras
with [27] introducing quasitriangular and factorizable antisymmetric infinitesimal
bialgebras.

Naturally, we try to establish the quasitriangular and factorizable theories in
the context of Poisson bialgebras, synthesizing concepts from both quasitriangular
Lie bialgebras and quasitriangular antisymmetric infinitesimal bialgebras. More
precisely, we introduce the notion of quasitriangular Poisson bialgebras based on
the (ad, L)-invariant condition. In particular, if the symmetric part of the solution
of the Poisson Yang—Baxter equation in a quasitriangular Poisson bialgebra is
nondegenerate, then a factorizable Poisson bialgebra is obtained. We prove that
every factorizable Poisson bialgebra induces a factorization of its underlying Poisson
algebra. Furthermore, we establish that the Drinfeld classical double of a Poisson
bialgebra is automatically endowed with a canonical factorizable Poisson bialgebra
structure.

Recent results have shown that factorizable Lie bialgebras and factorizable
antisymmetric infinitesimal bialgebras could be characterized by quadratic Rota—
Baxter Lie algebras of nonzero weights and symmetric Rota—Baxter Frobenius
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algebras of nonzero weights respectively [18; 27]. This motivates our investigation
of analogous Rota—Baxter characterizations of factorizable Poisson bialgebras. For
this purpose, we introduce the notion of a quadratic Rota—Baxter Poisson algebra
by equipping a quadratic Poisson algebra with a Rota—Baxter operator satisfying a
compatibility condition. We show that a quadratic Rota—Baxter Poisson algebra of
zero weight can give rise to a triangular Poisson bialgebra. Moreover, we establish
a one-to-one correspondence between factorizable Poisson bialgebras and quadratic
Rota—Baxter Poisson algebras of nonzero weights.

Building on the fact that a Poisson algebra can be obtained from a commutative
differential algebra with two commuting derivations [7], Lin, Liu and Bai [20]
extended such a connection to the context of bialgebras, utilizing the theory of
differential antisymmetric infinitesimal (ASI) bialgebras to construct Poisson bial-
gebras from commutative and cocommutative differential ASI bialgebras. In this
paper, we further investigate this relationship in greater depth. Specifically, we
develop the theories of quasitriangular and factorizable differential ASI bialgebras,
and apply them to the study of their Poisson bialgebra counterparts. We establish
the constructions of quasitriangular and factorizable Poisson bialgebras from qua-
sitriangular and factorizable (commutative and cocommutative) differential ASI
bialgebras respectively.

Outline. Section 2 introduces the notion of quasitriangular (triangular) Poisson
bialgebras as a special class of coboundary Poisson bialgebras. Section 3 presents
the concept of factorizable Poisson bialgebras, which is a distinguished subclass
of quasitriangular Poisson bialgebras. We demonstrate that a factorizable Poisson
bialgebra induces a factorization of the underlying Poisson algebra. Furthermore,
we prove that the Drinfeld classical double of a Poisson bialgebra is naturally
endowed with a factorizable Poisson bialgebra structure. Section 4 establishes
the Rota—Baxter characterization of factorizable Poisson bialgebras. We introduce
the notion of quadratic Rota—Baxter Poisson algebras and establish a one-to-one
correspondence between quadratic Rota—Baxter Poisson algebras of nonzero weights
and factorizable Poisson bialgebras. Moreover, we show that a quadratic Rota—
Baxter Poisson algebra of zero weight can give rise to a triangular Poisson bialgebra.
In Section 5, we introduce the notions of quasitriangular and factorizable differential
ASI bialgebras, and give Rota—Baxter characterization of factorizable differential
ASI bialgebras. The constructions of quasitriangular and factorizable Poisson
bialgebras from quasitriangular and factorizable (commutative and cocommutative)
differential ASI bialgebras are illustrated respectively.

Throughout this paper, we work over a base field I of characteristic 0, and all
vector spaces and algebras are assumed to be finite-dimensional. We adopt the
following conventions and notations.
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(1) Let (A, ©) be a vector space equipped with a bilinear operation ¢: A® A — A.
Let Lo(a) and R (a) denote the left and right multiplication operators, that is,

Lo(a)b=R.,(b)a=aob, Va,beA.

We also simply denote them by L(a) and R(a) without confusion. If (A,[, ])isa
Lie algebra, we let ad[,j(a) = ad(a) denote the adjoint operator, that is,

ad;j(a)b =ad(a)b=[a,b], Va,beA.
(2) Let V be a vector space. Denote the flip operatorby t: V®V — VQ V:
T(u®v)=vQ®u, Yu,velV.

(3) Let (A, ©) be a vector space equipped with a bilinear operation ¢: A® A — A.
Letr =) ,a; @b € A® A. Set

r12=zai®bi®19 r13:Zai®l®bi, r23=ZI®ai®bi’

1

where 1 is the unit if (A, ¢) is unital or a symbol playing a similar role as the unit
for the nonunital cases. Further define compound symbols such as rj, ¢ r13 by

rpor;3 = Zaioaj ®bi®bj, rizors= Zai ®aj®b;obj,

i,j i,j
3 <Or)y = E ai®aj<>bi®bj, rporsa = E ai®b,-<>aj®bj.
iJ iJ

(4) Denote the standard pairing between the dual space V* and V by <, >, so that
oy =Ff) =<, f, VYfeV5veV.

(5) Let V, W be two vector spaces and T : V — W be a linear map. Denote the
dual map by T* : W* — V*:

, T*(w*)y =<T W), w", YveV,w*eW*

(6) Let A, V be vector spaces. For a linear map u : A — End(V), define a linear
map u*: A — End(V*) by u*(a) = (u(a))*, or, more explicitly,

@), uy =, w@uy, VYacA ueV,v*eV*,

(7) Let Ty = {oy : Vi — Wi}, and ITx = {B; : Vo — W2}}" | be two m-tuples
of commuting linear maps. Then obviously {ay + B¢}, is still an m-tuple of
commuting linear maps, which is denoted by IT; + I,.
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2. Quasitriangular Poisson bialgebras

In this section, we recall the notion of coboundary Poisson bialgebras and introduce
the notion of quasitriangular Poisson bialgebras as a special case of the coboundary
Poisson bialgebras, based on the notion of (ad, L)-invariance. The notion of a
quadratic Poisson algebra is also introduced, which gives rise to an (ad, L)-invariant
2-tensor and serves as the foundation for the subsequent notion of a quadratic Rota—
Baxter Poisson algebra.

Definition 2.1 [21]. Let (A, [, ]4,-4) be a Poisson algebra, V a vector space and
P, nu:A— End(V) two linear maps. The triple (V, p, ) is called a representation
of the Poisson algebra (A, [, ]4, -4) if the following conditions hold:

(1) (V, p) is a representation of the Lie algebra (A, [, ]4), thatis, p([a, b]a) =
p(@)p(b) —pb)p(a) forall a, b € A.

(2) (V, ) is a representation of (A, -4), that is, u(a -4 b) = u(a)u(b) for all
a,beA.

(3) The following equations hold:

pla-ab)=ub)p(a)+ pna)p®),
u(la, bla) = p(a)u(b) — n(b)p(a), Va,be A.
Proposition 2.2 [21]. Let (A, [, la, -a) be a Poisson algebra, V a vector space
and p, i : A — End(V) two linear maps. Then (V, p, u) is a representation of
(A, [, 14, -a) if and only if there is a Poisson algebra structure on A @ V with the
bilinear operations [ , | and - defined as follows, for all a;,a, € A and vy, v, € V:
[ai +vi, a2 +v2] = [ay, a2]a + p(ar)vz2 — p(a2)vy,
(ar +v1) - (a2 +v2) =ai-aax+ pla) vy + plaz)vi,

The resulting Poisson algebra structure on A ® V is denoted by (A x, ,V,[,],-)
and called the semidirect product Poisson algebra by (A, [, ]a, -4) and (V, p, u).

Example 2.3 [21]. Let (A, [, ]a,-4) be a Poisson algebra. Then (A, ad, L) is a
representation of (A, [, ], -a), called the adjoint representation, and (A*, —ad*, L*)
is also a representation of (A, [, ]4, -a), called the coadjoint representation.

A Lie bialgebra is a pair of Lie algebras (A, [, ]4) and (A*, [, ]4+) such that

8([a, b]x) = (ad(a) ®id +id ® ad(a))é(b) — (ad(b) ® id +id ® ad(b))é(a),
VYa,be A,

where § : A — Altz(A) is defined by (8(a), x* ® y*» = (a, [x*, y*]a»>. A Lie
bialgebra is denoted by ((A, [, 1a), (A*, [, 1a+)) or (A, [, 14, d).
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An infinitesimal bialgebra is a pair of associative algebras (A, -4) and (A", - 4+)
such that

Al@-2b)=(L(a) ®id)A(b)+ (id® R(b))A(a), Va,be A,
where A : A - A ® A is defined by <(A(a),x* ® y*» = <a,x™ -4« y*>. An
infinitesimal bialgebra is denoted by ((A, -4), (A*, -4+)) or (A, -4, A).

Definition 2.4 [21]. A Poisson bialgebra is a pair of Poisson algebras (A, [, 14, -4)
and (A%, [, ]ax, -a*) such that

(1) ((A,[,1a), (A%, [, 1a»)) is a Lie bialgebra,
(2) ((A,-4), (A*,-4+)) is an infinitesimal bialgebra, and
(3) é and A are compatible in the sense that, for all a, b € A,
8(a-4b)

= (L(a) ®1d)8(b) + (L(b) ®id)é(a) + (id ® ad(a)) A(b) + (id ® ad (b)) A(a),
and

A(la, b]a) = (ad(a) ®id+id®ad(a))AD) + (L(b) ®id —id ® L(b))é(a),
where §, A are the linear duals of [ , ]4+ and - 4+ respectively.

A Poisson bialgebra is denoted by ((A, [,14,:4), (A%, 1ax, -A*)) or, in full,
(A, [, 144,68, A).

Poisson bialgebras can be equivalently characterized by Manin triples of Poisson
algebras [21]. Notably, for a Poisson bialgebra ((A, [,14,-4), (A%, [, 1a*, -A*)),
the pair ((A*, [, Jax, -a+), (A, [, 1a, -a)) forms a Poisson bialgebra as well.

Definition 2.5. Let (A, [, 4, 4,04, Aa) and (B, [, 15, ‘B, 65, Ap) be Poisson
bialgebras. A homomorphism of Poisson bialgebras is a homomorphism of Poisson
algebras ¢ : A — B such that

(p®@)oa=0dpop, (PQY)Apx=Apogp.

If ¢ : A — B is a linear isomorphism of vector spaces, then ¢ : A — B is called an
isomorphism of Poisson bialgebras.

Proposition 2.6. Let ((A, [, 1a,-a), (A*, [, la*, -a+)) be a Poisson bialgebra and
B be a vector space. Suppose that ¢ : A — B is a linear isomorphism of vector
spaces. Define brackets [, | : BQ B— B and [, |p+: B*® B* — B* by

[a,bls = (o~ (@), ¢ ' D)]a),  [x*, ¥ 15 = (@) [9*(x*), 9* (¥)]as),
and multiplications - : BQ B — B and -p« : B* ® B* — B* by

apb=0@ @) a9 D), x*-py* =)@ @) a0 (),
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the equalities holding, as the case may be, for all a, b € B and all x*, y* € B*. Then
((B, [,1s,-8), (B[, lp*, -B*)) is a Poisson bialgebra, and ¢ is an isomorphism
of Poisson bialgebras.

Proof. This follows from a straightforward verification. (I

Definition 2.7 [21]. A Poisson bialgebra (A, [, 14, -4, 8, A) is called coboundary
if there exists » € A ® A such that, foralla € A,

(2-1) 8(a) = (id®ad(a) + ad(a) ®id)(r),

(2-2) A(a) = (id® L(a) — L(a) ®1d)(r).

A coboundary Poisson bialgebra is denoted by (A, [, 14, -4, 6r, Ar).

Theorem 2.8 [21, Theorem 2]. Let (A, [, 14, -a) be a Poisson algebra andre AQ A.
Writer asr = S+ A with S € Sym?(A) and A € Al*(A). Let §: A — A® A and
A: A — AQ A be the linear maps defined by (2-1) and (2-2).Then (A*, §*, A*) is
a Poisson algebra such that (A, [, ]a, -4, 0, A) is a Poisson bialgebra if and only if
the following conditions are satisfied, for all a € A:

(1) (ad(a) ®id +id ® ad(a))S = 0.
2) (L(a)®id—1d® L(a))S =0.
3) (ad(a) ®id®id+id®ad(a) ®id+id ®id ® ad(a))C(r) = 0.
@4 (L(a)®1d®id—i1d®id® L(a))A(r) =0.
(5) (ad(a) ®id ®id)A(r) — (id ® L(a) ®id — id ® id ® L(a))C(r) = 0.
Here
C(r) :=I[ri2, ri3la + [r13, razla + [r12, r23la,
A(r):=riz-ariz+riz-ars—ra-aro.
Definition 2.9 [21]. Let (A, [, ]a,-4) be a Poisson algebra and r € A ® A. Then r

is called a solution of the Poisson Yang—Baxter equation in (A, [, 14, -4) if C(r) =
A(r)=0.

More precisely, C(r) = 0 is called the classical Yang—Baxter equation in the Lie
algebra (A, [, ]4) and A(r) = 0 is called the associative Yang—Baxter equation in
the associative algebra (A, -4).

Let A be a vector space. Any r € A ® A can be identified with the pair of maps
ry,r—: A* — A defined by

re(x®), 9y ==& (") =< x*®y", Vx*, y*e A%

Note that (t(r))+ = —r_ and (t(r))— = —r4. The bracket and multiplication on A*
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defined by (2-1)—(2-2) (as the duals) are given by, for all x*, y* € A*,
(2-3) [x*, y*1, = —ad™ (r4- (x™))y* +ad* (r— (y*))x",

(2-4) X ¥y =LA ()Y + LY (r—(y)x™

Lemma 2.10. Let (A, [, |4, -a) be a Poisson algebra andr € A ® A. Then the
following statements are equivalent:

(1) r is a solution of the Poisson Yang—Baxter equation in (A, [, ]a, -4).
(2) t(r) is a solution of the Poisson Yang—Baxter equation in (A, [, 1a, -4).

(3) The following equations hold, for all x*, y* € A*:
(2-5) [re (), re(v9)]a = ry (—ad* (rp () y* +ad*(r- (y*))x*)
(2-6) re(*) are () =ry (L () y* + L* (- (y*)x™) .
(4) The following equations hold, for all x*, y* € A*:
(2-7) - (), r-(y)]a = r— (—ad*(r_(x*) y* +ad"(r (y)x*) ,
(2-8) ro ) ar— () =ro (L (x*)y* + L (ry (y9))x*) .
Proof. (1) <= (2): Letr = Zai ®b; € A® A. Then we have
C(t(r) = Z[bi, bjla®a; ®a;+b;®[a;,bjla®a;+b; ®b; ®|a;,a;]a
ij
= 0'13(2611' ®a; @[bj,bjla+a;®a;,bjla®b; +[a;,a;jla®b; ®bi)
ij
= —o13(C(r)),
A(T(r) =2 bi-abj®ai®aj+bi®b;®ai-paj—bi®bj-sa;iQa;
ij
= 013(261/ ®a; @b -abj+a;-2a;@b;@b; —a; @b -4 a; ®bi)
ij
= 013(261]‘ ®a;®@bj-abi+aj-pa;®b; @b —a;Qa; ab; Qb;)
ij
=013(A(r)),

where 013 € End(A ® A ® A) is defined by 013 ® b ®c) = c ® b ® a for all
a,b,c e A. Thus, r is a solution of the Poisson Yang—Baxter equation if and only
if T(r) is a solution of the Poisson Yang—Baxter equation.

(1) <= (3): This follows from [5, Proposition 3.8] and [6, Theorem 3.5].
(2) <= (4): This is similar to the proof of (1) <= (3). O
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We now turn to the definition of quasitriangular Poisson bialgebras as a special
case of the coboundary Poisson bialgebras. The notion of (ad, L)-invariance of a
2-tensor in A ® A is the main ingredient employed, and is motivated by Theorem 2.8.

Definition 2.11. Let (A, [, ], -4) be a Poisson algebra. An elementr € A® A is
called (ad, L)-invariant if, for all a € A, we have

(2-9) (ad(a) ®id+id ® ad(a))(r) =0,

(2-10) (L(a) ®id—id ® L(a))(r) =0.

Obviously, if r is (ad, L)-invariant, then so is t(r). Denote by I, the operator
(2-11) I, =ri—r_:A"— A.

Note that »_ = —r} and hence I = I,..

Letting S be the symmetric part of », we have S; = %I, = %If(,). In particular,

if r is antisymmetric, then I, = 0.

Definition 2.12. Let (A, [, ]a, -4) be a Poisson algebra. If r is a solution of the
Poisson Yang—Baxter equation in (A, [, ]4, -4) and the symmetric partof r c AQ A
is (ad, L)-invariant, then the coboundary Poisson bialgebra (A, [, 14, -4, 6r, Ar)
induced by r is called a quasitriangular Poisson bialgebra. If r is also antisymmetric,
then (A, [, 14, -4, 6, A,) is called a triangular Poisson bialgebra.

Proposition 2.13. Let (A, [, 14, -a) be a Poisson algebra andr € A ® A. Then
(A, [, la, -4, 6r, Ay) is a quasitriangular Poisson bialgebra if and only if

(A, [, 14,45 6200)> Arir))
is a quasitriangular Poisson bialgebra.
Proof. This follows from Lemma 2.10. Il

Lemma 2.14. Let (A, [, 4, -4) be a Poisson algebra andr € AQ A. Let S be the
symmetric part of r. Then the following conditions are equivalent:

(1) Sis (ad, L)-invariant.

(2) The following equations hold, for all a € A and x* € A*:
(2-12) S+ (ad*(a)x™) +[a, S+(x)]a =0,
(2-13) S (L*(@)x™) —a-4 Sy (x*) =0.

(3) The following equations hold, for all x*, y* € A*:

(2-14) ad*(S4+(x"))y* +ad*(S1(y")x* =0,
(2-15) L*(S4(x™)y" = L*(S4(y")x* =0.
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Proof. (1) <= (2): For all a € A and x*, y* € A*, we have

(Sy@d*(@)x®) +[a, S+ (xM)], ¥y = (S, ad"(a)x* @ y* +x* ® ad*(a)y*
= ((ad(a) ®id +id ® ad(a)) S, x* ® y*,

(S(L*(a)x*) —a- S (x%), ¥y =S, L*(a)x* Q@ y* —x* @ L*(a)y™
= {((L(a)®id—id® L(a))S, x*® y*),
which shows that S is (ad, L)-invariant if and only if equations (2-12)—(2-13) hold.
(2) <= (3): For all a € A and x*, y* € A*, we have

ad*(S4 (x)y* +ad*(S+ (Y Nx™, @ = ¥, [S4(x7), alay + 7, [S1(v), alad
= =% la, S+ (x)]a + 84 (ad™ (@) (x)))

LS (XN Y* = L* (S ("Nx™, @) =, Se(x™) -a@> — x*, Se () 4@
= _<y*a —a-A S-‘r(-x*) + S+(L*(a)X*)> )

which shows that equations (2-12)—(2-13) hold if and only if (2-14)—(2-15) do. U
Theorem 2.15. Let (A, [, ]a, -4) be a Poisson algebraandr =S+ A € AQ A,
with S € Symz(A) and A € Alt?(A). Suppose that S is (ad, L)-invariant. Then r
is a solution of the Poisson Yang—Baxter equation in (A, [ , 14, -a) if and only if
(A*, [, 1, ) is a Poisson algebra and the linear maps ry,r— : (A*, [, 1;, +) =
(A, [, la, -a) are both Poisson algebra homomorphisms, where [ , |, : A*QA* — A*
and -, : A* @ A* — A* are defined by equations (2-3) and (2-4).
Proof. (=) By Definition 2.12, (A, [, ]a, -4, 6;, A,) is a quasitriangular Poisson
bialgebra where §,, A, are defined by (2-1) and (2-2). Thus, (A*, [, ],,) isa
Poisson algebra where [ , ], and -, are given by (2-3) and (2-4). By Lemmas 2.10
and 2.14, for all x*, y* € A*, we have

ro (X%, ") = r(=ad* (re (x™)y* +ad* (- (y")x™) = [re (x™), re ()4,
re (X y) = (L (re ()Y + L ())x™) = rp (X)) - ary (),
ro([x*, y*1,) = r_(—ad*(ry (x™)y* +ad* (r_(y*))x™)
= r_(—2ad*(S4 (x*))y* — ad*(r_(x*)y* + ad* (- (y*))x*
—2ad" (S (y*)x")
=r_(—ad*(r—(x")y* +ad*(r4- (*)x*)
=[r_(x"), r-(y"]a,
() = (L ()Y + LY (- (y7)x")
=r_(L*(S1(x"))y* + L* (- () y* + L*(r- (y")x*
—2L*(S+(y*)x*)
=r_ (L*(r_ x"Ny* + L*(”+()’*))X*)
=r_(x")-ar-(y",
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which shows that r,, 7_ are both Poisson algebra homomorphisms.

(«<=) This follows from Lemma 2.10. Il

Recall that a bilinear form 8 € ®2A* on a Poisson algebra (A, [, la,-4) is
called invariant if

B([a, bla,c) =B(a, [b,cla), B@-ab,c)=B(a,b-oc), Va,b,ceA.
A quadratic Poisson algebra is a quadruple

(Av [ ) ]A’ *A> %)’

where (A, [, ]4, -4) is a Poisson algebra and B € ®%A*is a nondegenerate sym-
metric invariant bilinear form on (A, [, ]a, -a).

Proposition 2.16. Let (A, [, |4, -a) be a Poisson algebra. Then
(A X _aar 1+ A [, 1, -, Ba)
is a quadratic Poisson algebra, where B is defined by
(2-16) By (a+x*b+y*)=<a,y" +<b, x>, Va,beA, x* y* e A"
Proof. This follows from a straightforward computation. U

Let A be a vector space and B be a nondegenerate bilinear form. Denote by
Iy : A* — A the induced linear isomorphism defined by

(2-17) (Ig'(a), by :=B(a,b), Va,beA.
Denote by ry € A® A the 2-tensor form of Iy, that is,
(2-18) (rgg, X*Qy™ = Up(x™), ¥y, Vx*, y" e A"

Proposition 2.17. Let (A, [, 14, -a) be a Poisson algebra and B a nondegenerate
bilinear form. Let Iz : A* — A be the linear isomorphism induced by 5 and
Iy € A® A be the 2-tensor form of Ig given by (2-18). Then (A, [, 1a, -4, B) is
a quadratic Poisson algebra if and only if ry € A ® A is symmetric and (ad, L)-
invariant.

Proof. Suppose that (A, [ , ]a, -4, B) is a quadratic Poisson algebra. For all
a,b,c € A, there exist x*, y*, z* € A* such that In(x*) = a, In(y*) = b and
I3(z*) = c. Then we have

(rgg — T(rg), x* @y = Up(x™), Iz (b)) — Up(y"), I (@)
=%B(b,a) —B(a,b) =0.
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Thus, ry is symmetric. Moreover, we have

((ad(c) ®id +id®ad(c))(rg), x* ® y™
= (rg, ad*(c)(x™) ® y*) + (rg, x* @ ad*(c)(y™)»
= Up(y"), ad™(c)(x™)y + Ip(x™), ad™(c)(y*)
=B([c, bla, a) +B([c, ala, b) =0,

(L) ®id—id® L(c))(rg), x* @ y™
= (rgg, L*(©)(x*) @ y* — (reg, x* @ L*(©) (™
= Up(y™), L*(c)(x™)) — Ip(x™), L*()(y*»
=B(c-ab,a)—B(c-4a,b)=0,

which shows that ry € A® A is (ad, L)-invariant. The converse statement can be
proved by reversing the argument. (]

The next theorem demonstrates that every quadratic Poisson algebra naturally
induces an isomorphism between the adjoint and coadjoint representations of the
corresponding Poisson algebra.

Definition 2.18. Let (A, [, ]4,-4) be a Poisson algebra, and (Vi, p1, 11) and
(Va, p2, o) be two representations of (A, [, 14, -a). A homomorphism of repre-
sentations from (Vy, p1, i1) to (Va, p2, 12) is a linear map ¢ : Vi — V; such
that

popi(a)=p2a)op, ¢opi(a)=pa)op, VaeA.

When ¢ : V| — V; is a vector space isomorphism satisfying this same condition, ¢
is called an isomorphism of representations from (Vy, p1, n1) to (Va, p2, 12).

Theorem 2.19. Let (A, [, ]a, -a) be a Poisson algebra. If there is a bilinear form
B such that (A, [, 1a, -4, B) is a quadratic Poisson algebra, then the linear map
I%l : A — A* defined by <I§1 (a), by =*B(a, b) is an isomorphism from the adjoint
representation (A, ad, L) to the coadjoint representation (A*, —ad*, L¥).

Conversely, if ™' : A — A* is an isomorphism from the adjoint representation
(A, ad, L) to the coadjoint representation (A*, —ad*, L*), then the bilinear form
B defined by B(a, b) = (I~ (a), by is nondegenerate invariant on (A, [, 14, -4).
Proof. Suppose that (A, [ , ]a, -4, B) is a quadratic Poisson algebra. For all
a,b,c e A, we have

(I5'ad(@)b, c> = —B([b, ala, c)=—B(b, [a, cla) = (—ad*(a) I (), ¢,
(Ig'L(@b,cy =B(a-ab,c)=B(b-aa,c)=B(b,a-sc)=<L*a)lg (), c,

that is,
Iz'ad(a) = —ad*(@) 13", Iy'L(a)=L*(a)ly .

Hence, I; : A — A* is an isomorphism from the adjoint representation (A, ad, L)
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to the coadjoint representation (A*, —ad*, L*). The converse can be proved by a
similar argument. O

We conclude this section with a proposition that will be valuable in Section 4, in
obtaining Rota—Baxter characterizations of factorizable Poisson bialgebras.

Proposition 2.20. Let (A, [, ]a, -4, B) be a quadratic Poisson algebra and Iy :
A* — A be the induced linear isomorphism by B. Suppose thatr € A® A. Then
r is a solution of the Poisson Yang—Baxter equation in (A, [ , 1a, -4) if and only
if the linear map P :=r, o I; : A — A satisfies the following equations, for all
a,beA:

(2-19)  [P(a), P(b)a = P(IP(a), bla +[a, P(b)]a —la, (I o I (B)]a),
(2-20) P(a)-a P(b)=P(P(a)-ab+a-a P(b)—a-a (I olg ) (b)),

Proof. By Theorem 2.19, we have
I—l d P £ —1 —1 _rx* —1
3 ad(a) =—ad™(a)ly , Iy L(a)=L"(a)ly , VacA.

For all a, b € A, there exist x*, y* € A* such that I3 (x*) = a and Is(y*) = b. Then
we have

[P(a), P(b)]a =[(ry oIz (@), (ry0 Iz )(B)]a = [ry(x"), re(y9)]a,

P([P(a), bla) = (ry oIz ([(r 0 I3 (@), bla)
= (r4 o Iz (ad(r (x*) I3 (y*)) = —r4 (ad* (4 (x*)) "),

P([a, P(D)]14) = (ry 0I5 )([a, (ry 0 I ) (B)]4)
= —(ry oIz (@d(ry (y)) I (x*)) = ry (ad*(ry (y))x"),

—P(la, (I o Iz (D)]a) = —(ry 0 Iz ([, (I 0 I3 ) ()]4)
= (ry o Iz ") (@d(I, (y*) I (x*)) = —ry(ad* (1, (y))x*),

P(a) 4 P(b) = (ry oI5 (@) -4 (ry o Iz (B) = r (x*) a7 (3%),

P(P(a)-ab) = (ryolxy)(ryoly')(a) -ab)
= (rp o Ig ) (L(ry (NI (y) = r (L* (ry- (x*))y"),

P(a-4 P(0) = (reolg') (a4 (rs0lg) (b))
= (o Ig V(L (PN In () = ry (L (r (y)x),

—P(a-a (I oIz ) (b)) = —(ryolz)a-a (L o Ig") (b))
= —(ry o Ig V(LU (NI (x*) = —ry (L* (I, (y*)x™).

By (2-11) and Lemma 2.10, the conclusion follows. [l
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3. Factorizable Poisson bialgebras

A factorizable Poisson bialgebra is a special quasitriangular Poisson bialgebra such
that the map I, : A* — A is a linear isomorphism of vector spaces. We will show
that the Drinfeld classical double of a Poisson bialgebra is naturally a factorizable
Poisson bialgebra.

Definition 3.1. A quasitriangular Poisson bialgebra (A, [, ]a, -4, &, A,) is called
factorizable if the symmetric part S of r is nondegenerate, which means that the
linear map I, : A* — A defined by (2-11) is a linear isomorphism of vector spaces.

Proposition 3.2. Let (A, [, ]a,-a) be a Poisson algebra andr € A ® A. Then
(A, [, 14, -4, 6, Ay) is a factorizable Poisson bialgebra if and only if the same is

true of (A, [, ]a: A, 8z Ar(r)-
Proof. This follows from Proposition 2.13. U

Consider the map

(a,b)—>a—>b
e e

A A A A.

The next result justifies the term “factorizable Poisson bialgebra”.

Proposition 3.3. Let (A, [, ]a, -4, 6,, A,) be a factorizable Poisson bialgebra.
Then Im(ry @ r_) is a Poisson subalgebra of the direct sum Poisson algebra A ® A,
which is isomorphic to the Poisson algebra (A*, [, 1;, -»), where [ , ], and -, are
defined by (2-3) and (2-4). Any a € A has a unique decomposition a = a4, — a—
with (a4, a-) € Im(ry G r_).

Proof. By Theorem 2.15, both r; and r_ are Poisson algebra homomorphisms.
Therefore, Im(ry @ r_) is a Poisson subalgebra of the Poisson algebra A @ A. Since
I, =ry —r_ is a linear isomorphism of vector spaces, it follows that the Poisson
algebra Im(r @ r_) is isomorphic to the Poisson algebra (A*, [, ],, ). Moreover,
we have

r+I;1(a) —r_Ifl(a) =(ry — r_)Ifl(a) =a,

which shows thata =a, —a_ withay; =r I7"(a) anda_ =r_I"'(a). Uniqueness
also follows from the fact that 7, : A* — A is a linear isomorphism of vector spaces.
O

Let ((A, [, 14, 4), (A%, [, 1ax, -A*)) be an arbitrary Poisson bialgebra. We endow
A =A@ A* with a bracket

[(a, x™), (b, y")]n
= ([a, bla —adf ), (x)b+adf; . (y)a, [x*, y*las —adf;, (@)y* +ad];, (b)x¥)
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and a multiplication

(a7 X*) A (b’ y*)
=(a-ab+ L Hb+L*, (y)a,x* 4« y*+ L (@)y* + L¥ (b)x*),

where a, b € A, x*, y* € A*. Then (2, [, Ja, -2) is a Poisson algebra, called the
Drinfeld classical double of the Poisson bialgebra.
Let {e1, e2, ..., e,} be a basis of A and {e], €], ..., e} be the dual basis of A*.
Then
r=2:el~®e;k EAQATCARA
1

induces a coboundary Poisson bialgebra structure (2, [ , o, -, 6, Ay) (see
[21, Theorem 3] for details).

Theorem 3.4. The Poisson bialgebra (X, [, lu, -u, 8;, Ay) is a factorizable quasi-
triangular Poisson bialgebra.

Proof. First, we need to verify that the symmetric part S = %(ei ®e’+e Re;)of r

is (ady 1y, L.y )-invariant. For all (x*, a) € A*, we have S, (x*, a) = %(a, x*) e
A straightforward computation gives

[(a, x™), S+ (", D)]a

=5 (la, bla—adf| , (x"b+adf, , (Ma, [x*, y*1a- —adf | (@)y* +adf;, (b)x*),
ad;, (a, x*)(y*, b)

= —([x*, y*1as —adf | (@)y*+ad’ ), (D)x*, [a, bla—ad}| , (x)b+ad!| , (y)a),
(a, x™) o Sy (y*, b)

=3(a-ab+L* (b+L*, (y)a,x* 4 y* +L* (@)y* + L (b)x*),
L7, (a,x*)(y*, b)

= (" as Y+ LY (@Y + LY (D)x* a-ab+ LT (x)b+ LY (y*)a).

Thus, we have
Ss(adfy, (@, ) (%, b)) + [(@, ), S1(v*, b)lar =0,
S+ (L%, (a, x*)(y*, b)) — (a, x™) -a S+ (y*, b) = 0.

Therefore, by Lemma 2.14, the symmetric part S of r is (adj y, L., )-invariant.
On the other hand, by [21, Theorem 3], r is a solution of the Poisson Yang-Baxter
equation in (2, [, Ja(, -2). Hence, the Poisson bialgebra (2, [, ], -2, 6r, A,) is a
quasitriangular Poisson bialgebra.

That [, : 24* — 2l is a linear isomorphism of vector spaces follows from
the equality /I, (x*, a) = 25+ (x*, a) = (a, x*). Therefore, the Poisson bialgebra
LT, I, -2, 60, A,) 1s factorizable. O
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4. Quadratic Rota-Baxter Poisson algebras

A linear map P : A — A is called a Rota—Baxter operator of weight A on a Poisson
algebra (A, [, 14, -4) if, for all a, b € A, we have

[P(a), P(b)]a = P([P(a),bla+Ila, P(D)]a+ Ala, bla),
P(a)-o P(b)=P(P(a)-ab+a-4, P(b)+2a-5b).

A Rota—Baxter Poisson algebra (A, [, 1a, -4, P) of weight A is a Poisson algebra
(A, [, ]a, -a) equipped with a Rota—Baxter operator P of weight A.

Example 4.1. Let (A, [, ]a,-4) be a three-dimensional Poisson algebra with a
basis {ey, ez, e3} whose nonzero products are given by

(4-1) ler, e2]la =e3, e1-aex=es.
Let P : A — A be the linear map given by
P(er)=e1, P(ex)=2es, P(e3) = %es.
Then (A, [, 14, -4, P) is a Rota—Baxter Poisson algebra of weight 1.

Lemma 4.2. Let (A, [, 14, -4, P) be a Rota—Baxter Poisson algebra of weight A.
Define a bracket [ , |p: AQ A — A by

(4_2) [asb]P :[P(Cl),b]A+[Cl, P(b)]A +)\'[asb]Aa
and a product -p : AQ A — A by
(4-3) a-pb=P@@)-ab+a- -4, Pb)+ra-4b.

Then (A, [, lp, -p) is a Poisson algebra, called the descendent Poisson algebra of
(A, [, ]a,a, P),and P is a Poisson algebra homomorphism from (A, [, 1p, -p)

10 (A, [, 1a, -a).
Proof. The proof is straightforward. (]

Equipping quadratic Poisson algebras with Rota—Baxter operators satisfying
compatibility conditions, we now introduce the notion of quadratic Rota—Baxter
Poisson algebras. We then show that a quadratic Rota—Baxter Poisson algebra of
zero weight induces a triangular Poisson bialgebra, and that there is a one-to-one
correspondence between factorizable Poisson bialgebras and quadratic Rota—Baxter
Poisson algebras of nonzero weight.

Definition 4.3. The triple ((A, [, 14, -4), B, P) is called a quadratic Rota—Baxter
Poisson algebra of weight A if (A, [, 1a, -4,B) is a quadratic Poisson algebra
and (A, [, la, -4, P) is a Rota—Baxter Poisson algebra of weight A satisfying the
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compatibility condition
4-4) B(a, P(b))+B(P(a),b) +1B(a,b)=0, Va,beA.

Proposition 4.4. Let (A, [, 14, -a,B) be a quadratic Poisson algebra and let
P:A— Abealinear map. Then ((A, [, la,-a), B, P) is a quadratic Rota—Baxter
Poisson algebra of weight A if and only if ((A, [, 14, -4), B, P)isa quadratic Rota—
Baxter Poisson algebra of weight A, where P:=—xid— P.

Proof. 1t is easy to show that P is a Rota—Baxter operator of weight A if and only if
P is a Rota—Baxter operator of weight A. Moreover, we have, for all a, b € A,

B(P(a), b)+B(a, P(b))+1B(a, b) = —B(P(a), b) —B(a, P(b)) — rB(a, b).
Thus, P satisfies (4-4) if and only if P satisfies (4-4). ]

Proposition 4.5. Let (A, [, 14, a4, P) be a Rota—Baxter Poisson algebra of weight M.
Then ((A X _agt 1+ A [, 1, -), Ba, P+ P*) is a quadratic Rota—Baxter Poisson
algebra of weight A, where B is defined by (2-16) and P := —xid — P.

Proof. The proof is straightforward. (I

Example 4.6. Building on Example 4.1, let (A, [, ], -4, P) be a Rota—Baxter
Poisson algebra of weight 1. Let {e], €3, €3} be the dual basis of {e}, ez, e3}. Then
(A X _uq*. .+ A%, [, ], -) is a Poisson algebra whose nonzero products are given by

ler,e2]l =e3, [e3,eil=e5, [e3, ex]l = —e],
3 2 3 1
(4_5) * k ES k
e|-e)=e3, €3-€1 =€y, €3-€)=¢y.

By Proposition 4.5, we obtain a quadratic Rota—Baxter Poisson algebra
((AX_aqr,rs A" [, 1,2), By, P+ P¥)
of weight 1, where ‘B, is defined by
Baler, e) = Balef, e =0, Balel,e)) = Bales, ¢) = {(1) =
if i # j,
fori, j=1,2,3, and P*is given by

Pr(ef) = —2ef, PHe)=-3¢5. PYe})=—3es

Lemma 4.7. Let A be a vector space and B be a nondegenerate symmetric bilinear
form. Let Isg : A* — A be the induced linear isomorphism by ‘B and rpy € A® A be
the 2-tensor form of Iy given by (2-18). Suppose thatr € AQ A. Then P, :=ry ol‘g1
satisfies (4-4) if and only if r + t(r) = —Arsg where L € K.
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Proof. For all a, b € A, there exist x*, y* € A* such that Is(x*) = a, In(y*) = b.
Then

B (Pr(a), b) =B (b, Pr(a)) = Ug' (b), (ry oIz (@) = <r,x* @ y*,
Ba, Py (b)) = Uy (@), (ry o Iz () = (r, y* @x™ = (1), x* @y,
AB(a, b) = 1B(b,a) = LIy (b), (Ip 0 Iz @)y = Alre, x* @ y*.
Hence, r + t(r) = —Arg if and only if P, satisfies (4-4). U

As a direct consequence, a quadratic Rota—Baxter Poisson algebra of zero weight
gives rise to a triangular Poisson bialgebra in the following sense.

Proposition 4.8. Let ((A, [, 14, -4), B, P) be a quadratic Rota—Baxter Poisson
algebra of weight 0 and Iy : A* — A be the induced linear isomorphism by ‘B.
Then (A, [, a, -4, 6r, Ay) is a triangular Poisson bialgebra wherer € AR A is the
2-tensor form of P o I given by

(4-6) (r,x*@y% = ((Polp)(x™),y", Vx* y"eA"
Proof. This follows from Proposition 2.20 and Lemma 4.7 with r +t(r) =0. U

The following theorem shows that a factorizable Poisson bialgebra naturally
gives rise to a quadratic Rota—Baxter Poisson algebra of nonzero weight.

Theorem 4.9. Let (A, [, 14, -4, 6r, Ay) be a factorizable Poisson bialgebra with
I, =ry —r_. Then (A, [, la,-4),B, P) is a quadratic Rota—Baxter Poisson
algebra of weight A, where P : A — A is given by

P=—hiryol”', A#0,
and the bilinear form B € ®”A* is defined by
B(a,b)=—r< " (a),by, Va,beA.

Proof. Clearly, B is a nondegenerate symmetric bilinear form and /g I= —A7h
Immediately, we have I, = —Alp and thus r + 7(r) = —Ary. Noting that the
symmetric part of r is (ad, L)-invariant, we have ry is (ad, L)-invariant and thus
by Proposition 2.17, (A, [, la, -4, B) is a quadratic Poisson algebra. Moreover,
it is clear that P is a Rota—Baxter operator of weight A on the Poisson algebra
(A,[,]a,-a) by Proposition 2.20 and P satisfies (4-4) by Lemma 4.7. Thus,
((A, [, 1a,-4), B, P) is a quadratic Rota—Baxter Poisson algebra of weight 1. [J

Corollary 4.10. Let (A, [, 14, -4, 8, A,) be a factorizable Poisson bialgebra with
I, =ry —r_,and P = —Ary o Ir_1 be the induced Rota—Baxter operator of
weight . # 0. Let (A, [, 1p, -p) be the descendent Poisson algebra of the Rota—
Baxter algebra (A, [, 14, -a, P). Then (A, [, 1p,-p), (A*, [, 11, -1,)) is a Poisson
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bialgebra, where, for all x*, y* € A*,
[x*, 31, == —AL7 (A L (), AT L () 1a),
Xy = AL (T L) 4 L (M),

Moreover, —."'I, : A* — A is a Poisson bialgebra isomorphism

((A*a [ ’ ]r» 'r)a (Aa [ ’ ]Aa A)) — ((A’ [ ) ]P’ 'P)v (A*v [ ’ ]Ira 'I,))»
where [, 1, : A*® A* — A* are defined in (2-3) and (2-4).
Proof. For all x*, y* € A*, setting a = I, (x*) and b = I.(y*), we have

Y R(EL
2 A (—ad (g ()Y + ad (7))
O T (e ), LA — - (), L (x)]14)

= 22(IPLGY), LA+ (), PL G4+ AL (), 1 (*)]a)

4-2 _ _
A L (6, A L ()] p.

Similarly, we have
ALy = (AT () e (AT L ().

Hence, —A~"'I, : (A*,[,1,,+) — (A,[,]1p,-p) is a Poisson algebra homo-
morphism.
Noting that A~!7* = A~!I,, we have

=y ) = [AT L), =T LM ] = [T N, =T ),
AT ) = (AT L) 4 (AT L) = (AT () 4 (AT (),

which means that —A ! I¥:(A* [, 11,.-1,) = (A, [, ]a, -a) is also a Poisson algebra
homomorphism. Since ((A*, [,1. ), (A, la, -A)) is a Poisson bialgebra, so
is ((A,[,1p,-p), (A%, [, 11,-1)), by Proposition 2.6. Clearly, —A711, is an
isomorphism of Poisson bialgebras. (]

As a counterpart to Theorem 4.9, the following theorem shows that a quadratic
Rota-Baxter Poisson algebra of nonzero weight induces a factorizable Poisson
bialgebra, thereby refining the one-to-one correspondence between factorizable
Poisson bialgebras and quadratic Rota—Baxter Poisson algebras of nonzero weight.

Theorem 4.11. Let ((A, [, la,-a), B, P) be a quadratic Rota—Baxter Poisson
algebra of weight . £ 0, and Iss : A* — A be the induced linear isomorphism by 8.
Letr € A® A be the 2-tensor form of P o Iss given by (4-6). Then r is a solution of
the Poisson Yang—Baxter equation in (A, [, 1a, -4) and gives rise to a factorizable
Poisson bialgebra (A, [, 14, -4, 6, Ar).
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Proof. Let ryy € A® A be the 2-tensor form of /s in (2-18). By Proposition 2.17
and Lemma 4.7, ryy is (ad, L)-invariant and r + 7 (r) = —Arg, which shows that the
symmetric part of r is also (ad, L)-invariant and I, = —X Iy is a linear isomorphism.
By Proposition 2.20, r satisfies the Poisson Yang—Baxter equation, since P is a
Rota—Baxter operator of weight A on (A, [, ]a, -a). Thus, (A, [, 14, -4, 6r, A,) is
a factorizable Poisson bialgebra. (]

Corollary 4.12. Let (A, [, 14, -a) be a Poisson algebra, {ey, e, . .., e,} be a basis
of Aand {e}, €5, ..., e} be the dual basis of A*. Thenr = > e; ®e; is a solution
of the Poisson Yang—Baxter equation in (A X g+ 1+ A*, [, ], -) and gives rise to a
factorizable Poisson bialgebra (A X _yg+ 1+ A*, [, ],-, 6, Ay).

Proof. Clearly, id : A — A is a Rota—Baxter operator of weight —1 on (A, [, 14, -4)-
By Proposition 4.5, ((A X _y¢+ 1+ A*, [, 1, +), By, id 4 0%) is then a quadratic Rota—
Baxter Poisson algebra of weight —1, where B, is defined by (2-16). Now the
conclusion follows from Theorem 4.11. U

Example 4.13. Let (A x_,q+ 1+ A*, [, ], -) be the Poisson algebra in Example 4.6.
By Corollary 4.12, r = Z?:l e; ® e; is a solution of the Poisson Yang-Baxter
equation in (A X_,q* 1+ A*, [, ],-) and then (A X _,q* 1+ A*, [, ],-,8,, A;)isa
factorizable Poisson bialgebra where §, and A, are explicitly defined by

(4-7) 8r(e1) = 8,(e2) = 8,(e3) =0, 8r(e]) =8,(e3) =0,
Srey) =ef®e;—es e,
(4-8) Ar(er) = Ar(e2) = Ar(e3) =0,  A(e]) = As(e3) =0,

A€y =el®es+e;Rel.

Proposition 4.14. Let (A, [, 14, -4, 0r, A;) be a factorizable Poisson bialgebra,
which corresponds to a quadratic Rota—Baxter Poisson algebra ((A,[, 14, -4),B8, P)
of weight A # 0 via Theorems 4.9 and 4.11. Then the factorizable Poisson bialgebra
(A, [, 14, -4, 8z¢), Ar(r)) corresponds to the quadratic Rota—Baxter Poisson alge-
bra ((A,[, la,-4), B, f’) of weight ). # 0 where P:=—)id—P. In conclusion,
we have the following commutative diagram:

Proposition 3.2

(A’ [ ) ]A’ *As 3}"9 Al’) S (A’ [ ’ ]A’ *As 37,’(}’)7 AT(V))

Theorem 4.11 TlTheorem 4.9 Theorem 4.11 TlTheorem 4.9

(A, [ 14, 2), B, P) 2P (A [ 14, -0). B, P)

Proof. By Theorem 4.9, the factorizable Poisson bialgebra (A, [, la, -4, 07(+), Az(r))
induces a quadratic Rota—Baxter Poisson algebra (A, [, ]a, -a, B’, P’) of weight
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A #£ 0, where
B'(a,b) = -1} (@), by =—A (@), by =B(a,b), Va,be A,

o(r

and
P'=—i(x(r)polyy=hr_ol ' =hryol ' —ALol ' =—P —1idy = P.

Thus, (A, [, 1a, -4, 8z(¢), Ar()) induces a quadratic Rota—Baxter Poisson algebra
(A, [, 14, -4), B, 15) of weight A by Theorem 4.9. By a similar argument, we show
the converse: the quadratic Rota—Baxter Poisson algebra ((A, [, l4, -4), B, 13) of
weight A induces the factorizable Poisson bialgebra (A, [, 14, -4, 8z¢+), Az(r)) Via
Theorem 4.11. O

5. Quasitriangular Poisson bialgebras via
quasitriangular differential ASI bialgebras

In this section, we generalize the construction of Poisson algebras from commutative
algebras with a pair of commuting derivations to the context of quasitriangular
bialgebras. We establish the quasitriangular and factorizable theories for differen-
tial ASI bialgebras, and then construct quasitriangular and factorizable Poisson
bialgebras from quasitriangular and factorizable (commutative and cocommutative)
differential ASI bialgebras respectively.

Recall that an associative coalgebra (A, A) is a vector space A with a linear
map A : A — A ® A satisfying the coassociative law

(A®IDA =31dR A)A.
An associative coalgebra (A, A) is called cocommutative if A = T A.

Definition 5.1 [4]. An antisymmetric infinitesimal bialgebra or simply an ASI
bialgebra is a triple (A, -4, A) consisting of a vector space A and linear maps
‘A AQ®A—> Aand A: A — A® A such that

(1) (A, -4) is an associative algebra,
(2) (A, A) is an associative coalgebra, and
(3) the following equations hold for all a, b € A:
Ala-4b) =(R(b) ®id)A(a) + (1d® L(a))A(b),
(L(a)®id—id® R(a))A(h) =7 ((Id® R(b) — L(b) ®id)A(a)) .

Definition 5.2. Let (A, -4) be an associative algebra. A linear map d: A — A is
called a derivation if the Leibniz rule is satisfied:

d(a-ab)=09(a) -ab+a-p3(0b), Va,beA.
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A differential algebra is a triple (A, -4, P), where (A, -4) is an associative algebra
and ® = {0; : A — A}/, is a tuple of commuting derivations. A differential algebra
(A, -4, ®) is called commutative if (A, -4) is commutative.

Definition 5.3 [10]. Let (A, A) be an associative coalgebra. A linear map d: A — A
is called a coderivation on (A, A) if

(5-1) AT=(®id+id® d)A.

A differential coalgebra is a triple (A, A, W), consisting of an associative coalgebra
(A, A) and a tuple of commuting coderivations ¥ = {d; : A — A}]__|. A differential
coalgebra (A, A, W) is called cocommutative if (A, A) is cocommutative.

Definition 5.4 [20]. A differential antisymmetric infinitesimal bialgebra or simply
a differential ASI bialgebra is a quintuple (A, -4, A, @, W) with these properties:

(1) (A, -4, A) is an ASI bialgebra.

(2) (A, -4, ®={0}}_,) is a differential algebra.

(3) (A, A, ¥ = {3;}}L,) is a differential coalgebra.

4) (A, -4, D) is V-admissible, that is, for alla,be Aand k=1, ..., m we have

(5-2) dr(a)-ab=a-5 0 (b)+dx(a-ab),
(5-3) a-p 3 (b) =0k(a) -ab+dr(a-ab).
5) (A, A*, ¥*) is ®*-admissible, that is, for all k =1, ..., m we have

(5-4) (O ®I)A = (1d Q@ Fx) A + Ad,
(5-5) (1d® ) A = (3 ®id)A + Ady.

A differential ASI bialgebra (A, -4, A, ®, V) is called commutative and cocommu-
tative if (A, -4, ®) is commutative and (A, A, ¥) is cocommutative.

Definition 5.5. Let (A, -4, ® = {0;}]_,) be a differential algebra. Suppose that
re A® A and that ¥ = {3, : A — A}]_, is a set of commuting linear maps.
The W-admissible associative Yang—Baxter equation or W-admissible AYBE in
(A, -4, D) is the set of equations

A(r) =0,
(5-6) (R ®id—id®d)r) =0, Yk=1,...,m,
(5-7) (B ®id—id®d)r) =0, Vk=1,...,m.

Lemma 5.6. Let (A, -5, ® = {0i}}_,) be a differential algebra. Suppose that
re AQAand V¥ = {3y : A — A}/, is a set of commuting linear maps. Then
equations (5-6)—(5-7) hold if and only if

diry =ryd;, Qro=r_387, Vi=12,...,m.
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Proof. For all x*, y* € A*, we have
Ory (x), y = x* @97 (y") = (id®0;)(r), x* ®y",
r (@ (), ¥y =< 37 () @y = (8 ®id)(r), x* @y,
Or—(x™), y" = —<(r, 37 (") ®@x™ = —(9; ®id)(r), y" ®x™,
r-(@7(x), ¥y = =<, y" @3 (") = —<(d @) (r), y* ®x%,
which completes the proof. (I
Lemma 5.7. Let (A, -4, ®) be a V-admissible differential algebra andr € A ® A.
Ifr € AQ A is a solution of the W-admissible AYBE in (A, -4, ) and the symmetric

part of r satisfies (2-10), then (A, -4, A, O, V) is a differential ASI bialgebra, where
A:A— AQ A is defined by

(5-8) A(a) =(1d® L(a) — R(a) ®id)(r), VYaeA.
Proof. This follows from [20, Corollary 4.4]. U

Definition 5.8. Let (A, -4, ®) be a differential algebra and r € A ® A. Then r is
called L-invariant if the following equation holds:

(5-9) (L(a)®id—id® R(a))(r) =0, VaceA.

Recall that a differential ASI bialgebra (A, -4, A, ®, W) is called coboundary if
A is defined by (5-8) for some r € A ® A. A coboundary differential ASI bialgebra
is denoted by (A, -4, A,, ©, V).

Definition 5.9. Let (A, -4, ®) be a W-admissible differential algebra. If r is a
solution of the W-admissible AYBE in (A, -4, ®) and the symmetric partof r e AQA
is L-invariant, then the coboundary differential ASI bialgebra (A, -4, A,, ©, V)
induced by r is called a quasitriangular differential ASI bialgebra. In particular,
if r is antisymmetric, then (A, -4, A,, ®, V) is called a triangular differential ASI
bialgebra. A quasitriangular differential ASI bialgebra (A, -4, A,, ®, V) is called
factorizable if the symmetric part of r is nondegenerate.

Example 5.10. By Example 4.6, there is a six-dimensional commutative algebra
(A® A*,-) on A@ A* with the nonzero products of - given by (4-5). Let 91, 95 :
AP A* - AP A* be linear maps given by

di(er) =e1, 01(e2) =0, di(e3) =e3, di(e]) =0, di(e3)=¢5, d1(e3) =0,
d(e1) =0, (e =€z, da(e3) =e3, d(e]) =e], da(e5) =0, (e3)=0.

Let ®=1{9, 0y} and ¥ ={—0y, —3>}. Then (AP A*, -, ®) is a W-admissible differ-
ential algebra. Moreover, r = Zi3=1 e’ ®e; is a solution of the W-admissible AYBE
in (A® A*,-) and (A @ A*, -, A,, ®, V) is a commutative and cocommutative
factorizable differential ASI bialgebra with A, given by (4-8).
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The next proposition justifies the term “factorizable differential ASI bialgebra.”

Definition 5.11. Let (A, -4, &4 ={04,;}7_,) and (B, -3, ®p = {03p,;}7_,) be two
differential algebras. A linear map ¢ : (A, -4, ®4) — (B, -p, ©p) is called a
homomorphism of differential algebras if ¢ : (A, -4, P4) — (B, -5, Pp) is a homo-
morphism of associative algebras satisfying

@ods;=0dpiop, Vi=1,2,...,m.

If in addition ¢ is a linear isomorphism, ¢ is called an isomorphism of differential
algebras.

Proposition 5.12. Let (A, -4, A,, ®, V) be a factorizable differential ASI bialgebra.
Then Im(ry. @ r_) is a differential subalgebra of the differential algebra A ® A,
which is isomorphic to the differential algebra (A*, -, V*), where -, : A*Q A* — A*
is defined by

(5-10) X5y =R ()Y + L (r-(y))x",  VxT, yT e A
Every a € A has a unique decomposition a =a; —a_ with (ay,a_) € Im(ry ®r_).

Proof. By [27, Proposition 3.2], both ry, r_ : (A%, -,) = (A, -4) are associative
algebra homomorphisms, Im(r @r_) is an associative subalgebra of the direct sum
associative algebra A @ A, which is isomorphic to the associative algebra (A%, -,),
and every a € A has a unique decomposition a =ay—a_ with (a4, a_) eIm(r  ®r_).
By Lemma 5.6, we know thatboth ry, r— : (A*, -, ¥*) — (A, -4, ®) are differential
algebra homomorphisms. Therefore, Im(r, @ r_) is a differential subalgebra of
the direct sum differential algebra A @& A, which is isomorphic to the differential
algebra (A*, -, U*). O

Let (A, -4, A, ®, V) be an arbitrary differential ASI bialgebra and (2{, -) be
the associative algebra structure on A @ A* obtained from the matched pair of
associative algebras (A, A*, R?‘A, Lka, R* Lf“A*) [20]. Let {e1,e3,...,¢,} be a

A%
basis of A and {e], €], ..., e} be the dual basis of A*. Define

r=26i®e;*eA®A*c21®Ql

l
and

Ar(u)=(0dQ® L.y () — Ry (u)®id)(r), VYue?l

Then (2L, -9, Ay, ® + W*, W + &%) is a coboundary differential ASI bialgebra (see
[20, Theorem 4.5] for details).

Theorem 5.13. The differential ASI bialgebra (A, -o, Ay, ® +¥*, ¥ + &%) isa
factorizable quasitriangular differential ASI bialgebra.
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Proof. The proof of Theorem 4.5 in [20] implies that r is a solution of the (V¥ + ®*)-
admissible AYBE in (2, -y, ® + W*). By suitably modifying the same proof, one
can show that the symmetric part of r is L-invariant. By the proof of Theorem 3.4,
I, is an isomorphism of vector spaces. Hence, the differential ASI bialgebra
&, o, Ay, @4+ W, W 4 OF) is factorizable. O

Definition 5.14. A bilinear form 8( , ) on an associative algebra (A, -4) is called
invariant if
B(@a-ab,c)=B(a,b-,c), Va,b,ceA.

A Frobenius algebra (A, -4,*B) is an associative algebra (A, -4) with a non-
degenerate invariant bilinear form 8( , ). A Frobenius algebra (A, -4, *B) is called
symmetric if *B(, ) is symmetric.

Definition 5.15. A differential Frobenius algebra is a quadruple (A, -4, ©,*B),
where (A, -4, ® = {9};__,) is a differential algebra and (A, -4, ‘B) is a Frobenius
algebra. It is called symmetric if B is symmetric. For all k =1, ..., m, let ék be
the adjoint linear operator of d; under the nondegenerate bilinear form 83:

B (a). b) =B(a, (b)), Va,beA.
We call d := {(‘Aik}?:1 the adjoint of ® = {9}, with respect to *B.
Note that ® is admissible to (A, -4, D), by [20, Proposition 3.3].

Definition 5.16. The triple ((A, -4, ®={0k};_ ), B, P) is called a symmetric Rota—
Baxter differential Frobenius algebra of weight ) if (A, -4, @, B) is a symmetric
differential Frobenius algebra and (A, -4, P) is a Rota—Baxter algebra of weight A
satisfying the compatibility condition given by (4-4) such that

8,-P=P8,-, Vi:1,2,...,m

Lemma 5.17. Let ((A, 4, @ = {0}, B, P) be a symmetric Rota—Baxter dif-

ferential Frobenius algebra of weight A, and Iy : A* — A be the induced linear

lsomorphzsm by B. Letr € AR A be the 2-tensor form of P o Iz given by (4-6) and
= (o) v be the adjoint of ® with respect to *B. Then

dils = Ind*, Ory=rid, Vi=1,2,...,m.
Proof. For all a € A and x* € A*, we have
B(9; Iy (x*), @) = B(Is (x*), 9; (@) = (x*, 8 (@) = (3} (x*), @y =B (I3} (x™), @),
that is, 0; Iy = Is él.*. Therefore,
diry =0; Ply = Pdly = Plpdf =r 3},

completing the proof. U
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Proposition 5.18. Let ((A, -4, ), B, P) be a symmetric Rota—Baxter differential
Frobenius algebra of weight 0 and Iy : A* — A be the induced linear isomorphism
by B. Then (A, -4, Ay, D, <i>) is a triangular differential ASI bialgebra where
r € A® A is the 2-tensor form of P o I3 given by (4-6) and ® is the adjoint of ®
with respect to *B.

Proof. 1t follows from Lemma 4.7 that r + 7 (r) = 0. Similarly to Proposition 2.20,
we show that A(r) = 0. On the other hand, setting ® = {0;};_,, by Lemma 5.17,
we have 0,74 =r4 éi*. Therefore, by Lemma 5.6, we show that r is a solution of
the ®-admissible AYBE in (A, -4, D). Noting that ® is admissible to (A, -4, D),
we complete the proof. O

Theorem 5.19. Let (A, -4, Ay, @ = {0}, ¥ = {3k} ,) be a factorizable differ-
ential ASI bialgebra with I, =ry —r_. Then ((A, -4, ®), B, P) is a symmetric
Rota—Baxter differential Frobenius algebra of weight A such that the adjoint of ®
with respect to B is V, where

P=—hiryol”', A#0
and the bilinear form B € @>A* is defined by
B(a, b) = -1 a), by, Va,beA.

Proof. 1t follows from [27, Corollary 4.8] that (A, -4, *B) is a symmetric Frobenius
algebra and (A, -4, P) is a Rota—Baxter algebra of weight XA such that (4-4) holds.
For all a, b € A, we have

B0 (a), b) = =A< B;(@), by = =A< 9L 17 (@), by,
B(a, 3;(h) = =AU (@), 3i(b)y =A< LETI (@), by,
and by Lemma 5.6, we have
I, =0;(rp —r_)=(ry —r_)& =1,8".
Therefore, B(0; (a), b) = B(a, 3;(b)). Furthermore, we have
P =—Adr ' =—rr 817 = —ar 1719 = PO,
The proof is complete. O

Theorem 5.20. Let ((A, -4, ® = {0} ). B, P) be a symmetric Rota—Baxter
differential Frobenius algebra of weight A # 0, and Iss : A* — A be the induced
linear isomorphism by 8. Let r € A ® A be the 2-tensor form of P o Iy given
by (4-6) and D be the adjoint of ® with respect to B. Then r is a solution of the
®-admissible AYBE in (A, -4, D) and gives rise to a factorizable differential ASI
bialgebra (A, -4, A,, P, dAD).



QUASITRIANGULAR AND FACTORIZABLE POISSON BIALGEBRAS 479

Proof. By Lemma 4.7, r + 7(r) is equal to —Ary and I, = —Alp. Then by
Lemma 5.17, we have

A

Ory =rydf and  r_ =8 (ry — I,) =r dF — L3 =r_97.

Similarly to Theorem 4.11, we can show that A(r) = 0 and the symmetric part of r
is L-invariant. Hence, by Lemma 5.6, r is a solution of the ®-admissible AYBE in
(A, -4, D), which completes the proof. (Il

We now turn to the constructions of quasitriangular and factorizable Poisson
bialgebras from quasitriangular and factorizable (commutative and cocommutative)
differential ASI bialgebras.

Proposition 5.21 [7]. Let (A, -4, ® = {01, 02}) be a commutative differential
algebra. Then (A, [, 1a, -a) is a Poisson algebra, called the induced Poisson
algebra of (A, -4, ©), where[,]: A® A — A is defined by

(5-11) [a, bla :=01(a) -4 02(b) — 02(a) -4 01(b), Va,beA.

Lemma 5.22 [20]. Let (A, -4, ® = {01, 02}) be a ¥ = {31, d2}-admissible com-
mutative differential algebra and (A, [, 14, -4) be the induced Poisson algebra of
(A, -4, D). Suppose that

(5-12) d2(01(a)) -b=01(02(a))-b, Va,beA.

Then every solution of the V-admissible AYBE in (A, -4, ®) is a solution of the
Poisson Yang—Baxter equation in the Poisson algebra (A, [, la, -a)-

Theorem 5.23. If (A, -4, Ay, ®, V) is a quasitriangular (resp. triangular, fac-
torizable) commutative and cocommutative differential ASI bialgebra, and equa-
tion (5-12) holds, then (A, [, 14, -4, 6r, Ay) is a quasitriangular (resp. triangular,
factorizable) Poisson bialgebra through r, where (A, [ , 14, -a) is the induced
Poisson algebra of (A, -4, ®) and §, : A — A ® A is defined by

(5-13) 8 =(01®32—32R31A,.
Proof. For all a € A, we have

(ad(a) ®id+id® ad(a))(r + t(r))
= ((L(31(@)d2 — L(32(a))d1) ®id +1id ® (L(91(a))d2 — L(32(a))d))) (r + T(r)).

By (5-2), this equals

(L(31(a) ® 2 — L(82(@)) ® 1 —id ® F2L(91(a)) +id ® §1L(82(a))) (r +7(r))
+ (Id® L(3201(a)) —id ® L(813:(0))) (r + 7(r)).

Using (5-12) this becomes
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((d ® 32)(L(91(a)) ®id — id ® L(3;(a)))
+ (d® 1) (L(32(a)) ®id —id® L(3:2(a))))(r + 7(r)) =0.

Hence, the symmetric part of r is (ad, L)-invariant. By Lemma 5.22, r is a solution
of the Poisson Yang—Baxter equation in (A, [, ]4, -4). Furthermore,

8r(a) = (31802—5Q31)Ar(a) = (0185, —F2Q71)(d®L(a) — L(a) ®1d)(r)

-6) . . . .
) (1d@3,L(a)d; —id® 3 L(a)d) (r) — (31 L(a) 9, ®id — 32 L(a)d) ®id) (r)
X (ad(a) @id+id®@ad(@)) ().
It is now obvious that the theorem holds. J

Example 5.24. Continuing with Example 5.10, there is a commutative and cocom-
mutative factorizable differential ASI bialgebra (A & A*, -, A,, @, V). Note that
(5-12) holds automatically. Thus by Theorem 5.23, it induces a factorizable Poisson
bialgebra (A& A*, [, ], -, 8-, A,) where the nonzero product of [ , ] is defined by
[e1, e2] = e3 and §, is explicitly given by (4-8).

Let (A, -4, Ay, ®={0, 02}, ¥ ={3y, 32}) be a commutative and cocommutative
factorizable differential ASI bialgebra. Using Proposition 5.12, let

(Im(r-‘r@r—)a'aq>+¢={al+81782+82})

be the differential subalgebra of the differential algebra A @ A, which is isomorphic
to the differential algebra (A*, -,, ¥*), where -, : A*® A* — A* is defined by (2-4).
On the other hand, suppose that (5-12) holds. Let (A, [, ]a, -4, 6, A,) be the
induced factorizable Poisson bialgebra in Theorem 5.23. Then by Proposition 3.3,
let Im(ry & r_),[,],-) be the Poisson subalgebra of the direct sum Poisson
algebra A @ A, which is isomorphic to the Poisson algebra (A*, [, 1,, -), where
[,]1,+:A*®A* — A* are respectively defined by (2-3) and (2-4).

Corollary 5.25. With the same conditions as above, the induced Poisson algebras
of Im(ry ®&r_), -, ®+ @) and (A*, -, V*) are exactly Im(ry ®r_),[, ], ) and
(A*, [, 1+, -»). Thus we have the commutative diagram
Proposition 5.12 ~
(A, A, @, ¥) ———— (Im(ry. ©7-), -, D+ @) —— (A%, -, U¥)

Theorem 5 .23l Proposition 5.21]{ Proposition 5.21l
Proposition 3.3 ~
(A, [ 1asa, 6, Ay) ————— (Im(ry &ro), [ ) —— (A% [ 1y )
Proof. By Theorem 5.23, the induced Poisson algebra of (A%, .., V*) is exactly
(A*,[, 1y, r).Noting that (A, [, ]a, -4) is the induced Poisson algebra of (4, -4, D),
it is straightforward that the induced Poisson algebra of (Im(ry &r_), -, ® + ) is
exactly (Im(ry @r-),[, ],-). The proof is complete. U
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Let (A, A, A, ®={0;, 0»}, ¥ ={3d1, d»}) be a commutative and cocommutative
differential ASI bialgebra. Let (A, [, ]a, -4) be the induced Poisson algebra of
(A, -4, D). Suppose that (5-12) and the following equation hold:

(5-14) (0201 ®1d)A = (710, ®1d)A.

Then (A, [, ]a, -4, 8, A) is a Poisson bialgebra where § : A — A ® A is defined by
8§ =1(01® 3, —5,®31)A [20, Theorem 5.24]. Let (A, -, A,, D+ ¥*, ¥ + d*) be
the factorizable differential ASI bialgebra obtained in Theorem 5.13 arising from
(A, -4, A, D, W) andlet (A, [, ]2, -2, 8-, A,) be the factorizable Poisson bialgebra
of Theorem 3.4 arising from (A, [, ]4, -4, §, A). Since the Poisson algebra structure
(A, [, Ja, -2) is the induced Poisson algebra of (2, -9, ® + ¥*) [20, Remark 5.25]
and equation (5-12) also holds for the (W + ®*)-admissible commutative differential
algebra (2, -9, ® + V™), we have the following conclusion.

Corollary 5.26. With the same conditions as above, (L, [, la, -2, 67, Ay) is the
induced factorizable Poisson bialgebra of the factorizable differential ASI bialgebra
A, o, Ay, ©+W*, W4 &F). Thus, we have the following commutative diagram:

Theorem 5.13

(Av'A9A’d>9 \Ij) (le 'Ql, Ar7q>+\p*,\'p+¢*)
l lTheorem 5.23
Th 3.4
(A, [, ]as-4,8, A) corm QL1 Ta 20 800 A)

Proposition 5.27. Let (A, -4, Ay, ®, V) be a commutative and cocommutative
factorizable differential ASI bialgebra, which corresponds to a symmetric Rota—
Baxter differential Frobenius algebra ((A, -4, ®), B, P) of weight A # 0. Suppose
that (5-12) holds. Let (A, [, ]a, -a) be the induced Poisson algebra of (A, -4, P).
Then ((A, [, 14, -4), B, P) is a quadratic Rota—Baxter Poisson algebra of weight
A, to which the induced factorizable Poisson bialgebra (A, [ , ]a, -4, 0r, Ay) in
Theorem 5.23 corresponds. Thus, we have the following commutative diagram:

(A, TAs Ara CD’ \D) M) (Av [ ) ]A» TAs 8}” AI’)

Theorem 5.20T lTheorem 5.19 Theorem 4.11 TlTheorem 4.9
(A, 4, 9),B, P) — (A, [, ]4,-4),B, P)
Proof. For all a, b, c € A, we have
B([a,bla, 0)
=B(91(a) -4 02(b) — 92(a) -4 01(b), ¢) =B(a, §1(92(b) -4 ¢) — F2(31(b) -4 €))
=B(a, 31(02(b)) -a ¢ — 02(b) -4 01 (¢) — 32(81 (D)) *a ¢ + 01 (D) -4 02(c))
=B(a, [b, cla)
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and
[P(a), P(D)]a = 01(P(a)) -4 02(P (b)) — 02(P(a)) -4 01(P (D))
= P(01(a)) -a P(02(b)) — P(d2(a)) -a P(31(D))

= P(P(31(a)) -4 82(b) 4 31(a) -4 P(82(b)) + 201(a) -2 92(b))
— P(P(32()) -4 31 (b) + 2(a) -4 P(31(b)) +2132(a) - 31 (D))

= P(01(P(a)) -4 82(b) + 91 (a) o 02(P (b)) + 101 (a) -4 82(D))
— P(02(P(a)) - 01(b) + 02(a) -4 01 (P (b)) + 102(a) -4 01 (b))

= P([P(a), bla +[a, P(b)1a +Ala, bla).

Therefore, ((A, [, ]a, -4), B, P) is a quadratic Rota—Baxter Poisson algebra of
weight A. Thus the proposition is true. (]
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We define and study the symplectic semi-characteristic of a closed 4n-dimen-
sional symplectic manifold, based on the even-degree part of the primitive
cohomology. Using a vector field with nondegenerate zero points, we prove
a counting formula for the symplectic semi-characteristic. As corollaries of
the counting formula, we obtain a vanishing property and the fact that the
definition of the symplectic semi-characteristic is independent of the choice
of symplectic forms.
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1. Introduction

In three consecutive papers [18; 19; 20], Tsai, Tseng, and Yau introduced and
studied the p-filtered cohomology groups FP H*(M, ) (0 <k < 142p +dim M)
of a symplectic manifold (M, w). The p =0 case in [18, (3.14), (3.22)] and [19,
(1.5), (1.6)] is called the primitive cohomology of (M, ), and the p > 1 case
in [20, (1.2), Theorem 3.1] is generalized from it. Different from the classical
de Rham cohomology, this p-filtered cohomology includes information about the
symplectic form w. Thus, an important application of it is in distinguishing among
different symplectic structures; examples can be found in [19, Section 4] (computing
the primitive cohomology groups) and [20, Section 6] (computing the product
structures). Tanaka and Tseng [16, Theorem 1.1] proved that the mapping cone
complex determined by the map AwPt! between de Rham complexes computes
the p-filtered cohomology.
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In this paper, we focus on the primitive cohomology. Our work starts from
an interesting fact: When the symplectic manifold (M, w) is closed, the Euler
characteristic

(1-1) dim FCH®*"(M, ») — dim FOH°Y(M, w)

of the primitive cohomology is equal to zero. This was originally proved in [18,
Proposition 3.26] and [19, Proposition 3.7] by means of duality between cohomology
groups. Recently, using Tanaka and Tseng’s mapping cone complex, Clausen, Tang,
and Tseng proved the symplectic Morse inequality [7, Theorem 1.4], also showing
that the value of (1-1) is zero. Intuitively speaking, we may say that the even-degree
part of the primitive cohomology contains the same amount of information as the
odd-degree part.

We then ask whether FOH®*"(M, w) is an obstruction to some geometric object.
Here, to some extent, we are motivated by the Kervaire semi-characteristic in a
similar scenario. Recall that for any odd-dimensional closed oriented manifold N,
the Euler characteristic of the de Rham cohomology of N is zero. Let by be the
dimension of the k-th de Rham cohomology group of N. The Z;-valued Kervaire
semi-characteristic of N [11, Introduction; 12, Section 1; 1, Section 4] is defined
to be

(1-2) > b mod2.
k even

When dim N =4n + 1, the Z,-valued Kervaire semi-characteristic satisfies Atiyah’s
vanishing theorem [1, Theorem 4.1] and Zhang’s counting formula [23, Theorem
1.3]. Both the vanishing theorem and the counting formula involve two vector
fields, showing that the Z,-valued Kervaire semi-characteristic is an obstruction to
a certain pair of vector fields. Now, back to our symplectic situation, we state our
main question:

Question 1.1. For a closed symplectic manifold (M, w), what geometric object(s)
on M does the even-degree part of the primitive cohomology of (M, w) obstruct?
Is it a pair of vector fields or something else?

Here we answer this question for 4n-dimensional closed symplectic manifolds.

Assumption 1.2. Throughout this paper, when not stated otherwise, (M, w) is a
4n-dimensional closed symplectic manifold M equipped with a symplectic form w.

We recall Tanaka and Tseng’s mapping cone complex (C*(M, w), d¢), which
computes the primitive cohomology of (M, w). Let QX(M) be the space of smooth
k-forms on M. The space of k-cochains [16, Section 3.1; 7, Definition 1.1] is

C"M, )=k QF'M) (k=0,1,...,4n+1).
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Let d be de Rham exterior differentiation. The boundary map is

.k k+1 o d ollal |detonp
ac.C(M,w>—>C+(M’w)[ﬁ}H[0 —d][ﬂ]_[ —dp }

Here, we write the pair («, 8) € QK(M)@® k1 (M) as a column for the convenience
of using matrices and operators later.
The k-th cohomology group of (C*(M, w), d¢c) is exactly FOHN (M, ).

Definition 1.3. Let b}’ be the dimension of F OHX(M, w). The symplectic semi-
characteristic of (M, w) is the Z,-valued number

(1-3) k(M. w):= Y by mod2.
k even
To state our main result, we review the definition of nondegenerate vector fields.
Let V be a smooth vector field on M. Following [5, Section 1.6], at each zero point
p of V, we define a homomorphism

S, T,M - TpM, vi—>[V,0](p),

where ¥ is a vector field extending the tangent vector v and [ -, - ] is the Lie bracket
between vector fields. This @, is independent of the extension v since V (p) = 0.

Definition 1.4. A smooth vector field V on M is called nondegenerate if either V
vanishes nowhere or @, is invertible for each zero point p of V.

Such a nondegenerate vector field always exists because by [13, Theorem 6.6],
there is always a Morse function on M. Now, our main result is as follows:

Theorem 1.5 (compare [23, Theorem 1.3]). Let V be a smooth nondegenerate
vector field on M. The counting formula for the symplectic semi-characteristic
under Assumption 1.2 is

(1-4) k(M , ) = the number of zero points of V mod 2.

Remark 1.6. By the Poincaré—Hopf index formula [24, Theorem 4.5], formula
(1-4) also equals (mod 2) the Euler characteristic of the de Rham cohomology of M.

Remark 1.7. A special situation is when the de Rham cohomology class of w is
integral. Then, by [16, Theorem 7.1], Theorem 1.5 computes the classical Kervaire
semi-characteristic (1-2) of the circle bundle over M induced by the line bundle
associated with w.

The main idea of the proof is that we find a skew-adjoint operator, as in Zhang’s
construction [23, (1.1)]. Then, we show that x (M, w) is equal to the Atiyah—Singer
mod 2 index Definition 2.5 of this operator. Next, as in [23, (2.1)], we apply a
Witten deformation [22, Section 2] and Bismut and Lebeau’s asymptotic analysis
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[6, Chapters VIII-X; 24, Chapters 4-7] to the operator, compute its mod 2 index,
and then obtain Theorem 1.5.
A corollary of Theorem 1.5 is an Atiyah-type vanishing property:

Corollary 1.8 (compare [1, Theorem 4.1]). The semi-characteristic k (M, ®) van-
ishes when there is a nonvanishing smooth vector field on M.

Another way to prove Corollary 1.8 without using Theorem 1.5 is described in
Remark 4.2.

The converse of Corollary 1.8 is not true; see Example 5.2. This contrasts with
the Euler characteristic of the de Rham cohomology of M.

Finally, although we have used the symplectic form w to define x (M, w), a
nondegenerate vector field always exists and is independent of w. Thus:

Corollary 1.9. The definition of k (M, w) is independent of the chosen symplectic
form.

Remark 1.10. The definition of the symplectic semi-characteristic can be assigned
to any closed symplectic manifold without assuming that dim M = 4n. However,
by Example 5.4, the counting formula does not work when the dimension is 4n +2.
Thus, the (4n+2)-dimensional part of Question 1.1 is still open.

Outline. In Section 2, we review Clifford actions and find a skew-adjoint operator
so that k (M, w) equals the Atiyah—Singer mod 2 index of this operator. In Section 3,
we carry out necessary analytic details about this operator. In Section 4, we prove
Theorem 1.5 based on those analytic details. In Section 5, we give some examples,
and Section 6 describes further developments.

2. Clifford actions and operators

In this section, we clarify technical details about the Clifford actions of tangent
vectors and introduce the skew-adjoint operator that we will work with.

After choosing an almost complex structure J on M, we let g be the Riemannian
metric on M:

gt ) =w(-, J-).

We equip M with the orientation w A - - - A w and let x be the Hodge star operator.
Letting dvol = 1 be the volume form of M, we define the L?-norm (and inner
product) by

12
2-1) el = ( / ¢(@, @) dvol)
M

on QK(M). We require that QM) L QY(M) when k # €. For pairs of forms on
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CK(M, w) = QK(M) & QK1 (M), following [7, (2.2)], we define

« o / /
g ([ﬁ} ) [ﬁ/]) =g(a,a’)+g(B, B).

As in (2-1), we have the L?-norm (and inner product)

o 1/2
(2-2) H [/3] H = (fMg(a,a)dvolJrfMg(ﬂ, ﬁ)dvol)

on CK(M, w). We require CX(M, w) L. C¢*(M, w) when k # £.
Let d* be the formal adjoint of d with respect to the inner product induced by
(2-1), and
o*1 QK M) = Q2 (M)

be the adjoint of
oA QKM - QTPM), o> wAa,

9

with respect to the same inner product. For convenience, we will omit the “,
after ™ and the “A” after w when there is no ambiguity. Recall the mapping cone
complex

(2_3) 8C . Qk(M) @ Qk_l(M) N Qk+1(M) ey Qk(M)(O[, ﬁ)}—) [d Cl)} [Ol] .

0 —d
. [a* o0
8C - |:a)>f< _d*:|

with respect to the inner product induced by (2-2).

The formal adjoint of d¢ is

Proposition 2.1. The kernel of the Dirac type operator 3, + 3¢ and that of the
Laplacian (9, + Bé)z are isomorphic to the primitive cohomology of (M, »). In
particular,

ker ((9c +8%)? : CF(M, w) — CK(M, w))

is isomorphic to the k-th primitive cohomology group.

Proof. We can check that (2-3) defines an elliptic complex [14, Definition 10.4.28].
By the properties of such a complex [14, Theorem 10.4.30], the complex defined
by (2-3) satisfies the Hodge decomposition theorem. Therefore, the kernel of
(0c + ag)2|ck( M ) 18 isomorphic to the k-th primitive cohomology group. U

For any (globally or locally defined) vector field Y on M, we have two Clifford
actions:

CY)=Y*A+Y, and c(Y)=Y*A—Y..
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Given any oriented local orthonormal frame ey, ..., es, of TM, the Clifford action
of the volume form dvol is expressed as

&(dvol) = é(ey) - - - E(ean).

This is independent of the choice of oriented local orthonormal frames. Following
[1, Section 3], we lay out some interactions between the Hodge star, Clifford actions,
and differential forms. Recall that the dimension of M is 4n.

Lemma 2.2. For all « € Q¥(M), we have ¢(dvol)a = (— 1)¥*+D/2 4 .

Proof. Let ey, ..., e4, be an oriented local orthonormal frame. Suppose o =
e;“] Ao /\e;‘; and choose indices ji, ..., jau—k so that

* * * *
€y N NeNe NN

=efN---Nef,.
Then we have
c(dvol)a = c(ei )C(ei,) - - - Clei)C(ejy) - - - E(ejy, et
= (=D =Rg(e; ) - e(ej,, )E(er)(er) - - - Eler )

1
= (= kRO Dk (% gt

= (kD2
The case of general « is straightforward. U
Lemma 2.3. For all « € Q¥(M), we have ¢(dvol)(w*sa) = —w A é(dvol) a.
Proof. Using the equality w* e = (—1)F x w o from [7, Section 2.1], we find
é(dvol) (w*aa) = é(dvol) ((— D x w x o)
— (= 1)2*=24DE=D) (Y wwwa) (by Lemma 2.2)
= (= 1)2E2EDED (1) s (A (=1 D E(dvol) )

= (=¥ wx(w A (Edvol)a)).

When £ is odd, w A ¢(dvol)« is an odd-degree form, making #x = —1 and then
(—1)"chrl *x = —1. Similarly, when k is even, we have xx =1 and then (— 1)k2+1** =
—1. Thus, we obtain ¢(dvol)(w*1a) = —w A (¢(dvol) @). O

2n 2n
We set QEV"(M) := @ Q% (M) and QM) := @ Q%*~'(M). We also set
k=0 k=0

(2-4) QM) :=QV"(M)® QM) and QM) = QYM) B Q" (M).

Using Lemmas 2.2 and 2.3, we obtain a skew-adjoint operator as follows.
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Proposition 2.4. Abbreviate ¢(dvol) as ¢,. The operator

01|[c, d—+d* w
= Vol ]

on Q2(M) is skew-adjoint.
Proof. Using Lemma 2.2 and [21, Definition 6.1(2)], for all « € Qk(M), we have
e d4dHa = (=12 DED L g 4 (1) 26Dk (L) wd xa
= () EREDHD) gy 4 ()R DRy Enk D (n—dntk=1) g o
_ (_1)%(k+1)(k+2)*da+ (_1)%k(k+l)d*a'
Similarly,
(d+d")eya = d(—1) 2K+ g g (—1)2kEHD 4
= (=) g w4 (= 1) wd > (—1)2FEHD g
= (=)D gy (= 1) EFDED gy

Thus, we have
d+d*c, =c,(d+d").

Now, since ¢} = C(esy) - - - C(e1) = C(ey) - - - C(ean) = €y, We find

0 17[é, d+d* o T\ _[ &o* —&d+dn]
10 o w* —d—d*|) | é,(d+dY) Co

[ wly (d+d*)év]

—(d+d*e, o*cy

[ awr —&d+dn
 &d+dY) Cy

_ |01 Cy d+d* o
o 10 Cy ot —d—d*|’

where the second-to-last equality is justified by Lemma 2.3. Thus, the operator
(2-5) is skew-adjoint. O

We recall the definition of the Atiyah—Singer mod 2 index. In [2, Theorem A],
this invariant was defined for real Fredholm skew-adjoint operators. However, by
functional calculus [10, Definition 1.13], one derives a version for real elliptic
skew-adjoint operators:

Definition 2.5 [24, (7.5)]. Given a real elliptic skew-adjoint operator D, its Atiyah—
Singer mod 2 index is the Z;-valued number

ind, D := dimker D mod 2.



492 HAO ZHUANG

According to the definition of k (M, w) and the identification between kernels
and cohomology groups, we have:

Corollary 2.6. Keep the notation ¢, := ¢(dvol). The Atiyah—Singer mod 2 index of

01|][cy, d+d* o
= Vol )l ]

on (M) is equal to k (M, ).

Proof. This is verified using Definition 1.3 and Propositions 2.1 and 2.4. With [© |1,

the operator (2-6) preserves the parity of the grading, mapping (M) into (M)
and Q(M) into Q(M). When we restrict (2-6) to Q(M), its kernel counts half of
the by. O

Similar to the Fredholm index [8, Theorem 3.11], and as stated in [2, Proposition
5.1] and [3, Section 2], the mod 2 index of a real skew-adjoint elliptic operator on
a compact manifold is homotopy invariant:

Proposition 2.7. Given a real skew-adjoint elliptic operator D on M, the index
indy D is invariant under a continuous deformation of D.

Remark 2.8. The invariance of ind; in [2, Proposition 5.1] is for bounded real
skew-adjoint Fredholm operators. It is extended to the elliptic operators on M
as follows [1, Section 4]: for D as in Proposition 2.7, the operator 1 + (—=D?) is
self-adjoint and positive. We have the compact operator

(1+(=D*)~""2
defined by functional calculus [10, Definition 1.13]. Then,
Do(1+(=D*)"?
is a bounded real skew-adjoint Fredholm operator.

The next proposition gives us the skew-adjoint operator similar to [23, (1.1)].

Proposition 2.9. The Atiyah—Singer mod 2 index of the skew-adjoint operator

Lo,k *
s(w*—w) —d-—d
9. 2
@7 [d+ﬁ Ho—o%
on Q(M) is equal to k (M, w).
Proof. We keep the notation ¢, := ¢(dvol). By Lemma 2.3, the operator

|:5U (0™ + w)

| —
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is skew-adjoint on 2(M). Then, by Corollary 2.6, we find

- )

. Cow*  —Cp(d+d™)
= ind; [6U(d+d*) o

_indy [ [Go3@" —w) —Cu(d+d) 1[G @ tw)

— O\ a@dtan) Glw-wn] 2 &y (0+*)
ALl % A * 1/ % g%

— ind, cliz(w ) Aclv(d—l-d) —ind (@ —w) 1 d—d .
Co(d+d*) cyz(w—o®) d+d* 5(w—w¥)

The second-to-last equality is justified by Proposition 2.7. U

3. Symplectic Witten deformation

In this section, we study the symplectic Witten deformation of the skew-adjoint
operator (2-7) on CV*"(M, w) := Q(M).

We let V be a nondegenerate smooth vector field on M. This means around each
zero point p of V, given any small local chart with coordinates x1, yi, ..., X2,, Y2u
satisfying x;(p) = - - - = y2,(p) = 0, there is an R*-valued smooth function B on
the chart with order

0(x12+y12+- = —i—x%,, —i—y%n)

and a matrix A € GL4,(R) such that

X1
V1

(3_1) V(xlv yl»»x2n» yzn)=[8)(1’ayla~~~’8xznaay2n] A +B
X2n
Y2n

Here, d,, and 9,, are the local coordinate vector fields. For convenience, we let

X1
Y1
— . T __
X = : ) X —[xhylw--’xZn’yZn]a
X2n
Y2n

x| = Va2 432+ +y2 .
Alternatively, if we write x = [¢y, ..., @4n]", we have |x| = x/gol2 4+ —|—<p§n.

Lemma 3.1. There is a smooth vector field X on M such that the zero set of X is
the same as the zero set of V, and

X =08y, 0y, ..., Oxyy, Oy, | AX

near each zero point p.
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Proof. We will use a cutoff function to modify the vector field V near its zeros so
that it agrees with a standard local model. We find a constant C > 0 such that

(3-2) |B| < C |x|?

on the local chart centered at p. Viewing A as an operator on the linear space R*",
we let | A|| be its operator norm. We choose a bump function o such that

(3-3)  supp(0) S{(x1,....y2) s (xf+- -+ y3) P < AT CTY
and o = 1 near p. Now, we show that
X=0V+(1—=0)[0,0y.,.... 0, dy, | Ax
= [0x,, 0yy, - -+, Oxyys Oy, | (Ax + (1 —0)B)
is the vector field we need. Indeed, by (3-2) and (3-3),
e+ (1 —0)AT B = x|~ |A7!]| - C-|x[* = 0.

“__ 9

The last “>" becomes “=" if and only if x is zero. Thus,
Ax+(1—0)B=A-(x+(1—-0)A"'B)=0

if and only if we are at a zero point p of V. Therefore, the zero set of X coincides
that of V. (]

Inspired by [22, Section 2; 6, Chapters VIII-X; 24, Section 7.3; 23, Section 2],
for a parameter 7 > 0, we use the vector field X to set up the Witten deformation

(3-4) Dy :=[ 2@ —w) _d_d*_Té(X)}

d+d*+TéX)  3(@—o)

of the operator (2-7) on Q(M). Let ¢ > 0 be a sufficiently small number. Around
each zero point p of X, we choose a chart

(3-5) U={(1,....y0m) i x{ +yi - +x3, +y3, < (4e)?}
centered at p and satisfying

() wly =dxy Adyy + -+ - +dx, Adym,
(2) g(-, )y =dx}+dy} +---+dxj, +dyj;,, where g is the metric, and

3) X|U = [axl’ ay1’ ) amm 8)‘2n]Ax'
We can obtain (1)-(3) as follows: Using [15, Theorem 8.1], we first choose a
Darboux chart U centered at the zero point p with coordinates xy, yi, ..., X2,, Y2n
such that

oly =dx; /\dy1 + -4 dxy, /\dyz,,.
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We then construct a metric g’ on M such that
g )y =dxi +dy} +- - +dx3, +dy3,.

Next, following the proof of [15, Proposition 12.3], we use the polar decomposition
together with g’ to construct the almost complex structure J. Then, we let g(-, ) =
(-, J-). The two metrics g(-, -) and g’( -, -) are different, but checking the polar
decomposition, we have

g Iy =g(, )Ny =dxl+dy} +---+dx3, +dy3,.

Finally, the vector field X is guaranteed by Lemma 3.1.
Let

e;=[0,...,0,1,0,0,...,0]" and f;=[0,...,0,0,1,0,...,0]"
—— —_— ———
2i-2 2i—1

Inside U, we find that

2n 2n 2n
(d+d*+Te(X)) ==Y 05— 95 +T Y. c(0x)¢ ([3x,. Dy, - - -, Duyy Dy, | A)
i=1 i=1 i=1
n A 2T
+T 3 c(dy)¢ ([0x,, yys -+ s Dxys Oy | AS) + T2 T A Ax.
i=1
Now, on R** with coordinates denoted by x1, Y1, ..., X2n, Y2u, We let
Xo = 1[04, 0y, ... 0ns,, Oy, | Ax.

Meanwhile, using the standard Euclidean metric
8o = dx12 +dy12 +--- +dx22n +dy§n

on R**, we have the L2-norm (and inner product)

1/2
(3-6) lal| = (/4 gola, a)dxy Ndyy A--- Ndxoy A dyzn>
Rn

on the space Q¥ (R*") of smooth k-forms on R*". For the standard symplectic form
wo =dx; /\dy1 + -+ dxy, /\dyzn

on R*", we let

%
Wy =0y, 20, 2+ +0y,, 10x,, 1

be the adjoint of wg A .
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Let L be the operator with the expression

2n 2n 2n
=207 =20 +T Y c(3)¢ ([0x,2 By, - -2 Oy s Dy, | Ae)
i=1 i=1 i=1
an A 2T
+T 3 c(dy)¢ ([0x), Oyys s Oxgys Oy | AS) + T7x T A Ax

i=1

4n
but defined on the space P QK (R*") of smooth forms on R**. As in [24, (4.23)],
we let k=0

2n 2n
2 2 2
L'== 305 = X0 = T trace(/ATA) + T2 T A" Ax
1= 1=
and

2n
L" =trace(WVA*A) + Y c(0:,)¢ ([9x,. By, - - -, D,y By, | Aly)
i=1
2n .
+ 3 c(@y)¢ ([0x)5 By - -+ Onsy s Oy | AS) -
i=1

Then, L = L'+ T - L”. Indeed, L’ is the (rescaled) harmonic oscillator [17,
Chapter 8, Section 6] on the space of square-integrable functions on R**, and L” is
a nonnegative operator on the (real) vector space spanned by

G-7) {dxiy Ao Adxi, Adyj A Ady
0§i1<---<ir§2n,0§j1<"'<js§2n,0§’”s552”}'

The following result was proved using the properties of harmonic oscillators
[loc. cit.] and equations (4.23)—(4.25) and Lemma 4.8 of [24].

Proposition 3.2 [24, Proposition 4.9]. For any T > 0, the kernel of L is one-
dimensional and generated by

(3-8) p= exp(—%TxT\/ A*Ax) -4,
where § is a certain linear combination (with real coefficients independent of T)
of elements of (3-7). The grading of 4 is even if det A > 0 and odd if det A < 0.

Each nonzero eigenvalue of L has the expression o- T, where « is a positive constant
independent of T.

Noticing that s — w(A is skew-symmetric, we have:
Proposition 3.3. There exists a unique smooth form n on R*"* such that
3@ —wo)p = (d+d* +Té(Xo)) n

4n
and n L p. Here, d + d* is defined on @ Q*(R*)according to the L*-norm of
forms. k=0
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Proof. Recall the definition (3-8) of p. We notice that
g0 (@ — wg)p, p) = 0.

Therefore, %(a)g — w)p is orthogonal to the kernel of L on EBZ";O QF(R*"). Since
d +d* + T¢(Xo) preserves the eigenspaces of L, we find

(3-9) n=_L""o(d+d*+Te(Xp)) (3w} —wy)p).

Here, L™ is the inverse of L restricted to the orthogonal complement of ker(L).
The kernel of L is given by Proposition 3.2. See [6, (10.17)] for details about the
inverse map L~!. U

The next proposition will be used in the estimates of the spectrum of —|D>2T.
Proposition 3.4. There is a constant C; > 0 independent of T such that
(3-10) Inll = C1T~2-Jipll.

Here, the L*>-norm is that on the space of forms on R*".

Proof. If n =0, we choose C; = 0. If n # 0, by Proposition 3.3, %(a)g —wy)p is
nonzero, and we look at (3-9). We write %(w’(‘) —wg)p as a finite sum of eigenvectors
of L:

%(a)’g —wy)p = Z K; -exp(—%TxT«/ A*Ax) -5,
i
where each K; is a constant independent of 7' and each §; is an eigenvector of L”
in the span of (3-7), associated with an eigenvalue A; > 0. These §; and A; satisfy
80(8;,8;))=0 and A; #A; wheni#j.

Then, we apply L~ o (d +d* 4+ Té(Xp)) to %(a)g —w,)p. Since d +d* + T ¢(Xo)
preserves the eigenspaces of L, we obtain

o (d+d* +TE(Xo)) (l<w3 — wy)p)

= Z —— - (d+d* +Te(Xo)(Ki -exp(—1TxTVA*Ax) - &;).

One step further, considering the effect of d +d* + T ¢(Xy), we find
n=L"o(d+d* +TéX0)(k(w}—wyp)
—Z— T -exp(—3 \/m.x)-<_22n:ll(,-j-xj-8ij+il?ij~yj-(§,~j)
2n " 2n "

1 ~ -
= Z = -exp(—%TxTvA*Ax) . (Z Kij-xj-dij+ 2:1 Kij-yj -8,']'),
i 1 j=

j=1
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where the K;; and K ij are constants independent of 7" and the §;; and Si ; are certain
linear combinations (with real coefficients independent of T') of elements of (3-7).
Thus, (3-10) is essentially the relation between

1/2 n 1
(/R%xiz CXp (_T|x|2) dxldyl e dx2ndy2n> = z.

" J2r
and
1/2 "
(/{R4nexp (—T|x|2)dx1dy1...dx2ndy2n) =z
Their ratio gives us the factor 7~1/2, .

Remark 3.5. In the standard Witten deformation, the form p functions as a model
for eigenforms associated with small eigenvalues of the deformed Laplacian. In this
paper, the pair (p, ) plays a similar role in the mapping cone Witten deformation.

Now, using (3-6), we define the L%-norm (and inner product)

B
B
on Q(R*"). (See (2-4) and recall the matrix A in (3-1) associated with the zero
point p.) When det A > 0, we study the orthogonal complement of spanR([Z ])

in Q(R*") under the inner product induced by (3-11). Let [Z] € Q(R*") be an
L?-element orthogonal to [’]; ] We write

G-11) ‘ 172

= (lell® +181%)

a=rp+a and B=sn+p,
with o’ L p and 8’ L n. Then, we have
(3-12) rlol?+slnl* =0.

Let || - ||; be the first Sobolev norm (see [14, Definition 10.2.7]) induced by (3-6).
If |||} < oo and ||B]|1 < oo, we find that |||l < oo, ||8'|l1 < oo, and then

1 A~

] 5 (@h—wg) —d—d*—Tc(Xo)] |:a]
(3-13) [d+d*+T5(Xo) Ywp—wy |8
- i —d—d*—Té(Xo)} 'rp+a’]
= || [d+d*+Té(Xo) |sn+p'

|1 [ @h—w, ro+o’
2 w,—wy | sn+p

rp+a’
sn+p’]

= (||(d+d*+T5(Xo))(Sn+/3/)||2+||(d+d*+Té(Xo))a’||2)1/2_C2’

=

_(—d—d*—Té(Xo))(sn+ﬁ’)} H c
| (d+d*+Té(X0)(rp+a) ?
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since (d +d*+T¢(Xo))p =0. Using ||&’||; <00, ||B']l1 < oo, and Proposition 3.2,
we see that the right-hand side of (3-13) is

/
> CsVTlsn+ B+ CVTl |- G| |,
sn+p
/
= VTV IsnP+ 1812 + VTl - G| 0 ¢,
sn+ B
> X,
where
ro+a’
(-14)  X:=CaVTlsnll +CVTIB I+ CsVT o | - Ca [sfﬁﬁ,} :
We estimate X in two complementary cases. If n = 0, then by (3-12), we find r =0
and then
ro+a’
X=CVT|BI+CsVT e ||—c2[ ] > Cs [ } =C5ﬁ‘[p }
B sn+p
If n #0, then
1 1 / /
x= L/ Thsnl +4C/T ™ '” ””‘;” I+ C T8 +CvTla = G| [ 14 ]
1 1
— SCV/Tlsnl + 5 CTlrollCy VT + CVTIB 1+ o[ VT | = € |10 4 ]
ro+uo
= CVT [577+,3/]H'

This takes care of the case det A > 0. When det A < 0, we replace [ ] by [ ] and
repeat the argument. Then, we summarize:

Proposition 3.6. There exists a constant Cs > 0 such that when det A > 0 (resp. when
det A < 0), for all sufficiently large T, we have
ol
B

H [ T —wy) —d - d* — TE(XO)} |:a]

d+d*+Tc(Xp) 5 () — wp) B
whenever [‘;] e Q(R*) is orthogonal to [f;] (resp. [Z]) and satisfies |||l < 00
and ||B|l1 < oo.

> Csﬁ

Following [6] and [24], based on Propositions 3.2-3.6, we apply the asymptotic
analysis to carry out the estimates about D7. Recall from (3-5) the chart U around
each zero point p of X. For each zero point p, we pick a bump function y : M — R
such that

supp(y) C U (2¢) = {(x1, ..., yom) 1 X7 + -+ -+ 3, < 2e)*},
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and y =1 on
U(e) = {(xl, cees Von) :xf—l—---—i—y%n <82}.
For each zero point p, we let
Pp =Yy -exp(—%TxT\/Mx) )
and n, =y -n. As in [6, Definition 9.4] and [24, (4.36)], we let

Er:= spanR{ [f;

Er,:= spanR{[ZZ] : p is a zero point of X},

Er =Ero®ET;.

”] : p is a zero point of X},
P

Let E% be the orthogonal complement of E7 in (M) and pr (resp. p%) be the
orthogonal projection from Q(M) to Er (resp. E%).
Recall the operator
[l —w)  —d—d"—TeX)]
Dr = * A 1 *
| d+d*+Tc(X) 7 (@ — ")

D, |:ppi| ‘ _ %(a)* —w) —d—d*—TéX)] [yp] H
np |d +d* +TEe(X) 1(—o ¥
Lc(dy)p+ 5(w—o")yn
[c(dy)n 0
= _c<dy>p] H " H [%«o —w*)yn] H =G

on 2(M). There is a constant Cg > 0 such that
—c(dy)n ] ”
when T is sufficiently large. Summarizing this estimate, we get:

]
Mp
Proposition 3.7. There is a constant Cg > 0 such that, when T is sufficiently large,

[ [E11 = Csl 11

for all [‘;] € Er.

Now, if [z] € EZ, we have the following estimate similar to those in Theorem
9.11 of [6] and Proposition 4.12 of [24]:

Proposition 3.8. There exists a constant C7 > 0 such that when T is sufficiently
large,

D[] = VT[]
for all [‘;] € E;f.

Proof. We perform three steps:



SYMPLECTIC SEMI-CHARACTERISTICS 501

Step 1: If [Z] is supported outside all the U (2¢)’s, the minimum of g(X, X) is
greater than 0. Then, as in [24, Proposition 4.7], we find

o

lo- 5]

o e |11 R T |1}

— I d+d*+Té(X) B Ho—w®) ] B

o o

ar|[5]]-e|[3]
Step 2: If [Z] is supported inside the chart U centered at some zero point p, we
view [“] as an element in Q(R*"). Let py be the orthogonal projection from

Q(R*") to the one-dimensional space generated by [’; ] Letting (-, -) denote the
inner product induced by (3-11), we have

—Cy

i) UL (e )

s 3]) 1
= soeemr Jo =0 o([] ) [

since ([Zg ], [g]) = 0. Then, we find, by Cauchy—Schwarz and comparing || p|| with

exp(—CloezT),
N P o
A(l v)-g <|:77] ) |:,B:|> dvol

el 1
‘pT [ﬁ” oI 112
< ; -exp(—Clong) g (|:a:| s |:oz:|)l/2 dvol
IpIZ + 7112 wi=ae O \LBJ LB
= H
B

VT +C}
<exp(—Ci T)- H [z] “ .

By Proposition 3.6, we find
HDT m > Csﬁ‘ [z] —ph [Z] H > Csv/T - (1—exp(—C1i T)) - m

Step 3: For a general [g] eE % supported on M, we combine what we have shown
in Steps 1 and 2, following the standard procedure used in Step 3 of the proof of
[24, Proposition 4.12]. O

ol ™" - exp(—Cioe®T) -

IA

Noticing that Dy is skew-adjoint, we have:
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Proposition 3.9. The operator —ID)ZT is self-adjoint and nonnegative. When T is
sufficiently large, the eigenvalues of—[D)ZT lie in the union [0, Cg] U [C72T, +00).

Proof. This is a combination of Propositions 3.7 and 3.8, following the same pattern
as in the proof of [25, Lemma 5.3]. Since there is no essential spectrum here, we
only need a simplified procedure as in the proof of [26, Proposition 6.18]. (]

4. The counting formula
We now prove the counting formula (1-4) stated in Theorem 1.5. Let E be the sum
of eigenspaces of —IDZT on (M) associated with eigenvalues in [0, Cé]. Then,

K (M, ) = ind; (D7 on Q(M))

= dim ker(—D?% on Q(M)) mod 2

= dimker(IDT cEr — ET) mod 2,
since each eigenspace of —IDZT is invariant under Dy. By [9, Section 8.16], every
r x r skew-symmetric matrix has Atiyah—Singer mod 2 index equal to the parity
of r. Thus,

k(M, w) = dim E7 mod 2.
Now, to prove Theorem 1.5, we only need to show that dim E7 = dim E T.
Proposition 4.1. We have dim Er = dim E7 when T is sufficiently large.
Proof. Recall the L?-norm (2-2) on Q(M). We let

ﬁT Q(M) g ET

be the orthogonal projection to E7. Then, for any h € Er, we obtain

~ 1 ~
lh — Prh| < = D7 (h — Prh)| (by Proposition 3.9)

7

<L (IDrhll+ 105 Pril)

= oIt T TPr
1

< -Ce-(||k]| + Ik]l)  (by Proposition 3.9).

T y Frop

Thus, when T is large, P; maps E7 injectively into E7, meaning that dim E7 >
dim ET

We prove the opposite inequality by contradiction. As in [24, (5.32)], suppose
that dim E7 > dim E7. We pick some ¢ € E7 such that ¢ is orthogonal to the space
PrEr. Let (-, -) denote the inner product induced by (2-2). For any zero point p
of X and the associated ['0 "] (or [ Z], depending on the sign of det A), we have

o 164 L e R e T R e R
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the middle equality being a consequence of ¢ € Er. Thus, ¢ € E% Using
Proposition 3.8, we get

IDroll > C7vV/T |l

contradicting to the fact that ¢ € E7 (this space, we recall, is the sum of the
eigenspaces of —[D)2T associated with eigenvalues in [0, Cg].) Therefore, E7 is
isomorphic to E7 when T is sufficiently large. O

Recall that X is an adjusted version of V. By Proposition 4.1, we finally have
k(M, w) =dim Er mod 2

=dim E7r mod 2

= the number of zero points of the adjusted vector field X mod 2

= the number of zero points of the original vector field V mod 2,
and this completes the proof of Theorem 1.5.

Remark 4.2. We get Corollary 1.8 from Theorem 1.5. An alternative to using
Theorem 1.5 involves applying Atiyah’s perturbation technique from [1, Section 4]
to prove Corollary 1.8 directly. Let V be a vector field with g(V, V) =1 on M.
We perturb the operator

5 _ [0 17 [éavol) d+d* o
1o édvol) || o —d—d*

on 2(M) into the operator

; 0 1][c(V) (V) 01
=0+ |1 ]2 e ) 1 o)

Once we verify that ind, D = ind, D’ and that ker D’ admits a complex structure

given by
0 17[ev) > -1 0
10 —ewvy]) Lo -1]

we conclude that dim ker D’ is even, and therefore « (M, w) = 0.

5. Examples

We illustrate with some examples, most of which have already been studied in other
papers; we just adapt them to the computation of symplectic semi-characteristics.

Example 5.1. We equip M = CP? with the Fubini—Study form [15, Homework 12].
According to [7, Example 4.2],

bg=1, bY=0, bY=0,
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meaning that « (M, w) = 1. These b}’ are computed using a Morse function with
three critical points, together with the associated cone Morse cochain complex
[7, Definition 1.2]. By the counting formula (1-4), we can also use the three critical
points of this perfect Morse function to find x (M, w) = 1.

Example 5.2. Let M = S? x S? equipped with the standard symplectic structure.
Recall that we have a height function % (see [4, Example 3.4]) on S? with two
critical points. Then,

fiS*PxSP=R, (p,q)— h(p)+h(q),

is a Morse function on S? with four critical points. Thus, in this case, k (M, w) = 0.

As we know, the Euler characteristic of the de Rham cohomology of S? x S?
is 4, meaning that S?> x S? does not admit a nonvanishing vector field. However,
as we see, its symplectic semi-characteristic is 0. Thus, in terms of judging the
existence of nonvanishing vector fields, the symplectic semi-characteristic (1-3) of
the primitive cohomology is a weak substitute for the Euler characteristic of the
de Rham cohomology.

Example 5.3. As in [18, Section 3.4] and [16, (5.3)], we let ~ be the identification
(x1,x2,x3,x4) ~ (x1+a,x+b,x3+c,x4+d —bx3) (whena,b,c,de”Z)

on R*. Then, the Kodaira—Thurston fourfold is equal to R*/~. Let M = R*/~
equipped with the symplectic form w given in [18, (3.26)] and [16, (5.4)]. We know
that x (M, w) =0 from the tables of primitive cohomology groups in [18, Section 3.4]
and [16, Section 5.4]. Since R*/~ has a globally defined tangent vector field d,,,
we also obtain k (M, w) = 0 according to Corollary 1.8.

Example 5.4. We briefly mention the (4n +2)-dimensional case. Let M = T2 be
equipped with the standard symplectic form. Since T2 is Kihler, we use the formula
[7, (4.4)] to find by =1, by =2, and so k (M, w) = 1.

However, we know there is a height function [13, Part I, Section 1] with 4 non-
degenerate critical points on T2. This means our Theorem 1.5 does not apply to the
(4n +2)-dimensional case.

6. Discussion and perspectives

We now mention some possible extensions of this project. The deformation replaces
d+d* by d+d*+T¢(V) and does not perturb w. This preserves the symplectic infor-
mation and relates k (M, w) to the primitive forms given by the Lefschetz decompo-
sition. However, as k (M, w) is unchanged when replacing @ by another symplectic
form, it is also natural to consider replacing w by w A - - - A w or by other forms.
The form w A - - - A w gives the semi-characteristic of the 1-filtered cohomology
[16; 20]. In a follow-up work [27], we use w A w on a (4n+2)-dimensional closed
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symplectic manifold. Then, the associated semi-characteristic vanishes, which is
exactly the parity of the de Rham Euler characteristic. This provides more evidence
that « relies more on M than on the form.

Also, from an index-theoretic perspective and without involving the primitive
cohomology, we may perturb w into s and let s change from O to 1. The study
could thus be done for any closed orientable manifold equipped with a closed
homogeneous form. For this case, we will give the formula and the analysis in a
future joint work with S. Xu, with assumptions on both dim M and the degree of the
form. A similar perturbation using s ! instead of s was carried out in a recent work
[28] on the mapping cone Morse theory for any closed oriented manifold equipped
with a closed homogeneous smooth form. This s~! preserves the cohomology.

To conclude, we briefly discuss the K -theoretic background of this study. By
[3, Theorem 2.3], the mod 2 index is equivalent to the map

(6-1) KO~ (TM) — KO~ (point) = Z,.

When dim M = 4n, we have a skew-adjoint elliptic operator (3-4) whose skew-
symbol class is in KO~'(TM) and then mapped to (M, ). In the (4n+2)-
dimensional case, if we continue the current pattern of construction, we cannot
obtain a skew-adjoint elliptic operator on 2(M) whose skew-symbol class is mapped
to Kk (M, w). Thus, in the 4n+2 case, it could be worthwhile to study the geometric
meaning of the image of the skew-symbol class of (2-7) under (6-1) [23, Theorem
3.2], and whether (6-1) can be generalized to give the (4n+2)-dimensional case
a KO-valued index result of the semi-characteristic.
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