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CO-HOPFIAN AND BOUNDEDLY ENDO-RIGID
MIXED ABELIAN GROUPS

MOHSEN ASGHARZADEH, MOHAMMAD GOLSHANI AND SAHARON SHELAH

For a given cardinal A and a torsion abelian group K of cardinality less
than A, we present, under some mild conditions (for example, > = A%0),
boundedly endo-rigid abelian group G of cardinality A with tor(G) = K.
Essentially, we give a complete characterization of such pairs (K, 1). Among
other things, we use a twofold version of the black box. We present an
application of the construction of boundedly endo-rigid abelian groups.
Namely, we turn to the existence problem of co-Hopfian abelian groups of
a given size, and present some new classes of them, mainly in the case of
mixed abelian groups. In particular, we give useful criteria to detect when a
boundedly endo-rigid abelian group is co-Hopfian and completely determine
cardinals A > 2%¢ for which there is a co-Hopfian abelian group of size \.
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1. Introduction

By a torsion (resp. torsion-free) group we mean an abelian group such that all its
nonzero elements are of finite (resp. infinite) order. A mixed group G contains

Golshani’s research has been supported by a grant from IPM (no. 1401030417).

Shelah would like to thank the Israel Science Foundation (ISF) for partially supporting this research

(grant 1838/19). His research partially supported by the grant “Independent Theories” NSF-BSF

NSF 2051825 (BSF 3013005232). Shelah is grateful to an individual who prefers to remain anonymous

for providing typing services that were used during the work on the paper. This is publication 1232 of

Shelah.

MSC2020: 03E75, 16550, 20K30.

Keywords: black boxes, bounded endomorphisms, co-Hopfian groups, endomorphism algebras,
mixed abelian groups, p-groups, set theoretical methods in algebra.

© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC
BY). Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org/pjm/
https://doi.org/10.2140/pjm.2023.327-2
https://doi.org/10.2140/pjm.2023.327.183
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

184 MOHSEN ASGHARZADEH, MOHAMMAD GOLSHANI AND SAHARON SHELAH

both nonzero elements of finite order and elements of infinite order, and these are
connected via the celebrated short exact sequence

(%) 0— tor(G) »> G — -0

tor(G)

Despite the importance of (x), there are series of questions concerning how to glue
the issues from torsion and torsion-free parts and put them together to check the
desired properties for mixed groups.

Reinhold Baer [2; 3] was interested to find an interplay between abelian groups
and rings. In this regard, he raised the following general problem:

Problem 1.1. Which ring can be the endomorphism ring of a given abelian group G?

There are a lot of interesting research papers and books that study this problem,
see, for example, [11; 16]. According to Fuchs [15], for mixed groups, only very
little can be said. As an achievement, we cite the works of Corner and Gobel [8]
and Franzen and Goldsmith [12].

For any group G, by E¢(G) we mean the ideal of End(G) consisting of all
elements of End(G) whose image is finitely generated. Corner [7] has constructed
an abelian group G := (M, +), for some ring R and an R-module M, such that
any of its endomorphisms is of the form multiplication by some r € R plus a
distinguished function from E(G). One can allow such a distinguished function
ranges over other classes such as finite-range, countable-range, inessential range
or even small homomorphism, and there are a lot of work trying to clarify such
situations. As a short list, we may mention Corner and Gobel [8], Dugas and
Gobel [10], Corner [7], Thomé [30] and Pierce [21].

Here, by a bounded group, we mean a group G such that nG = 0 for some fixed
0 < n € N. By a theorem of Baer and Priifer, a bounded group is a direct sum
of cyclic groups. The converse is not true. However, there is a partial converse
for countable p-groups. For more details, see Fuchs [15]. A homomorphism
h € G| — G, of abelian groups is called bounded if Rang(#) is bounded.

Definition 1.2. An abelian group G is boundedly rigid when every endomorphism
of it has the form w, + h, where , is multiplication by n € Z and /& has bounded
range. By E(G) we mean the ideal of End(G) consisting of all elements of End(G)
whose image is bounded.

Let us explain some motivation. The concept of a rigid system of torsion-free
groups has a natural analogue for the class of separable p-primary groups: a family
{G; :i € I} of separable p-primary groups is called rigid-like if forall i # j € I
every homomorphism G; — G is small, and also for all i € I, every endomorphism
of G; is the sum of a small endomorphism and multiplication by a p-adic integer.
Shelah [23] confirmed a conjecture of Pierce [21] by showing that if © is an
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uncountable strong limit cardinal, then there is a rigid-like system {G; :i € I} of
separable p-primary groups such that |G;| = and |I| =2*, see also [25] for more
results in this direction.

Let us now state our main results. Section 2 contains the preliminaries, basic
definitions and notations that we need. The reader may skip it, and come back to it
when needed later. In Section 3, and as a main result, we prove the following.

Theorem 1.3. Given a cardinal A such that > = A > 2™ and a torsion group K of
cardinality less than A, there is a boundedly rigid abelian group G of cardinality A
with tor(G) = K.

To prove this, we introduce a series of definitions and present several claims.
The first one is the rigidity context, denoted by k, see Definition 3.1. Also, the
main technical tool is a variation of “Shelah’s black box”, and we refer to it as
twofold black box. For its definition (resp. its existence), see Definition 3.13 (resp.
Lemma 3.15). It may be worth to mention that the black boxes were introduced
by Shelah in [26], where he showed that they follow from ZFC (here, ZFC means
the Zermelo—Fraenkel set theory with the axiom of choice). We can consider black
boxes as general methods to generate a class of diamond-like principles provable
in ZFC. Then, we continue by introducing the approximation blocks, denoted by AP,
see Definition 3.18 for more precise definition. There is a distinguished object ¢
in AP that we call it full. The twofold black box helps us to find such distinguished
objects, see Lemma 3.30. Here, one may define the group G := G,.. Let h € End(G).
In order to show that /4 is boundedly rigid, we apply a couple of reductions (see
Lemmas 3.35-3.43), to reduce to the case that & factors throughout G — tor(G).
Finally, in Lemma 3.31 we handle this case, by showing that any map G — tor(G)
is indeed boundedly rigid.

In the course of the proof of Theorem 1.3, we develop a general method which
allows us to prove that 0 - Z — End(G) — %ﬁg) — 0 1s exact, and also enables
us to present a connection to Problem 1.1. In order to display the connection, let R
be a ring coming from the rigidity context. For the propose of the introduction, we
may assume that (R, 4) is cotorsion-free, see Definition 2.8 (with the convenience
that the argument becomes easier if we work with R :=Z, or even (R, +) is 8-free).
Following our construction, every endomorphism of G has the form p, 4 h, where
Wy is @ multiplication by r € R and & has bounded range, i.e., the sequence

End(G)
Ey(G)

0— R — End(G) —

—

1s exact.

Definition 1.4. A group G is called Hopfian (resp. co-Hopfian) if its surjective
(resp. injective) endomorphisms are automorphisms.
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Essentially, we give complete characterization of the pairs (K, A) by relating our
work with the recent works of Paolini and Shelah, see [19; 20]. To this end, first
we recall the following folklore problem:

Problem 1.5. Construct co-Hopfian groups of a given size.

Baer [4] was the first to investigate Problem 1.5 for abelian groups. A torsion-free
abelian group is co-Hopfian if and only if it is divisible of finite rank, and hence the
problem naturally reduces to the torsion and mixed cases. Beaumont and Pierce [5]
proved that if G is co-Hopfian, then tor(G) is of size at most continuum, and further
that G cannot be a p-groups of size 8¢. This naturally left open the problem of the
existence of co-Hopfian p-groups of uncountable size < 2%, which was later solved
by Crawley [9] who proved that there exist co-Hopfian p-groups of size 2*0. Braun
and Striingmann [6] showed that the existence of three types of infinite abelian
p-groups of size Ry < |G| < 2™ are independent of ZFC:

(a) Both Hopfian and co-Hopfian.
(b) Hopfian but not co-Hopfian.
(c) Co-Hopfian but not Hopfian.

Also, they proved that the above three types of groups of size 28 exist in ZFC. So,
in light of Theorem 1.3, the remaining part is 2% < A < A®_ Very recently, and
among other things, Paolini and Shelah [19] proved that there is no co-Hopfian
group of size A for such a L. As an application, in Section 4, we determine cardinals
A > 2% for which there is a co-Hopfian group of size A. For the precise statement,
see Corollary 4.13.

Let us recall a connection between the concepts boundedly endo-rigid groups
and (co-)Hopfian groups. First, recall from the seminal paper [22], for any A less
than the first beautiful cardinal, Shelah proved that there is an endo-rigid torsion-
free group of cardinality A. By definition, for any f € End(G) there is my € Z
such that f(x) =mysx. So, f is onto if and only if my = 1. In other words, G
is Hopfian. This naturally motives us to detect co-Hopfian property by the help
of some boundedly endo-rigid groups. This is what we want to do in Section 4.
Namely, our first result on co-Hopfian groups is stated as follows.

Construction 1.6. Let K := @{f_z :pePand 1 <n <m}, where m < w, and P
is the set of prime numbers. Let G be a boundedly endo-rigid abelian group such
that tor(G) = K. Then G is co-Hopfian.

We may recall from Theorem 1.3 that such a group exists for any A = A™0 > 2%,
In fact, the size of G is A.

Let & be a natural number. One of the tools that we use is the s-power torsion
subgroup of G:

' (G) :={g € G :3n € N such that 4" g = 0}.
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The assignment G +— I',(G) defines a functor from the category of abelian groups
to itself. It may be worth to mention that, in the style of Grothendieck, this is called
section functor and some authors use Tor, (—) to denote it.

In our study of the co-Hopfian property of G, the following subset of prime
numbers appears:

S¢ :={p €P:G/T,(G) is not p-divisible}.

The set Sg helps us to present a useful criterion to detect when a boundedly endo-
rigid abelian group is co-Hopfian:

Proposition 1.7. Assume X > 2% and G is a boundedly endo-rigid abelian group
of size A. Then G is co-Hopfian if and only if

(a) Sg is a nonempty set of primes.

(b) (by) I')(G) #G.
(b2) If p € Sg, then T',(G) is not bounded.
(b3) If T',(G) is bounded, then it is finite.

Let G be an abelian group. In order to show that G is (not) co-Hopfian, and also
to see a connection to bounded morphisms, we introduce a useful set NQry, ;) (G)
consisting of those bounded /# € End(I",,(G)) such that

1) hi=m- idl",,(G) +h € End(T",,(G)) is 1-to-1,
(2) A’ is not onto or m > 1 and G/ I",,(G) is not m-divisible.

In a series of nontrivial cases we check NQrp, )(G) and its negation. This enables
us to present some new classes of co-Hopfian and non-co-Hopfian groups (see
below, items 4.4-4.11).

See Eklof and Mekler [11] and Gobel and Trlifaj [16] for all unexplained defini-
tions from set theoretic algebra. Also, for unexplained definitions from the group
theory, see the books of Fuchs [13; 14; 15].

2. Preliminaries

In this paper all groups are abelian, otherwise specialized. In this section we recall
some basic definitions and facts that will be used in the later sections of the paper.

Definition 2.1. An abelian group G is called X |-free if every countable subgroup
of G is free. More generally, an abelian group G is called A-free if every subgroup
of G of cardinality < A is free.

Definition 2.2. Let ¥ be a regular cardinal. An abelian group G is said to be
strongly k-free if there is a set S of < k-generated free subgroups of G containing 0
such that for any subset S of G of cardinality < « and any N € S, thereisan L € S
such that SUN C L and L/N is free.
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A group G is pure in an abelian group H if G € H and nG =nH NG for every
n € Z. The common notation for this notion is G C, H.

Fact 2.3. Suppose G is a torsion-free group. Then the intersection of pure subgroups
of G is again pure. In particular, for every S C G, there exists a minimal pure
subgroup of G containing S. The common notation for this subgroup is (S)¢;.

Fact 2.4 (see [17, Theorem 7]). Let G be an abelian group and H a pure and
bounded subgroup of G. Then H is a direct summand of G.

The notation tor(G) stands for the full torsion subgroup of G. There is a natural
connection with the functor Tor%(—, ~):

tor(G) = Tort (Q/Z, G).

Fact 2.5 (see [17, Theorem 8]). Let G be an abelian group and T C, tor(G). If T
is the direct sum of a divisible group and a group of bounded exponent, then T is a
direct summand of G. The same result holds if T C, G.

Fact 2.6 (see [5]). (i) Let G be a countable p-group. Then G is co-Hopfian if and
only if G is finite.

(i1) If a group G is co-Hopfian, then tor(G) is of size at most continuum, and further
that G cannot be a p-groups of size Ro.

Fact 2.7 (see [13, Theorem 17.2]). If G is a p-group of bounded exponent, then G
is a direct sum of (finitely many, up to isomorphism) finite cyclic groups.

Definition 2.8. (i) An abelian group G is called cotorsion if Ext(J, G) = 0O for
all torsion-free abelian groups J.

(i) An abelian group G is called cotorsion-free if it has no nonzero co-torsion
subgroup.

In other words, G is cotorsion provided that it is a direct summand of every
abelian group H containing G with the property that H/ G is torsion-free. Here,
we recall a useful source to produce a cotorsion-free group:

Fact 2.9 (see [11, Corollary 2.10(ii)]). Any Ri-free group is cotorsion-free.
The p-torsion parts of a group G are important sources to produce pure subgroups.
Notation 2.10. Let PP denote the set of all prime numbers.
(i) Let p € P. The p-power torsion subgroup of G is
I',(G) :={g € G : 3n € N such that p"g = 0}.

(i) Foreach 1 <m < w, we let I',,(G) := @PIT,(G) : p | m}.
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Recall that the assignment G +— I';,(G) defines a functor from the category of
abelian groups to itself, which is also called section functor. It has the following
important property. Suppose f : G — H is a homomorphism of abelian groups.
Then the following diagram of natural short exact sequences is commutative:

0——TyW(H) —— H—— H/T)(H) —— 0

N

0—T'W(iG) — G ——G/T'p(H) —— 0

where (g +T(G)) 1= f(g) + Tn(H).
The connection from p-power torsion functors and the classical torsion functor
is read as

Tor{ (Q/Z. G) = tor(G) = P T, (G).

peP

Notation 2.11. In this paper, by End(—) we mean Endz(—) where (—) is at least
an abelian group, otherwise we specitfy it.

The following notion of boundedness plays an important role in establishing the
main theorems.

Definition 2.12. Let G be an abelian group of size A. We say G is boundedly endo-
rigid when for every f € End(G) there is m € Z such that the map x — f(x) —mx
has bounded range.

The next fact follows from the definition.

Fact 2.13. An abelian group G is boundedly endo-rigid if and only if for every
f € End(G) there is m € Z and bounded h € End(G) such that f(x) = mx + h(x).

Fact 2.14. Let K be a bounded torsion abelian group and let G C, H. There is
h € Hom(H, K) extending g if g € Hom(G, K). This property is conveniently
summarized by the subjoined diagram:

0—G-—"1H

| A

K

Fact 2.15. Let G be abelian group and suppose that G is not bounded, then the
bounded endomorphisms of G (i.e., those f € End(G) with bounded range) form
an ideal of the ring End(G), we denote this ideal by Ey(G). With respect to this ter-
minology, G is boundedly rigid if and only if the quotient ring End(G)/ Ey(G) = Z.
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Remark 2.16. Recall that torsion subgroups are pure. Let f be a bounded endo-
morphism of tor(G). By Fact 2.14, we have

0 — tor(G) —— G

| A

tor(G)

Let f G L tor(G) =5 G. In sum, S extends to an endomorphisms f of G with
the same range:

tor(G) —— tor(G)

| E

G—G
f

Hence, the notion of boundedly rigid is really the right notion of endo-rigidity for
mixed groups (for G torsion-free abelian group, we say that G is endo-rigid when
End(G) = 7). For instance, we look at

z .
for some m < w, and recall that this has many bounded endomorphisms. The same

will happen for any G extending it.

In what follows we will use the concept of reduced group several times. Let us
recall its definition.

Definition 2.17. Let G be an abelian group.
(a) G is called reduced if it contains no divisible subgroup other than 0.

(b) G is called injective if for any inclusion G; € G, of abelian groups, any
morphism f : G; — G can be extended into G»:

0—>G1i>G2

Here, we recall a connection between reduced and co-torsion-free abelian groups.

Fact 2.19 (see [11, Theorem V.2.9]). An abelian group G is cotorsion-free if and
only if it is reduced and torsion-free and does not contain a subgroup isomorphic
to Z, for any prime p.
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Recall that Z » means completion of Z in the p-adic topology. Here, we collect
more basic facts about injective groups that we need:

Discussion 2.20. Let p € P be a prime number.

(1) (See [11, page 11].) By the structure theorem for an injective abelian group I/,
we mean the following decomposition:

1=@P 2™ o0,
peP

where x, and x are index sets.
(ii) (See [18, Theorem 3.7].) Let p, g € Py := P U {0} and set Z(0°°) := Q. Then

Z, if p=gq,

Hom(Z(p™). 2(q*n =17 = P=1

0, otherwise,
with the convenience that Z = Q.
(iii)) Combining (i) and (ii) we get the following well-known formula:

A Dx

End(1) = [[Z,".
PePo

where xp := x.

3. The ZFC construction of boundedly rigid mixed groups

In this section we show that for any cardinal A = A™ > 2% and any torsion abelian
group K of size less than A, there exists a boundedly rigid abelian group G with
tor(G) = K, see Theorem 3.11.

To this end, we define the notion of rigidity context k which in particular codes
a torsion group K, and assign to it a collection of objects m, which among other
things have a group G with tor(G) = K. We show that under the above assumptions
on A and K, we can always find such an m that the associated group G is boundedly
rigid.
Definition 3.1. (1) We say a tuple k is a rigidity context when

k= (Kk, Rk, ¢;I«€» \Ilk \I’(I‘;’S)a Sk)r,seRk = (K’ R, ¢r, \pr,Sa \p(r,s)» S)r,seR»

rs
where:

(a) K is areduced torsion abelian group.
(b) R is aring.

(c) Sisasetof prime numbers, SkL =[P\ S is its complement, and R is SkL—diVisible.
This means that R is divisible for any p € Ski.

(d) For r € R, the map ¢, € End(K) has bounded range.
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(e) If r,s € R, then ¥,y = ¢, + ¢ — ¢r+s € End(K).

(f) If r,s € R, then W, ;) € End(K) has bounded range and, letting r = rs, for
x € K we have

Wi ) (1) = @ (5 (X)) — @y (x).

(2) We say k is nontrivial when for some prime p € Sy the p-torsion I',(K) is

infinite, or the set

{peSk:Tp(K)#0}
is infinite.
(3) By Zj we mean the subring of @ generated by {1} U {% :p € Skl}
Observation 3.2. Suppose (Ry, +) is cotorsion-free as an abelian group. Then
Sk # 9.

Proof. Suppose on the way of contradiction that Sy = &. In other words, SkL is
the set of prime numbers. By Definition 3.1(1)(c), R is SkL—diVisible. This means
that @ C Ry. It turns out from Fact 2.19 that (R, +) is not cotorsion-free, a
contradiction. O

Definition 3.3. Let k be a rigidity context. By M} we mean the family of all tuples:
m = (kMa Gma Frm’ F,rr,nsv F(r;l,s))r,seka = (k» G’ Fr’ Fr,Sv F(r,s))r,seRka
where:

(a) G is an abelian group.
(b) tor(G) = K.

(c) Forr € Ry, F; is an endomorphism of G extending ¢f :

K K
SN
G G

(d) Forr,s € Rg, F,y € End(G) extends Wr, s:

K K
S
G G

and they have the same range F, ;[G] = V¥, ([K].

B

]

Wr,s

|

|

Frv
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(e) Forr,s € R, F5) € End(G) extends \Ilg‘m):

K
]
G

and thereby they have the same range F. )[G] = W 4 [K].
) If r,s,te Randt =r +s, then for x € G,

Fr,S(x) = F(x) + Fy(x) — F;(x),

W (r,s)
— K

E

— G
Fi.s)

(g) Ifr,s,t € Rand t =rs, then for x € G,
Fir.5)(x) = F(Fs(x)) — Fi (x).
Definition 3.4. Adopt the previous notation, and let
M = U{Mk : k is a rigidity context}.

(1) We define <j; as the partial order on M. Namely, m <p; n if and only if
(@) m,ne M,
(b) km = km
(d) F" C F".
(2) By <p, we mean <p [Mj.
Notation 3.5. Letr € R and x € G,. By rx we mean rx := F"(x) € Gp,.
Definition 3.6. Suppose k is a rigidity context and m € Mj,.

(1) We say m is boundedly rigid when for every f € End(G,,) there are r € R
and i € Endy(Gm)' and

xeGy= f(x)=rx+hx).
(2) We say m is free when it has a base B which means that the set {x + Kz : x € B}
is a free base of the abelian group G, /K.
(3) We say m is A-free when G, /K is.
(4) We say m is strongly A-free when G, /K is.

(5) Let M,, be the R-module obtained by expanding G,, /K such that for x, y € G,,

andr € R
rx+K=y+K<< F"(x)=y.

The next easy lemma shows that M, as defined above is well defined.

lso, h has a bounded range.
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Lemma 3.7. Suppose k is a rigidity context and m € My. Then My, can be turn to
an R-module structure.

Proof. Since My, is an expansion of G,, /K, it is an abelian group. Let r € R and
m:= g+ K € M,, where g € G. The assignment

(rym)>rm:=F"(g)+ K € Gn/K = Mp,
defines the desired module structure on M,,. O
Lemma 3.8. Suppose k is a rigidity context and m € My. Then:
(1) Suppose Ry =7 (so, S;- = @). Then m is boundedly rigid if and only if G, is
boundedly rigid.

(2) Let Ry = Zy (see Definition 3.1(3)). Then m is boundedly rigid if and only if
G is boundedly rigid.

3) If(]bfc is zero for every r € R, then G, is an R-module.
Proof. (1) and (2) are trivial and follow from the definitions.

(3) Foreachx € G,, and r € R, we set rx := F"(x). It is straightforward to furnish
the following three properties.

o The identity r(x 4+ y) = rx + ry follows from Definition 3.1(1)(c).
o The equality (r + s)x = rx + sx follows from Definition 3.1(1)(d).
 The equality r(sm) = (rs)m follows from (e) and (f) of Definition 3.1(1).
From these, G, is equipped with an R-module structure. ([
In what follows, the notation 1g(—) stands for the length function.
Definition 3.9. Let o € Ord.
(1) By Aylo] we mean

{n:1gm =w and n(n) = (n(n,1), n(n,2)) for n(n,1) <n(n,2) <nr+1,1) <a}.
(2) Foreachne A,la], welet j(n) =U{nn, 1) :n < w}.

3) A_yla]l :={()}U Uk<w Arla], where Ag[a] is the set of all  furnished with
the properties:

(@) lgi) =k +1.

(b) nk) <a.

(c) For any £ < k we suppose n(£) is furnished with a pairing property in the
sense that:

1) n@) =, 1),n,?2), where n(£, 1) <n(,2) <a.
(i1) Additionally, let £+1 < k, we may and do assume that n(¢, 2) <n(£+1, 1).
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(d) If £ <k, then n(¢, 1) =n{,2) < £=0.

@) Ala] = Apla]UA _,[a].

(5) Forany n € Ale] and k+ 1 < 1g(n), we set

@ nlLk:=(m, 1,n, 2):L<k)"(nk, 1) and

(®) nlrk:=(mE 1),n, 2):€<k)"(nk,2)).
Note that n [; k and 5 [r k belong to Agy1[r].

(6) We say A C Alw] is downward closed while for each n € A and k + 1 < 1g(n)
wehave n [ k,n [pk € A.

We next define when a subset of A, [«] is free.
Definition 3.10. Suppose o € Ord and A C A, [a].

(1) We say A is free whenever there is a function 4 : A — w such that the sequence

({nlgn.nlgn:h(m) =n <w}:neAh)
is a sequence of pairwise disjoint sets.
(2) We say A is u-free when every A’ C A of cardinality < pu is free.
We can now state the main result of this section.

Theorem 3.11. Let & = AN > 2% Let k be a nontrivial rigidity context such that

K := Ky and R := Ry, are of cardinality < A. Then there exists an abelian group G

such that tor(G) = K and G is boundedly rigid. In particular, the sequence
End(G)

0— R — End(G) — —
En(G)

is exact.
The rest of this section is devoted to the proof of the above theorem.

Definition 3.12. For any ordinal y, a sequence n € A[A] and a family A C A[A],
we define:

(1) S, is the closure of w Uy under finite subsets, so including finite sequences.
(2) y(m) =n(,1).

3 Ay={neA:ym) <yl

4) Weset A_, =ANA_pla] and A, = AN Ayla].

In order to prove Theorem 3.11, we need a twofold version of the black box,
that we now introduce. On simple black boxes, see [24; 27; 28]. The presentation
here is a special case of the n-fold A-black box from [29], when n = 2.

Definition 3.13. We say b is a rwofold A-black box when it consists of:

(1) g =(gy :n € Ap[A]), where g, is a function from w into S;.



196 MOHSEN ASGHARZADEH, MOHAMMAD GOLSHANI AND SAHARON SHELAH

(2) Suppose g : A-,[A] — S, is a function and f : A_,[A] — y where y < A.
Then, for some 1 € A,[M1],

(@ y(m) >y,

() £,(0) =g ),

©) gn(n+1) = (g Iz n), g g n)),

(d) n(n, 1) <nn,2) and f(n [rn)=f(n[gn)forall<n<ow.

Hypothesis 3.14. For the rest of this section we adopt the following hypotheses,
otherwise specializes:

o A =2% > 2%,
« k is a rigidity context as in Definition 3.1.

e K = Kj and R = Ry are of cardinality < A. Without loss of generality, we
may assume that the set of elements of K and R are subsets of A.

¢ (R, +) is cotorsion-free.

¢ b is a twofold A-black box.

The following result was proved in [29, Lemma 1.14], with a setting more general
than here. As this plays a crucial ingredient, we sketch its proof.

Lemma 3.15. There exists a twofold A-black box.

Proof. For notational simplicity, we set S := §;, and look at the fixed partition of A
into A-many sets, each of cardinality A:

(Wsl,sz 181,82 € S)

For each n € A, [A], we define g,(n) € S, by induction on n < w.
To start, set

(+1) gn(0) =5 <= n(0, 1) =n(0,2) € W;.

Now suppose that n < w and g, [ (n+1) is defined. We are going to define g,(n+1).
It is enough to note that

(2) g(n+1) =(@1,0) = nn+1,1) e W,

We show that g = (g, : n € A,[A]) is as required. Suppose that g: A_,[A] — S isa
function and f : A _,[A] = y where y < A. We define n € A, [A], by defining 1(n),
by induction on 7.

Let n(0) := (n(0, 1), n(0, 2)), where

(*3) y <m0, D) =n(0,2) € We(())5( -
Now, suppose that n < w and we have defined n [ n + 1. We define

nn+1)=nnr+1,1),n(n+1,2)).
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Set

(@) s1:=g(n L n),

(b) s2:=g( [rn), and

(c) ¢, : Wy, 5, = v is defined via the assignment
(+) en(@) == f((n T n+1)" ().

As y < A and Wy, , has size A, we can find an unbounded subset W, of Wy, , such
that ¢, | W, is constant. Let n(n + 1, 1) < n(n + 1, 2) be such that

(4) nn,2) <nn+1,1), nnr+1,2)eW,C Weaniin),emign)-

We claim that the n we constructed as above, satisfies the required conditions of
Definition 3.13(2). Indeed, thanks to our construction, y(n) = n(0,1) > y. We

also have
g1 (0) =g ) <=n(0,1)=n(0,2) € We(y.e(())>

which is true by (x3). We also have

gn(n+ 1) = (8(77 rL I’l), 8(77 FR I’l)) — 77(”+ 17 1) € Wg(n[Ln),g(n[Rn)a

which is again true by (*4). Finally note that, clearly f(n [ 1) = f(n [g 1), and
for all n,

Sien+2)=fin+1 (nn+1,1)))
Le,(n(n+1, 1)
“e,(n(n+1,2)
L@ In+1" 0 +1,2)) = f(1 g n+2).
The lemma follows. (]

Assuming hypotheses beyond ZFC, we can get stronger versions of twofold
A-black box (see again [29]).

Observation 3.16. Assume A = cf(L) > Rj. Let
S C{a < A:cf(a) =Rp}

be a stationary and nonreflecting subset of A such that the principle {g holds. Then
there is a h-free twofold L-black box b such that Ap = {ns : 5§ € S} and j(ns) =6
forevery$ € S.

Recall that Jensen’s diamond principle (g is a kind of prediction principle whose
truth is independent of ZFC. The point in the above proof is that if Ay = {ns: 6 € S}
and j(ns) = 4 for every § € S, then as § does not reflect, the set Ap is A-free.
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Remark 3.17. Recall from [6] that a (co-)Hopfian group of size A = 2% exists
in ZFC. We can also deal with the case of A = 2%, but all is known in this case, so
we just concentrate on the case A = AN > 280,

Definition 3.18. Let AP := AP; ; be the set of all quintuples
c=Ae,me, T, X, <azL1‘n neEAe,n<w))
such that:
(a) A¢ € A[X] is downward closed.
(b) m, € M. We may write G, M, instead of G,,, M,,, respectively, etc.
(c) X, is the set
{rxp:reR,veAccotUlrygn:r€R,n€Acw,n <w}

(d) G, is generated, as an abelian group, by the sets K and X,.. The relations
presented in (f), see below.

(e) For any ordinal «, let G o be the subgroup of G, generated by the set K and
{rxpireRveAc o NA[al}U{ry,n:r €R, p € Ac o NAla], n < w}.
(f) M., as an R-module, is generated by X.U K, freely except the following set I,
of equations:
Ynon = a;,n + (1) Yo+l + (XUFLH — Xnlg n)
where ag’n € Gc,n(O,l)-
The following is clear:
Lemma 3.19. Suppose ¢ € APy ;. Then G is of size \™.
Definition 3.20. For any ¢ € APy ;, we define:
(1) ye:=min{y <A:A.CAly]}.
(2) Let Q¢ := A¢ < U (A¢,w X @) and define (x, : p € ,) by the following rules:

(a) If p € A¢ <w, then x,, is defined as in Definition 3.18(c).
(b) If p=(n,n) € Ac,, X @, we define x, :=y, ,.

(3) For b € G, choose the sequence

(Fbes Mbe, mpe 2 £ < np)

b— Z b, Ynpempe € Z Rx,+ K,

<np PEN; <o

such that

where rp o € R\ {0} and (np.¢, mp¢) € A,y X @.

(4) By supp,(b) we mean {np ¢ : £ < np}.
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Definition 3.21. Suppose ¢ € APy, and leta € G,.

(a) There is a finite set A, € A, asequence S :=(r, : p € A,) of nonzero elements
of R, an n(a) < w and d, € K such that

a = Z ry Xy + Z rvyv,n(a)"i_da’

NE€EN4 <0 VEA, o
where Ay <o =AaNAc<pand Ay =Ag N Ac .
(b) Letsupp,(a) =supp(a) be the minimal set A C A, with respect to the following
two properties:
(1) Aa S A.
(i) fve AsNAcwandn <o, then Age CAandnfyn,nlgn € A.

Remark 3.22. Adopt the previous notation, and a € G.. Then supp,(a) is the
minimal set A C A, such that

a€{{xy, ywn:ne€AL,R),ve A n<w}UK)g .

Remark 3.23. Adopt the previous notation.
(1) The set supp,(a) is countable.

(2) If a = x,, for some v € A, then

supp(a) \ ST](U,]) ={iu{y rL’ n, erv n:n <o}

Definition 3.24. Let <ap be the following partial order on AP = APy ;. For any
¢, d € AP we say ¢ <ap d when:

(@) Ac € Aq.

(b) m. <y my, and hence G, C Gy, etc.

(©) a;’g =ag’£ forne A, £ < w.

(d) x; = x,‘f forn e A¢ <o-

(e) yf]’g = y,‘]{e forne A¢p and € < w.
Lemma 3.25. (1) <ap is indeed a partial order,

(2) If ¢ = (cq : @ < 8) is <ap-increasing, then there exists ¢s = | J,_5 €o in AP
which is the <ap-least upper bound of the sequence c.

Proof. Clause (1) is clear. For (2), let
cs:=(A,m, I, X, (ap,:neN n<w)),
where A :=J,_sAc,, m=: (G, F;, F.5, F(.)), with

G:= UGC‘X’ F, = UF,,CU‘, Frs:= UFrL,.[;’ F("as) = UF(crojS)’

a<d a<d a<d a<d
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Ii=UysCeur X :=Uy s Xe,» and for n € A, and n < o, we have a, , = a;%,,
for some and hence any o < § such that n € A, .
It is easily seen that ¢;s is as required. (]

An R-module M is called 8-free if every countably generated submodule of M
is contained in a free submodule of M. Similarly, u-free can be defined. For more
details, see [11, Chapter IV, Definition 1.1].

Lemma 3.26. Let ¢ € AP.
(1) tor(G.) =K.

(2) The group
G:/(KU{rx,:reR,velA;,})

is divisible and torsion-free. Also, the parallel result holds for the R-module:
M /(KU{rx,:re R,veA;p}).

(3) The following three properties are satisfied:

(a) Acis Ry-free.

(b) If A. is pu-free, then M, is ju-free.

(c) If A is u-free and (R, +) is u-free, then G./K is a ju-free abelian group.

@) Ify <vyeand A C A, then there exists a unique d € AP such that

Ag=ANAly] and Gg4CG,.

Such a unique object is denoted by d :=c | (y, A).

(5) Assume n € Ay[A]\ A¢, £ < w and a; € G, are such that a; € G y0,1) for
each L. Then there is d € AP equipped with the following three properties:

(@ Ag=AU{nju{nin,nign:n<o).
(b) ¢ <apd andso G, C Gg.

(c) ag’z =ay forf < w.

(6) The group G, is of size A.
Proof. (1)-(2) These are easy.

(3)(a) Let A € A, be countable, and let {n, : n < w} be an enumeration of it.
Define the maps /; and h, from A to w as

hi(ny) = min{k :Vj<n, Ve re{L, R} wehaven; [¢k #n, |, k},
ha (1) :=minfk : nn [k # nn [ K}

Finally, we set
h(nm) :=max{hi(n,), ha(na)} + 1.
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Having Definition 3.10 in mind, we are going to show /4 is as required. Let j <i <

and let
h(n;) <nj<w and h(n;) <n; <o.

We will show that n; [, n; #n; [, nj, where £, r € {L, R}. To see this, we note that
there is nothing to prove if n; # n;. So, we may and do assume that n :=n; = n;.
Thus, h(n;), h(n;) <n. We look at m := hy(n;). According to the definition of &,
we know that n; [¢ m #n; [, m. As m < n one has

ni len#mn;lrn.

Also given any i < w, if n > h(n;), then by the definition of 4, and as n > h(n;),

we have
nilen #ni [rn.

It follows that the sequence

({Inlpn,nlgn:h(m) <n <w}:ne€A)

is a sequence of pairwise disjoint sets. By definition, A, is N;-free.

(3)(b) For simplicity, we present the proof when p :=R;. Let X € M, be countable.
We are going to show that it is included into a countably generated free R-submodule
of M.. As X countable, we have

JA € A., countable, 3JA, € A, -, countable

such that
X C Z{Ry,w :neAand n < w} +Z{Rxp 1P E ALY

As A, is 8;-free and A is countable, there is a function /& : A — w such that

({nlgn.nlgn:h() =n <w}:neAh)
is a sequence of pairwise disjoint sets. Now, we note the following two properties:

(b1) The R-module Mp := (x;}, 1, Xniens Ynn i N € A h(n) <n < w) is free.
(b2) Set Maup, :=(MAU{x,:v e A,}). Then the R-module Mpua,/ My, is free.

In view of (b;) the short exact sequence
00— MA — MAUA* —> MAUA*/MA — O,
splits. Combining this along with (b;), we observe that My, is free. Since it
includes X, we get the desired claim.

(3)(c) Now, suppose (R, +) is u-free. Let H be a subset of (G./K, +) of size < .
There is a free R-module F such that H C F. There is a subset S of R of size < u
such that any element of H can be written from a linear combination from F with
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coefficients taken from S. As (R, +) is u-free, there is a free subgroup (7', +) of it
containing S. In other words, we have

HgT*F:=<Z{t,-f,-:t,-eT,f,-eF}>.

Since (T x F, +) is free as an abelian group, we get the desired claim.
(4) Let d be such that:

1 Ag=ANA[yl

(i) Xg4 is defined using A4 naturally.
(iii) Forv e Ag, and n < o, af’n =aj ,-

(iv) I’y is defined naturally as the set of equations in (1), but only for n € A4 4.
This is straightforward to check that d is as required.
(5) Let d be defined in the natural way, so that:

D) Ag=AcU{nyU{nln,nign:n <o}

(i) Xg=XcU{xy1n: Xpien 0 <0} U{y,,:in < o).

c

(iii) Forv € A and n < w, a?, =at,.

@iv) ag’n =a, forn < w.

(v) In addition to the equations displayed in I';, I'g contains equations of the

forms
Yo =an + (”l!)yn,n-i-l + (xn[Ln — Xnlg n)s

where n < .
The assertion is now obvious by the above definition of d.

(6) In view of Lemma 3.19, the group G is of size A™. Recall from Hypothesis 3.14
that AN = A. So, the desired claim is clear. (]

Lemma 3.27. Let ¢ € AP. Then the abelian group G./K is reduced.

Proof. Suppose on the way of contradiction that G./K is not reduced. Then it
has a divisible direct summand, say /. By Fact 2.18, I is injective. We apply the
structure theorem for injective abelian groups (see Discussion 2.20(i)) to find the

decomposition
1=@P 2™ e,
peP

where x, and x are index sets. Since G./K is torsion-free, I is torsion-free. So,
I has no p-torsion part. This shows that x, = @& for all p € P. In other words,
I =Q%*. Since I is nonzero, x # &. This yields that (Q, +) is a directed summand
of G./K. Thanks to Lemma 3.26(3)(a), A, is R-free. We combine this with
Lemma 3.26(3)(b) to deduce that M, is R&{-free as an R-module.
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We have two possibilities: (1) k is trivial and (2) k is nontrivial.

(1) k is trivial. Then R := Z. Recall that M, = G./K is RX;-free. Since (Q, +) is
countable, it should be free, a contradiction.

(2) k is nontrivial. Recall that R is SkL—diVisible. Since the context is nontrivial,
there is p € SkL such that {1/p" : n > 0} € R. For simplicity, we assume that
{1/p" :n >0} C R. Since M, is ¥;-free and that {1/p" : n > 0} C Q C M., there
is a free R-module F € M, such that {1/p" :n >0} C F. Let F = R. So, the
desired contraction follows by

{r/p":n>0,reR}=ﬂp£{r/p":n>0,reR}

giﬂ:p@F :@(Q)IDER) c @(DOKR> =0,

where the last equality comes from the fact that (R, +) is cotorsion-free. In fact,
by Fact 2.19, the abelian group (R, +) is reduced, and so (), ¢R = 0. The proof
is now complete. O

Lemma 3.28. Let ¢ € APy ;. Then

n

250 = (Tt (T e+ (T 7) s =550

i=0 “j<i i=0 “j<i
is valid for any n < w.

Proof. We proceed by induction on n. The desired claim is clearly holds for n = 0.
Suppose inductively that it holds for n. We are going to show the claim for n 4 1.
To this end, we apply the induction assumption along with the relation

Yyl =Gy ppr T @+ DYy o+ (0 1 = X ens1)

to deduce
n n n+1
o= (TT7) az,i+(nn)yz,m+Z<xzm—x;w>
i=0 Nj<i i=1 i=0
n n
=S (1)t (TT2) s+ ([T 0
j<i i=0 i=1
n
+<H“)(x§un+1 x Rn+1)+2(n1') L = Xlei)
n+1 = n+1 n+1 =
=3 (T (T35 (T -0
J<t j<i

Thus the claim holds for n + 1 as well. O
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There are some distinguished and useful objects in APy ;.
Definition 3.29. We say ¢ € APy is full when:
(@) Ae 2 AcolAl].

(b) Ifa, e G forn <wand f: A_,[A] — y, where y < A, then for some n € A,
and all n < w we have a; , =a, and f(n [ n) = f(n [ n).

Now, we study the existence problem for fullness in AP.

Lemma 3.30. Adopt the notation from Hypothesis 3.14. Then there are some full
C E APk, A

Proof. Let b be a twofold A-black box, which exists by Lemma 3.15. We look at
Q=AM U (AplA] X @),
and for each ordinal o < A we set

Qi = Acpla]U (Apla] X ).

Fix a bijection map ~
h:S, — (®peq Rx,) ® K

such that for each ordinal & < A one has
(*) h'[Sa] C (@pen, Rxp) ® K.
This is possible, as for each «,
ISl = Ro +[a| < [(Bpeq, Rxp) & K| <A.

Let ¢ be defined by:
(1) Ae=ALNJUA L[]
(2) X, is the set

{rxp:reR,velAe cwtUlrygnir€eR,neAey,n <o}
3) afm = h(gf;(n + 1)), where gg is given by the twofold A-black box.

(4) G, is generated, as an abelian group, freely by the sets K and X, except the
set of relations

Yo = Ay + ) Yy i1 + g0 — Xy ),

with the convenience that a; , is regarded as an element of G via the quotient map

(@ Rxp> ®K — G,.

PER
From this identification and (%), we have af”n € Gepo,1)-

(5) TI'¢ is defined naturally as in Definition 3.18.
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Let us show that ¢ is as required. It clearly satisfies (a) of Definition 3.29. To show
that (b) of Definition 3.29 is satisfied, let (a, :n < w) € G, and f : A_,[A] = y,
where y < A. Let g : A_,[A] — S, be defined such that for all v € A _,[A]\ {{ )},
(+) h(g(v)) = agw)—1-

We are going to apply the twofold A-black box b. According to its properties, there
is an n € Ay,[A] such that:

©) y(m) >y,

(7) g20) =g ),

®) ghn+1) =g Ln)?

9 nn, 1) <nn,2)and f(n[rn)=f(nlgn)foralll <n < w.
Applying / to the both sides of (8), one has

¢ Zh(gh(n+1)) = h(gnln) L an,

thereby completing the proof. O

Lemma 3.31. Assume ¢ € AP is full and let h € Hom(G,, K) be unbounded. Then
there is a sequence

a

(a, :n < w) € “Rang(h)

such that the following set of equations I' has no solution, not only in G, but in
any Gg with ¢ < d € AP, where

I'={z,=a,+n!z,41:n <w}.

Proof. We have two possibilities. First, suppose for some prime number p, the
group I',(Rang(h)) is infinite, and let p be the first such prime number. Also, let
pn = p for all n < w. Otherwise, we let

Pn € {p : T'p(Rang(h)) # 0}

be a strictly increasing sequence of prime numbers. We refer this as a second
possibility.

In the first part of the proof, we argue for both possibilities at the same time.
Then, we consider each scenario separately.

Since h is not bounded, we can find by induction on n, the pair (H,, a,) such
that:

(+) (a) Hp=Rang(h).
(b) Hy=a,Z® Hy41.

2Here we are using a modified version of the twofold A-black box b, which can be easily obtained
from the original one.
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(¢c) a, has order p,lq”.
(d) Forn =m + 1 we have

n+1
dy) 1, > 1, + (Hi!).

i=0

To see this, let Hy := Rang(h) and let ag € I",[Rang(/)] be any nonzero element.
Now, suppose inductively that n > 0 and we have defined (H; :i <n) and (a; : i <n)
satisfying the above items. We shall now define a, and H, ;. By our induction

assumption, we have
Rang(h) = (@ a; Z) @ H,.

i<n

In particular, H, is torsion. Using Fact 2.5 (and also Fact 2.7 in the second possibility
case), we can find for some ¢,, and an element a,, such that a,, has order p,l{’ anda, Z
is a direct summand of H,,. We may further suppose that

n+1
1, >1,+ (l_[i!).

i=0

Since (ay) is a direct summand of H,, there is an abelian group H,; so that
H,=a,7® Hy,,.

To prove that the sequence {a, : n < w) is as required, assume towards a con-
tradiction that there is ¢ < d € AP such that (¢, : n < w) is a solution of I" in G.
So

() Gat= [\ (cn=ay+nlcyi1).

n<w
Since for each n, a, € K, it follows that
Ga/K = \ (ca+ K =nlcopr +K).
n<w
By Lemma 3.27, G./K is reduced, and hence necessarily,
N(n+K=0+K).
n<w

In other words, ¢, € K for all n < w.
We now show that for each n,

(%) (1‘[ u) ¢ < H,

i<n
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This is true for n =0, because c¢o € K = Hyp. Suppose it holds for n. Then multiplying

both sides of (x) into [;_, i! we get
(l_[i!) en = (l_[i!) an + ( I1 i!) Cr1.
i<n i<n i<n+1

Using the induction hypothesis and (+)(b) we get

( l_[ “) Cnt1 € Hyy,

i<n+1

as requested.
By an easy induction, for each n we have

14 n
CEE) cozao—}—Z(Hi!)ag—{—(Hi!)c,H_].
i=1

<n “i=l1

Indeed this is true for n =0, as cop = ap + ¢1. Suppose it holds for #, then using ()
and the induction hypothesis, we get

4 n
co= ao—i-Z(l_[i!) ap + <1_[i!) Cn+1
f<n Ni=l i=1

£ n

:ao—l—Z(l—[i!) ag+ (Hi!)(an+1 +(n+ D! eas2)

<n “i=l1 i=1

= ay+ Z (ﬁi!) as + (ﬁi!) Cnta-

£<n+1 ti=1 i=1

We are now ready to complete the proof. Let m () be the order of cp.
Now, we consider each case separately.

Case 1. p, = p foralln.
Let ¢ be an integer such that

£(*)

m(x)=tp" > 1,

where £(x) > 0s and (p, t) = 1, i.e., p does not divide 7. Let k be the least natural
number such that I; > £(x). By multiplying both sides of (s % %) into 7p¥, we

get to
¢ k+1
tptco = tpag + tp* (l_[ i!) ag +tph (1_[ i!) Crt2-
£<k+1 Ni=1

i=1
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Since the sequence (I, : £ < k) is increasing, we have p’kag = 0 for all £ < k.
Consequently,

k1 k1
() 0=1ph <1_[ “) a1+ tph (l_[ i!) Ck+2
i=l1 i=1

According to (4)(b), we know ay; ZN Hiy> =0, and by using (xx) along with ()

we get that it
tplk (l_[ i!) ap+1 = 0.

i=1

Recall that the order of ai; is a power of p. We apply this along with the equality

(p,t) =1 to get that 4l
plk (1_[ i!) ar+1 = 0.

i=1

Moreover, 1

pht = ord(ags1) < p* (H “) < plH(ILE),

i=1
Taking log,(—) from both sides, we have [ <I; + (ITi2/ i!). But, this contra-
dicts (dj,, ). The result follows.

Thereby, without loss of generality we deal with:

Case 2. Otherwise.
The sequence (p, : n < w) is strictly increasing. If k is the least integer, then

k+1
(1) D1 > m(%) X <Hz‘)
i=1

By multiplying both sides of (k * *)x41 into m () x (]_[ff:1 pf’) we get

k
0=m(*) x (1_[ pf’) Co
e k ¢
=m(%) x (1_[ pf") ap+m(x) x (l_[ pf”) Z (Hi!) ag
i=1 i=1 i=1

£<k+1

k k41
+m(*) x (1_[ pfi) (1_[ i!) Ck42-

i=1 i=1

We have that m(x) x ([T'_, p/') ap = 0 and

k ¢
m(*) x (1_[ pf") (Hi!) ag=0 forall £ <k.
i=1 i=1
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Thus
k k+1 k k—+1
0=m(*) x (1_[ pf") <l_[ i!) ap+1 +m(x) X (l_[ pf’) (l_[ i!) Cki2.
i=1 i=1 i=1 i=1

Again, according to (4)(b), we know ag4+1 Z N Hi42 =0, and by using (*x) along
with the previous formula, we lead to the following vanishing formula:

k k+1
m(*) x (1_[ pf’) (1_[ i!) ary1 =0.
i=1

i=1
As the order of a4 is a power of pi and it is different from all p,’s, for £ <k,
we have k1

m(*) X (Hi!) ar+1 =0.

i=1

So, k+1
I .
Pr1 < Py = ord(ag 1) < m(k) x ( l!)-
i=1
But this contradicts (7). The result follows. O

To prove the endo-rigidity property, we first deal with the following special case,
and then we reduce things to this situation.

Lemma 3.32. Let ¢ € AP be full. Then every h € Hom(G,, K) is bounded.

Proof. Towards a contradiction assume 4 € Hom(G,, K) is not bounded. In view
of Lemma 3.31, this implies that there is a sequence

(ay :n < w) € “Rang(h)

such that the set of equations

={z,=a,+n!z,41:n < w}
has no solutions in G,. Let y = |K|, and define f : A_,[A] — y such that
(%) fm) = f) < h(xy) =h(xy)
Since a,, € Rang(h) there is b, such that
(+) Vn<w, ap=nh(by)
As c is full, we can find some 7 such that

fln)=f(lgn) and ay,=b, foreachn.

Let us combining (x) and (1). This yields that

() Vn <w, h(xn[Ln) =h(xn[Rn)-
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Moreover, by applying 4 to the both sides of the equation

Vi = Ay + () Yyt + Xy — Xyl )
we lead to the following equation:
h(ypn) = h(@S,) +nthynsr) + (hCeyp,n) = hGppen)
2 h(ba) + 1 h g s) + (BCogp0) = hCoppen))
D hbn) + ) hpns1) 2 an + (1) B(yyns1)-

In other words, h(y, ) is a solution for
I'={z,=a,+n!'z,41:n <w}
This is a contradiction with the choice of the sequence (a, : n < ). U
Notation 3.33. Suppose ¢ € AP. For each n < w, we define
. Gc
TR () G

Also, the notation 7, stands for the natural projection G, — G,,.

Fact 3.34. Adopt the above notation, let n < w and g € G..
(a) The abelian group G, is a torsion abelian group with the following minimal
generating set
xp:p€Ae <o) Ulypi:in € Aewand k > n+2}.
(b) Similar to Definition 3.20, we can define supp, (77, (g)) with respect to generat-
ing set presented in (a).
(c) According to its definition, it is easy to see that supp, (7,(g)) < supp,(g).

(d) Recall from Lemma 3.27 that G./K is reduced. This in turns gives us an
integer m,, > n such that supp,(g) < supp, (7, (g)).

Proof. This is straightforward. (]

Lemma 3.35. Suppose ¢ € AP is full and h € End(G.). Then for some countable
Ay C Q. we have

reR, veQ.\A,= supp,(h(rx,)) C{v}UA,.

Proof. Towards contradiction assume & € End(G,.) but there is no Aj as promised.
We define a sequence

(i, Yi,vi,r) 11 < 1),

by induction on i < w1, such that
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(*) (@) n; € Q2 and r; € R\ {0},
(b) Y; = J{supp, (h(r; xp)) 1 j <iyUfn;:j<il,
(©) v; € supp, (h(ri xy,)) but v; #n;, v; ¢ Y;.

To this end, suppose that i < w; and we have defined ((n;, Y;, v, r;) : j <i). Set

Y, = U{suppo(h(rj X)) j <itUfn;:j <ih

Following its definition, we know Y; is at most countable. Thus, due to our assump-
tion, we can find some n; € .\ ¥; and r; € R\ {0} such that

supp, (h(ri xp)) € ({ni}UY)).

This allows us to define v;, namely, it is enough to take v; be any element of
supp, (h(ri x;;,)) \ ({n;} UY;). This completes the definition of (n;, Y;, v;, ri).
Combining the facts v; € supp, (h(r; x;,)) and v; ¢ (Y; U {n;}) along with the
finiteness of supp, (h(x,,)) we are able to find a subset W C w; of cardinality w;
such that v; ¢ supp, (h(r; x,,)) wheni # je W.
Without loss of generality we may and do assume that W = w;. Let a; =r; x,,.

We can find
fiAc<o— |R|+Ro <A

such that if b € G,,> then from f(b) we can compute

(np, {(€,mp g, 1p0) : £ < np}).

Recall that ¢ is full, and that Rang( f) has size less than A. From these, there is
some 71 € A, furnished with two properties:

D flrn)=flrn) forn <o,
) a;’n =a, forall n < w.
Now, we bring a claim.
Claim. v; € suppy(h(yy,)) forall i < w.
Note that this will give us the desired contradiction, as suppg (/2 (yy,)) is finite.

Proof of Claim. By Lemma 3.28 we first observe that

n n

Yn,0 = Z(H]‘) ri Xp; + (l_[i!) Yn,n+1 +Z(l_[j!>(xﬂhi _XWRI')'

i=0 “j<i i=l i=0 Nj<i

Let £ be any integer. We are going to use the notation presented in Notation 3.33
for n = my,. Applying m, h(—) to it yields that

3Recall that we have chosen b — D t<ny bt Ynpemp e € Xpen, -, RXp + K.
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n n

3) Tulh(yy.0) = Z(]‘[ j!) 7 h(ri xp,) + (]‘[ i!) 70 h(Vyns1)
i=0 Nj<i i=1
+ Z(l_[]') Ty h(XmLi —xnrRi)
i=0 “j<i
= (Hj!) T h(ri xy,) + Z(Hﬂ) T (X 1,i — Xylg i)
i=0 “j<i i=0 “j<i

where the last equality follows by Notation 3.33. Now, we recall from the construc-
tion () that
v; € supp,(h(ri xy,)),  vi #ni, vi €Y.

Thanks to Fact 3.34(d) we have

4) v; € supp, (7w, h(ri xp,)).

By clause (1) above, supp, (h(x;;,i — Xyzi)) = @. In view of Fact 3.34(c), we
deduce that

(3) Suppo(ﬂn(h(xnm _foRi))) =a.

First, we plug items (4) and (5) in the clause (3), then we use (). These enable us

to observe that
n

V; € supp, (Z(H}’) 7, h(ri xp,) +Z(H]‘) 7T h(xy),i _x'?“?i))

i=0 “j<i i=0 “j<i
= Supp, (77, h(yy,0))-
Another use of Fact 3.34(c), shows that v; € supp, (h(y;,0)). This completes the
proof of the claim. ([
The lemma follows. [l

Lemma 3.36. Let ¢ € AP be full and h € End(G.). Let Yy C Q. be the downward
closure of Ay, where Ay, is as in Lemma 3.35 and set

Kt:=K+ > Rxy,+ Y Ry
pEYoNAc <o PEYoNA, i <w
Ifb € G, then there are choices
o Iy = (”z%,p 1 p € Ap), and
e Ap C Ac <o \ Yo finite
such that - Zrb%p o e Py

PEAD
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Proof. This is straightforward. (|

Hypothesis 3.37. For the rest of this section, we fix a well-ordering < of the large
enough part of the universe, and for each:

e ¢ € AP which is full,
e h € End(G,.), and
. b [S Gc,

we let rp, := (rlf’ - P € Ap) be the <-least sequence satisfying the conclusions of
Lemma 3.36.

Notation 3.38. Suppose ¢ € AP and A € A.. By G, Ao we mean
Gen :=Gp=({rxy,rypn:reR,veA_,,neA,andn < w}).
We have the following observation, but as we do not use it, we leave its proof.

Observation 3.39. Suppose A C A[A] is downward closed. Then G, 5 is a pure
subgroup of G..

Lemma 3.40. Let ¢ € AP be full, and h € End(G.). Then for some countable
Ay C A[X] we have

reR, veQ\A,= h(rx,) € Gea,upy + K.

Proof. Suppose on the way of contradiction that the lemma fails. Let Yy be as
Lemma 3.36. We define a sequence

((Yi,vi, pisri) 10 <o),
by induction on i < w1, such that

(M (@ ri € R\{0},
(0) ¥ =Ulsupp(h(rj x,,)) 1 j < i}U{p; 1 j <i}UYp,
(©) vi € 2\ Y,
(d) h(rivi) & Gevupy + K,
(e) let b; :=h(r;v;), and let rp, 1= <rli,p : p € A;) be as Lemma 3.36 applied
to b;. Then p; € A; \ (Y; U{v;}), and even

rl%i,pi Xp & Geyup) + K.

To construct this, suppose i < w and we have constructed the sequence up to i.
Now, (4)(b) gives the definition of ¥;. Since we assume that the lemma fails, there
isanr; € R and v; € Q. \ Y; such that h(r; x,,) ¢ G¢ a,up) + K. Now, we define
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b; := h(r;v;). Thanks to Lemma 3.36, there is a finite set A; € A; <, \ Y; and a
sequence <”13,-, o PE A;) such that

bi — Zrli,p Xp € K.
pEA;
As bi ¢ Ge.yup) + K and due to the following containment
bi— > 1y ,Xp €KY S Geyp + K.
pEA;

there is p; € A; such that p; ¢ (Y; U{v;}), and indeed
rlgg,p,'xpi ¢ GC,Y,'U{U,'} + K.

This completes the proof of construction. By shrinking the sequence, we may and
do assume in addition that p; ¢ A; for all i # j < w;.
Let a, :=ry x,, and define

f:Ac,<a)_> |R|+|K|+RO<)“
be such that for any p € A; <», f(p) codes
. (rlip :p € Ap), and
«b— ZveAi rlg,v Xvs
where b := h(x,). To see such a function f exists, first we define:
e fil:R<®x Kt — |R|+|K|+ R is a bijection, and
o friAc<w—> R x KT is defined as
frb) = ((ré,p 1o €Np),b— Zrivxv).
VEA;

Then, we set f := f1 0 f2. Suppose p1, p2 € A¢ <, are such that f(p1) = f(02).
We claim that h(x,,) = h(x,,). To see this, it is enough to apply f(p1) = f(p2),
and conclude that

2. 2.
(D) (rbw VEN) = <rb2,u (v € Ayp,)
2 _ 2
2) b1~ ZveAbl Ty Xv = b2 — ZveAbzrb,v Xvs
where b; = h(x,,). But, then we have
by =b; — 2 2 Dp, — 2 2 —b
1 =01 Ty Xv =+ ThyXv | =b2 Ty Xv + FpoXv ) =ba,
veAbl veAbI veAb2 veAb2

ie., h(xy) = h(x,,).
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Since c is full, and in light of Definition 3.29(b), we are able to find an n € A,
such that

3) a, = a,‘;yn, and

@) fOlgn) = fnlgn),

for all n < w. Thanks to the previous paragraph and clause (4) we deduce

(69) h(xn[Ln) :h(xn[Rn)

By applying 4 to the both sides of the equation
n n n
Yno0= Z(l_[ .]') ri Xy; + (1_[ l') Yn.n+1 + Z(l_[ ]') (xn[Li —Xnlr i)
i=0 Nj<i i=1 i=0 Nj<i

we get
n n

(+) h(yp0) = Z(]‘[ j!) h(ri x,,) + (H i!) h(ypns1)

i=0 “j<i i=1

+ <l_[ J') (h(xﬂh") - h(xr)[R n))

j<i
n

U] Z(H]') h(ri xy,) + (]_[i!> h(ynn1)-

i=0 Nj<i i=1
For each i < w1, let b; = h(r; x,,). Let also b = h(yy,0) and let A, be as in

Lemma 3.36. As Ay is finite, for some large enough n, we have

{oi i <nj\Ap # 2.

Let i < n be such that p; ¢ Ap. Here, we apply the arguments presented in items
(3)—(4) in the proof of Lemma 3.35 to the displayed formula (4). So, on the one
hand, it turns out that

pi €A T Ayp.
On the other hand by the choice of i, p; ¢ Ap. This is a contraction that we searched
for it. U

Lemma 3.41. Let ¢ € AP be full, and h € End(G,.). Then for some m, € R and
some countable Ay = cl(Ay) C A[L] we have

reR, veQ/\Apy= h(rx,) —myx, € Gp, +K.

Proof. In view of Lemma 3.40, there is some countable downward closed subset A
of A¢ such that for every r € R and n € Q. \ A, we have h(rx,) € Gy + K. Thus,
for such r and 7, there are m; € R and b;, satisfying the following two properties:

h(rx;) =m, x,+b, and b, €Gr+K.
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Suppose on the way of contradiction that the desired conclusion fails. By induction
oni < w; we define a sequence

(Yi,rit,ri2,mi1, min:i <wi)
such that:

() @ Yi=AU{n;:j<i, £efl,2}},
(®) rip,rip € R\ {0},
() nieeR:\Y; forl e{l,?2},
(d) iy, # mys.
The construction is easy, but we elaborate. Let us start with the case i = 0. We set
Yo = A and then choose rg 1,702 € R\ {0} and 19,1, no,2 € A<w[A]\ Ay such that

myy # mys. Now suppose i < w; and we have define the sequence for all j <i.
Define Y; as in clause (1)(a). By our assumption, we can find

(1) ri1,ri2 € R\ {0} and

(i) ni1,mi2 € Qe \ Vi,

so that my;" # m:;,zz This completes the induction construction.

Let
f:AC,<a)_> [R|+|K|+Rg <A

be such that if r € R and n € @, then f(rx,) is defined in a way that one can
compute m; and b;. Again we can define f as

f=/fiofaof3,
where
e fi:RX(GA+K)—|R|+]|K |+ is a bijection,
e L:RXA¢ <y = RX(GA+K)isdefined as fo(r, n) = (mg, b;),
e f3:A¢ <o = R X A¢ < 1s a bijection.

For each n < w, we set
Qp 2= Tn1Xp, | —Tn2 Xy, ,-
Applying 4 to it yields
() h(@n) =y, = m X, 5 + b,
where by, := by — by} Since c is full, there is an n € A, such that
(1) a, = a,‘;,n, and
2) fin) = f(nlgn)

for all n < w. By clause (2) we deduce:

(3) supp,(h(xy),n —Xp1en)) =D forall n < w.
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Applying A to

n
yn,OZZai+(

i=0 i=

=

i') y?] n+1 +Z<1_[ .!)(xnhi _xr][Ri)s
1

<t

yields that

I/

N

(1) h(yn,o)=zh(at +

&) Zh(az)-l- (

1

l') h(yn,n+1) + <1_[ ]') (h(xn[Ln) - h(xUFR ”))

1 j<i

i ) h(yn,n-i-l)

i

:|:

1

n

+) n, n, .
;Z( ;nllxrlnl m;n22x'7n2+bn)+ <l_[l'> h(yﬁ,”“‘l)‘
i=0

i=1
Let n < w be large enough. Here, we are going to apply the arguments taken from
items (3)—(4) in the proof of Lemma 3.35 to the displayed formula (§). Then,

(4) supp, (h(yn,0)) 2 supp,(h(as)), and
(5) supp,(h(an)) N {nn1, Mn2} # 2.
Without loss of generality, assume that for each n < w, 1,1 € supp,((h(ay)). So,
{1,111 < @} S supp, (A (yy.,0)),
which is infinite. This is a contraction. ([

Lemma 3.42. Assume A = cl(A) C A, is countable and h € Hom(G., G + K).
Then h is bounded.

Proof. Towards a contradiction we assume that 4 is unbounded. It follows from
Lemma 3.32 that Rang(h) ¢ K. Let b, € Rang(h) \ K. Then, for some dy € K, a
finite set A, and two sequences (r, € R\ {0} : n € Ay) and (m, € w : n € Ay), we
can represent b, as
by = Xz{r,7 Xp:n€ANAL}+ 2:{1”,7 Yom@n) <N € A N AL} +dy.

Let
(1) Jo=GA+K,
(2) J1 = Jo/K, which is torsion free.
So, b, € Jy. Let m : Jo — J; be the natural map defined by the assignment
b+ m(b) :=b+ K. Since b, € Rang(h) \ K, we have 7w (b,) # 0.

Suppose on the way of contradiction that for any sequence (e, : n < w) € “Z the
following system of equations

I':= {yn =n!yl’l+1 + e, b*:l’l < Cl)}

is solvable in J;. Say, for example, {y, : n < w} is such a solution.
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Thanks to Lemma 3.26(3)(a) we find that A, is R{-free. We combine this with
Lemma 3.26(3)(b) to deduce that M, is X-free as an R-module. Now, since J; is
countably generated, we can find a solution to

I ={y,=nlyst1+e,bs:n < w)

in R. Since R is cotorsion-free, a such system of equations has no solution the ring.
So, there is a sequence (e, : n < w) € ®Z the following equations:

F'={y,=nly,r1+e,bs:n<w}

is not solvable in J;.
Let a. € G, be such that b, = h(a,). Let also f : A; <, — @ be such that for
allv, p € A¢ <s

f)=f(p) & mwoh(x,) =moh(x,).
As c is full, there is some n € A, such that:

3) af]’n =e¢, ay, for all n < w, and

@ fmlen)=f(mlrn),forn <w.
Thanks to (4), one has

(+) Vn<w, mwoh(xy,n)=m0oh(Xygn)
By applying 7 o 4 into the equation

Yin =y 1Yt + Coppn = Xnpen),s
and using clause (3) and (+) we get

T oh(yyn) =e,mw(by) +nlmoh(y,nsi1).
This clearly gives a contradiction, as then

JiEYy=nlyp1+ey b;:v
where y, = o h(yy n). |
Lemma 3.43. Let ¢ be full and h € End(G.). Then Rang(h) is bounded.
Proof. Suppose not, it follows that for some countable A = cl(A) C A,

h| G eHom(G, Gy +K)

is unbounded, where G is the subgroup of G, generated by 4~'[G 5 + K. This
contradicts Lemma 3.42. (]

Now, we are ready to prove:
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Theorem 3.44. Adopt the notation from Hypothesis 3.14. Then there is some ¢
such that the abelian group G is boundedly rigid. In particular, there is an abelian
group G equipped with the following properties:
(1) tor(G) =K.
(2) G is of size A.
(3) The sequence
End(G)
Ep(G)

0 — R, — End(G) —» -0
is exact.

Proof. According to Lemma 3.30, there is a full ¢ € AP. This allows us to apply
Lemma 3.43, and deduce that G := G, is boundedly rigid. By definition, this
completes the proof. (]

4. Co-Hopfian and boundedly endo-rigid abelian groups

As stated in [15], it is difficult to construct an infinite Hopfian—co-Hopfian p-group.
What about mixed groups? In this section, we answer this question. We start by
recalling that a group G is called:

(i) Hopfian if its surjective endomorphisms are automorphisms.
(i1) co-Hopfian if its injective endomorphisms are automorphisms.
In what follows we will use the following two items.

Fact 4.1. (i) Any direct summand of a co-Hopfian abelian group is again co-
Hopfian.

(i) Suppose 280 < A < A%0. Then there is no co-Hopfian abelian group of size i
(see [19, Theorem 1.2]).

Here, we introduce a useful criterion.
Definition 4.2. Let G be an abelian group of size A and m, n > 1 be such that m | n.

(1) NQry, )(G) means that there is an (m, n)-antiwitness / such that
(@) h € End(T',(G)),
(b) Rang(h) is a bounded group,
(¢) ' :=m-idr,(G) +h € End(I',(G)) is 1-to-1,
(d) 1’ is not onto or m > 1 and G/ I',,(G) is not m-divisible.
(2) NQry,(G) means NQry, ) (G) for some n > 1.
(3) NQr(G) means NQr,,(G) for some m > 1.
Definition 4.3. Adopt the previous notation.
(1) Qr(G) means the negation of NQr(G).
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(2) Qr,(G) means Qr(G) and in addition that I',(G) is unbounded, for at least one
pelP.

In items 4.4-4.11 we check NQry, ,,)(G) and its negation. This enables us to
present some new classes of co-Hopfian and non-co-Hopfian groups.

Lemma 4.4. Let G be an abelian group such that the property NQr(G) holds. Then
G is not co-Hopfian. Furthermore, let h € Hom(G, I',,(G)) be such that h | T',,(G)
is an (m, n)-antiwitness. Then m -idg +h witnesses that G is not co-Hopfian.

Proof. Suppose that G admits an (m, n)-antiwitness kg € End(I',,(G)) as in
Definition 4.2. As hg is bounded, by Fact 2.14 we extend kg to h; €e Hom(G, ', (G)).
So, the following diagram commutes:

0——T,G) =G

h
Ol I,

I (G)
We claim that f =m -idg + h; € End(G) is 1-to-1 but not onto.
(*1) f is one-to-one.

To see this, suppose x € G in nonzero and we want to show that f(x) # 0. Suppose
first we deal with the case x € I',(G) \ {0}. According to Definition 4.2(1)(c), we

have
f)=mx+hi(x)=m 'idl",,(G)(x) +ho(x) = f(x) #O.

Now, suppose that x € G \ I',,(G). Recall from Definition 4.2 that m divides n. As

m | n, we have mx € G\ I',,(G). If f(x) =0, we have mx + h;(x) =0, thus
hi(x) =—mx € G\ TI'(G).

But, Rang(h;) € I',,(G), which is impossible. Thus f is 1-to-1, as wanted.

(%) f is not onto.

For this, we consider two cases.

Case 1. hy is not onto.
By the case assumption, there is

y € ['u(G) \ Rang(idr, () + (ho | T'n(G)))
and it is easy to see that such a y is also a witness for f to be not onto.

Case 2. hy is onto.

By Definition 4.2(1)(d), we must have m > 1 and G/ I',,(G) is not m-divisible.
Let z € G be such that z + I',,(G) is not divisible by m in G/ I',,,(G). Clearly, z
does not belong to Rang( f).
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The lemma follows. O

Lemma 4.5. Let K be an abelian p-group. The following claims are valid: If
NQr(K) holds, then K is infinite.

Proof. By definition, there are m and n such that m | n and that NQr,, ,,,(K') holds.
Thanks to Definition 4.2(1), there is & € End(I",,(G)) satisfying the following
properties:

(a) Rang(h) is a bounded group.

(b) k' :=m - (idr,x)) +h € End(T',(K)) is 1-to-1.

(¢) A’ is not onto or m > 1 and K/ I",,(K) is not m-divisible.
We have two possibilities: (1) p{n and (2) p | n.

(1) Suppose first that p tn. As K is a p-group, I',,(K) = {0}. This means that & is
constantly zero and is onto, as well as 4". Thanks to clause (c) it follows that m > 1
and K is not m-divisible. Since m | n we deduce that p { m. Now, we consider the
map m -idg : K — K. Since K is not m-divisible, this map is not surjective. Let
us show that it is 1-to-1. To this end, let x € K be such that mx = 0. Let £ be the
order of x so that px =0. As (p*, m) =1, we can find r, s such that rp* +sm = 1.
By multiplying both sides with x, we obtain

x=rp'x+smx=04+0=0.

It follows that m -idx : K — K is 1-to-1 and not onto, hence K is infinite.

(2) Suppose p | n. As K is a p-group, this implies that I',(K) = K. Therefore, in
the above item (c), the case “K /', (K) is not m-divisible” does not occur. This is
in turn implies that 4’ is not onto K. We proved that the map 4’ € End(K) is 1-to-1
and not onto. Hence K is infinite. U

Discussion 4.6. Keep the notation of Fact 2.5. One cannot replace “divisible” with
“reduced” and drives a similar result, as some easy examples suggest this. Here, we
consider this as an application of the construct of co-Hopfian groups.

(1) Suppose on the way of contradiction that the replacement is valid.

(2) Let G be a co-Hopfian group such that its reduced part is unbounded (recall
from the introduction that a such group exists, see [9]).

(3) Here, we drive a contradiction by showing from that G is not co-Hopfian.
Indeed, let K, be the maximal divisible subgroup of K. Recall from Fact 2.18 that
K> is injective. Since it is injective, we know K is a directed summand. Let us
write K as K = K| @ K». Due to the maximality of K, one may know that K is
reduced. We show that K is not co-Hopfian, and hence by Fact 4.1(i), K is not
co-Hopfian. Thus by replacing K by K if necessary, we may assume without loss
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of generality that K is reduced and unbounded. For £ < w, we choose by induction
Hy, y; and z, such that:

(a) Hy=K.
(b) If £=k+1,then H, = H, ® Zzy.
(c) For z; € (Zyy)4, recall that (Zy,), denotes the pure closure of Zy;,.

(d) ye+1 € Hy.
(e) The order of z; is > p’.

[Why? For £ = 0, we set Hy = K and let yg € K be arbitrary. Then (Zyp), is a
pure subgroup of K of bounded exponent. Thanks to Fact 2.5, we know that (Zyy)
is a direct summand of K. In view of Fact 2.7 we can find zg such that Zz; is a
direct summand of (Zyp),.. In other words, Zzj is a direct summand of Hy = K
as well. Consequently, we have Hy = H; & Zzo for some H;. Having defined
inductively {Hy, y¢, z¢}, let ye+1 € Hy. Let x be a regular cardinal, large enough,
so that Hy € 57 (x). The notation % stands for (57 (x), €). Let %, be countable
such that H, € 4,. Now, we look at

Lo = %N Hy.

We find easily that £, is an unbounded countable abelian p-group. Hence it is of
the form @;Zz,; where z;; is of order p™(“?. As £, is unbounded, we may and
do assume that m (£, i) > £. This implies that Zz, ; is a pure subgroup of £, and
hence Hy. Consequently, Zz, ; is a direct summand of H, as well. By definition,
we have Hy = Hy41 @ Zzo4 for some abelian subgroup H,4 of Hy.]

For each i < w, we let £(i) > 1 be such that z; is of order p*@. Following (e),
clearly we can find some infinite # C w such that the sequence (£(i) : i € u)
is increasing. For any j < w, we clearly have @I- eunj Z7; T4 K, and hence
D, Zzi S« K. Inlight of part (i), @, ., Zz; is a direct summand of K. Thus there
is some K3 such that K = &, _, Zz; ® K3. Assume that (j (k) : k < w) lists u in an
increasing order, and define 4 € End(K) such that

o hIK3 = idg,.
. h(Zj(k)) — pe(k-i-l)—l

It is easy to check that % is a well-defined endomorphism of K and it satisfies

Zj(e+n)-

 h is injective,
e h is not surjective.
In sum, & witnesses that K is not co-Hopfian, a contradiction we searched for.

Corollary 4.7. Let G be a p-group such that its reduced part is unbounded and its
countable pure subgroups are directed summand. Then G is not co-Hopfian.
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Lemma 4.8. Let G be an abelian group of size . and m > 1. Suppose there is a
bounded h € End(G) such that f :=m -idg +h € End(G) is 1-to-1 not onto.* Then
for some n > 1 we have:

(1) NQrg, ) (G).
(ii) Letting ho = h | T',(G), hg is an (m, n)-antiwitness for T, (G).
Proof. Let f and h be as above. As Rang(h) is bounded, for some n > 1 we
have Rang(h) < I',,(G) and without loss of generality m | n. Possibly, replacing n
with nm, which is possible as n; | np implies that I',, (G) < T',,(G). Notice that:
(*1) (a) f maps I',(G) into itself.
) If x e G\T,(G), then f(x) ¢ I',(G).
Clause (a) clearly holds as by the choice of n we have Rang(h) < I',,(G). For (b),
we suppose by contradiction that f(x) = mx + h(x) € I',(G). It follows that
mx = f(x) —h(x) € I',(G), and hence as m | n, x € I',,(G), a contradiction.
Now let hg = h | I',,(G). Then we have:
(*x2) (a) ho € End(I',(G)).
(b) hg is bounded.
(c) Since f is 1-to-1, sois fo =m -idr, ) +ho € End(I',(G)).

We are left to show that &g is an (m, n)-antiwitness. By (x;) it suffices show that
fo is not onto or G/ I',(G) is not m-divisible. Suppose on the contrary that fj is
onto and G/ I',(G) is m-divisible. We are going to show that f is onto, which
contradicts our assumption. To this end, let x € G. Since G/ I',,(G) is m-divisible,
we can find some y € G such that

x —my € 'y (G).

We look at
w:=x—my—ho(y) € [, (G).

As fy is onto, we can find some z € [',(G) such that fy(z) = w. So,
x —my —ho(y) =w = fo(z) =mz+ ho(z).
Using this equation, and the additivity of &g, we observe that
x=m(y+z)+ho(y+2=f(y+2).
In other words, f is onto. This is a contradiction. U

Notation 4.9. Let « and p be infinite cardinals. The infinitary language £, (1)
is defined so as its vocabulary is the same as 7, it has the same terms and atomic
formulas as in , but we also allow conjunction and disjunction of length less than p,

4Thus f witnesses non-co-Hopfianity of G.
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i.e., if ¢;, for j < B < p are formulas, then so are \/j</3 ¢; and /\j<ﬁ ¢;. Also,
quantification over less than x many variables.

Lemma 4.10. Let G be a reduced abelian group of size ) such that
(1) A > 2%,
(2) G is co-Hopfian.

Then the property Qr,(G) is valid.

Proof. Thanks to Lemma 4.4 we know Qr(G) is satisfied, so it is enough to show
that I', (G) is not bounded for some prime p. Towards a contradiction, we suppose
that I', (G) is bounded for every prime p € P.

Here, we are going to show that the pure subgroup I', (G) is finite. Suppose on
the way of contradiction that I', (G) is infinite. Recall that p-torsion subgroups are
pure. According to Fact 2.4, T',(G) is a direct summand of G, as we assumed that
it is bounded. Also, following Fact 2.7 we know that I',(G) is a direct summand of
cyclic groups. In sum, we observed that I', (G) has a direct summand K which is a
countably infinite p-group. In view of Fact 2.6(i), we may and do assume that K is
not co-Hopfian. Recall that any direct summand of co-Hopfian, is co-Hopfian. This
means that G is not co-Hopfian as well, which contradicts our assumption. Thus,
it follows that for every p € P, the group I',(G) is finite and therefore a direct
summand of G, and hence there is a projection 4, from G onto I',(G). Recall that
p € Pand also h), [ I',(G) € End(I',(G)) is essentially equal to the identity map,
so is one-to-one, and hence onto, as I',(G) is finite. Since Qr(G) is satisfied, it
follows from Definition 4.2(1)(d) that G/ I',(G) is p-divisible.

Now, we take x be a regular cardinal, large enough, such that G € 57 () and let

M =gy (£ (0, €)
be such that

e M has cardinality 2%,

e G, tor(G) e M,

e 2041 C M.

In light of Fact 2.6(ii), we may and do assume that |tor(G)| = i < 2%, Recall that

2% 41 € M and tor(G) € M. These imply that tor(G) € M. Now, as G/ [,(G)is
-divisible, then so is

P G/T»(G)

(GNM)/Tp(G)

which by the third isomorphism theorem, is canonically isomorphic to G/G N M.
As tor(G) € M, G/(G N M) is torsion-free, it is divisible. Let x € G \ M and
define the sequence (x, : n < w) such that
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] szx,

e if n=m + 1 then
G/(GNM) E=n!x,+(GNM)=x,+(GNM)".
So, letting ap =0 and forn =m + 1 < o,
ap,=n'x,—x, €GNM,
we have that (a, : n < w) € M® C M and so, as

M <y, (0, €,
we can find
Yy=(n:n<w)e(GNM)”

such that a, = n!y, — y,,, but then for every m < w we have

G = m! (X1 = Ymt1) = X — Yoo-
Hence,

Uz = ym) :m < )

is a nontrivial divisible subgroup of G, contradicting the assumption that G is
reduced. So we have proved the desired claim. U

Proposition 4.11. Let G € be a boundedly endo-rigid abelian group. The following
assertions are valid:

(1) G is co-Hopfian if and only if Qr(G).

() If |G| > 2%, then G is co-Hopfian if and only if Qr,(G).

Proof. (1) If G is co-Hopfian, then by Lemma 4.4, Qr(G) holds. For the other
direction, suppose that G is boundedly rigid and Qr(G) holds. Let f € End(G)

be 1-to-1, we want to show that f is onto. As G is boundedly rigid we have m, h
and L such that

(@) meZ, h € End(G),
) f(x) =mx+h(x),
(c) L =Rang(h) is a bounded subgroup of G (and so of tor(G)).

If f is not onto, then by Lemma 4.8, there is n > 1 such that NQr,, ,,(G) holds,
which is not possible (as we are assuming Qr(G)). Thus f is onto as required.

(2) It follows from clause (1) and Lemma 4.10. O
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Construction 4.12. Let K := 69{1,,% :pePand 1 <n<m}, where m <w, and P
is the set of prime numbers. Let G be a boundedly endo-rigid abelian group such
that tor(G) = K.> Then G is co-Hopfian.

Proof. For any p; € P and n; < m, let us define

L+ p"Z if (p,n)=(p1,n1),

x =
X (1) (pon) {0, otherwise.

For simplicity, we abbreviate it by x(,, »,). Assume towards a contradiction that
there exists f € End(G) such that f is 1-to-1 and not onto. As G is boundedly
endo-rigid, there are m € Z and h € E,,(G) such that f =m -idg +h. As f is 1-to-1
and K has no infinite bounded subgroup, we can conclude that m # 0.

(x1) me{l, —1}.
To see (x;), suppose on the contrary that there is p € P such that p | m and let m,
be such that m = m p. Now, as Rang(h) is bounded, there is k > 1 such that
p* Rang(h)) NT,(G) = {0}.
Letn >k + 1, then
f(pn_lx(p,n)) = mpn_lx(p,n) + h(pn_lx(p,n))
=mipp"~ % + PR ) =0,
which contradicts the fact that f is 1-to-1. This completes the argument of
m € {1, —1} and without loss of generality we may assume that m = 1. Thus
f =idg +h.
(*x2) f maps G \ tor(G) into itself.

This is because f is 1-to-1. Indeed let x € G \ tor(G). If f(x) € tor(G), then
fkx) = kf (x) = 0 for some k, thus kx = 0, i.e., x € tor(G) which contradicts
x € G\ tor(G).

(x3) f [tor(G) € End(tor(G)) is 1-to-1 not onto.

Clearly f | tor(G) € End(tor(G)), and since f is 1-to-1, f [ tor(G) is 1-to-1 as
well. Now, suppose by contradiction that f | tor(G) is onto. Then

(1) tor(G) < Rang(f),
2) xeG= f(x)=x+h(x) €tor(G).

Recall that 2 (x) e tor(G). Apply this along with (1), we deduce that 4 (x) € Rang(f).
Also, recall that Rang( f) is a group. Let x € G. Thanks to (2), we observe that

x = f(x) —h(x) € Rang(f).

5In light of our main result, such a group exists for any A = 280 > 280 and the size of G should
be A.
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In other words, f is onto, a contradiction. So, f [ tor(G) is not onto.

(*4) (a) Forevery p € P, f maps I',(G) into itself and so f [ I',(G) is 1-to-1.
(b) For some p € P, f [ I',(G) is not onto.
Item (a) above is simply because f is 1-to-1. To see (b) holds, note that if f | I',(G)
is onto for all prime number p, then so is f | tor(G), which contradicts (*3).
Thus, let us fix some prime p € P such that f | I',(G) is not onto and let
h, =h | T'p(G). Then by the above observations, it equipped with the following
properties:
(xs) (a) hp € End(IH(G)).
(b) Rang(h,) is bounded.
(c) h/p =m- id]"p(G) +hl7 = idl",,(G) +h17 is 1-to-1.
(d) h;, is not onto.
In light of Definition 4.2 and (*5) we observe that
(*6) hpisa (1, p)-antiwitness for I',(G) and so NQr(I', (G)).
Thanks to Lemma 4.5, I',(G) is infinite. But,

I, (G) =T,(K) = @{pfz l<n< m}

which is finite. Thus we get a contradiction, and hence f is onto. It follows that G
is co-Hopfian and the lemma follows. ([

Corollary 4.13. For any cardinals A > 2%, there is a co-Hopfian abelian group G
of size ) if and only if » = A,

Proof. Let A > 2%0 be given. Suppose first that A < A0, In other words, 2% < A < AN,
According to Fact 4.1(ii), there is no co-Hopfian abelian group of size A. Now,
assume that A = A%, Let

VA
pl‘lZ

K::@{ :pePand1§n<m},

where m < w. In light of Theorem 3.11, there exists a boundedly endo-rigid abelian
group G with tor(G) = K. By Construction 4.12, G is co-Hopfian. O

Lemma 4.14. Let G = G| & G, be a boundedly endo-rigid abelian group. Then
G is boundedly endo-rigid.

Proof. Let f1 € End(G1). Then f; @idg, € End(G). Since G is boundedly endo-
rigid there is m € Z such that the map x — f(x) —mx has bounded range. In other
words,

(fi=m-idG,) ®0 < (f1 —m-idg,) ® (idg, —m -idg,) = (f —m -idc)

has bounded range. By definition, G is boundedly endo-rigid. ]
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Notation 4.15 (Harrison). For each group G, we set
§S:=86:={peP:G/T,(G) is not p-divisible}.
Now, we are ready to present the following promised criteria:

Proposition 4.16. Let . > 280, and suppose G is a boundedly endo-rigid abelian
group of size A. Then G is co-Hopfian if and only if:

(a) Sg is a nonempty set of primes.

(b) (by) tor(G) #G.
(b2) If p € S, then ', (G) is not bounded.
(b3) If T',(G) is bounded, then it is finite (and p ¢ Sg).

Proof. Let K :=tor(G), and for each prime number p, we set K, :=T',(G).

First, we assume that G is co-Hopfian, and we are going to show items (a) and (b)
are valid. As G is co-Hopfian, and recall from the introduction that Beaumont and
Pierce (see [5]) proved that for the co-Hopfian group G, we know tor(G) is of size
at most continuum. In other words, |tor(G)| < 2%°. We combine this along with our
assumption |G| = A > 2%, and conclude that K = tor(G) # G, as claimed by (b).

To prove (b), let p € § and suppose by contradiction that K, is bounded. As
K, is pure in G, and following Fact 2.4, the boundedness property guarantees that
K, is a direct summand of G. By definition, there is G, such that G = K, ® G,,.
Now, we look at idk, +p -idg, € End(G). Let

(k, g) € Ker(idg, +p -idg,).
Following definition, we have
(0,0) = (idg, +p-idg,) (k, g) = (k, pg).
In other words, kK =0 and as G, is p-torsion-free, g = 0. This means that
Ker(idg, +p -idg,) =0,

and hence idg, +p-idg, is 1-to-1. Since p € S, G, := G/ I',(G) is not p-divisible,
thus there is g in G, such that g ¢ Rang(p -idg,). Consequently, idg, +p -idg, is
1-to-1 not onto. This is in contradiction with the co-Hopfian assumption, so K, is
not bounded and (b,) follows.

In order to check (b3), suppose K, = I',(G) is bounded. Then it is a direct
summand of G, say G = K, ® G,,. Since G is co-Hopfian, and in view of Fact 4.1,
we observe that K, is co-Hopfian. Thanks to Fact 2.6 K, is finite.

Lastly, we check clause (a). Suppose on the way of contradiction that S is empty.
Let G| < Lyyx, G be of cardinality 280 containing tor(G), recalling |tor(G)| < 280,
so G /G is divisible of cardinality A.
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As G| # G, there is xg € G \ G, and note that x ¢ tor(G). Now as G/ tor(G) is
divisible, we can choose the sequence (x, : n > 1) of elements of G, by induction
on n, such that xo = x and for each n,

G/ tor(G) = n! x,41 +tor(G) = x, +tor(G)".

Set
ay :=nlx,41 —x, € tor(G).

Note that (a, : n < w) € G, thus as G <Law G, we can find elements y, € G

for n < w such that
nyne1 = Yo +an.

Subtracting the last two displayed formulas, shows that the group

L= JZ0n—yu)in <o)

is a nonzero divisible subgroup of G. Recall from Fact 2.18 that L is injective.
Since it is injective, we know L is a directed summand of its extensions. In sum,

the sequence
0— L -5 G — coker(g) — 0,

splits. Recall from Discussion 2.20 that

End(/) = []Z,™.
PePo

where Py := P U {0} and x, are some index sets. This turns out that / is not
boundedly endo-rigid, provided it is nonzero. Recall from Lemma 4.14 that the
property of boundedly endo-rigid behaves well with respect to direct summand, it
obviously implies G is not boundedly endo-rigid. This contradiction implies that S
is not empty. So clause (a) holds. All together, we are done proving the left-right
implication.

For the right-left implication, assume items (a) and (b) hold, and we show that
G is co-Hopfian. Suppose on the way of contradiction that there exists f € End(G)
such that f is 1-to-1 and not onto. As G is boundedly endo-rigid, there are m € Z
and i € E,(G) such that f =m -idg +h.

To see (x1), suppose m = 0. Then f = h, and since Rang(h) is bounded and
f is 1-to-1, we can conclude that G is bounded and therefor G = tor(G). This
contradicts clause (by).

(x2) If I',(G) is infinite, then p { m.

In order to see (*7), first note that tor(G) is unbounded, as otherwise I', (G) is also
bounded, and hence by (bs) it is finite, contradicting our assumption. Suppose on
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the way of contradiction that p | m. Then there is m such that m = mp. Now, as
Rang(h) is bounded, there exists k > 1 such that

p*(Rang(h)[T,(G)) = {0}.

Recall that K, is unbounded. This gives us an element x € I',(G) of order p” for
some n > k + 1. But then

F ) =mp" x +h(p" T x) =mipp" x4+ pFr(p" T Fx) =0,

which contradicts the fact that f is 1-to-1.
As before, we have the following properties:

(x3) f maps G \ tor(G) into itself.
(x4) ftor(G) € End(tor(G)) is 1-to-1 not onto.
(xs) (a) Forevery p € P, f maps I',(G) into itself and so f [ I',(G) is 1-to-1.
(b) For some p € P, f | I',(G) is not onto.
Fix p € P such that f [ I',(G) is not onto. Then /, :=h [ I',(G) is equipped
with the following properties:
(¥¢) (@) hp € End(IH(G)).
(b) Rang(h ) is bounded.
(©) h/p =m- id]“p(G) +I’lp = ide(G) +hp is 1-to-1.
(d) 7}, is not onto.
In light of its definition, &, is a (1, p)-antiwitness and so NQr(I',(G)) holds.
Thanks to Lemma 4.5:
(+7) I'p(G) is infinite.
This is in contradiction with (7). O
In [1] we studied absolutely co-Hopfian abelian groups. Recall that an abelian
group is absolutely co-Hopfian if it is co-Hopfian in any further generic extension of
the universe. Also, see [20] for the existence of absolutely Hopfian abelian groups
of any given size. Similarly, one may define absolutely endo-rigid groups. Despite

its simple statement, one of the most frustrating problems in the theory infinite
abelian groups is as follows:

Problem 4.17. Are there absolutely endo-rigid abelian groups of arbitrary large
cardinality?
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THE FUNDAMENTAL SOLUTION TO [,
ON QUADRIC MANIFOLDS WITH
NONZERO EIGENVALUES AND NULL VARIABLES

ALBERT BOGGESS AND ANDREW RAICH

We prove sharp pointwise bounds on the complex Green operator and its
derivatives on a class of embedded quadric manifolds of high codimension.
In particular, we start with the class of quadrics that we previously ana-
lyzed (Trans. Amer. Math. Soc. Ser. B 10 (2023), 507-541) — ones whose
directional Levi forms are nondegenerate, and add in null variables. The
null variables do not substantially affect the estimates or analysis at the
form levels for which [, is solvable and hypoelliptic. In the nonhypoelliptic
degrees, however, the estimates and analysis are substantially different. In
the earlier paper, when hypoellipticity of [, failed, so did solvability. Here,
however, we show that if there is at least one null variable, [, is always
solvable, and the estimates are qualitatively different than in the other cases.
Namely, the complex Green operator has blow-ups off of the diagonal. We
also characterize when a quadric M whose Levi form vanishes on a complex
subspace admits a [J,-invariant change of coordinates so that M presents
with a null variable.

1. Introduction

A quadric submanifold of C" x C™ is a CR manifold that can be written as a graph
of a scalar- or vector-valued Hermitian symmetric quadratic form, ¢, i.e.,

M={(z,w)eC'"xC" . Imw =¢(z, 2)}.

For a hypersurface (m = 1), the analysis of the Kohn Laplacian, [, and the complex
Green operator (the relative inverse of [J) is well understood and has a long history.
The motivating example is the Heisenberg group where ¢ (z, z) = |z|*. Its group
structure can be exploited to construct explicit convolution kernels to invert the
sub-Laplacian as well as the Kohn Laplacian in degree (0, g¢), 1 <g <n —1, the
cases where [, is invertible [Folland and Stein 1974a; 1974b; Hulanicki 1976;
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Gaveau 1977; Beals et al. 2000; Boggess and Raich 2009]. Estimates of these
kernels then show that the Green operator as well as some of its derivatives are
continuous operators on L” (M) as well as in other normed topologies.

For higher codimension quadrics, i.e., m > 2, much less is understood about
the behavior of the Green operator. Part of the difficulty has to do with the fact
that the Levi form, ¢, is vector valued instead of scalar valued as is the case for a
hypersurface. Thus, one must consider the directional Levi form for each normal
direction (see (2) for a precise definition). A breakthrough result came when
Peloso and Ricci [2003] characterized the solvability and hypoellipticity for the [p-
equation on quadrics based on the inertias of the directional Levi forms. This result
provided the impetus for much of our research. In [Boggess and Raich 2023], we
analyzed the pointwise estimates and L? regularity of the complex Green operator
on (0, g)-forms under the assumption that the eigenvalues of each directional Levi
form are nonvanishing. In particular, we showed that the complex Green operator
in this setting possesses all the same regularity properties as that of the Heisenberg
group. On the other hand, there are simple examples of quadrics (see [Boggess and
Raich 2021]) where some of the directional Levi forms are degenerate (i.e., have
vanishing eigenvalues) and for which the estimates on the complex Green operator
have no known parallel with that of any quadric hypersurface. The goal of this
paper is to introduce degeneracy into the Levi form in a controlled manner. We do
this by adding what we call null variables and catalog the effect on the solvability
of the [J,-equation as well as providing sharp estimates for the complex Green
operator. As an added dividend, our techniques yield a new result on estimates for
the complex Green operator for a hypersurface with null directions in its Levi form.

Analyzing the [,-operator on quadrics is a problem that mathematicians have
been working on for the past 50 years. Hans Lewy [1957] discovered his famous
counterexample of the Cauchy—Kowalevsky theorem in the C*° category while
investigating the associated d),-operator on the Heisenberg group. Regardless of the
hypotheses on the Levi form, [J;, is neither elliptic nor constant coefficient and this
makes the function theory difficult. The additional tools provided by the Lie group
structure of quadrics permits analysis that is currently unavailable in the general
case, especially in the higher codimension setting. For additional background on
the d),- and [Jp-operators, please see [Boggess 1991; Chen and Shaw 2001; Biard
and Straube 2017]. For detailed analysis of the [],-operator on quadric manifolds,
please see [Boggess 1991; Peloso and Ricci 2003; Boggess and Raich 2011; 2013;
2020; 2022b] and especially [Boggess and Raich 2023].

As mentioned above, in [Boggess and Raich 2023] we analyzed the estimates
on the Green operator for a quadric in C" x C" where the codimension, m, is at
least 2 and where all the directional Levi forms are nondegenerate. As detailed
below, this assumption implies that » must be even. In this paper, we add null
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directions. Therefore, our setting is as follows: letn’ > 1, n” >0, and n =2n"+n".
Let ¢ : C* x C* — C" be a Hermitian symmetric quadratic form; define
¢ . CZn’—I—n” x CZn’-ﬁ-n” by

¢((Z,2"), @, Z") = ¢o(@, D).

Here, 7" is a null variable whereby we mean that ¢ is independent of z”. We let
z=(7',7") sothat z; =z for I <k <2n’ andz’j’=zj for j=2n'+1,...,2n" +n".
Our main focus is on quadric submanifolds of the form

(1) My=M={(Z,7",w) eC™" xC" xC" :Imw = ¢ (<, 7)}.

For each unit vector v € §"~! C R™, we define the directional Levi form ¢" :
(I:Zn’+n” « CZn’+n” N C by

2 ¢"(z,2) =¢(z,2) - v=()A7,

where A, is a Hermitian symmetric matrix, depending linearly on the parameter
v e §™~!. We define the eigenvalues and eigenvectors of the directional Levi
forms to be the eigenvalues and eigenvectors of A,, and let n(v) be the number of
positive/negative eigenvalues of A,. When M is a hypersurface, there are directional
Levi forms in only two directions: v = 1 and v = —1 since S has two points.
In codimension m > 2, v belongs to the unit sphere S” !, a connected set. As
shown in [Boggess and Raich 2023], the connectivity of §”~!, m > 2, implies that
nt(v) =n~ (v) = n’ whereas this is not necessarily true for the hypersurface case
(m=1.

Peloso and Ricci [2003] found that [, is solvable (resp. hypoelliptic) on (0, g)-
forms on My if and only if there does not exist v € R™ \ {0} so that nt(v) =q (resp.
nt(v)<gq)andn~ (v) =2n'+n"—q (resp.n~ (v) <2n'+n"—q). For the m > 2 and
n” =0 case studied in [Boggess and Raich 2023], n*(v) =n’ =n"(v), and hence
Oy is solvable and hypoelliptic for all ¢ # n’ and neither solvable nor hypoelliptic
when g = n’. The lack of solvability is related to the fact that ker (J;, # {0} when
q = n’. After subtracting the orthogonal projection onto ker [J, in the case ¢ = n’,
the complex Green operator satisfies estimates analogous to those for the Heisenberg
group, that is, estimates that are completely governed by the control metric for
M. We know, however, that when the eigenvalues of the directional Levi forms
are not bounded away from zero, the control distance does not always suffice to
control estimates on Ny ,. This occurs both for hypersurfaces as well as higher
codimension quadrics [Machedon 1988; Nagel and Stein 2006; Boggess and Raich
2021].

As mentioned above, z” are null variables, and we henceforth assume that n” > 1.
Given this assumption and the fact that for all v € R™ \ {0}, n™ (v) =n~ (v) =n/,
it follows that [, is solvable on My for all 0 < ¢ < 2n’ + n”. Additionally,
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(Jp fails to be hypoelliptic if ¢ satisfies n’ < g and n’ < 2n’ + n” — g, that is,

n’ <q <n'+n”. Interestingly, adding in null variables improves the solvability of

L, while leaving alone the number of hypoelliptic degrees. The estimate for Ny 4 in

the nonhypoelliptic cases is qualitatively worse than in the hypoelliptic cases. The

sharp bound is no longer controlled solely by the control distance and the integral

kernel has singularities off of the diagonal. Detailed results are stated in Section 2.
In contrast, the class of hypersurfaces we study are of the form

M={Z,7",w)eC" xC" xC:Imw=¢(, )},

where ¢ : C" x C" — C is a Hermitian symmetric, scalar-valued, quadratic form.
We write ¢ (7', 7') = (z/)*AzZ/, where A is a nondegenerate, Hermitian symmetric
matrix. Suppose that A has n™ positive eigenvalues and n~ negative eigenvalues.
Here, we are not assuming n* = n~. Solvability always holds because solvability
fails if and only if there is a direction for which the sum of the positive eigenvalues
and negative eigenvalues is n. However, this never happens with A or —A as
this sum equals n’ < n. Additionally, hypoellipticity fails if nT < g <n—n" or
n~ <g <n—n" and holds otherwise. Since n’ = n™ +n~, hypoellipticity fails if
andonly if nt <g <nt+n" orn—nt —n" <q <n—n". Detailed estimates on
the Green operator for a hypersurface with null variables are stated in Section 2.

As with many past researchers (e.g., Folland and Stein [1974a], Nagel et al.
[2001], and Nagel and Stein [2006]), our approach to computing a working formula
for the Green operator, for m > 1, involves the integral of the fundamental solution
to the heat equation associated to [, in the time variable. However, in the case of
a one-dimensional null space (n” = 1), the heat kernel is not integrable in the time
variable, and we therefore develop a new technique to obtain the Green operator in
this case. The resulting kernel and its estimates are stated in Section 2. Proofs of
the theorems stated in Section 2 are given in Sections 3, 4, and 5. In Section 6, we
show that the estimates given in our theorems are sharp.

2. Notation and main results

Notation for null variables. Define the projection 77 : C2* " x C" — C2"'+7" x R™

by 7(z, t+is) = (z, t). Given a quadric M C C¥"*"" x C™, the projection 7 induces

CR and Lie group structures on C¥*+*" x R™, and we call this Lie group G. Since

the projection is a CR isomorphism, we primarily work on G but use the same

notation interchangeably for objects on M and their pushfowards/pullbacks on G.
The group structure for G is

B3 @G u =+ 1+tu—-2Im¢(z,¢)) for (z,1), ({,u) €G,

and this group operation can easily be lifted to M.
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Denote the set of increasing g-tuples by
. / /!
I, ={K=(ki,....k) eN": 1 <ky <kp<---<ky <2n"+n"}.

Definition 2.1. Given anindex K €7, we say a current Ny = ZLGL, 1\~/1(,L(z, Hdzyp
is a fundamental solution to L, on forms spanned by dzg if U, Nx = 8o(z, 1) dzk.
A fundamental solution Ny 4 to [, acting on (0, g)-forms is then given by

Nogf =) Nk{fxdik}.

Ke1,

In higher codimension (rm > 2) a fundamental solution to [, on forms spanned
by dZzk usually involves terms spanned by dz; for L # K in addition to L = K.

Nk acts on smooth forms with compact support by componentwise convolution
with respect to the group structure on G, that is, if f = fydzX, then Ng * f =

DLz, Nk.1 * fodZp. Thus

Ni.L* fo(z, 1) = / Ni.1((@ 1) * (¢ w) ™) fo(¢, w) dv(z) dt,

C,u)eG

where dv(z) dt is the usual volume form for G, and (using (3))

ZO*Cuw ' =G@—c,t—u+2Imep(z, 0)).

Recall that §p * f = f. Therefore, if Nk is a fundamental solution to [J, and
f = fdzk is a smooth form with compact support, then [J,{Ng * f} = f. As
mentioned in the introduction, Peloso and Ricci [2003] showed that solvability
in our context is possible in all degrees, i.e., 0 < g <n =2n"+n”. They also
showed that solvability is equivalent to the triviality of the L? null space of [J,. We
therefore conclude that if n” > 0, then any two fundamental solutions to [J, must
differ by a non-L? current.

For a multiindex I = (I, I, I3) € Ng"/“Lz””Jr’" , the multiindex I; € Né”, records
the differentiation in the 7z’ and 7’ variables, I, € N%”” records the differentiation
in the z” and 7" variables, and I5 € Nj records the z-derivatives. Given such a
multiindex I, define the weighted order of I by (I) = |I1| + |Io| + 2|13| and the
order of I by |I| = |I1| + |I2] + |13].

As a consequence of the discussion in Section 1, we assume the following when
the codimension, m, is at least 2:

o For each v € §™~!, there are n’ positive eigenvalues ,u? for j in some index
set PV of cardinality n from the set {1, 2, ..., 2n’} and n’ negative eigenvalues
uy, for k € (P¥)¢, the complement of P”in {1,2,...,2n"}.
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Remark 2.2. Given that our nonzero eigenvalues stay bounded away from 0 inde-
pendently of v € !, we may arrange the indices so that P’ = P is independent
of v.

Recall the set of increasing ¢g-tuples is denoted by
I,={K=(ki,....kg) eNT: 1 <ky<kp<- - <ky <2n"+n"}.
Also set

T, ={K'=(ki,....kg) eN" : 1 <ky <kp <+ < kg <2n'},

T/, ={K" = (ki,....kg) eNT 20/ + 1 <ky <kp <+ <kg <20'+n"}.
Given K € I,, we can always decompose K = (K, K”) where K’ € I’ and
K" e I”,, for some ¢’, ¢” with ¢’ + ¢” = g. Our notation follows [Boggess and
Raich 2022b] For A € R™\ {0}, set v =A/|A| € S"~!. We write 7’ € C" in terms
of the unit eigenvectors of ¢, which means that (z )A (7 )U is given by

@ =Zw, ) =U0Ww)*-7

where U (v) is the matrix whose columns are the eigenvectors v, 1 <k < 2n’, of the
directional Levi form ¢", and - represents matrix multiplication with z’ written as a
column vector. Note that the corresponding orthonormal basis of (0, 1)-covectors
for this basis is

dZ;(v,7), 1<j<2n,

where dZ(v, 7)) = U(w)T -d7’, d7’ is written as a column vector of (0, 1)-forms,
and the superscript 7 stands for transpose. Note that (z')” = Z(v, z’) depends
smoothly on 7’ € C" but only is locally integrable as a function of v € §”~! [Rainer
2011]. The coordinates for the remaining n” variables, z” = (z24/4+1, - - ., Zn), dO
not depend on v. Denote by [,,» the n” xn” identity matrix. We write

=7, =E""N=ZWw,2)=(ZW,2), ") = U &I, "),

where (A ® B)(Z/,7") := (A(Z'), B(z")) for any n’ xn’ matrix, A, and any n” xn”
matrix, B. Also,

dZ(v,2) =(dZ(v,7),d7") = UM @ly) - dZ,dZ").
We will need to express dzk in terms of dZ(v,z), for L € Z,. We have

4) dig =dZ AdZgo = Y det(UW)g 1) dZ(v, ) AdZo,
L'eT,
q

where U (v) g1/ is the ¢’ xg’ minor of U (v) comprised of elements in the rows K’
and columns L’. Note that if ¢ = 2n’ 4+ n”, then the above sum only has one term
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and det U (V)k.x = 1. In addition, when g = 0, Zp = @ and the sum (4) does not
appear. Similarly,

(5) dZw, )= de(UW)], ,)dz; ndz),.
JeT/,
q

Throughout the paper, we use the function

\ul

\ul
Arv.2) = A v. 2.2 = o |H|+§:m,( )Hﬁ

where u; are the nonzero eigenvalues for A, and the dimensional constant is

424" o' 4+ +m —2)!
22 )2+ +m ‘

K2n’+n”,m =

Main results for codimension > 2. Our first theorem provides a formula for the

fundamental solution to [J, in the case where the null variable dimension satisfies
/!

n" >2.

Theorem 2.3. Let M C C2' " x C™, withm >2,n’ > 1, and n" > 2, be a quadric
submanifold defined by (1) with associated projection G, and assume that there
exists a Hermitian symmetric quadratic form ¢o : C* x C" — C™ such that

(1) ¢(z,2) =z, 7) forall z € C*'*"" and
(2) the eigenvalues of the directional Levi forms of ¢o are nonzero.

For any 0 < g < 2n’ +n", there is a fundamental solution N = Ny 4 to [J, on
(0, q)-forms given by convolution with the kernel

(@Nmﬁ—Mwa/ det (@ )k 1) dZ (v, 2)"

Lez, Y ves"!
1 |/'L | v
e (T = T 4
n’ I}l —
r=0 [logr| jeLenp L—rt e 1=t
jeLnpc keLcnPC
1 drdv

(A(r,v, 2/, 2") —iv.p)2ntm=t 7
where dv is surface measure on the unit sphere S\,

This theorem follows directly from Theorem 2.3 in [Boggess and Raich 2022b],
and the formula is similar to the corresponding one in the same work, where n” =0
(no logr term appears). The formula for N is the s-integral over 0 < s < co of
the partial Fourier transform of the [J, heat kernel H x (s, 2, )A»); see (16) (where s
represents time). For this derivation, we require that this heat kernel is integrable in
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s over 0 <s < 0o, which, as we shall see below, holds whenever [J;, is hypoelliptic
or n”” > 2. However, when n” = 1 in the nonhypoelliptic case, this heat kernel fails
to be integrable in s and, consequently, the factor 1/(r|logr|"") appearing in (6)
is not integrable in r near r = 0 when n” = 1. The numerator is nonvanishing at
r =0 when L = P. In Theorem 2.4, below, we derive a fundamental solution for
O, when n” =1 and L = P by modifying our earlier construction to ensure greater
decay in the time variable s without disturbing the approximation of the identity
behavior as s — 0. This kernel requires a genuinely new idea that is not anticipated
in [Boggess and Raich 2022b].

Theorem 2.4. Let M C C" x C™ be a quadric submanifold as in Theorem 2.5
but withn" =1 (and n =2n"+1). Let K € I, where g =n' or ¢ =n’ + 1 and
K' €T, Then H (s, z, 1) is not integrable on (0, n')- or (0, n’ + 1)-forms, and a
Sfundamental solution to U, on forms spanned by dzk is given by

(7) Nk(z, 1)
= Kon'stm f det(U (W) gr.1) dZ (v, 2 L AdTn
LeT! vesm!
q/
LAP
x [T —= Il =
[l _ gl
r=0 jewHenp 1 —rt keL'np 1 —ri
jeL'npe ke(L"enpPC

1 dr dv
X
(A(r,v,z) —iv-t)2+tm |logr|r

+/ det(l_](v)K/,p) dZ(v, z/)p/\dZ’,/{,/ldetAv|
vesmn—1

V- I
8 /r:O |:(l_[ l_rlﬂlj)l)(A(r’ v, Z)_iv't)zn,+m

j=1

1 dr dv
(A0, v,7/,0) —iv-t)2n'+m | |logr|r

+/ det(U (). p)dZ (v, 2 ) p AdZji|det A, |
UES'"_]
2n’

/1 1 1 dr dv
X m / *
r=1 I I 1— 71 ) (A(r, v, 2) —iv-0)2" 4™ |logr|r

j=1

When L = P in the above formula for N, the term inside the large brackets, [ - ],

in the integrand of (7) vanishes sufficiently quickly at » = 0, and thus this term is

integrable in r over 0 <r < %
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Our main theorem regarding pointwise bounds on the kernel for the fundamental
solution of [, is the following:

Theorem 2.5. Let M C C2"' " x C™, withm > 2 and n',n" > 1, be a quadric
submanifold defined by (1) with associated projection G, and assume that there
exists a Hermitian symmetric quadratic form ¢o : C* x C" — C™ so that

(1) ¢(z,2) =o', 2) forall z € C" " and
(2) the eigenvalues of the directional Levi forms of ¢o are nonzero.
Let N = Ny 4.

4 "
o Suppose that 0 < g <n’ or g > n'+n". For any multiindex I € Ng" F2Hm ihere
exists a constant C; > 0 so that

Ci
/ " —_ l :
(|Z|2+|l|)2n+” +m—1+5(I)

8) ID'N(z,1)| <

o Suppose thatn’ < q <n’+n" and n” > 2. Then there exists a constant C; > 0 so
that
Cy

) ID'N(z, 0] < ; ] :
(z|* + |t|)n”—1+§|12|(|z/|2+ |t|)2n’+m+§|11\+|13|

o Finally, suppose that n' < g <n’+n" and n” = 1. Then there exists a constant
C; > 0 so that

Izn’ l|2
log(1+ Iz/|2++|t|)

(10) |D'N(z, )| < C; (2124 [t))2'+m

if I =0,

if I #0.

(2|2 + |t|)%|12‘(|z’|2 + |t|)2n’+m+%\11|+|13\
These estimates are sharp.

In this paper, we only provide the proof for the case I = 0. The proof in the I #0
case provides no additional insights, though we do discuss later how derivatives
affect the estimates. Keeping track of higher derivatives requires some bookkeeping,
which is thoroughly explained and carried out in [Boggess and Raich 2023].

In the case where 0 < g < n’ or ¢ > n’ +n”, the estimate in (8) implies that
Ny is locally integrable in G and more can be said about the regularity of N, as
an operator using the theory of homogeneous groups. Let W57 (M) denote the
Sobolev space of forms on M with z-, z- and ¢-derivatives of order k in L?(M).
Following the approach of [Boggess and Raich 2022a, Section 7.3], we can view G
(and hence M) as a homogeneous group with norm function p(z, t) = |z| + |¢|/>.
From (8), it follows that the integration kernel of Ny , and its derivatives have the
appropriate pointwise decay (analogous to that in the case of nonzero eigenvalues
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handled in [Boggess and Raich 2023]). A second consequence of (8) is that Ny, is
a tempered distribution, and combining this fact with the natural dilation structure
and that D’ Ny 4 is a convolution operator shows that D! Ny, is uniformly bounded
on normalized bump functions. This is exactly what is required to establish the L”
boundedness, 1 < p < oo. The convolution operator D' Ny, extends to a bounded
operator on W57 (C" x R™), and we state this as a corollary to Theorem 2.5.

Corollary 2.6. Let M C C¥'*"" x C™ be a quadric submanifold satisfying the
hypothesis of Theorem 2.5. Assume 0 < g <n’ or g > n’ +n". Given a multiindex
I e Ng”m such that (1) = 2, the operator DINo,q is exactly regular on WP (M)
forallk > 0andall 1 < p < oco. In other words, DINo,q extends to a bounded
operator on W& (M). In particular, DINo,q is a hypoelliptic operator.

The regularity properties of N(g 4) are not yet known for n’ < g <n’+n".

Results for hypersurfaces. Even though our focus is mostly on the higher codi-
mension case, our technique provides a new result in the hypersurface case as well.
When M is a hypersurface, M is of the form

a1 M={Z,7/,w)eC" xC" xC:Imw = ¢o(z, 2)},

where ¢o(z’, z2') = (z/)*Az’ and A is a nondegenerate Hermitian matrix. Since A is
Hermitian, we can choose coordinates in which A is diagonal. In these coordinates
(which we still call (77, 7)),

n/
2
¢z )=y I
j=1
where g, ..., u,y are the nonzero eigenvalues of A. In the hypersurface case,
there is not a requirement that n’ is even or n™ = n~. Also, [J,, acts diagonally in
these coordinates. This means if f = ZJqu frdzy, thend, f = ZJqu Oy frdzy.
Consequently, to invert [;, we need only to invert the [1;-operators which is simpler
than the higher codimension cases handled in the previous subsection. We continue
to let P denote the indices of the positive eigenvalues of A. For the theorems in
this section, we need the following notation. Let

+ |M/
Ar,5) = ——")? +Z sl 251

rligl

and
sgn(uj), jeEL,

= |
! —sgn(i;), Jj&L.

The proof of Theorem 2.4 is easily adapted to prove the following result.
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Theorem 2.7. Let M C C" x C"" x C be a quadric hypersurface described by (11).
Fix0<gq <n,wheren=n"+n",andlet L € 1,.

(1) Ifn” >2o0rn”" =1 and L' is neither P nor P¢, then the fundamental solution
to the U -equation given by the inverse Fourier transform in t of fooo 0 ds is

22n=10p 1)1 1 =g D))l 1 dr
NL(Z,t)=#|detA|(/ l_[
0
j=1

(2 )ntl 1—rlil (A(r, z2)—it)" r|logr|"”

L S e 0l 1 dr
+ n
/0 1_[1 L—rtil (A(r, z)+it)" rllogr|"

Jj=

(2) Ifn” =1and L' = P, then there is a fundamental solution to the (1 -equation
given by

2211 (p—1)!

NL(th) = (27.[)11+1

|det A|

/1 rlil 1 / l_[ 1 dr
0 1 1=l (AGr ) +ine r|10gr| 1— r‘“ﬂ (A(r,z)—it)" r|logr]|

L 1 | dr
+/0 (El—rﬂjl(A(r,z)—ir)n_(A(o,z)—it)n)r|1ogr| :

3) Ifn" =1and L' = P¢, then

Np(z,—1) =Np(z, 1)
is a fundamental solution to the Uy -equation.

The form of the solutions from Theorem 2.7 are simpler versions than in
Theorem 2.4 in the n” = 1 case and (20) in the n”” > 2 case. The analysis in
the higher codimension case shows that the size comes from the r-integral and there
is no cancellation in the v-integral. Consequently, the proof of Theorem 2.5 proves
the following theorem as well.

Theorem 2.8. Let M C C" x C"" x C be a quadric hypersurface described by (11).
Fix0<gq <n,wheren=n"+n",and L € T,. For any multiindex I € N(Z)"H, there
exists a constant C; > 0 so that the following hold.

o If L' is neither P nor P’, then
Cr
(12 + Jrly+a0

This case includes the g for which U, is hypoelliptic.

ID'N(z,1)] <
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e Ifn" >2and L' = P or L' = P°, then

C;

12 D'N(z,1)| < '
02 e D e BRI e B

e Finally, suppose thatn” =1 and L' = P or L' = P€. Then

2
IOg(l + \z'||z2"J|r|r\)

T R if1 =0,
(13) ID'N@ nl<c;{ (ZP+1h"+!

if I #0.

(|Z|2+|t|)%|12\(|z/|2+|t|)n’+l+%\11|+|13\
These estimates are sharp.

Corollary 2.9. Suppose M is a quadric hypersurface in C" satisfying the hypotheses
of Theorem 2.8. Fix 0 < q <n, wheren =n'+n" and L € Z,. If L' is neither P
nor P’, then for any multiindex I € Ng”m with (1) =2, the operator D' N, extends
to a bounded operator on W*P(M). In particular, D' Ny is a hypoelliptic operator.

Remark 2.10. The estimates in (9), (10), (12), and (13) suggest that we investigate
N from the point of view of flag kernels, a la Nagel, Ricci, and Stein [2001]. N is
the wrong degree to be a flag kernel as it inverts second-order differential operators,
just as the Newtonian potential is the wrong degree to be a Calderén—Zygmand
operator. The are four types of second-order derivatives (two derivatives in z’
variables, two derivatives in z” variables, one derivative each in 7z’ and z” variables,
and one derivative in a 7 variable), and only applying two derivatives in z” variables
to N produces a kernel with the correct order of decay. Even in this case, it is
currently unclear if the kernel is a flag kernel. It would be an interesting project to
understand the complete mapping properties of N and its second-order derivatives.

Vanishing variables. Our above assumption is that z” is a null variable. There is a
more general concept that we call a vanishing variable which is defined as follows:
7" is a vanishing variable for ¢ if ¢ (z, z) = 0 whenever z = (0, 7"), 2/ € C"". A
null variable is also a vanishing variable but the converse is not true, as illustrated by
the example below. We briefly discuss vanishing variables since the techniques in
this paper only apply to null variables. We expect that the analysis of estimates for
fundamental solutions in the case of vanishing variables will be more complicated.

Here is an example in C* where z3 is a vanishing variable but not a null variable:

61z, 2) = |z1)* — 12212,
(14) $2(z, 2) = V2 Re(z321 + 2322),
¢3(Z, Z) = \/ERC(Z.Z3ZI — iZ3Zz).
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Note that z3 is a vanishing variable but not a null variable for ¢ due to ¢’s
dependence on z3. There is no [,-invariant change of coordinates that will make z3 a
null variable for ¢. Here, a [,-invariant change of coordinates between two quadrics
M and M’ in C" x C™ is a nonsingular, complex linear map 7 : C" x C" — C" x C"
with T(M) =M’ and T*(d, f) =0, (T*(f)) for all (0, g)-forms on M'. As shown
in [Boggess and Raich 2020], a [J,-invariant change of variables requires a unitary
change of coordinates in the z variables, i.e., z = U(z) where U is a unitary
matrix. However, in order to preserve the independence of z3 for ¢, U must
map the copy of C? spanned by the z; and z, axes to itself. Since U is unitary,
the orthogonal complement of this set (namely the z3 axis) must remain invariant
under U. Therefore U has the form

(U, 0
o= (49)

where U, is a 2x2 unitary matrix. A change of variables involving this U cannot
remove the dependence of ¢, or ¢3 on z3.

This example illustrates the following point: if z” is a null variable, then ¢ only
depends on the variable z’, which is the coordinate for the orthogonal complement
of the space spanned by the null variables. This observation and the analysis in the
previous paragraph leads to the following theorem.

Theorem 2.11. Suppose L is a complex subspace of C-dimensionn” in C" (n” <n),
and suppose ¢ (z,z) =0 for all z € L. Then there exists a Up-invariant change of
variables so that 7' € C"" is a null variable for ¢ if and only if for each 1 < j <n,
the map z € C" — Az preserves L™t (the orthogonal complement of L in C"),
where A are the Hermitian matrices corresponding to the directional Levi forms of
the standard basis vectors, E;, 1 < j <m, in R", that is, ¢;(z,2) = 7" A;z.

Proof. The proof is clear —if there is a unitary change of variables mapping L to a
space spanned by the null variable z”, then the matrices A j» 1 = j <n,in the new
variables must preserve the directions spanned by the 7 variables. Since U is unitary,
in the original coordinates, A ; must map L™ to itself. The converse is similar. [J

From a practical point of view, finding a null variable or vanishing variable
for a given ¢ can proceed as follows. First, establish whether all the A; have a
common kernel. If the common kernel is trivial, then there are no vanishing or
null variables. If there is a nontrivial common kernel, then diagonalize the matrix
representing one of the coordinate functions, say A;. At least one of the variables,
say z,, is a vanishing variable (representing an eigenvector corresponding to the
zero eigenvalue of Ay). Next, see if the other component functions are independent
of z,,. If so, then z,, is also a null variable. If not, then z,, is a vanishing variable
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but not a null variable. There may be additional vanishing and/or null variables
depending on the dimension of the common kernel.

3. The [Jy-heat equation and the proof of Theorem 2.4

Up and the partial Fourier transform. The operator [, is translation invariant in ¢,
and so we introduce the partial Fourier transform of a function f(z, t) by

N 1 —iAt
f(Z,)\)—W/Rmf(Z)e dt

with "~ appearing over the transform variables. As is shown in [Peloso and Ricci
2003], for a fixed A € R™ (with v =X /|A|), the coordinates Z (v, ') that diagonalize
A, also diagonalize ﬁb. On the transform side, we treat A as a parameter and write
the transformed operator as ﬁ% Fix K € 7,. Note that if f(z,7) = fxdzg and
g’ = |K’|, then

f@h) = f@ W) dZgAdZg =Y fr(z. ) det(U () .) dZ(v, 2) L AdZg.
LeT/,
q

One of the reasons for using the Z(v, ') coordinates is that ﬁz acts diagonally in
these coordinates (see [Boggess and Raich 2022b]). Specifically,

O ) =05 f @ DY = D" Ti{fx (e, 2) det(U W) gr,0)}dZ(v, 2 AdZ
LeT,

where

n n
OF = —1A:+2i Y ppIm{zfos) + Y (up)?lz ) — ( douwe=> uz)
k=1 k=1 keL kgL
and A, is the ordinary Laplacian in the indicated variables. Our approach to solving

the [1p-equation is via the [,-heat equation. Given the diagonalization of O, it is
enough to solve the [J* equations

0~ ~ A
<— +D2>{HL(s,z, A)}=0 for s >0,

(15) ds

Hi(s=0,2,2) =Qr)""%8(2) ®1;,

where 8p(z) is the Dirac-delta function centered at the origin in the z variables and
1, is the function which is identically 1 for all A € R™. The function H (s, 2, ):) is
called the heat kernel and is given by (see [Boggess and Raich 2011])

_12ys 20’ sEL Al A
L e A

Qm)ym/2+n  gn” i sinh(slu?l)

— 112 | coth (sl D 1Z; (v, ) 2

(16) Hp(s,z,4) =
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where
sgn(u*) if jelL,
E?L - / AT
T sened) i L.

Integrability in s over 0 < s < oo holds when n” > 2 or when L # P. However,
integrability fails when L = P and n” =1 since

’
n —|ZN‘2/S 2n S|/L/|
2 ¢ 51 oIl coth(s |1 Z; (v.2) 2

H s,z,)A\ =
r( ) @ryn/Zns 1 L sinh(s|uk)

and so Hp(s, 7, &) decays hke < as s — 0o. Consequently, the harmonic projection
onto ker Di is 0 yet the “formula

o0 i
@%)! / e b ds
0

fails to hold because the integral on the right-hand side diverges.

Proof of Theorem 2.4. Set§; p =1if L = P and 6 p = 0 otherwise. Define

!’
n 2n

S 3 esmm“?l 1] coth(s |22 ) | Z; (v.2) 2
SL P(Z/y )\) = lim - e Wi rcotns | (0,2 8[, p
s 55— 00 (zﬂ)m/2+n jl:[l Slnh(SI/_L‘);D s

n+2n’ 2n’ )
(2 )m/2+n |det A; | 1_[ |lt Zj(v,z)] S LP
j=1

Let x be an indicator function on the ray [b, co) where b > 0 is to be determined
later. Set

S‘L,p(Z/, )A») ds.

(17) N3 = /OogL(S’Z’ P x(ssm)
0

The integral defining Ny converges because

A
eS\M_,\

o~ Wil eothGIiDIZ; 0. _ o ,=Iujl1Z; (v,

sinh(s|125 )
decays exponentlally in s (and the integral kernel is dH, /ds near 0). Not coinciden-
tally, Sp(z', &) is the 1ntegral kernel of the harmonic pI'OJCCthIl onto ker{D'\ MO} on
the quadric M. Since D?J =—Ay+ D}‘ Mo , it follows that DA S L.p =0forall L.
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Consequently,
~ o~ n o . n sIAD ~, ~ n
DﬁNLa,x):/O s,z - ZP0E S, L das
©3H s,z,)A»
=—f HEED 5@ @1 by (15),
0

as desired. The latter integral converges as s — 0o because dHL(s,z, ) /ds decays
at least as fast as s~2. We can now construct a solution to invert [J, using the
modified Ny (z, %) functions. Following the argument of [Boggess and Raich
2022b, Proposition 3.2], we have the following solution. In the following statement
F; ! denotes the inverse partial Fourier transform in A.

Proposition 3.1. For given indices K € 7, and L € I[;,, define

(18)  Ng.p(z,2) =det(U (W) g .L)NL((Z, 2", ) dZ(Z, v)L AdZgr,

where N|. @, 7", )A») is defined by (17). Then there is a fundamental solution to [
on M applied to a form spanned by dzk given by

(19) Nk (z, 1) =f;‘{ > NK,L<Z,X>}<t>.

LeT/,
q

We now continue with the proof of Theorem 2.4. If L # P, then S L.p(, )A») =0
in (17). Recalling that n” = 1, the calculation in Section 4 of [Boggess and Raich
2022b] shows

(20)  FY{Ng.o(z, M)}
=Kum / det(U (v k1) dZ(v, 2)p AdZgn
vesm-1

1 [0
r gl g |
X — 7
/r_o( l_[ 1 —plHi! 1_[ 1 —p el

je@Henp keL'nP
jeL’'npe ke(L/)enpe

% 1 drdv
(A(r,v, z)—iv-t)2+m |logr|r’

This establishes the terms in (7) where L # P.
When L = P, the Sp_p term is present in Np (see (17)) and we compute the
inverse Fourier transform in A by switching to polar coordinates, . = v, t > 0,
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v e S" 1 We have

Q1) F YNk p(z, M)

1 . _ . o
= PG / e {det(U(v)k'.p)Np(z, X) dZ(z, v) p AdZgn} dh
reRm

_ 1
- (27-[)m/2

o0 o0
X / ei””f (ﬁp(s,z,ﬁ)— 167) SP,P(Z/,ﬁ)>Tm_1deT dv,
T s 5

=0 =0

/ det(U(v)k'.p)dZ(z,v)p AdZ g
vesm—1

where dv is surface measure on the unit sphere S”~!. Now we insert the heat
kernel, Hp, from (16) and focus on the above s, T-integral in (21), denoted by 1,,.
Note that

pwi=tu} and detA; = 2" det A, .

We scale in s by replacing st by s and then integrate we in . With Cp,, =
2" /(2)™/**" | we have

2n’ e‘Yllel v h v V2
I, = Cp pnldet A, I/ / e TIPS —e*“‘.f'c‘" (lujhrizil
=0 jmmmmn

2n’

2 ds
X(S)l_[ M|T|Z|>ltvr 2n'+m— ZdTS
j=1
Slﬂ | . " v v v .
=Cpnldet A,| / / e (s g cothGsli Dl P—iver)
o\ L1 Sinh(s e

on' Vi,V12_; dS
2n X(S)e_r(zle 3 1127] —lt~v)>_[2n’+m—] dt —

N

=2n" +m—1)!Cp.n|det A,|

/oo <( 2n oSl ) 1
X //2 . 2 /+
s=0\\ sinh(s{}]) ( | +Z |,u;|coth(slu'j-l)lz‘j-lz—w-t) o

’ 1 ds
2% % (s) )—
o' . 2n'+ ’

(7 iz P —iev)™ ™ ) s

where the last equality uses the formula

Pe ™ *"dr = —— for Rea > 0.
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—2s

We use the substitution » = e~ ~* in the remaining s-integral (and so ds/s =

—dr/(r|logr|) and the oriented r-limits of integration become 1 to 0) to obtain

1 2n’ 1 1
I :K dCtA v /
v m,n| v| r=0<(]1:[1 1_r|“‘j|)(A(r, U,Z/, z//)—iv-t)2”+m

_ (lllo ”|) 1 dr
X0 40, v, 2,0) —iv -2+ ) rllogr|’

We choose b = %log 2 so that (% |logr|) is the characteristic function of [O, %]
From (21), observe that

F Nk p(z, D)) = / 1, det(U W)k p)dZ(z,v)p AdZgndv,
vesm—1

which equals the term in (7) with L = P. Therefore, the proof of Theorem 2.4 is

complete.

4. Proof of Theorem 2.5, |¢| > |z|?

In [Boggess and Raich 2023], the case when |¢| > |z|? is the most delicate for the
proof of the estimates. In our current manuscript, when n” > 2, the case |¢| > |z|? is
handled by adapting the argument from the corresponding argument in [Boggess and
Raich 2023]. Here we only sketch this argument with details on the modifications
needed to handle the null variables (z”). We then provide complete details when
n” =1 since new ideas are involved.

The primary new term is (2 |z”|%)/|log r| that appears in A(r, v, z’, /). However,
the series expansion for 1/|log r| around r = 1 has leading term 1/(1 — r), so the
effect of the null directions on the estimates near » = 1 is the same as for the nonnull
directions. Some bookkeeping is required but the estimates in our context here are
very similar to the estimates presented in detail in [Boggess and Raich 2023].

The first step of the analysis is to factor out |¢]2"+7"+m=1 from the denominator
and rotate in v via an orthogonal matrix M, chosen so that M,(¢/|t|) is the unit
vector in the vy direction (so in the new coordinates, v -t = vy|f]). We also set
vl =My,

Z

p=.p"H= W

. Zv',z)  (Z(v'.Z),Z")  W)*-Z,7")
Q. p)= iz 1[I/ = 1|1/

! "
c CZn +n

’

Note that |Q(v', p)|?> = |p|? since U, is unitary.
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We obtain
Ni(z, 1) = 7@ +m=D 5™ Ny (p)
L/EI{;,
where
(22) Nk, (p)

_/ /1 det(U (v)gr,1)Br(r,v)dZ(W', 2y AdZy,  dvdr
~ Joiesmt Ji—o (A(r, v, p) —ivp)2n/+n"+m=1 r[log r|"”

if L’ # P or n” > 2 and where

w,

|| v
'u]| |Mk|
(23) Bp/(r,v) = l—[ W l_[ m,

e 1l=r , r

JEWH NP keL'np

jeL'npe ke(L"enpe

+r |l4| 2

249 ACvp) = ij ( p |)|Qj<v,p>| :

If L’=P and n” =1, then

Nk.p(p) = / | det(T (V) g p)dZ(W', 2 ) p AdZi|det Ayl
vieSm—

: (] 1
X 12 . ’
./rzo ((}:[1 1 — pn |> (A(r, V!, p) —ivy)2+m

1 dr dv'
(A0, v, p’, 0) —ivp) 2 +m

+ / det(U (W) g, p)dZ(V', ) p AdZgn|det Ayl
vies§m-1

/1 <1:[1 1 ) 1 dr dv
X .
=y NG A1) (A(r, v, p) —iv)?+m flogr|r

2

[logr|r

To prove Theorem 2.5 in the case that |f| > |z|> and 0 < ¢ < 2n’ +n”, it suffices
to prove the following theorem.

Theorem 4.1. There is a uniform constant C > 0 so that [Nk 1 (p)| < C for all
peCH+" with |p| <landall K, L € I, with0 < g <2n'+n".

We first sketch the estimate of the kernel near » = 1 using the ideas from [Boggess
and Raich 2023].

Subcase: |t| > |z|* and % <r < 1. We prove Theorem 4.1. We start with a key
result—Lemma 5.2 in [Boggess and Raich 2023], which we restate here.
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Lemma 4.2. Let

w,

|| Vv
Wil
(25) B(r,v) = By(r,v) =[] ; il
el P 1 — plogl
jeP keP¢
Then
26) Y det(U(W)g1)dZw. 2 )Brrv) =Y det(lr 1k, ;) B(r, v) dZy
L’eI[’!, J’GI;/

is real analyticinv e S" ' and 0 <r < 1.

Remark 4.3. The real content of this lemma is the real analyticity in v of the
expression in (26), especially in view of the fact that the eigenvalues M'} are not
necessarily real analytic or even smooth in the parameter v. As shown in [Boggess
and Raich 2023], the expression B(r, v) is real analytic in v due to the fact that the
positive eigenvalues are bounded away from the negative eigenvalues. In addition,

r~4v is real analytic in v since A, depends linearly on v.

Using Lemma 4.2, a typical term for Ng 1 (p) in (22) — with % <r <1 for the
domain of integration —is

AV ’ogr
27 Kj(p) / . 1/ det([r ]k’ y) B(r, v) dvdr

L (A v, p) — fv)2 0 m=T yllog r|n”

The superscript u refers to the fact that the integral is over the “upper” piece of the
r-interval. Our goal in this section is to establish the following lemma.

Lemma 4.4. There is a uniform constant C such that
INk ;(p)I =C
forall p e C¥'+" with |p| < 1.

As in [Boggess and Raich 2023], we use the change of variable

28) ) s—1 valentl r+1 th dr 2ds
r=r(s)=—— or equivalen s = wi — =
s+1 d y 1—r r s2—1

and observe that % <r < 1 transforms to s > 3. We obtain
(29) Nk ;(p)

_5 / / det[r(s) 1. B(r(s),v)r'(s) dsdv
vesnt Jy=3 (A(r(s), v!, p)—ivy)2nntm=l r(s) logr(s)|""

We then expand the various components of the integrand defining Ny ;(p) on the
last line of (29) about s = co. We briefly outline the main steps in Sections 5, 6,
and 7 in [Boggess and Raich 2023] and point out the differences needed to deal
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with the factor of |logr(s) " in the denominator. From Proposition 5.4 in [Boggess
and Raich 2023], we have

B(r(s), v)r's) _ 2 = wm——a , 9@, V)
(30) r(s) - 22n’(1 _ SLZ) ( ZZ:(:) Pz(l))s + S—z)7

31D a typical monomial in P, (v) = v ¢, where e is even with 0 < e < £.

Here, P;(v) is a polynomial in v = (v, ... V) € Sm=1 of total degree £. By an
abuse of notation, the term v¢~¢ in (31) stands for a monomial in the coordinates
of v of total degree £ — e. Also note that the term (1 —s~2)~! on the right-hand
side of (30) only has even powers of 1/s in its expansion about s = co.

Next, we use the second part of Proposition 5.4 in [Boggess and Raich 2023] to
expand det[r (s)~4] k. around s = oo. The result is a sum of terms of the form

(32)

! / . .
t—¢" is a monomial of

where ¢/ > 1, ¢’ is an even integer with 0 < ¢’ < ¢/, and v
degree ¢ — ¢’ in the coordinates of v € "~ !,
Now, we expand |log r(s)l_"” about s = oo and obtain
(33) : i i W%
_ = — Ci.n"S .
log r(s)|" — 20" etk
Finally, we have the following expansion of the terms involving A(r(s), V', p)
from equation (36) in [Boggess and Raich 2023] (with Iy, I», I3 = 9):
1

(A(r(s), v!, p) —ivy)2ntntm=l

1 00 p*‘(ka(Auf)ea%Ck,lHn”)'p .

o) J
O‘j( k=1 I )
G = y+u_40+§: . ).
(s|pl|= —ipp)=r+m+m o

(slpl*> —ivy)/

Now we assemble a typical term in the expansion of the integrand in (29) by
multiplying the typical terms from (31), (32), (33), and (34). We summarize a
typical term from each of the components that comprise (29) in the following chart:

term typical term notes
_ , ’ .
_A - 0’ >1, eq is even,
det[r(s) ]K,J o and 0 <e < V4
B(r(s),v)r'(s) pl—er g2’ —t—e3—2 e> and ej3 are even,
Ol O<er<¢
1 W —ey .
ogr&” s e4 18 even
34) I vik—es)  j ok > 1, es5 is even,

(s|p|2—ivy) 2" tm=1+] 5] @k=1) and 0 <es <k
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The typical terms of (29) that require the most care are those involving powers

of s which are greater than —2. The remaining terms comprise the “remainder term”
and will be handled later. From the above chart, we see that a typical term from the

integrand of (29) is of the form

o gNj=2—L=2kj,tj—e;

35 C(p. p)* ,
) PP S =iy

where the integers N, ¢;, e;, k; satisfy
(36) Nj=2n"+n"+j, ej>0iseven, O<e; <¢;, and k;>0.

What is relevant for the proof of Lemma 4.5 below is that a typical term in the
expansion satisfies

37 exponent(denominator) — exponent(s) — exponent(v) =m + 1 + E,

where E is an even, nonnegative integer.
In view of Lemma 4.2, the remainder term is analytic in v € $”~! and s > 3. In
addition, the typical term is

0(p*)O,s)

(38) slpP—ivy)esh”

where O (v, s) is real analytic in v € §”~! and s > 3, bounded in s, and 8 > 2.
Analysis of typical term in (35). We will now show that the integral (over v € §"~!
and s > 1) of the typical term in (35) is bounded in p. We will also show the same
for the remainder term in (38).
As to the first task, let 7 = | p|> > 0 and define
gN—2—=2k e

Hy ¢m,ex(r,s,v) = F—iv)NemT*

To establish Lemma 4.4 over the region % <r < 1, we need to show that for
each £ > 0, there is a uniform constant C such that

00
(39) / / HN,(,m,e,I;,k(f, S, l)) ds dv < C
vesm1Js=3 ;

for all 7 > 0 near zero.

As discussed at the end of Section 7 in [Boggess and Raich 2023], we can assume
the monomial v*~¢ depends on v; only (by writing v = (v;, V') and noting that
integrals of odd powers of monomials in v’ over v’ € §”~2 are zero). We let x = vy,
and then the surface measure on the unit sphere in $”~! can be written as

dv=(>1—=x>»"32gxav

where dV’ is the surface measure on S 2.
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The desired estimate in (39) will follow from the next lemma.

Lemma 4.5. For any nonnegative integers N, m and £ with m > 2 and any even
integer E with0 < E < |K|, let

% (] — x2)m=3)/2gN=2—L=2k \l~E g g
Nmk( r) = — (Sf—ix)N"'m_l ’

Then Af\’,il’ () is a smooth function of ¥ > 0 up to 7 = 0.

This lemma is almost identical to Lemma 8.1 in [Boggess and Raich 2023] (the
difference is in the exponent of s). Below, we give a short argument to reduce our
lemma to Lemma 8.1 in [Boggess and Raich 2023].

Proof of Lemma 4.5. First write
AR5 1 (F) = Cy e DY ~CTTEBLE ),

where Cy ¢ is a constant and

(1 2)(m—3)/2 {—E ds dx
BLED ) / [ |
=—1

(sF — ix)m+eH2k+T

Here, Drz indicates the j-th derivative with respect to 7. The index j is allowed
to be negative in which case this means the | j|-th antiderivative with respect to 7
(with a particular initial condition specified at a fixed value of 7 = 7y > 0).

Note, B%E-2K(#) is identical to the corresponding expression in the proof of
[Boggess and Raich 2023, Lemma 8.1] except that the exponent in the denominator
differs by the even integer 2k > 0. The rest of the proof proceeds exactly as the
proof of Lemma 8.1 to show that B5E-2K(#) is smooth for 7 > Oup to # =0. O

Analysis of Remainder Term in (38). The remainder term in (38) is

O(v,s)
(s|pl? —iv)esh

with 8> 2 and o > 2.

As above, we set x = v;. Since s # is integrable over {s > 3} and since O (V', vy, x)
is real analytic (and hence uniformly bounded) in V' € /1 — x28"2 ((m—2)-
dimensional sphere of radius +/1 — x2), the following lemma will finish the proof
of Theorem 4.1 for the integral over the region % <r <1 (and in the case |t| > |z|?
and 0 < g <2n' +n").

Lemma 4.6. For m > 2, let

1 _ +2\(m=3)/2 I
1 oW, x,s)d
R(S,i;, U/):/ ( X ) _ : (]; X S) X'
x=—1 (sr —ix)

Then R(s, 7, V') is uniformly bounded for s > 3,7 > 0, and v € ~/1 — x28" 2.
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This lemma is identical to Lemma 9.1 in [Boggess and Raich 2023]. The basic
idea is to use Cauchy’s theorem to deform the contour of integration into the upper
half plane and away from x = 0.

Subcase: |t| > |z|* and 0 < r < % We first assume that n” > 2 or n”’ = 1 and

J' # P. We start with the lower r version of (27). In this case, however, we stick
with the r variable, 0 <r < % (instead of changing to s). We rewrite this term here:

1 ]
2 det([r=*1g . )B(r,v)  dvdr

w  Neo=[ x,)50,0) .
vesn—1 Jr=g (A(r, V!, p) —iv)Z* =1 rllogr|”

The ¢ superscript indicates that we are working on the lower half of the r-interval.
N Ie(’ ;(p) is the coefficient of the dz;» component of

“n / /é det(U (v g ) dZ(V', 7)1 AdZg, B (r, V) dvdr
vesn=1 Jr=0 (A(r, V!, p) —ivy)?ntm=1 r|logr|"”

Our goal is to prove the following:
Lemma 4.7. We have

Z / "
|t|1/2 eCQn +n ,

(42) ING ,(p)| <C  forall p=

where C is a uniform constant.

Proof. The proof is nearly identical to the proof of Lemma 10.1 in [Boggess and
Raich 2023] with the only difference being the presence of the log-terms. We give a
quick outline. We are in a case where at least one of L N P€ or LN P is nonempty.
In view of (23), there must be a positive power of r in the numerator of B/ (r, v).
Therefore

B co
Bu(rv)| __Cr

(43) =
r|logr|® r|logr|"

where C and c¢( are uniform positive constants. Having a positive power of r in
the numerator turns out to be one of the most useful terms for offsetting enough of
the blow-up of 1/r as r — 0 to guarantee integrability in » near 0. We repeatedly
use this fact in both the |¢| large and |z| large cases. In fact, as soon as there is a
factor of r° for some ¢y > 0 in the numerator, we can use a straightforward size
argument to bound the integrand.

For |t| > |z|?, the presence of a positive power of  allows for the following.
First, the integrand of N ,‘; ; is integrable over the interval 0 < r < % Therefore,
the integral on the right-hand side of (41) over the set {0 <r< %} X {|v1| > %} 18
uniformly bounded for p € C 27'+n" Thus, we turn our attention to the integral over
{0=r=3}x{ml=3}
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The idea is to integrate by parts in v; over the integral in (40) over the interval
{|v1| < %} to reduce the power of (A(r, v;, p) —iv;) in the denominator where
A(r, vy, p) is defined in (24). As shown in Section 10 in [Boggess and Raich 2023],
A(r, vy, p) is analytic in v € §" 1,

Let

3 —1
X(@r,v, p) = (8—W{A(r, v, p)) —i)

and note that

—i@n' +n"=2)"1 } 1

X r’ v? D . !’ " = . ’ " *
o ”l{<A<r,vf,p>—w1>2"+" A p) =i

When integrating by parts with X (r, v, p) D, over {|v1| < %}, there will be terms
involving the v;-derivatives of X (r, v, p), r~4" and B (r, v) that occur in the inte-
grand of (40). These derivatives produce additional powers of |log r| which do not
affect the integrability in r over 0 <r < % In addition, there are boundary terms at
[vi] = 3 and these terms are uniformly integrable on {0 <r < 1} x {|vi| = 1}.

This process of integration by parts with X (r, v, p) D,, can be repeated until the
integrand in (40) involves only log(A(r, v, p) —ivy) (using the principle branch
of log since the A term is positive). This log-term is uniformly integrable on
{O <r< %} X {|v1| < %}, and thus Lemma 4.7 is proved. For more details, see
Section 10 of [Boggess and Raich 2023] (where z-, z-, and ¢-derivatives are also
handled in full generality).

The remaining case is n” = 1 and J' = P where the relevant term to estimate
is given by (7) with the r-interval of integration restricted to 0 < r < % We first
recall [Boggess and Raich 2023, Lemma 12.3].

Lemma 4.8. The following functions are analytic as a function of v € S"~ !
e V— |detA,]
e v A, v, p) =00 il ptI
« v det(UW)k p)dZ(p. v)" =Y 7 det(U )k, p) detlU (v)p y1" dZ”.

Therefore, the functions to estimate in (7) with the r-interval of integration

restrictedto 0 <r < % are of the form

Ng ,(p)= / det(U(v)k.p) det[U (v) p. ;1" |det A,

vlesm-1
1 2n’
2 1 1
S t . ’
fr:o ((Jl:[] — I) (A(r, v, p) —iv))2+m

1 dr dv'
(A, V', p', 0) —ivp)>+m | [logr|r
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By writing

| A 1l oyl
4 ——=1+——p and —=1+——

Ur l)t ’

Y| Y| I I
1 —r'H 1 —r'H 1 —rH 1—r't

we can write

@5) Ng,(p) = / det(T (v)x. p) det[U () p. ;17 |det A,

plegm—1

> 1
x[_o ( 2 | //|2+A(0 P . 2n'+m
=0 \ (fiogr7 19 VL p)—ivy)

1 dr dv'
+ OK,

"~ (A0, v, p', 0) —iv)2Fm | [logr|r

where the OK term is comprised of terms with r° in the numerator for values
co > 0 and the discussion after (43) applies. Focusing on the integral in r, we let
s = —2/logr so that ds/s = dr/(|logr|r) so that

1

/2 < 1 1 ) dr
. 2 ’ - _. 2 /
=0 (uoLgrlm//lz_i_A(O’ na p’,O)—l\)l) nme (A0, v p’, 0)—ivy)?m ™ ) r|logr|
B /122 1 1 ds
- =0 (s|p”|2+A(0, i, p/’ O)_l’vl)2n’+m (A0, v?, p/, 0)_ivl)2n’+m s
By Lemma A.1, with a = |p”|?, b = A(0, V', p’,0) —ivy, and y = 2/log 2,

2

46) fog2 1 1 ds
s=0 \(s|p"IP+A0,v", p',0)—iv)2+m  (A0,v!, p/,0)—iv))2"+m | s

1 |Z//|2
= —5n og| 1+ :
(A0, v, p/,0)—ivy )2 +m log2 A0, v, z/,0)—iv|t]
+Eanm(1p" 12, A, p,0)—icry).
To complete the proof of Lemma 4.7, we use Lemma 4.8 and shift the contour in
v to avoid v; = 0. By doing this,
|A, V', p',0) —ivi| ~ |p/P+1

on the new contour and basic size estimates now suffice. |

5. Proof of Theorem 2.5, |z]? > |¢]

Subcase: |z|*> > |t| and 0 < r < % Analogous to the case when |f]| > |z|2, we

|2n’+n”+m—l

investigate the terms in (41) but with the term |¢ inserted back into the
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denominator of the integrand. Using (5) we are led to estimate the term

@7 Nip 0= / det(T (v) k1) det(U (v) 1) |det Ay |

vesm—1
1 v

/2 < rl/le 1
x [T —= 1l
_ Ayl — plugl

r=0 je(L’)Cmpl Frr enop I=r

jeL'npe ke(L")¢npPe
1 drdv

x
(A(r,v,z) —iv- )2 +n"+tm=1 |Jogr|n"y’

when n” > 2 or L' # P, and

48) Ngp (0 =/ det(@ (v)k.p) det[U () p.s17 |det A,

plesm—1

V- 1
X !
frzo (]1:[1 1— rlﬂﬁ’l) (A(r, V', ) —iv - )2 +m

1 dr dV?
(A, v, 7,0) —iv-)2'+m | |logr|r’

whenn” =1and L' = P.

We start with the case n” = 1 and L’ = P because the analysis of (48) is virtually
identical to that of (45). The same reductions and equalities hold, and factoring
|t| back into (46) is the calculation that we need. The size estimates are more
straightforward than the |¢| large case because we do not have to shift the contour.

We now focus on (47). We first assume |z’|? > |z”|*>. The upper bound estimates
in this case will follow directly from size estimates. Since |A(r, v, z)—iv-t| > c|Z|?
and either 1/(r |log r"") is integrable near r =0 (n” > 2) or there is an 70 term in
the numerator (n” =1 and J' # P), we use size estimates to establish

C
£
|NK,L,J(Z’ t)l S |Z/|2(2n/+n//+m_l) .

The |z”| > |Z/| estimate requires more care. In the case that there is a factor of
in the numerator, the estimate is straightforward with size estimates, as bounding
(14+r*)/(1 —r*) by |logr| shows that

rCo rCO

<
. 2 / " _1 " —_ 2 2 ’ " _1
A, v, 2) = dv g P log r|'r = (P2 g

_ co—1 2n'4+m—1
- |Z|2(2n/+n”+m71) r |10g rl
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is integrable at 0, and the estimate
(49) Nk (@ D] < Clz 2@+ m=h

holds. A factor r° will always be present whenever N is hypoelliptic, that is,
when 0 < ¢ <n’ orn’ +n” < g <n. Additionally, it will also be present when
n' <qg <n'+n”aslong as L # P and (49) holds, a better estimate than (9).

It remains to analyze

Ng pyz. )= f 1 det(U (v) g, p) det(U (v) p,y)|det A, |
vesn—
1

f 1 dr dv
r=0 1—}""“'k| (A(r,v,z) —iv-t)2n+n"+m=1 log r|""y

when n” > 2. As we have seen, once we have a positive power of r in the numerator,

we can use size estimates to obtain the estimates in (8). This is relevant for the

error estimates when |z'|? > |¢| in two ways. First, we can apply (44) to replace
iil 1/(1 —r'#!y by 1 and an OK term. Second, since

A(r,v,2) = | 2| +Z|u] |z|+Z e
J

we can write

1
(A(r, v, Z) — v~ t)zn/+ﬂ/’+m—]
_ 1 X o)
(Ao vo )+ v - 2T GAG (0, 2) v 2
O (r|z'|?)

(Ao(r, v, 2) +iv-p)2+n"+m’

where

2n

2

Ao(r, v, 2) = IIO—gr||Z”|2 + Il
j=1

and ¢g > 0. The first error term arises from estimating Bp(r, v) by |det(A,)|. The
second error term uses the expansion

1 1 Y
(V + ;-)Zn m—1 y2n'+n"+m—1 + ZO‘J y2n'+n/+m—1+j

and therefore has Ag(r, v, z) raised to one higher power than in the main term.
When integrated, however, the estimate from the extra degree in the denominator is
offset by the additional factor of |z|? in the numerator.
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This means that the remaining term to analyze is

/ det(U (v) g p) det(U (v)h ;)|det A, |
ve§m-1 ’

1
2

f 1 dr dv
x )
o (Ao(r,v,z) —iv-1)2"+n"+m=1plog r|""

”12 from the denominator and let

We factor out 2|z

2
|21

. t
a= Z| | //|2 - |Z//|2'

Note that 1/log2 +a = O(1). By (53), we compute

/% 1 dr dv
o (Ao(r,v,z) —iv-t)2+n"tm=1 pllog r|""

1 Tog2 s 2 J
- |Z//|2(2n/+n”+m—l) 0 (s+a)2n/+n”+m—l §

n" =2 ”
1 "_ (_1)n —¢ 1
|Z//|2(2n +n"+m—1) Z < )2]’1/ +n"+m—-1—£€—1 a2n’+m + 0(1)

C 1

= Lr2m—1) 2n/+m
1 (o 1|u,||z 2—iv-1)

+0 (|Z//|—2(2n’+n”+m—1))‘

If |Z/|> > |t], then Z |u ||z |>—iv-t=0(z|*), and size estimates produce
O(|z|~2" =Dz~ 2@ +m>) the desued estimate. If, on the other hand, 7| > |Z/|2,
then we treat the integral similarly to the large || case, rotating in v and factoring
out |#| to produce the integral

C
|Z//|2(n”—l) |t|2n/+m

|det A, |

dv
/ . \2n'+
(3 gl —ivy) ™" "

/ det(U (V) g, p) det(U ()5 ;1)
vesm—1 ’

where q; = z;/|t|1/2. The integrand in the above integral is O (1) when |v;| > % In
the case |v(| < %, we handled this exact type of integral in [Boggess and Raich 2023,
(68)] and showed that the above integral is bounded by C/(|z”]2" =V |¢|>"+™) (in
fact, this bound is sharp).

Subcase: |z|* > |t| and % <r < 1. We are finally in a position to finish the proof
of the estimates in Theorem 2.5. As with the previous subsection, we include the
term |¢|~ " +7"+m=1) iy the integrand. Define Ng ;(z, 1) analogously/ to//N %P
in (27), with the r-integral over |1, 1] and including the term |¢|~®"*+""+m=D jn
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the integrand. We follow the analysis of the |¢| large case through (35) to obtain

o typical term in Ng_j(p)
u P s
NK,J(Z’ t) = / / . |t|2n/+n”+m—l dl) dS
s=3 Jves"

/ "0/ Clopp S
= Z,2 ; o vas,
s=3 Jvesm-1 (S|Z|2_lvl|t|)N/+m !

where N; =2n'+n" + j and ¢;, K; > 0, m > 2. Since |z|> > |¢| and |v| = 1, we
use size estimates and drop the #-term in the denominator to obtain

o0 C|Z|2jij717€j7Kj
INg ;(z, 1) 5/ / ——dvds
' s=3 Jvesm-] (S|Z|2)Nj+m !

< / b / ¢ L ava
= T o —1) R vas
s=3 Jyegm-1 |Z|2(2n +n"4+m—1) S3

after taking into account the constraints on £;, K ;, m. Therefore

C
u
(50) |Ng (2, D] < EECEEEEk

and we have established the estimates in Theorem 2.5.

Higher derivatives. As mentioned in the introduction, we will refer the reader to
[Boggess and Raich 2023] for details on how to handle the estimates for higher
derivatives. Here is the basic idea on how to obtain the estimates for derivatives.
Note that z and z appear quadratically in A(r, v, z) and ¢ only appears in the v - ¢
term. Thus, differentiating (20) once with a 7’ or 7' derivative adds one more
factor of A(r, v, z) —iv -t to the denominator along with a linear z’ or Z’ term in
the numerator. The overall estimate in (8) changes by a factor of (|z|> + |¢[)~ /2.
By contrast, a ¢-derivative of (20) also adds a factor of A(r, v,z) —iv -t to the
denominator but with no compensating factor of z’, z’ or ¢ in the numerator. Thus
the overall estimate in (8) changes by a factor of (|z|> + |¢t|)~'. The z”- and 7’-
derivatives behave similarly. This is the basic idea behind why there is a % in front
of the exponents |I;| and |I,|, which represent z- or z-derivatives, and not in front
of |I3], which represents ¢-derivatives.

6. Conclusion of the proof Theorem 2.5 — sharpness of the estimates

We will show the dominant term in (9) is nonzero for the index K = P provided
the eigenvectors of A, depend continuously on v.

We focus on the dz), component of Np (here, the value of n” is not important
because we are focusing on the integral in v). Ignoring the power of |z’| out front,
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this term is

2 |det A, |
Np :f lIdetU(V)p,Pl 2 o W v 5w AV-
ves” (|1ogr||Z 2+ 22500 g1zt —iv-1)

Consider the case when |7| is smaller than |z'|? < |z”|?. We factor out |z/|2@"'+m)
from the denominator and obtain Np = || 2@+ N, where
|det A, |

Np =/ |detU (v)p p|? v
m— ’ 2 on’ . 2 +m
ves (roarla” 2+ 272, Ik llay 2 = iv-qp)

with ¢" = 2"/1Z|, ¢} = |2}1>/12'|* and g, = 1/|2'|*.
Now take a limit as g, — 0 and we obtain

|[det A, |
2 72 2n’ v p(2)2n'+m dv
(\logr\lq | +Zj:1 |,U«,||6]j| )

1) lim 1\7P=/ (et U (v) p.p|?
q:—0 vesm=l1

Now u}#0for j=1,..., 2n’; and Z?":/l gj=1;anddet A, #0forallve gm=1,
So if the integral on the right-hand side of (51) vanishes, then we conclude that
detU(w)p p=0forallve sm—1 except for a set of zero measure in v. Thus, to
conclude the proof of Theorem 2.5, we have only to show

(52) f |detU(U)[p,p]|2dl) > 0,
vesm—1

where U (v) is the unitary matrix which diagonalizes A, and where P is the set of

indices corresponding to the positive eigenvalues of A, and U (v)[p, p)is the Px P

minor matrix of U (v). We may assume P={1,2,...,n'}and P ={n'+1, ..., 2n'}

where here, the eigenvalues are counted with multiplicity. We also let N = 2n’.
Define

e Ny = essential sup{the number of distinct eigenvalues of A, : v e S"~!},

o So={v € ™! : the number of distinct eigenvalues of A, = Ny},

Aj(v), 1 < j < Ny, are the distinct eigenvalues of A, for v € Sp,

E j(v) equals the eigenspace of A ;(v) in CN forv € Sp.

Note that Ny is an even number between 1 and N = 2n’. The set Sy has positive
measure by the definition of essential sup. Since there are only a finite number of
choices for dim¢{E;(v)}, we can shrink Sp, but still with positive measure, so that
dimc{E;(v)} is constant in v € Sy for each 1 < j < Ny.

Although we are not assuming the eigenvalues are continuous in v € S”~!, the
Aj(-) are measurable functions that are locally integrable on §m=1. Using the
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usual row and column operations together with Gram—Schmidt, we can find an
orthonormal set of eigenvectors for the eigenspace E;(v) of the form

Ui(v), 1<j<Np, I <k <dimc{E;(v)},

where these C-valued functions are measurable and integrable in v € S”~!. Now
let U (v) be the unitary matrix with column vectors U ;‘ ).

By removing a set of measure zero from Sy, we can assume that every point in
So lies in the Lebesgue set of each A ;(-) and U J’.‘( -) as well as all n-fold products
of the component entries of U ]’.‘( -). Now fix any vy € Sy and choose coordinates
for CV which diagonalize A,,, where the first n diagonal entries correspond to the
positive eigenvalues of A,,. Note that in these coordinates, Ujp, p1(vp) is the identity
matrix.

Now, for ¢ > 0, define

B(vg, &) ={ve " jv—y| <&l

From the Lebesgue differentiation theorem,

im—— |det Upp. py(v)|* dv — |det Upp,py(vo)|* = 1,
>0 |B(VO’ 8)' veB(vy,€)

where | B(vo, €)| is the Lebesgue measure of B(vg, ¢) relative to $"=1_ We conclude
that, for small enough ¢ > 0,

/ |det Upp_py(v)|* dv > 0,
veB(vg,€)
and this implies (52).

Appendix: Calculus computations

Lemma A.1. Suppose thata,y > 0,b #0, and k € N. Then
/y ! Lods= Liog(149%) + Ea b)
—— — —ds=—1lo - a,b),
o s(as+b)k  sbk bk 08 b
where Ey(a, b, y) is comprised of a sum of terms of the form

k

Ex(a,b,y) =)

=0

Ce
bt(ay + b)k—t
for some constants cy.

Proof. The proof is a computation using a partial fraction decomposition, recogniz-
ing that the 1/s terms cancel (so that the integral converges). (]
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In that vein, we also have the following. We compute

ﬁ gk=2 ﬁ (s4+a— a)kfz
f — ds = f — ds
0 (S —I—a) 0 (S + a)

k=2 1 Y
=3 () / T
= i 0 (s+a)(—z+2
k—

k=2 (—1)kflfi 1 ak—2—i
(53) i:o( ; )(_z+i+1)(ae_k+1 _(L+a)“l)'

log?2

[\S )
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