Monge- A mpere equation in
hypercomplex geometry

Marcin Sroka

A thesis presented for the degree of Doctor of Philosophy
in the subject of Mathematics

Thesis supervisor

prof. Stawomir Kolodzie]

Faculty of Mathematics and Computer Science
Jagiellonian University
Cracow, Poland

2021



Abstract

We provide number of results concerning the quaternionic Monge-Ampere equation. This
is the type of partial differential equation which appears in the presence of the hyper-
hermitian structure. For domains in the affine space we solve the Dirichlet problem for
a continuous boundary data and the right hand side in L? for p > 2. This generalizes
many previous results on that problem. We show that this assumption on p is optimal.
On compact hyperKahler with torsion manifolds we present the proof of the uniform a
priori estimate for this equation.
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Part 1

Introduction



Chapter 1

Dissertation description

1.1 Contents description

The subject of the thesis is the existence and regularity of solutions to the quaternionic
Monge-Ampere equation, in both the local and the global setting. It is a counterpart of
the real and complex PDEs playing the prominent roles in both analysis and geometry.
It is an equation with a new form of non-linearity appearing naturally in the presence
of certain geometric structure — the hyperhermitian one. All the presented results are
contained in the series of three papers [Sr18, KS20, Sr19], one of which is co-authored with
my supervisor. The research on this topic in the local setting was initiated by Alesker
[A03a] and independently by Harvey and Lawson [HL09c|. Afterwards it was realized
that the quaternionic Monge-Ampere operator plays a significant role in the geometry of
hyperKahler with torsion manifolds, the type of geometry appearing on target spaces of
certain o—models in quantum mechanics, cf. [GP00]. This observation made Alesker and
Verbitsky pose the analogue of the Calabi conjecture for those space, cf. [AV10]. This in
turn can be reduced to solving the quaternionic Monge-Ampere equation on hyperKahler
with torsion manifolds.

We briefly summarize the results, which are contained in [Sr18, KS20], for the flat
case of H", where H denotes the field of quaternions. Let M Ay denote the quaternionic
Monge-Ampere operator in that space. Our main result is Theorem 5.3.1 below. It gives
the existence and uniqueness of the solutions, in the weak distributional sense, to the
Dirichlet problem

MAg(u) = f
Uop = ¢
we QPSH(D) N CO(D)

In the above D is sufficiently convex and smooth, ¢ is continuous and f € LP(D) for
p> 2.

This is the most general result concerning the existence of the continuous solutions
that is known. It generalizes the previous results due to Zhu [Z17] for the smooth data,
Alesker [A03b] and Harvey and Lawson [HL09¢, HL20] for the continuous ones and Wan
[W20] for the densities f from LP(D) for p > 4. We show also that the bound for the
exponent p for which there exist the continuous solutions is optimal. This in turn shows
that Theorem 5.3.1 constitutes the analog of Alexandrov’s result for the real Monge-
Ampere equation, where p > 1, and Kotodziej’s theorem for the complex Monge-Ampeére
equations, where p > 1.



The proof of Theorem 5.3.1 is based on the local C? estimate for the quaternionic
Monge-Ampere equation. This in turn relies on the crucial result — the inequality be-
tween the capacity, naturally associated with the quaternionic Monge-Ampere operator,
and the Lebesgue measure. The proof here is completely different from its complex ana-
logue. First we compare the complex and quaternionic Monge-Ampeére operators. This
idea for the pair of complex and real Monge-Ampere operators is due to Cheng and Yau.
Afterward we use a trick from [DK14] by noting that the class of functions on which
the equation is elliptic contains in particular the plurisubharmonic functions. Finally we
apply the Kotodziej’s C° estimate for the complex Monge-Ampere equation. To make
this as simple as possible, the proof of the C° estimate we give is not the repetition of
the Kotodziej’s proof in the complex case yet it crucially uses this result. It is not known
whether one can obtain the C° estimate for the quaternionic Monge-Ampere equation
without using this result.

The regularity of the solutions from Theorem 5.3.1 is given in Theorem 6.5, this is
the contents of [KS20]. We show that if the boundary condition is of the class C'! then
the solution has to be of the class C% with the bound on « in terms of p and n. The
assumptions in this result are quite weak though as we require the density to be bounded
near the boundary of the domain.

On compact HKT manifolds the quaternionic Monge-Ampere equation appears nat-
urally. It encodes the possibility of obtaining any section of the canonical bundle of a
hypercomplex manifold from a hyperKéahler with torsion metric, c¢f. [AV10]. Those met-
rics generalize the well know hyperKahler metrics. The troubles with solving the equation
in the global case rely on obtaining the a priori estimates at least up to the order C%°.
Partial progress was obtained in [AV10, AS13, A13]. So far the only estimate known in the
general case, what we discuss in detail in Part III, is the uniform bound. It was obtained
by Alesker and Shelukhin in [AS17]. We present, in our opinion, simpler proof of this
result which appeared in [Sr19]. What is more important we improve the dependence of
the estimate on the initial data, it now depends only on the L” norm of the right hand side
for a suitable p and the geometric quantities. This result is an analog of Yau’s estimate
on Kahler manifolds and Tosatti and Weinkove’s estimate on hermitian manifolds for the
complex Monge-Ampere equation.

The idea of the proof is as follows. We apply the Sobolev inequality for the solution.
This requires the L? bound on the gradient of the solution, obtaining which is the main
challenge. In order to accomplish a weaker estimate, dependent on the solution, we dif-
ferentiate the equation and extract this weaker bound. This is done in a rather lengthy
process of obtaining an iterative bound on quantities appearing due to the mentioned dif-
ferentiation, see Chapter 8. As it turns out this allows us to obtain the desired C° bound
after applying the Moser iteration method and some key ideas from [TW10a, TW10b].
The whole proof is strongly motivated by the latter paper.

The described results enrich the research on the fairly general class of PDEs and the
associated pluripotential theory initiated by the papers [HL09a, HLO9b, HL09c]. In the
global case, the last two decades witnessed tremendous advances in geometric analysis
on hermitian manifolds. The particular example are the Calabi-Yau type theorems for
different classes of hermitian metrics [TW10b, GL10, SzZTW17, TW17]. As we discuss in
Chapter 7 the quaternionic Monge-Ampere equation on hyperKahler with torsion mani-
folds fits in that setting.



1.2 Dissertation organization

The organization of the text is as follows. In the next three chapters all the preliminaries
are presented. Those are grouped into, receptively, completely elementary results from
quaternionic linear algebra, geometric analysis on hermitian manifolds and pluripotential
theory associated to the quaternionic Monge-Ampere operator. No claim on the originality
is made there except for the contents of Section 4.6. The results described above for the
Dirichlet problem are presented in Part II while those for the compact HKT manifolds in
Part III. We tried to organize the thesis so that, in case of need, one can read those two
parts separately. For reading Part II one needs Chapter 2, Chapter 4 as well as Section
3.3.2 from Chapter 3. For reading Part III Chapter 2 and Chapter 3 are required.



Chapter 2

Quaternionic linear algebra

This short chapter is meant to be a completely elementary introduction to the quaternionic
linear algebra serving mostly the purpose of fixing the notation. All of the presented
material is well known except, maybe, the Moore determinant which will be crucial for us
later when defining the quaternionic Monge-Ampere operator. We do not always know the
references containing proofs of the results as we present them, e.g. the relation between
Pfaffian and Moore determinant, that is why we do not provide them for each result but we
claim no originality. References for the quaternionic linear algebra that one can consult,
in case of need, are [Su79, Zh97], especially the latter one. For hyperhermitian linear
algebra the introductory section of [A03a] is probably the most adequate. We learned
about the relation between Pfaffian and Moore determinant from [Dy70, Dy72]. For the
discussion of determinants of quaternionic matrices we refer to [As96].

2.1 Quaternions

In this work we will face three number fields (and the corresponding geometries). These
of real numbers - R, complex ones - C and quaternions (formally not being a field of
numbers) - H. The last one is a skew-field, i.e. a ring satisfying all the axioms of the field
except commutativity of multiplication, which will be denoted by

H = {z¢ + x11 + z2j + 23t | z0, 21, 22, 23 € R}

where i2 = j? = £2 = —1 and ij¢ = —1. The addition and multiplication being defined in
the obvious way. For a quaternion

qg=t+xi+y + 2t
we define its conjugate

g=1t—xi—y — 2L
One can easily check that

07 =qq=1"+2"+y" +2°
and
qp = pq

for any ¢, p € H. This conjugation agrees with the complex conjugation for C embedded

into H as described below.
The following embeddings of rings will be used
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Rozr—2x+0ie€C,
Cox+yir—ox+yi+0j+ 0t e H

With this identification one should remember that z) = jZz for any complex z embedded
in the mentioned way into H.

We will deal with H" considered as a right H vector space, formally a module over H
but we will never use this formality. In particular H acts on itself from the right. In case
of a vector space over a number field K(= R, C) one also has to specify the side for the
scalar action, this is usually the left action but in case of a field it does not matter due to
the commutativity of multiplication. Taking that into an account we will treat real and
complex vector spaces simultaneously as two sided. In case of quaternions we prefer to
act from the right, and this is at least as common approach as the left one, in order to be
able to identify a quaternionic matrix with an H linear mapping given by a multiplication
of a vector in H" from the left by this matrix.

As mentioned above, for a square quaternionic matrix

M = (m;)

i,j=1,...,n
we have the associated H linear map

H" > q = (qO, ...,qnfl) — Mq = (mqu]', ...,mnjqj) c H"™ .
Remark 2.1.1. In the whole text we use Einstein summation convention.

This is indeed H linear since
M(gp) = (M(q))p

for any ¢ € H" and p € H. We would have a problem if we had chosen H" to be the left
quaternionic vector space since then there would be no reason to have

M (pq) = pM(q)

i.e. p would generally not commute with the entries of M. In our situation it may not, yet
we still obtain H linearity. This correspondence between matrices and H linear mappings
of H"™ shows that left and right matrix inverses are the same. Consequently it makes sense
to think about the group G, (H) of invertible quaternionic matrices.

Let M(n,H) be the set of all square quaternionic matrices of size n and suppose

q=(q0,,qn_1) € H"
is an eigenvector for an eigenvalue A\ € H of M € M(n,H), i.e.
M(q) = qX.
From H linearity of M it follows that for any p € H* (= H \ {0}) one has
M(gp) = M(q)p = q\p = qpp~ ' Ap.
This shows also that any quaternion conjugate to A, i.e. of the form
pAp~* for p € H,

11



is an eigenvalue with an eigenvector quaternion proportional to g. Thus there is a sense

to talk only about the conjugacy classes of eigenvalues for the quaternionic matrix, since

otherwise there would be infinitely many of them in a generic case, as explained below.
If we denote by

conj(p) = {qpq~" | ¢ € H'}

the conjugacy class of a quaternion p then |conj(p)] = 1 if and only if p € R as an
easy exercise shows, cf. [Zh97]. In other case conj(p) is infinite but contains exactly two
mutually conjugate purely complex elements, i.e. there is A € C such that A\, A\ € conj(p)
and no other complex number belongs to conj(p), cf. [Zh97]. Here we mean the usual
embedding of C into H as above, we will not repeat this anymore. This also shows that
there are at most n conjugacy classes of eigenvalues for M € M (n,H). This is so because
the mutually conjugate complex representatives are then eigenvalues for a complex square
matrix of size 2n corresponding to a C linear mapping of H", treated as the complex vector
space, induced by M. We will not use this result in this generality but it will be discussed
in more details in the one of the following sections.

2.2 Hyperhermitian linear algebra

Let us restrict to the class of the so called hyperhermitian matrices, i.e. those belonging
to
Herm(H,n) ={M e M(n,H)|: M = M"}

where B L
M* = (M)'' = MT.

One should be careful as not all the operations known from the complex case commute,
for example transposition and inverting. The following definition is similar to the one in
the complex case.

Definition 2.2.1. A map h : H" x H" —s H is called a hyperhermitian form if
e hq+d,p)=hlg,p)+h(d,p) for q,¢,p € H",
e h(p,q)\) = h(p, @)\ for p,q € H" and X € H,
o h(¢,p) = h(p,q) forp,q € H".
We say that h is positive (non-negative) if h(q,q) > 0 (h(q,q) > 0) for any ¢ € H" \ {0}.

As we see in the proposition below, hyperhermitian matrices are precisely the matrices
defining hyperhermitian forms in canonical basis of H”. There are far going analogies with
the complex case, some of them are listed in the remark below.

Proposition 2.2.2. The following map
Inn : Herm(H, n) — {h | h is a hyperhermitian form on H"}
given by
Inn(M) = {h(q,p) = " Mp = qmi;p;}

15 a bijection.
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Remark 2.2.3.

e For any C € M(n,H) and M € Herm(H,n) the matriz C*MC' is hyperhermitian.
If in addition C' € Gl,,(H) then the matriz C*MC' is the matriz of a hyperhermitian
form h, defined by M, in a new basis. In this situation C is the transition matric
from the canonical basis to that new basis.

e One can always find an orthonormal basis of H" for M € Herm(H, n) in which M
is real diagonal, i.e. for any M € Herm(H,n) there is

P e Spn) ={AeGl,(H)[: AA" =id,} = {Ac GL,(H) | : A(@pi)A = @i}

such that P*MP = D where D 1is real diagonal.

The last description of Sp(n) tells us that this is a group of matrices preserving the
standard quaternionic hyperhermitian product q;p;.

e [t follows that the (classes of) eigenvalues of M are all real. This will be discussed
i more details in the next section.

2.3 Determinants and canonical embeddings of ma-
trices

The purpose of this section is to remind some embeddings of the space of complex matrices
into real ones and to extend this notion to the pair of quaternionic and complex matrices.
This is related to the problem of defining a determinant operator for elements of M (n, H).
We follow the notation of [As96] closely. Let M(n,R) and M(n,C) be the sets of real
and complex square matrices of size n.

One can identify C and R?, via an isomorphism of real vector spaces, in a standard
way

$1:C2x+yi— (z,y) € R%

This isomorphism of real vector spaces applied coordinatewise gives rise to the following
isomorphism

Gn i C" 2 (20 + Yoly ooy Tt + Yno1i) > (20 oo Tre1, Y0y s Y1) € R, (1.2.0)

Any
M =A+iB € M(n,C)

defines a C linear, so in particular R linear, map of C™ consequently also an R linear map
of R?" - via an isomorphism ¢,. This induced map is given explicitly by

$noMog,t.

Lemma 2.3.1. The matriz, say ®,(M), of this R linear map of R*", in the standard
basis is gqiven explicitly by
(A +iB) = (A _B). (1.2.1)
" B A

Proof. Take e; € R*™ the j’th vector from the canonical basis. Note that

13



o t(e)=¢;for0<j<n-—1,
b, (e;) =165, for n < j < 2n—1,

where ¢ is the canonical basis of C".

For 0 < j < n—1 we see that ¢, (e;) is mapped by M to the j’th column of M which
is j’th column of A plus i times the j'th column of B. Taking ¢,, of this sum gives the j'th
column of @, (M). For other j’s the reasoning is similar. O

In this way we have obtained a monomorphism of real algebras
o, : M(n,C) — M(2n,R).
Lemma 2.3.2. The image of ®,, is
e, (M(n,C)) ={N e M(2n,R) | NI, =I,N}
where I, = ®,,(1id,,) and id, is the identity matrixz of size n.

Remark 2.3.3. The notation from this lemma is fized for the whole text, i.e. I, will
never denote an identity matriz and id, always denotes an identity matrix of size n.

Proof. Note that C" is isomorphic, via ¢,, with R?" treated as a complex vector space,
with multiplication by i given by the map induced by the matrix I. Then N € M(2n,R)
corresponds to a C linear mapping of this complex vector space if and only if it commutes
with multiplication by i in R?". [

Proposition 2.3.4. For any M € M(n,C)
| det M|?* = det ®,(M).

Proof. By adding suitable raws and columns one can see that

A —-BY\ A+iB i(A+iB) B A+iB 0
det(B A)—det( B A )—det< B A—iB)

= det (]‘34 %) =det M - det M = det M - det M = | det M.

]

This result has a more precise form for a special type of matrices. This reasoning
will give us an essential insight into how to define the determinant for some quaternionic
matrices — as we will see in the next paragraph. Suppose

M =A+iB € Herm(C,n),

1.e.
—T

M =M.

This means that
AT = A BT = —B.

Consequently A € Herm(R,n) and B is skew-symmetric. This allows us to note the
following.

14



Lemma 2.3.5. For M = A+1iB € Herm(C,n) the matriz
@, (M)

15 symmetric while

I,9,(M)

18 skew-symmetric.

Proof. We show only the second observation, note that

1,0, (M) = ®,iM) = &, (—B +iA) = (_AB :g) .

Now from the properties of A and B it follows that

(I,®,(M))" = <_AB :g)T = (_B P g) = —I,0,(M).

]

Another important fact is the following result about the determinant of a skew-
symmetric matrices. As far as we know it is due to Cayley, cf. [C1847]. We state it
in modern language.

Theorem 2.3.6 (Cayley). There exists a polynomial P f, with real coefficients, of degree
n on the space of skew-symmetric complex matrices of size 2n such that

det = Pf?
as polynomials on this space.

The polynomial Pf from the theorem above, called Pfaffian, is defined up to the
sign. From the reason which will be clear when defining the quaternionic Monge-Ampére
operator in terms of product of currents we make the following choice.

Definition 2.3.7. For a skew-symmetric matrix

M = (m;j) € M(2n,C)

i,j=1,....2n

we define the Pfaffian of M as

1 n
Pf(M)Gl VANPIRIAN €op = ﬁ (Z m;;€; VAN ej)

i<j
where e; is the canonical basis of C*™ and the power in the exponent means exterior power

- which is the convention in the whole text for the exterior power of exterior forms.

As det and P f? are homogeneous polynomials of degree n the, non instructive, proof
of Theorem 2.3.6 reduces to checking the equality on sufficiently many matrices of one’s
choosing. Having all of this settled the announced improvement of Proposition 2.3.4 is as
follows.

15



Proposition 2.3.8. For any M € Herm(C,n)
det M = Pf(I,) - Pf (1, ®,(M))

mn particular
(det M)* = (Pf (I, ®n(M)))*.

Remark 2.3.9. The proof of the first formula is by showing equality of homogeneous
polynomials of degree n on Herm(C,n), like in the case of Theorem 2.8.6. The second
formula follows. We need the normalization by Pf(I,) due to the fact that with the
Definition 2.3.7 of Pfaffian as above one should convert n x n hermitian matrices into
n X n matrices of 2 X 2 blocks rather than 2 x 2 matrices of n x n blocks but the latter is
more convenient for latex typesetting.

Let us now turn to the quaternionic case. We try to repeat the story for H with the
isomorphism of (right) complex vector spaces

¢1:H920+jzlr—>(zo,zl)€(:2

where, for
go:'=q =X+ 517114— Zlfgj + [E3E,

we put
go = xo + x1i +j(x2 — x3i) = 20 +j21.

It extends to
7% (H" 3 (ZO +j217 ey 22n—2 +jz2n—1) — (Z07 ooy R2n—25 Ry oeey 2211—1) € CQn-

This is one of the two natural identifications, suited for considering right quaternionic
vector spaces. This time to an H linear mapping of H" represented by

M= A+)jB,

for A, B € M(n,C), we associate a mapping of C?". Tt is defined formally as
1o Mo,

with the matrix in standard basis
U, (A+jB).

One obtains the following.

Lemma 2.3.10. For any M = A+ jB one has

VU, (A+jB) = (g _AB) : (1.2.2)

The map
Y : M(n,H) — M(2n,C)

1s a monomorphism of complex algebras.

Proof. Reasoning is just an adjustment of the previous one in real-complex case. O]
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Note that j acting on H", as we agreed from the right, defines a mapping of C?" given
by

¢nojo ¢;1 :C™ > (204 ooy 22n—2, 215 oovy Zan—1) > (=21, eory —Z2n—1, 20y -y Zan—2) € c*.

As it is easy to see, this map equals to “o I, and is complex anti-linear.

With multiplication by j defined by the map ~o I,, and by € given by i oj we obtain
that the complex isomorphism 1, is an H linear isomorphism between H" and C*" for
C?" treated as a right H vector space with an action of H as just described. We point out
that in the above definition of multiplication by £ give a vector in C?" one fist multiplies
by i and then applies the endomorphism ~o [,,. This allows us to prove the following.

Lemma 2.3.11. The image of V,, is
U, (M(n,H)) = {N € M(2n,C) | NI, = I,N}.

Proof. One sees that N € M(2n,C) belongs to (M (n,H)) if and only if it commutes
with the endomorphism defining j multiplication in C?", i.e.

N e€ypM(nH) & Nool,=ol,oN& oNool,=1,0N<& NI,=1I,N.

In particular, from the lemma above,
det ‘IIH(M) S RZO

for M € M(n,H). This is because ¥, (M) is similar to its conjugate and thus complex
eigenvalues of this matrix occur in pairs, counting multiplicity, with their conjugates.
Coming finally to the problem of defining determinant for a quaternionic matrices let us
firs note that the usual formula does not make sense at first glance due to the commuta-
tivity of multiplication. For example

b 2 7 1 i S . _"_77 7 1 i'
0=¢-1—1i="det (j E);«é%—l € —ji="det (j {2>.

Actually, there is no function on M(n,H) satisfying all the basic properties of det on
M(n,C), cf. [As96]. One try is to define

det M = det ¥, (M)

for M € M(n,H) but this is, among other features, always non-negative. This is called
Study determinant of M, cf. [As96]. Another try is the so called Dieudonné determinant
which turns out to be the square root of Study determinant, cf. [As96]. Both this
approaches are useless for the geometric applications as they do not capture the notion
of positivity of a hermitian matrix depending on the sign of the eigenvalues. For this
purpose we restrict ourself in the next section to the hyperhermitian matrices.
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2.4 Moore determinant of hyperhermitian matrix

We are going to define and discuss the properties of the so called Moore determinant,
cf. [M22], of the hyperhermitian matrix. We take the approach via the Pfaffian of an
associated complex matrices as done for example in [Dy70, Dy72|. Alternative approach
is in [A03a]. For this purpose we first note the following.

Lemma 2.4.1. For
M =A+;iB € Herm(H,n),

where A, B € M(n,C), the matrix
U, (M)

1s hermatian. In turn, the matriz

IV, (M)
18 skew-symmetric.

Proof. 1t is easy to see that from
A+j)B € Herm(H, n)

it follows L

—)T - =T

A+iB=(A+iB) =A +iBT=A+B'j=A4 —iB,

1.e.

A=A BT = _B.

The statements follow from that easily, by a direct computation due to the formula 1.2.2.

O
Having this we make the definition of the Moore determinant as follows.

Definition 2.4.2. For M € Herm(H,n) we define the Moore determinant of M, still
denoted by det M, as
det M = Pf(1,)Pf(1,V,(M)). (I.2.3)

We need the following proposition in order to show that we make no confusion by
using det symbol for the Moore determinant.

Proposition 2.4.3. For A € Herm(C,n) its Moore determinant coincides with the usual
determinant.

Proof. For A € Herm(C,n) we find that

LV, (A) = (2 _OZ) .

We have that the Moore determinant of A times the exterior product
eprN... A €an,
for e; being a canonical basis of C?", is
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Due to Definition 2.3.7 we find that this multi-vector equals

1 n
( Z _a_lﬂez A ej-i-n)

n!
ij=1,..n

Pf(In)

which equals to

Pf(I,)det (—A)er Aerpn Ao Ay A €pin,

where det means the usual determinant. As A is hermitian the last object equals to
Pf(IL,)(det A)(—=1)"e1 A erin A oo Aen A €ppn-
It is now enough to notice that this equals to
(det A)ey A ... A egy,

as we wanted. This is because due to Definition 2.3.7

1
Pf(l,)er N ... A\ eg, = m(—ei Aein)" = (=1)"er Aerin Ao Aep A enan

which together with Theorem 2.3.6 gives
e1 N ... Neg = Pf(L)(=1)"e1 Aerin Ao Aen A enin.
0

In the end let us recap on the eigenvalues of the quaternionic matrices as we promised
in Section 2.1. As we noted there is only sense to talk about the conjugacy class of the
eigenvalues of M € M(n,H). Any complex eigenvalue of M is a complex eigenvalue of
U, (M), and vice versa. Since every conjugacy class of eigenvalues of M contains a complex
element, sometimes even real, it corresponds to a pair of conjugated eigenvalues of W,, (M),
in the real case to that real eigenvalue counted with multiplicity two, which are, counting
multiplicities (of pairs!), at most n. This shows there are at most n conjugacy classes of
eigenvalues of M or exactly n counting multiplicities (being by definition multiplicities of
pairs of eigenvalues of W, (M)).

Let us note that for M € Herm(H, n) the induced mapping of C*" given by ¥, (M) is
hermitian. It implies that all the conjugacy classes of eigenvalues of M are real, otherwise
they contain purely complex element and thus give a purely complex eigenvalue of the
hermitian matrix W, (M). It shows that in the hyperhermitian case there are exactly n,
counting multiplicities, real eigenvalues of M being exactly the real eigenvalues of ¥,, with
their multiplicities divided by two. Having this said we state the following theorem which
we will not need but it completes the picture. The proof can be found in [A03a]. A direct
proof would require noting that the Pfaffian is invariant under orthonormal change of the
basis.

Theorem 2.4.4. [A03a] For any M € Herm(H,n) we have
det M =Xy -...- Ay
where \; are eigenvalues of M listed with multiplicities, i.e.
ALy ALy ey Ay An

are eigenvalues of W, (M) listed with multiplicities.
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Chapter 3

Geometric Analysis

3.1 Hermitian geometry

This section serves mostly the purpose of collecting definitions and well known facts
about differential and complex geometry. The conventions we use are fixed here as well,
and this is important as some of them are against most commonly used! More than
sufficient reference for the complex geometry is the introductory chapter of [H05]. The
complementary source is [D12] as it takes more analytic point of view in comparison with
the former one. For general differential geometry we refer to [Tall] or the classic [KN63,
KNG69]. For the extended treatment of G-structures we refer to [Kob72, St83, BGO0S].

Let T'M denote a tangent bundle of a real smooth manifold M of dimension 2n which
is always assumed to be connected and compact in this text. Let endomorphism fields,
i.e. (1,1) tensor fields being by definition sections of

End(M):=T"M @ TM,
act on T'M from the right.

Definition 3.1.1. An endomorphism field I on M 1is called an almost complex structure
provided
[2 =Jol = —idTM.

The pair (M, I) is called an almost complex manifold. When I is integrable, in the formal
sense of the vanishing of the Nijenhuis tensor [I,1] associated to it, we call (M,I) a
complex manifold. This is equivalent, due to the Newlander-Nirenberg theorem, to the
induced Gl,,(C) structure being integrable in the strong sense i.e. to the existence of an
atlas with transition functions being holomorphic.

By definition,
T°M =C®TM

is called the complexified tangent bundle. The following symbols for vector bundles will
be used.

Remark 3.1.2. We often do not distinguish between the vector bundle and the space
of its, smooth if not stated otherwise, sections. This convention generally do not apply
for vector fields i.e. sections of TM where we use the symbol I'(T' M) for that space of
sections.
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AF(M) = AF(T* M)
AEL(M) == A" ((T°M)*) = C o A*(M)
AP4(M) == APY(M) C AL(M)

The last one denotes the bundle of complex valued forms of Hodge bidegree (p, q) with
respect to the complex structure I. Let us elaborate on the last one. By definition

I:TM —-TM
but it also extends C linearly to
I:T°M — T%M,
without changing the symbol denoting it. Finally, we are about to describe the action
I:(T°M)* = (T°M)*.
In general there are two conventions for that action, either
I(a)(X)=a(X ol

or

I{a)(X) = a(X o),

for any o € T*M and X € I'(T'M). The first one has a notational disadvantage. If one
takes, as always, T"°M to be i eigenspace of I acting on T®M then in local holomorphic
coordinates for I we have T"M = span{d.,} yet as one can easily check with the first
convention for the I action on (TCM)* we have I(dz;) = —idz;. That is the reason we
choose the second convention because in this case (0,,)I = i0,, as well as I(dz;) = idz;
i.e. TYOM and (T™°M)* are both i eigenspaces for I acting on appropriate spaces. This
action can be extended to AL(M) by

for any o € AE(M). We will see more important reasons for choosing the latter convention
as well as having endomorphism fields acting from the right on vector and from the left
on covers in the next section.

Using the Hodge decomposition and the integrability of the complex structure we
obtain that on a complex manifold (M, I) the exterior differential decomposes into

d=0+0,
where the last two operators are called the Dolbeault operators and satisfy
Q0 API(M) — APTEI(M),
0 : APY(M) — APIHL(DM),
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Remark 3.1.3. Please be warned that integrability of the complex structure is essential
for this decomposition as on general almost complex manifold all we can deduce is that

d = Z Hk+2,l*1 odo Hk,l 4 Hk+1,l odo Hk,l + Hk,l+1 odo Hk,l + Hk*l,l+2 odo HkJ,
k,l

where
P4 s @ oA (M) — AP9(M)

1s the natural projection. The summands of this decomposition are usually denoted by

O = Z Hk+2,lfl odo Hk’l,

k,l
0:=> M odoml™,
k.l
0= E Mo do Hk”l,
k,l
(:) — E Hk’—l,l—‘,—? odo Hk’l.
k,l

Vanishing of the Nijenhuis tensor of I is equivalent to
0=0=0.
We also introduce the twisted exterior differential
d:=d;=1"odol.

It is elementary to check that

d°=1i(0 — 0)
and
dd® 4+ d°d =0,

the latter due to integrability of I.

Definition 3.1.4. A Riemannian metric g on a complex manifold (M, 1) is called her-
mitian provided

9= g('L I)

In that case we call (M, 1,g) a hermitian manifold. As is standard to do, we associate to
the hermitian metric g the so called hermitian form

wri=w=g(1,-).
It is easy to see that w € AY(M).

Remark 3.1.5. Fvery complex manifold M admits a compatible hermitian metric e.q.

1
5(9 +9(-1, ]))
for any Riemannian metric g on M.
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3.1.1 Hermitian connections and curvature

In this section we introduce some of the canonical connections on a hermitian manifold
(M, I,g) and the associated notions of curvature in relation with the Chern classes. Re-
garding the canonical connections, they were discussed thoroughly by Gauduchon in the
paper [G97a] which have become a standard reference.

Definition 3.1.6. A connection V on a hermitian manifold (M, I, g) is called hermitian
provided
VI=Vg=0.

Those connections in general do posses torsion since otherwise the manifold is Kahler,
i.e. dw = 0, and the connection is the Levi-Civita one. In the affine space of all the hermi-
tian connections Gauduchon has distinguished the affine line of the canonical connections
denoted by V! for t € R. Since in our considerations we will encounter only two of them
we do not discuss the general context of canonical connections instead exploiting the fact
that those two can be nicely characterized.

Proposition 3.1.7. [G97a] On a hermitian manifold (M, I, g) there is a unique hermitian
connection, denoted by V", which will be called the Chern connection characterized by
the fact that

Vol =0.

In the above, and here only, @ denotes the Cauchy-Riemann operator of the holo-
morphic bundle 7'M, cf. [D12, HO5]. The (0, 1) part of the connection, cf. [D12], is
obtained by projecting the (T®M)* component of V using the Hodge decomposition on
(T®M)*. Precisely any connection

V:DT"M) —T (T°M)* @ T°M)

can be decomposed as

V=V vt

for
VYL N(TM) — T (T M) ® T°M),

VO D(TM) — T (T™'M)* @ T°M) .

For the further discussion it is important that, as V" is a hermitian connection, after
tracing the endomorphism part of its curvature tensor RY" we obtain the representative
of the (scaled) first Chern class in H?(M,R). We call this representative the Chern-
Ricci curvature of g, or w, and denote it by Ricc(VE"). Due to the properties of this
connection — vanishing of the (1,1) component of the torsion, Ricc(V") is of the Hodge
type (1,1). Consequently it represents the first Chern class also in the so called Bott-
Chern cohomology group Hé’é(]\/[ ,R), cf. [HO5]. Even more importantly the following
formula holds
Ricc(V") = tr(F") = —iddlog (det(g;5):,)

where g;; are the coeflicients of g in any holomorphic chart, cf. [TW10a, TW10b]. This
elementary property has serious consequences for what one has to do in order to find a
metric with a given representative, say p, of the first Bott-Chern class ¢PC(M, I) as its
Chern-Ricci curvature. Namely, suppose that p is of the form

p = —id0log (det(g;5),;) — IOOF.
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Any element of ¢2¢(M) is of this form for some smooth F' if we fixed a reference metric
w. The fact that the metric @ has the Chern-Ricci curvature equal to p is equivalent to

—i00log (det(g5;)ii) = —i00log (det(g;5); ;) — iOOF.
It is elementary to observe that this is equivalent to
(det(g;f;)i,j) = eftP (det(gij)i,j)
for some b € R. This in turn means, by going from the chart expression to the global one,
that

o = el T,

Thus prescribing the Chern-Ricci curvature for the hermitian metric is exactly the same as
prescribing the volume form for it modulo a constant. It is recently an active area of study
for which types of hermitian metrics it is always possible to prescribe any representative
of ¢BY(M, I) as the Chern-Ricci curvature of the metric of that given type. As one may
imagine the root of this subject is the famous Calabi conjecture which translated to the
solvability of the complex Monge-Ampeére equation was established originally by Yau,
with many later simplifications, in [Y78]. Some of the references for this type of results
are [Ch87, TW10a, TW10b, GL10, FWW10, FLY12, P15, TW17, SzZTW17, P19, TW19,
ChTW19]. In Chapter 7 we will make a link to this type of problems when discussing the
so called quaternionic Calabi conjecture posed by Alesker and Verbitsky in [AV10)].

Passing to the second announced connection for now we limit ourselves to giving the
definition. We will discuss it more thoroughly in Chapter 7.

Proposition 3.1.8. [G97a] On a hermitian manifold (M, I, g) there is a unique hermitian
connection, denoted by VB, which will be called the Bismut connection characterized by
the fact that its torsion tensor, after lowering the upper index by g, is a three form.

Remark 3.1.9. This connection is named after Bismut, see [Bi89]. It was implicitly
considered already in [S86] since connections with skew torsion appear naturally in its
context. Because of the last fact some people insist on calling it the Strominger connection
but the former name became already accepted, cf. [G97a], that is why we stick to it.

3.2 Hyperhermitian geometry

3.2.1 Quaternionic geometries

In this section we introduce the concept of quaternionic geometric structure. Book refer-
ences for this are [Be87, J00, BG08] and the papers of Salamon [S86] or Alekseevsky and
Marchiafava [AM96]. The book of Boyer and Galicki contains the full list of historical
references on the subject.

Probably the most natural idea to define a quaternionic manifold would be to require
the existence of an atlas with transition functions having derivatives in GI,,H C Gl4,(R)
i.e. as integrable in the strong sense G, (H) structure. This leads to a rather restrictive
approach due to Proposition I from [So75] which states that functions with derivatives in
Gl,(H) are in fact quaternionic affine transformations. This actually holds for any class
of functions being holomorphic with respect to two independent complex structures. In
order to broaden the class of quaternionic manifolds one can impose the following weaker
requirements, which are now standard definitions yet the terminology from 70’s and 80’s
may differ so the reader should be warned.
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Definition 3.2.1. Let M be a manifold of the real dimension 4n endowed with a triple
of complex structures I, J, K satisfying quaternion relations. The tuple (M, I, J, K) is
called a hypercomplex structure.

Definition 3.2.2. A manifold M of real dimension 4n bigger than 4 with a fized, rank
3, subbundle QQ C End(TM) such that

e locally, near any point of M, Q) is spanned by a triple of almost complex structures
satisfying quaternion relations;

e there exists a torsion free connection V such that VQ C Q
18 called a quaternionic manifold.

Remark 3.2.3. In the sense of the above definitions the hypercomplex and quaternionic
structures are just 1 integrable Gl,(H) and Gl,,(H)-Gl,(H) structures respectively. By def-
inition the latter group is (GI,(H) x Sp(1)) /{(idy,, 1), (—id,, —1)}. For the hypercomplex
structures this follows from the theorem of Obata [Ob56]. When dropping the assumption
of integrability we obtain the almost hypercomplex and almost quaternionic structures.
This results in dropping the integrability condition for complex structures in Definition
3.2.1 and the second item in Definition 3.2.2. As we remarked earlier requiring the strong
integrability forces the hypercomplex manifold to be a special affine manifold, cf. [So75],
while the quaternionic one to be locally isomorphic to HIP", see Fxample 3.2.17, with the
transition functions being projective H linear transformations — elements of PG L, (H), cf.
[Ku78].

We will be interested only in hypercomplex manifolds. We remark that quaternionic
manifolds do not posses even a globally defined almost complex structure in general, cf.
[GMS11], so they rather belong to the realm of real geometry, though the so called twistor
space construction allows to study them via complex methods.

The announced reason for the chosen action of endomorphisms on 7*M is as follows.
When considering a hypercomplex manifold (M, I, J, K') we obtain that

H = {aidry + b 4+ ¢J + dK | a,b,c,d € R} C End(M)

acts from the right on TM and from the left on T*M. The competitive convention for
the action of endomorphisms on T*M does not give an action of H on T*M at all, neither
right nor left.

Remark 3.2.4. Whenever on a hypercomplex manifold (M, 1, J, K) it happens that we
do not specify with respect to which complex structure the Hodge bidegree is taken it is
with respect to 1.

Let (M, 1, J, K) be a hypercomplex manifold. We are going to introduce the analogue
of O operator from the complex setting. Let us remind that we have the Dolbeault
operators 0 := J; and 0 := 0; associated to the complex structure I on M. Following
Verbitsky, cf. [V02], we define the differential operator d; by

dy:=JtodoJ (1.3.1)
Lemma 3.2.5. The operator 0; acts on the complex forms by

dy - APUM) — APTHI(A).
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Proof. Since the operator d acts by
9 API(M) — APTHY(M)

it is enough to show that

J: APY(M) — ATP(M)
because then
J oo J  ABIUM) — APP(M) — APPHH (M) — ATFH(M).
For that goal it is enough to notice that
T AY(M) = AP (M),
J AP (M) — AYO(M).

This is truly enough since each v € AY(M) is locally a sum of wedges of p elements from
Ay°(M) and q elements from AY'(M).

The two claimed properties follow from noting that A}’O(M ) is an i eigenspace for [
acting on TC"M and that I and J anti-commute. Explicitly, for any o € A}’O(]\/[ ) we have

(I(Ja))(X) = (Ja)(XI) = a(XLJ) = —a(X JI) = —ia(X.J) = —i(Ja)(X)

SO

Jae AV (M)
because the elements of AY' (M) are characterized by
18 =—ip.
Analogously we show the second claim. O]

We also introduce the operator 9, defined formally by
0y =J 0o,
but as the operator J is real it is equal to

(91)

as well.
It was observed by Verbitsky, [V02, V07al, that the bicomplex

(Ap’q = APFO(M), 0, a]) )

called by him the quaternionic Dolbeault bicomplex, constitutes an analogue of the Dol-
beault bicomplex

(3+,0,9)

from the complex case. More importantly he proved, [VOT7al], that it is isomorphic to
the Hodge decomposition of the so called Salamon complex [S86], introduced originally
in the broader context of quaternionic manifolds. It is elementary to check the following
properties of the operators 9, 0, 9; and 9, proving in particular that (A?Jrq’o(]\/[ ), 0,0 J)
is truly a bicomplex.
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Lemma 3.2.6. For a hypercomplex manifold (M, I, J, K) the following hold
0pO1 + 010y = 0,
0o satisfies the Leibnitz rule,
for any 0y, 0y € {0,0,0;,0;}.

Proof. We just would like to remark that checking the first property, which is the only
one that may cause troubles at all, is easier than proposed originally by Verbitsky in [V02]
for the particular pair of @ and d;. One can simply use the facts that

ddS, + d5d = 0, (*)
ddS, + dé.d = 0, (**)

what follows from the integrability of J and K as we have seen in the previous section.
Then rewriting d as 0 + 9 we obtain

d=0+0,
d; =i(9 - 0),
d5=J"1 o (0+0)oJ=0;—0y,
dse = (IJ) P odo(IJ)=J oI P odol)oJ =J" odSoJ =1i(0; — 0y).

Comparing both sides in (*) and (**) and taking into an account the Hodge bidegrees
with respect to I gives the claim. More precisely (*) gives

90y + 00y + 005 4+ 00y + 0,0 + 0;0 + 050 + 0,0 = 0, (A)
while (**) gives
905 — 00y + 00y — DDy + 0;0 — 050 + 9,0 — ;0 = 0. (B)
It turns out that
005+ 0;0 = 0,
as it is the component of bidegree (2,0) of the left hand side of (A),
00,4 0,0 =0,
as it is of bidegree (0,2) of (A),
90y +00; + 0;0 + 0,0 =0, (C)
as it is of bidegree (1,1) of (A),
—00; + 00y — ;0 + 0,0 = 0, (D)
as it is of bidegree (1, 1) of (B). Adding and subtracting (C) and (D) we obtain
00;+0,;0=0
and -
005+ 0,0 = 0.
The only two remaining identities
00 + 00 = 0,
0505 +0;0;=J 10 (00+dD)oJ =0
of course do hold. O
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For the further use we would like to introduce also the analogue of the real forms in
the complex setting. This is done as follows and is based on the exposition in [V02, AV06).
As on any complexified space, we have the bar operator defined on complex forms on
M. It acts by o

s ATP(M) — APA(M).

Composing it with the J operator we obtain
J:= olJ: APY(M) — AP(M).
Note that  and J commute since J is a real operator. Consequently
J? = (=1)P idypaar).
This justifies the following.

Lemma 3.2.7. On the hypercomplex manifold (M,I,J, K), for any p and q such that
P+ q is even the operator J is an involution and consequently has only the eigenvalues 1
and —1.

Definition 3.2.8. In the situation from the lemma above we denote the 1 eigenspace of

J by

APS(M) = {%(a +7(0) |ae Az}

and call this a space of g-real (p,q) forms. We will be primarily interested in the case
when p =2k and ¢ = 0.

Proposition 3.2.9. [AV06] Let (M, 1, J, K) be a hypercomplex manifold and f : M — R
a smooth real function, then

an = J_15f7
00;f € A??R(M)

Definition 3.2.10. When we specify a Riemannian metric g on a hypercompler manifold
(M, 1,J,K), hermitian with respect to I, J and K, what is equivalent to being hermitian
with respect to the whole sphere

Sa i={al +bJ +cK |a> + b+ c* =1}

of complex structures on M, then (M, 1,J, K,g) is called a hyperhermitian manifold. For
a hyperhermitian (M, 1,J, K, g) and any L € S3, we take the associated hermitian form
to be

wr(X,Y)=g(XL,Y)

for any X, Y € I'(TM). We define also the holomorphic symplectic form
Q= Wy — in
associated to g.

Remark 3.2.11. As we will see in the chapter on HKT metrics, Chapter 7, Q0 will play
the role of w in hermitian geometry and the name will become clear there as well. It is
elementary to check that Q0 € A??R(M)
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Remark 3.2.12. As in the complex case, every hypercomplex manifold M admits a com-
patible hyperhermitian metric, e.q.

1(94 90T 1)+ 90T T) + gl K K))

for any Riemannian metric g on M.

We are about to present a series of simple, yet instructive, examples of hypercomplex
manifolds.

Example 3.2.13. Consider M = H" as the right H module. We take the map
fh : HY — RA"

given by

Hn ((%’)izown,l) = (($4i)i=0,...,n—1, ($4i+1)i=0,...,n—1, ($4i+2)i=0,...,n—1, <x4i+3)i:O,...,n71>7

where
¢i = Tgi + Taip1l + Tairo) + Taigst,
fori€{0,....,n—1}, to be a global real chart. By definition 0,, fori € {0, ...,4n—1} give
a trivialization of the bundle TM .
We check that i,j, € act on H", in this coordinates, by

(T4i + Tait1l + Taipo) + Taips)i = —Zaip1 + Tad + Tair3) — Taigob,
(@4; + Taip1l + Taito) + Taiy3)) = —Taito — Tairsi + Taij + Taiia b,
(T4i + Tait1l + Tairo) + Tai38)€ = —Tgips + Ysivol — Tair1) + T4t

This shows that the induced complex structures I, J, K are given in the frame {0,,} by

(aﬂmﬂ = 8x4i+17 (8

L4442

) = -0

T4i+37

(8241)J = ax4i+27 (8x4i+1)J = a$4i+37
(O0) K = Oy Dy ) K = —0)

L4743 ( T4i+1 T4i+2°

In this setting the map, introduced in the first chapter,

on tH" > (%’)izowm_l — ((22i)i=0,... n—1, (22i4+1)i=0,..n—1) € CQ”;
where
¢ = Z2i + 22141,

for i € {0,...,n — 1}, is a global holomorphic chart for the complex structure I as an
1somorphism of complex vector spaces. The relations between real and complex coordinates
are

Zj = [L’Qj + (—1)jl’2j+1i,

for 7 =0,....2n — 1. As an easy calculation shows
dzo; = dxg; +1dTaiy1, d2oiv1 = dTaipo — idTyigs,
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1 1

6221’ = §(ax4i - iaﬂﬁ4i+1)v 8Z2i+1 = §<8x4i+2 + i8$4i+3)'
The action of J in holomorphic coordinates for I is
1 . 1 .
(8222')‘] = (5(89641 - 18904¢+1))J = 5(8364¢+2 - 1aﬂf4i+3) = %7
1 ) 1 )
(8221'+1)‘] - (§(a$4i+2 + 16$4i+3))‘] - 5(_8141' - 18141'-5-1) - _aav

J(dz2i41) = dZa, J(dza;) = —dZai41,
1.€.

(0.)7 = (—1)0——— and J(dz;) = (—1) "z

ZiH(=1)7

Take a standard, though sometimes differently normalized, Riemannian metric on H"
g = d.ﬁlﬁ4i & dl‘4i + dl’4i+1 ® d.’l?4i+1 + d.’E4i+2 & d.ﬁlﬁ4i+2 + d.ﬁC4i+3 ® dl‘4i+3.

We easily get the following expressions, in the introduced coordinates, for the introduced
quantities associated with this hyperhermitian structure

wr = —drgip1 @ drg + drg; @ drgipr + drgie3 @ dTaips — dTaipo @ drgigs

= dwy; N\ dTgip1 + dxgips N dxgipe = %(d?«'% N dZa; + dzoig N dZaiga),
wy = drg N drgipo + drgi N dvgigs,
Wi = dTgipo N drgipr + dag N\ drgys,
N =w;y —iwg = drgy N drgipo + drgipr N drgips —idrgio N drgip — idag N dogigs
= (dzy; + idzgizr) N (dTaipo — idxaigs) = dzg; A d2zoiga,
h=g—iw =Q(,-J) = dzg; ® dzg; + dz9i11 @ dZii1.
The last formula holds on any hyperhermitian manifold in the sense that if in a local
holomorphic chart for I the metric is is given by

g = gllilem X dZQj + g%zdzm X d22j+1 + g%ld22i+1 @ d% + 9%2d2’21'+1 & d22j+1

+g;1]1d2’_21 ® dej + g;lfdz_gl ® d22j+1 + g%legiH ® dZQj + g%]?dZQiJrl & dz2j+1
then

Q(,-J) = 2(9%161221' ® dza; + gilfdz% ® dzgj + 91-25'1d22¢+1 ® dza; + 9,-23-2d22¢+1 ® dzaj41).

Though it is impossible to obtain a formula for ) not involving J since in general
J does not act on I holomorphic and anti-holomorphic differentials as above in the flat
case of H", i.e. in general there are no quaternionic coordinates as we mentioned in the
beginning.

For a smooth function u : H" — R we easily compute, for further reference,

2n—1
Opu=(J'0 )u=J"(Ou) = J(D_ d-udz)
j=0
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2n—1 2n—1

—1 +1
=J (Z 8—+( 1)Judzﬁ( 1) Z L (—1)7F dz;j,

J=0

00 u = Z (( )JH@Z@ﬁu) dz; N\ dz;
ij
= Z (( 1)’ +13zlaﬁu (— )z+1(‘3z]3mu> dz; N\ dz;.
i<j

Especially

Example 3.2.14. Take H as a hyperhermitian manifold from the previous example. Since
the vector fields 0., are invariant with respect to the additive action of H on itself the hyper-
complex structure as well as metric descend to the quotient of H by Z* C H. Topologically
this is simply a four torus which turns out to be a compact hyperhermitian manifold. The
difference is that this example is compact.

Example 3.2.15. For the next compact example take H* := H\ {0} with the hypercomplex
structure from the first example and fix a quaternion qo such that |qo| > 1. Then qo gen-
erates a subgroup of diffeomorphisms of H* isomorphic to Z given by a left multiplication
by qf for k € Z. Take the manifold being the quotient of H* by Z. It is compact since
arbitrarily big, in norm, quaternion can be divided by a power of qy in order to obtain
something with the norm smaller than one. The complex structures I, J, K are invariant
for this actions since for L € {i,j,t} we have

(g (t + 21+ i + 28)|L = ¢F[(t + xi + yj + 28) L]

or another words saying qb € Gly(H) for any k. This is an example of the so called
quaternionic Hopf manifold and the construction can be generalized to

(H")" = H"""\ {0}

It is interesting to know which complex Hopf manifolds admit a hypercomplex structure.
This was investigated by Kato in [Ka75, Ka80] an Boyer [B8S].

Example 3.2.16. [t is worth mentioning that H* is interesting even before taking the
quotient space since this is a Lie group with action given by quaternionic multiplication.
What is more, since reals commute with any quaternion we have

H* =~ R* x S* 2 R* x SU(2)

and so its Lie algebra is
R x su(2).

Joyce provides hypercomplex structure for this Lie algebra in his famous paper [J92] which
descends to this group. Let us also note that topologically related example of

T' x SU(2) 2 R* x SU(2)/7Z

1s another Lie group with this Lie algebra and as such it is also furnished with the hyper-
complex structure provided by Joyce.
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Example 3.2.17. This is a non-ezample. Consider H"™ \ {0} with the right action of
H* given by multiplication. The quotient space is denoted by

HP"

and called the quaternionic projective space. This does not admit even an almost complex
structure but as far as we know this is not an easy fact. For the case n = 1 this follows
from HP! = S* and the latter does not posses an almost complex structure which is fairly
known fact as the only spheres admitting such structures are S* and S°.

Example 3.2.18. Finally, we collect the references for the more complicated examples.
It was already proved by Boyer [B88] that in real dimension four there are not many
hypercomplex manifolds after all. They are either a four torus, a K3 surface i.e. a
two dimensional Calabi-Yau, or a quaternionic Hopf surface. There is a nice family of,
not necessarily homogeneous, examples due to Joyce [J92]. It was proven by him that
any compact Lie group after multiplying by T*, where k € {1,2,3}, if necessary, admits
a hypercomplex structure. Joyce’s result is strongly motivated by an earlier construction
from [SSTVP88], which emerged in connection with providing ezamples of supersymmetric
sigma models. Joyce generalized it also to principal bundles. Non-homogeneous hypercom-
plex structures on Joyce’s homogeneous manifolds where provided also by Pedersen and
Poon [PP99]. Another construction, from [J91], allows to produce a lower dimensional
examples from a given hypercomplex manifold, this is the version of a standard quotient
construction known for different classes of geometric structures. The so called biquotient
construction performed in [J95] provides further examples. There is also a sequence of
examples due to Boyer et al. on Stiefel manifolds and on S* fiber bundles over 3-Sasakian
manifolds [BGMY9/, BGM96, BGMIS8]. Examples of hypercomplex structures on the so
called nilmanifolds, i.e. the quotients of nilpotent groups endowed with invariant struc-
ture, were provided in [BDV09]. Further ezamples on fiber bundles obtained by the so
called twist construction were provided by Swann in [Sw10, Sw16]. For more references
to the examples one can consult [BGOS].

3.2.2 Positivity on hypercomplex manifolds

We introduce positive forms, in the quaternionic sense, on the hypercomplex manifold
(M, I,J, K) — the notion of an essential importance for developing pluripotential theory
associated to the quaternionic Monge-Ampere operator in H", done in the next chapter,
and for performing a priori estimates in the last part of the text. We follow quite closely
the exposition of [AV06, V10a).

Let us start from a linear algebraic considerations. For that purpose we treat T, M as
a right H module, with H action given by I,, J,, K,. Firstly, we would like to introduce
the canonical orientation on the real line

ATRNTLM).
Fix any H basis ey, ..., e, of T, M. This gives an isomorphism of right H modules
G:T,M — H",
on which we use the coordinates introduced in Example 3.2.13. Consider the form

dzg Ndzi A .. N dzgn—o A dzon—1 € AT (H™),
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we take its pull back
G*(dzo Adz1 A ... Ndzan—a A dzan—1) € AR (T M).
Suppose we had chosen a different isomorphism
H:T,M — H",

i.e we have chosen a different H basis €] of T, M. We would like to show that the two
induced forms differ by a positive constant.
Note that the transition map from e; to € is

HoG™.

Since both pulled back forms belong to A?n’o they can be written using (complex) duals
er, (e;j)* respectively e, (elj)* as

E
79

G* (dZo VAN le VANRRA dZQn,Q N dZQn,I) = 68 VAN (€0j>* AL A 6271 VAN (en,lj)*,

H*(dzo Ndzy A .. Ndzan—o Ndzag_1) = ey A (e0))* A Aeli_y A (el _4j)*.

The transition matrix between those two complex bases is
¢(H o G_l)

as we have seen in Chapter 2. From all of these we see that the two forms differ by
det (¢(H o G™))

which we have seen to be positive. We are ready to define an orientation on A%Tﬁéo (T, M).

Definition 3.2.19. Let (M, I, J, K) be a hypercomplex manifold. The canonical orienta-
tion in A?%O(Tch) is defined by

F*(dZD A le N A ngn_Q VAN dZQn_]_)

for any H isomorphism
F:T,M — H".

We denote the closed positive half-line in A?%O(TIM) by
AT o (TeM)

and call its elements strongly positive.
The space of strongly positive elements in A?%O(T;UM), denoted by

SP*(T, M),
1s defined as these forms which are convexr combinations of the forms
F*(a) for an H linear F : T,M — H* and o € Aiﬁéozo(Hk)'
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An element o € A?%O(TxM) is called weakly positive if
aABe A?%OZO(TwM)
for any strongly positive f € SP*"F)(T,M). We write
a € ATy (T M).
We define two types of cones
ATR (M) € AT (M),

SPP(M) < AK0(M),
as these forms which belong pointwise to A?f@ZO(TxM), respectively SP?**(T,M).

Remark 3.2.20. In this text we will write a« > 0 for a weakly positive forms and call
such forms positive ones.

The following proposition contains basic properties of the forms pf the types introduced
above. The proofs are standard and we refer to [AV06, V10a] for them.

Proposition 3.2.21. [AV06] Let (M, I, J, K) be a compact hypercomplex manifold. Then
SP?*(M) and A?ﬁéig(]\/_/) are closed, convexr cones with nonempty interior. Moreover the
following inclusions hold

SP*(M) c ATY (M),
SP2(M) A SPYHM) c SPXFY (),
A2FOT, M) = spancSP*(T,M),
SP#(M) = AT (M), for k=0,1,n—1,n,
AT (M) = {n € ATS(M) | (X, XJ) > 0 for all X € T(TM)}
= {n e AT (M) |n(Z,ZJ) >0 for all Z € T(T'M)}.

For further discussion let us also introduce the bundle Sy (M) of (real parts of) hyper-
hermitian forms on T'M. Explicitly this is a subbundle of T*M & T™ M such that the fiber
over x € M consists of the elements being symmetric and I, J,, K, invariant. The fol-
lowing lemma translates to the quaternionic situation the fact that hermitian, symmetric
forms correspond to real, I invariant forms on complex manifolds.

Proposition 3.2.22. [AV06] Suppose (M, I, J, K) is a hypercomplex manifold. Then the
map called t isomorphism, named after Verbitsky [V02],

t: ATR(M) — Su(M)

15 an isomorphism of vector bundles. It is given by

(X, Y) = S0X+Y, (X +Y)T) = (X, XJ) = (Y Y1)

or simply by
tn)(X, X) = n(X, XJ),
as the symmetric form is uniquely defined by the values on the diagonal, for any n €

A?:I%(M) and X, Y € I'(TM). What is more, positive forms correspond bijectively via t to
the non-negative definite hyperhermitian forms.
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Proof. (Sketch) Since the section of Sg(M) is uniquely defined by the values on the
diagonal, it is elementary to check that for n € A?:?R(M ) the tensor #(n) is a section of
Su(M), i.e. it is I and J invariant and symmetric. The inverse map is given by

1 Sy(M) > g g(-J,-) —ig(-K, -).
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Chapter 4

Quaternionic pluripotential theory

In this chapter we discuss the potential theory associated to the quaternionic Monge-
Ampere operator in H", defining of which will be the prior goal. To our knowledge, the
first to consider this partial differential operator in the flat space H" was Alesker, cf.
[A03b, A03a]. He developed what we call the first version of pluripotential theory, corre-
sponding to the contents of [BT76] for the complex Monge-Ampere operator. To be more
precise, in [A03a] Alesker introduced the quaternionic Monge-Ampere operator as the
Moore determinant of the quaternionic Hessian and the class of quaternionic plurisubhar-
monic functions in H". He applied the procedure from [BT76] to define the quaternionic
Monge-Ampere operator for continuous not necessarily smooth plurisubharmonic func-
tions. Moreover, Alesker proved an infant version of the comparison principle, the most
powerful tool in the pluripotential theory, - the minimum principle, for the continuous
plurisubharmonic functions. Having this part of the theory secured Alesker solved the
degenerate Dirichlet problem, i.e. for the continuous data, in [A03b]. Later, in [A05],
Alesker developed the analogue of the positivity notion, introduced in the complex case
by Lelong, for certain, abstractly defined, vector spaces associated to H". It was later
noticed by Verbitsky that the complex Alesker considers in [A05] is isomorphic, in the flat
case, to the so called Salamon complex, defined for any quaternionic manifold in [S86].
Verbitsky found the complex isomorphic to the last one inside the standard De Rham
complex, cf. [V02]. The positivity notion in this language, which we adopted in the last
section, was presented in dept in [V10a].

In parallel, Harvey and Lawson started the project, cf. [HL09a, HL0O9b], lasting the
recent 15 years or so on generalizing the pluripotential theory to what they call ”geo-
metric context”. They took a unified approach for such theories associated to the wide
class of nonlinear partial differential equations [HL09c¢]. Their theory covers quaternionic
plurisubharmonic functions and the quaternionic Monge-Ampere equation as special cases,
as we will see in the one of the following sections. This provides evidence that this are the
natural notions to study. Because of the generality of their considerations the approach
they take for weak solutions is the viscosity one, in contrast to ours which is distributional.
Nevertheless, they showed that their solutions are distributional solutions in the case of
an elliptic cone, cf. [HL0O9b, HL09¢|. The quaternionic theory is one of those cases. Let us
also note that the viscosity approach from the start restricts the singularities of the data
for the Dirichlet problem associated with the operator to the continuous ones. As a con-
sequence the results of Harvey and Lawson obtained for the quaternionic Monge-Ampere
equation are exactly those of Alesker.

Finally, motivated by the paper [A12] where Alesker lays foundations for the pluripo-
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tential theory on general quaternionic manifolds, Wan started to adopt the pluripotential
theory to the quaternionic Monge-Ampere operator in, what we call, the full version, as
in [BT82]. The key idea is to define properly the product of currents associated to the
plurisubharmonic functions. This is contained in the papers [WW17, WZ15, WK17, W17,
W19, W20]. As our language is different from the one used in those papers we make a
comparison, showing that this two approaches agree, in the section below. This allows
us to refer to the proofs of some results to these papers instead of recreating the whole
pluripotential theory to the level as in [BT82]. In our opinion this is desirable because
after showing, which we do, that the quaternionic Monge-Ampere operator can be defined
as a product of certain currents no original thought is needed here and the proofs reduce
to changing the symbols in comparison to the, classical, complex case.

4.1 Quaternionic Monge-Ampere operator in H"

We would like to define the quaternionic Monge-Ampere operator as a determinant of the
quaternionic Hessian. In order to define the quaternionic Hessian, for a function in H",
we have to introduce "the quaternionic derivatives” which formally are certain first order
differential operators.

Definition 4.1.1. For a C* function f : H" — H and any o € {0,....,n — 1} we define
the following differential operators

0, of of . Of . Of of
3@ f B aq_af B 3q—a B 0%44 * 1aﬂU4a+1 +](9354a+2 * Ea354a+3’ (1'4'1)

o, of of of of . of . of
0, = = = = — i— — L. 1.4.2
o 8Qaf 0o 0q¢n  O0%4n  OTyni1 3$4a+QJ O0%40+3 ( )

These operators are sometimes called the Cauchy-Riemann-Fueter operators, cf. [Su79,
A03al, but as noted in [A03a] they were already considered implicitly by Hamilton himself
and explicitly by Maxwell.

Lemma 4.1.2. [A03a] For any f : H* — H of class C* and any a, 3 € {0,....n — 1}
one has

o0 f 90 9, 0 9, 0*f
04a0qs = 04a0qs” 045 0¢a”  0qp0da’
This is not true for two “holomorphic” or ”anti-holomorphic” derivatives unless one takes
twice the same one. Furthermore, for a real valued f one can show that

(1.4.3)

0 0 B 0% f 0% f 0% f 0% f
8(]704 aQOz B axzzla 0‘7:42105—&-1 axia—l—Q 81‘4210#‘1-3’
9 9., 9 0
9qa 0q3 9qp 0qa”

Definition 4.1.3. For a real valued function f the matrix

Hess(f,]HI)—( il )
a,B=1,....m

(L4.4)

(1.4.5)

04a0q3

IERRE)

15 called the quaternionic Hessian of f.
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Remark 4.1.4. A question may arise why not to define the quaternionic Hessian as

0% f )
= Hess(f,H)?
(s s e

geeey

The reason is that we consider H"™ to be the right vector space. More precisely we would
like the Hessian to define the hyperhermitian form on H", like the real Hessian defines
the symmetric form on R™ and the complex one the hermitian form on C"™. The hyper-
hermitian form, as introduced in Definition 2.2.1, is H linear on the second entry, and
for the right quaternion spaces this is the only reasonable choice. Thus if we had defined
the Hessian in the expected way the associated hyperhermitian form would be

which does not seem more natural than choosing the convention for Hessian as in Def-
inition 4.1.3 but is not the main reason. We would expect, for any A € Gl,(H), when
treating Hess(f,H) as a hyperhermitian form, to have

Hess(f,H)(Aq, Ap) = Hess(f o A,H)(q, p)

for any p,q € H". This is the case only with the choice of Definition 4.1.3 as the following
observation shows.

Proposition 4.1.5. [A03a] For f:H" — H a C? function, A € Gl,(H) and
f=foA:H'—H

we have

Hess(f)(r) = A*Hess(f)(Ar)A
for all r € H™.

Following the original approach of Alesker [A03a, A03b|, we define the quaternionic
Monge-Ampere operator in H". This is motivated by the real and complex counterparts.

Definition 4.1.6. The action of the quaternionic Monge-Ampére operator in H"™ on a C?
function f :H" — R is given by

M Ay (u) = det (Hess(f,H))
where the determinant means the Moore determinant, cf. Definition 2.4.2.

Remark 4.1.7. Let us note that, by overlooking the observation from the previous remark,
Alesker defined the Monge-Ampére operator in [A03a] as

2
det < 0 f_ > )
aq@aqﬂ a,f=1,....n

This is the same operator. This follows from the fact that the Moore determinant of the
transposed hyperhermitian matriz is the same, as one can verify. This requires though
noting this fact constantly in some proofs, whenever Proposition 4.1.5 is used.

38



We would like to make a simple, but fundamental, observation made already in
[A05, AV06] but without exploiting its consequences. The operator defined above can
be expressed in terms of product of certain differential forms in H™. This trivial ob-
servation allows one to repeat the whole pluripotential theory as developed by Bedford
and Taylor in [BT82] for the complex Monge-Ampere operator. As we mentioned above,
Alesker did this in [A03a, A03b] but the methods were based on those from [BT76]. Let
us remind that in complex case

1 —
det <H€ss(u, C)) (idzy AN dz1) A ..o A (dz, A dZy) = H(i@@u)"

for any smooth u : C* — R, where

Hess(u,C) = (azia;u)iﬁje{own_l}
is by definition the complex Hessian of u. We are about to prove the same for the
quaternionic Hessian and the Moore determinant. As we mentioned this was originally
checked by Alesker and Verbitsky and in a different language by Wan in [WW17]. As our
definition of the Moore determinant is through Pfaffian we can not refer to those proofs
and for the convenience of the reader we perform it.

Proposition 4.1.8. [AV06] For a smooth function u : H* — R we have

! 02
(38Ju)n — n—n det ( Y ) ng N le N A dZQn_Q N dZQn_l.
4 8,716% 1,ke{0,...,n—1}

Proof. We use the coordinate systems ¢,,, giving an isomorphism between H" and C>" as
a complex vector spaces, and pu,, from Example 3.2.13. We also use the formulas obtained
there. In particular we know that

d0yu = Z <(—1)j+18 8—u> dz; A dz;

#TE (-1
1]

S it (=1)!

= ((_1)”18 Ot — (—1)”1@].82—@) dz; A dz;
i<
- Z (0 Ozt — Oy Osgrt) dizog A dizy,

22k 7 Z21+1
<k

+ Z (62218@/“ + 822k+1 amu) dZQl A dZQk-Fl

N
+ Z (8221_‘_1%71 — 822%185@ dZQH_l VAN d22k+1.

I<k

Furthermore, we note that for any smooth function u : H* — H and any [ € {0,...,n— 1}

O = Oy, u + i(')mmu +j8x4l+2u + {3(‘314”311 = 2(8@71 —|—j6’—u),

T4l 221+1

as well as for any smooth function u : H* — R and any k € {0,...,n — 1}

gt = Oy, u — 10

T4k Tak+1

u—3j0,,, ., u — €0,

4k+2 T4k+3

u = 2(8 u—ja—u).

22k 22k+1

From this we see the following relation between complex and quaternionic Hessians.
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Lemma 4.1.9. For a smooth function u : H" — R and any [,k € {0,...,n — 1}

Og0g, u
= (20 + 20s37) (2020 — 20s370)
=4 (aﬁazzku + azzzﬂ amu) + 4j (amazmc“ o aZQlamu) ’

This lemma enables us to observe that
W (D), )

=4 (aﬁamku + az2l+1amu)l,k ( B aZ2z+1 %u + %az2k+1u)l,k
(Fa@ku -0 F“)l k (82218@u + Ozr0

Z2041 21 Oz 1 Z2141 32k+1u)[7k

This consequently means that
LY, ((aﬁaqk u)”{)
(—(6—82%1@ = 0uOmitt) . — (DOt + OOy 1), )

22141 22141

(051020 u + 0 aiu)m (= ey Osgru + 0250

32k+1u)l7k

22k 22141722k +1 22141722k

From all of this and Definition 2.3.7 we see, by taking e; ;1 := dzo; and €;1 11, := d29;11,

that
4n

n!

= Pf( — In\I;n(HGSS(’LL, H)))dZO N dZQ N ...dZQn,Q N le A ng VANPPVAN dZanl

(00 u)"

= (=1)"Pf (In\Iln (Hess(u, H)))dzo ANdzg A ...dzgpy_o Ndzy Ndzz A ... N\ dzap_1.
On the other hand

— Pf(L,)Pf <In\11n (Hess(u, H)))dzo Adzy A e A dzon—s A dzon_r.
The proof reduces thus to showing
(—1>nd2’0 VAN dZQ VANPYRAN dZQn,Q A le A ng VANPYRVAN dZanl

== Pf(]n)dZO VAN le VANPIRAN dZQn_g N dZQn_l.

This is easy to verify by rewriting in the basis e, as
(=D)"e1 Ao Negy = Pf(In)er Aerpn Ao Aey A enin
which was shown in the last line of the proof of Proposition 2.4.3. O

Remark 4.1.10. [t is trivial to check that for a smooth real valued function u we have

(dd°u)* = 2" (100u)*"

— 420(2n)! det ( y (;:) (520 A dz) A A (52201 A dZar).
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4.2 Quaternionic plurisubharmonic functions

In this section we define the quaternionic plurisubharmonic functions in H", the exposi-
tion is based on [A03a, A03b, WK17]. They were introduced in the first reference but
independently by G. Henkin as Alesker notes there. One should note that this class of
functions was also, implicitly, discussed by Hormander in his book [H607] as a special
case, corresponding to the group G L, (H) - Sp(1) — his considerations were more general,
cf. Chapters V and VI.

Definition 4.2.1. Let D be a domain in H". We call an upper semi-continuous function
f D — R (strictly) quaternionic plurisubharmonic (abbreviated qpsh) if f restricted
to any affine right quaternionic line intersected with D is (strictly) subharmonic as a
function on a domain in R*. The set of all gpsh functions on D is denoted by QPSH(D).

Both assertions from the following remark are easy consequences of Fubini’s theorem
and the fact that a quaternionic line is a complex two plane.

Remark 4.2.2. A gpsh function f is subharmonic as a function from a domain in R*".
If we fix t € {ai+bj + ct|a® + b* + & = 1} an imaginary unit and consider H" as a
complex vector space where multiplication by i is given by the right multiplication by t then
plurisubharmonic functions with respect to this complex structure are qpsh. We will use
that remark only for t =1i i.e. only for H" treated as C*" via the chart ¢,.

For a smooth function plurisubharmonicity is equivalent to the non-negativity of the
quaternionic Hessian, being by definition the non-negativity of the associated hyperher-
mitian form.

Proposition 4.2.3. [A03a] A function f: D — R of class C? is qpsh if and only if

2
vossn- (%)
& a,B=1,....n

18 non-negative definite, which by definition means that
82
Pag—Ps=>0
94a045""
for any p € H".

Most of the standard properties of plurisubharmonic functions, like approximation by
smooth ones, mean value inequalities, convergence theorems, balayage procedure etc., see
[D12, GZ17, K05, H607] for the panoramic view, still do hold for this class of functions.
We will provide a precise reference once a certain property is used. There are differences
though as well, mostly coming from an analytic point of view. Some of them will be
discussed in the last section of this chapter. For the purpose of the next section we need
the following.

Proposition 4.2.4. A smooth function f : D — R is gpsh if and only if 00;f > 0.

Proof. This follows from Proposition 3.2.22 and an easy computation, based on the one
performed in the proof of Proposition 4.1.8,

t<anf) (x4iaﬂf4i + x4i+laﬂﬂ4i+1 + x4i+28234i+2 + x4i+3afﬂ4i+37
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x4iaz4i + x4i+18x4i+1 + x4i+28x41‘+2 + x4i+381‘41‘+3>

1 , _ 0? . .
= 1(5641' — Tgip1l — Taiyo) — Taiyst) . (45 + Tajprl + Tajpo) + Taji3t)
q;~q;5

for any z; € R and [ € {0, ...,4n — 1}. O

4.3 Potential theory associated to quaternionic
Monge-Ampere operator

This is the core section of this chapter. Basic references for quaternionic pluripotential
theory are [AV06, WZ15, WK17, WW17]. For the further usage we introduce in H"™ the
differential forms

2n—1
w = —dz; N\ dz;,
=0
w?n 1
n = =—Q0, N\ Q,,
Y= oy T g "

n—1
Q= Z dzoi N dzai1,
i=0

n

Q
Qn = —| = dZO A\ le VANRVAN dZQn,Q N dZanl.
n.

Since we will extensively use facts from pluripotential theory, reproved in the quaternionic
setting by Wan, Wang, Kang and Zhang it is desirable to compare differential operators
0, 0; which we use with their formally defined operators dy, d;. Those were introduced by
Wan and Wang in [WW17] to which we refer for more details. They consider the following
”coordinates” given in our coordinates from Example 3.2.13 by

0

o +1 L
2V = Toj + (—1)j Tojr1l = 25,

2N = (1) g 1)+ Tage (i = (—1)7z

J+(=1)7>
for 7 =0,...,2n — 1 and the associated formal derivatives
Vo = Oy, + (—1) 095111 = 20,
Vi = (=104 -1y = Oaj -yl = (=1)77120. .

Afterwards they fix a complex basis

of C?", which after choosing the canonical basis we note to be isomorphic to (C*")". Then
they take the associated basis

wl = Wiy N o N wyy,
for I = (i1, ...,4x) such that i; < ... < iy belong to {0, ...,2n — 1}, of the complex exterior
product A¥(C?"). Again we note it is isomorphic to A*(C?*") which in turn is, only in
the flat case, isomorphic to A];’O(H”). Finally, the operators defined by Wan and Wang
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on multivectors, after taking the mentioned isomorphisms, act between the spaces of
differential forms

di : A];’O(Hn) ~ COO(Hn,AkCQn) — Coo(Hn’Ak:—i-lez) ~ A’;—H’O(Hn),

for © = 0,1, in the following way. Suppose that
F = Z f[wla
I
for the multi-index I as above, then

4F = ) (Vif)wbAw'

I,k€{0,...,2n—1}

From the formulas for V,;, we obtain

doF = Z (Viofr)wF Aw! = Z 2 (O f1) " AW,

I,ke{0,...,2n—1} 1,ke{0,...,.2n—1}

i F' = Z (Viafr)w* Aw' = Z 2(—1)t (azkﬂ,l)k fl) Wt AW

1,ke{0,...,.2n—1} I,ke{0,...,.2n—1}

Proposition 4.3.1. By taking the basis w* = (=1)*dz. (1 in the definition of dy and
d, we obtain

dy = 20y,
dl - —28,
A= dodl = 488]

Proof. Let us recall that
and that J acts as

For F =5 fiw!, we obtain
T

8F - Z (azk f[)dzk VAN CL)I,

I,ke{0,...2n—1}

0,F =J 00 frlw")=J" > (Oxfr)dE A J(W)
I 1,ke{0,...,2n—1}
= J_l Z (amf[)(izk+(_1)k N J(wl)
I,k€{0,...,.2n—1}
I,ke{0,...,2n—1} I,ke{0,...,2n—1}
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This results in

doF' =2 Z (O f1)wWF AW’

I,ke{0,....2n—1}

=2 Y (—DFOxf) dzp i AW

I1,k€{0,...2n—1}

=2 Z (—1)k+1 (6—f1> de VAN wI = 28JF,

Pr+(—1)k
1,ke{0,....2n—1}

GF=2 Y (=10, fr) et A

I1,ke{0,....2n—1}

=2 Z (—1) <8Zk+(7l>k f]) deJr(,l)k AN wI =-20F.

I,ke{0,...,2n—1}

O

Remark 4.3.2. Let us just emphasize that the choice of 0,05 for our considerations
instead of dy,dy has some deeper than just conventional meaning. These are the natural
intrinsic operators not only in H" but on any hypercompler manifold. In fact on an
abstract hypercomplexr manifold quaternionic plurisubharmonic functions are defined only
with their aid, cf. [AVO06], since the local chart definition is not possible due to non-
integrability of a generic hypercomplex structure i.e. non-existence of quaternionic charts.

From Proposition 4.3.1 it follows that we are able to use all results from [WZ15, WK17,
WW17] as well as from [A03b, A03a, AV06]. We just give here the necessary details and
refer to the mentioned papers for more of them. We implicitly assume familiarity with
the distribution theory, though we fix the notation below. The excellent references for
what is sufficient for us are the lecture notes of Dinh and Sibony [DS05] and the classic
book of Federer, sections 4.1.1-4.1.7, [F69]. For a domain D C H" we denote by

D‘[”k](D) — space of complex p forms of class C* on D with a compact support,
Dr(D) — space of complex p forms of class C* on D with a compact support,
ka’j’(D) = D]I”fk](D) — space of (p, q) forms, with respect to I, of class C* on D with a
compact support,

Dr4(D) := DP(D) — space of (p,q) forms, with respect to I, of class C* on D with a
compact support,

endowed with the usual topologies, cf. [F69], making them topological vector spaces.
Their topological duals are the standard

/
D, (D) = <D?£ P (D)) — space of currents of degree p of order k,
D,(D) = (D**=?(D))" — space of currents of degree p,
/
Dy g 1)(D) = <D[2£_p’2”_q(D)> — space of currents of bidegree (p, q) of order k,
Dy gi(D) := (D¥~P2=4(D))" — space of currents of bidegree (p, q).

Remark 4.3.3. It follows from Riesz’ type theorem that currents of degree 4n, called
distributions, and of order zero are Borel measures. Those taking real values on real
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functions are called real measures and those taking non-negative values on non-negative
functions — positive. For a current T being a measure we use the integration notation, i.e.

1) = [ 1

for any test function f, and its extended action on any Borel function. We denote by L™
the Lebesgue measure in R™ normalized so that the volume of the unit cube is one.

Every element o € AZ.(D) defines a current, still denoted by a € D), (D), whose action on
a test form 3 € D"P(D) is given by

a(p) ::/ aAp.
D
The wedge product of a p current 7" and a g form « is defined by
TAhNa:=T(aN-).

Remark 4.3.4. Taking the trivialization wa, of AZ(D) and £Q, of A%*"(D) allows to
treat the currents of degree 0 and bidegree (2n,0) as distributions.

Definition 4.3.5. [WW17] A current T of bidegree (2p,0) is called positive if for any
a € D*=20(D) N SP?P(D) the distribution

TN«
is positive, i.e. for any a € D*~9(D) N SP"~?P(D)
(TA) (@) > 0.

We already noticed, in Proposition 4.2.4, that for a smooth function being qpsh is
equivalent to 00;u > 0. Let us elaborate on this for merely upper-semicontinuous ones.
It was already noted in Proposition 3.7 in [WW17], in their language, that 00,u is a
positive current for any qpsh function. This follows from Proposition 4.2.4, approximation
of singular qpsh functions by smooth ones and the fact that a weak limit of positive (2,0)
currents is positive again. Wan and Wang showed that like in the complex case, cf.
[BT82], one can define (00,;u)"™ for any locally bounded w and treat it as a measure.
This is possible even for some functions which are not locally bounded i.e. more singular
ones but the former is already more than enough for most applications. This is done as
follows. For any locally bounded u and positive current 7', which is easy to show has
measure coefficients, we define

00;u N'T == 00, (uT).

The point is that this agrees with the wedge product of forms when u is smooth and that
the product T makes sense since the measurable coefficients can be multiplied by any
function locally integrable with respect to this measure, in particular by a locally bounded
one. We refer to Proposition 3.9 in [WW17| for details on this construction.

Remark 4.3.6. We call
(00 u)"

the Monge-Ampere operator, the Monge-Ampére density or the Monge-Ampére mass as-
sociated to u. Taking into an account Proposition 4.1.8 this convention is compatible with
Definition 4.1.6.
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From there one can recreate most of the facts which hold for plurisubharmonic func-
tions. We note that in [A03a] Alesker showed that (00;u)™ can be interpreted as a measure
for continuous u. The last result follows from the analogue of the Chern-Levine-Nirenberg
inequalities, cf. Proposition 2.1.8 in [A03a] and Proposition 3.10 in [WW17]. In [WZ15]
another important tool in the pluripotential theory — the quaternionic relative capacity —
is introduced in the spirit of Bedford and Taylor.

Definition 4.3.7. [WZ15] Let K C D be a compact set, define
cap(K, D) = sup{/ (00;u)" |u e QPSH(D), 0 <u < 1}
K

to be the capacity of K associated to the quaternionic Monge-Ampere operator. If it is
clear from the context with respect to which domain the capacity is measured we put

cap(K, D) = cap(K).
For a Borel set E C D this is extended by
cap(E, D) = sup{cap(K, D) | K is compact in D}.

What is more authors proved the quasi-continuity of qpsh functions, cf. Theorem 1.1
in [WW17], i.e. that gqpsh function are continuous off the sets of arbitrary small capacity.
Most notably this allows to show the comparison principle for merely locally bounded
functions and not only continuous ones, cf. Theorem 1.2 and Corollary 1.1 in [WZ15],
in which case the proof is much simpler. This is probably the most powerful tool in
pluripotential theory. The statement is exactly as we know it in the complex case but we
recall it for reader’s convenience.

Theorem 4.3.8. [WZ15] Let u,v € QPSH(D) N LS.(D). If for any £ € 0D,
liminf(u(q) —v(q)) >0
q—¢

then
f (00 0)" < f (00 u)".

{u<v} {u<v}

In particular if (00,0)" > (00;u)™ as measures then w > v in D.

Finally, Wan and Zhang characterized maximality of a bounded gpsh function in terms
of vanishing of its Monge-Ampere mass, cf. Theorem 1.3 in [WZ15]. Here we mean the
maximality in the following sense.

Definition 4.3.9. The function u € QPSH(D) is mazimal if for any v € QPSH(D)
and compact K C D the inequality

u > v holds on K

provided the equality
u = v holds on OK.

For the survey of function theoretic properties of the class QPSH (D) we refer to
[WK17]. For the rest of the text we denote by D a fixed quaternionic strictly pseudoconvex
domain defined, in the analogy with [CNS85], as follows.
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Definition 4.3.10. A smoothly bounded domain D C H" such that there exists a domain
U and the function p satisfying

(p e QPSH(U) N C2(U)
DccU
D ={p <0}
dp # 0 on 0D

| (00;p)" =y on U

15 called quaternionic strictly pseudoconvex.

4.4 Quaternionic Monge-Ampere equation in H"

We state here the known results about the solvability of the Dirichlet problem for the
quaternionic Monge-Ampere equation in H".

In the paper [A03b] Alesker solves the problem with a smooth boundary data for the
ball, applying Caffarelli, Kohn, Nirenberg and Spruck’s arguments from [CKNS85]. Then
using smooth solutions obtained that way, coupled with Bedford and Taylor’s approach
from [BT76], he solves the Dirichlet problem with the continuous boundary data and the
right hand side continuous up to the boundary, when the domain is strictly pseudoconvex
in quaternionic sense. The same was shown by Harvey and Lawson for the homogeneous
problem, c¢f. Theorem 6.2 and Example 10.9 in [HL09c|, and for the inhomogeneous in
[HL20], cf. Theorem 2.11 and Example 6.7. But their approach was much more general
in the sense that they treated a wide class of equations covering the quaternionic Monge-
Ampere equation as a special case.

Theorem 4.4.1. [A03b], [HLO0Yc], [HL20] Let D C H" be a quaternionic strictly pseudo-
convex domain. Suppose f € C(D) is non-negative and ¢ € C(OD). There exists a unique
solution to the Dirichlet problem

9%u _ :
det <8q—ﬂaq5>a’ﬁl " — an m Da

-----

uop = ¢,

u e C(D) N QPSH(D).

Regularity of this solutions has been proved only recently by Zhu in [Z17]. The method
of the paper is in turn the refinement of, now classical, methods from the paper [CNS85].
To be more precise Zhu proves the following.

Theorem 4.4.2. [Z717] For a quaternionic strictly pseudoconvexr domain D,
feC>®DxR)

a positive function such that f,, where x is an R coordinate, is non-negative on D x R
and ¢ € C*(9D) the Dirichlet problem

9%u .
det (8%8(3)&)%5_1 = flaulq) in D,

Ulpp = ¢7

u e QPSH(D),
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has a unique smooth solution.

After developing a sufficient part of the potential theory associated to the quaternionic
Monge-Ampere operator Wan, motivated by the methods used originally by Cegrell and
Persson [CP92], obtained a result on the solvability of the Dirichlet problem with a right
hand side being a measure possessing a density with respect to the Lebesgue measure.

Theorem 4.4.3. [W20] Suppose D C H" is a quaternionic strictly pseudoconver domain,
f € LYD) for g > 4 is a non-negative function and ¢ € C(0D). Then the Dirichlet
problem

Ulpp = ¢7
€ QPSH(D) n (D),

has a unique solution.

Remark 4.4.4. The solutions in the statement of the theorem in [W20] were claimed to
be bounded but it is easy to observe that the obtained solutions, being the uniform limit of
continuous functions, are continuous.

This was the strongest existence result for the singular right hand side concerning the
existence of the continuous solutions, before the paper [Sr18], leaving it open whether one
can improve the exponent q. We will settle this issue in the second part of the text.

4.5 Glance from the unified point of view

Before going to the first original result of ours in the next section, we would like to
leave the specialized, quaternionic, situation for the moment in order to grasp a broader
perspective. This will allow us to see if it is worth to consider the issues discussed so far
in this chapter.

In the recent years Harvey and Lawson started a lasting stream of research on carrying
over the interplay between the classical (complex) pluripotential theory and the theory of
degenerate fully nonlinear elliptic PDEs (classically the complex Monge-Ampere equation)
to the broader context. This is the contents of the papers [HL09a, HL09b, HL09¢, HL10,
HL11, HL12, HL13, HL19, HL20]. As we will see the above discussed equation and the
associated potential theory constitutes one, next to the real and the complex Monge-
Ampere equations, of the three fundamental examples fitting into their theory.

We warn the reader that this section is meant to serve the motivational purpose only
so will be vague from time to time as the proper presentation of the subject would require
at least a separate thesis.

Let us start with the pluripotential side of the story. The adequate references are
[HL09a, HL10, HL12], where the second one treats the most general cone case. Chrono-
logically the starting point, cf. [HL09a], was in the presence of the calibration, the fun-
damental notion in studying special geometries, introduced by Harvey and Lawson in the
celebrated paper [HL82]. To the contrary we begin with the most general case and then
reduce to the described one. Suppose we are given a cone

P in Herm(R, n) - the space of symmetric n x n real matrices,
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which in case of a careful discussion has to satisfy a number of conditions. Instead of
giving them we will see some (further) examples shortly, for now the reader may take

P=Pt:={Ae€ Herm(R,n)| A > 0}.
To any such a cone Harvey and Lawson associate a class
PSH(P)
of (upper semi-continuous) functions u by requiring that (in the smooth case)
Hess(u,R) € P

pointwise and prove that the standard (function theoretic) results for the subharmonic
functions have their analogues for those classes. More specialized situation, described with
a great care in [HL12], is the case when P is geometrically motivated in the following sense.
Suppose we are given

G a subset of the Grassmannian Gr(p, R")

of the p dimensional planes in R™. We set
P(G)

to be the collection of those A € Herm(R,n) which, when treated as a quadratic forms,
restricted to any plane in GG have the non-negative trace. After a moment of reflection
one realizes that this means that the (smooth) functions belonging to

PSH(G) := PSH (P(G))

are those which are subharmonic, with respect to the flat metric in R”, after restricting
to any plane in G. Finally, the even more specialized situation appears in the presence
of the calibration ®. Calibration is by definition a closed form in R™ of the comass 1,
meaning that evaluated on any simple co-vector of the norm one it does not exceed one
as well. In this case we define the set of the so called calibrated planes

G(®) :={q € Gr(deg¥,R") | (q) = 1}.

In the above, we treat a plane as a simple co-vetor formed by taking the wedge product
of any positively oriented orthonormal basis of that plane.

Having said this let us go to the mentioned three fundamental examples, those cor-
responding to the fields R, C and H. Below we always treat C" and H" as a real vector
spaces remembering merely which planes in the associated Grassmannians correspond to
the, respectively, complex and (right) quaternionic lines.

R" — G(R) := Gra(1,R") — PSH(R) := PSH(P (G(R)))

theory of convex functions

C" ~R* — G(C) := Gre(1,C") C Grp(2,R*™) — PSH(C) := PSH(P (G(C)))

theory of plurisubharmonic functions

H" ~ R*™ — G(H) := Gru(1,H") C Grg(4,R*") — PSH(H) := PSH (P (G(H)))

theory of quaternionic plurisubharmonic functions
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We note that

P(G(C)) = {A € Herm(R, 2n) | % (A—IAD) >0},

P(G(H)) = {A € Herm(R, 4n) | = (A — IAI — JAJ — KAK) > 0},

1
i
where I, J, and K are the matrices of the endomorphisms of R?” and R*" induced by
the right multiplication by, respectively, i, j and € before forgetting this structures on C"
and H". This shows that the (smooth) functions belonging to PSH(C) and PSH (H) are,
respectively, those with

2
Hess(u,C) = (u;5)i; > 0 for u; = —828“7]_,

Hess(u,H) = (uz)i; > 0 for u;z; = 8228%.

This in turn follows from

Hess(u,C) = = (Hess(u,R) — I Hess(u,R)I),

DN | —

1
Hess(u,H) = 1 (Hess(u,R) — IHess(u,R)I — JHess(u,R)J — KHess(u, R)K) ,

where in the above we constantly identify the matrix from M (n,K) with the matrix of
the associated endomorphism of RY via the isomorphisms introduced in Chapter 2 and
Example 3.2.13.

The last, but important, remark is that this two cases i.e. of complex and quaternionic
plurisubharmonic functions correspond to the calibration in the description above. The
calibrations are the standard Kahler form w; in C" and, also standard, hyperKéahler form

(w% + w?, + w%()

S| =

in H". Tt was explained in [HL09a] that those calibrate, respectively, affine complex
and quaternionic lines. This partially explains why there is such a difference between
the theory of convex functions and its complex analogues. The point being that in the
presence of the calibration ¥ Harvey and Lawson define the twisted differential

d\IJ

which was independently discussed by Verbitsky in [V10b, V11], and what they call the
U Hessian
dd”.

The last one being a form of degree degW. As the reader probably expects in the described
cases the complex Hessian corresponds to

dd

and the quaternionic one to
dd%(w%+w3+w%{)

Y
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this last fact was noted in [HL0O9b]. We hope this discussion well motivates the study of
the quaternionic pluripotential theory discussed in this chapter.

Turning to the PDE part of their development we point that it is covered by [HLO09c,
HL11, HL13, HL20, HL19]. For the simplicity we stick to the homogeneous case where
the framework is as follows. Instead of dealing with the differential operator/equation
Harvey and Lawson again fix a cone P as above. What is allowing them to cover an
extremely wide spectrum of cases is that they treat the suitably set Dirichlet problem,
Theorem 6.2 in [HL09c]. In case of the smooth functions it reduces to requiring that the
Hessian of the solution belongs to the boundary of P, i.e.

Hess(u,R) € OP.

Of course we miss a number of key details of the discussion but the important note is, cf.
Chapter 10 in [HL09c|, Example 5.8 in [HL13|, Examples C, D, G as well as Sections 4.5,
4.6 and 15 in [HL11], Examples 6.3, 6.4 in [HL20], that in the case of the cones as above
we obtain the following operators.

P.(R) :=P (G(R)) — det Hess(u, R)
the real Monge-Ampere operator

P,.(C) :=P (G(C)) — det Hess(u,C)
the complex Monge-Ampere operator

P,(H) := P (G(H)) — det Hess(u,R)
the quaternionic Monge-Ampere operator

The last point we would like to make is that by considering a more general type of cones
Harvey and Lawson covered the so called Hessian type equations over all three mentioned
fields. This is done in [HL13] as follows. Let P,, be the elementary symmetric polyno-
mial of degree m in n variables, this is an example of the so called Garding hyperbolic
polynomial. For this polynomials one can consider the associated cones

Pp ={x € R"| P,(z) >0,..., P (x) > 0}.

Using that cones we define below the cones in Herm(R,n), with the convention that
A(A) denotes the increasingly ordered n tuple of the eigenvalues of the matrix A from
respectively Herm(R,n), Herm(C,n), Herm(H, n).

Pu(R) :={A € Herm(R,n) | A\(A) € P,,} — P, (A (Hess(u,R)))
the real m-Hessian operator

Pn(C) :={A € Herm(R,2n) | A (3 (A—1AI)) € Py} — P (M (Hess(u, C)))
the complex m-Hessian operator

Pr(H) :={A € Herm(R,4n) |
A (5 (Hess(u,R) — IHess(u,R)I — JHess(u,R)J — KHess(u,R)K)) € Py}
— P, (A (Hess(u,H)))
the quaternionic m-Hessian operator
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Those types of equations have intrigued analysts for a long time. We just mention a
few results in the classical — real and complex cases. We concentrate here on the subject
of our interest in this chapter — the degenerate equations. Weak solution to the real
Monge-Ampere equation were found in [A158, RT77]. An analogous result for the complex
Monge-Ampere equation was obtained by Kotodziej [K95, K96, K98| generalizing prior
results of Bedford and Taylor [BT76] and Cegrell and Persson [C84, CP92]. The real
Hessian equations are treated in the fundamental papers [TW97, TW99, TWO02]. The
basic references for the complex Hessian equations are [B05] and [DK14].

4.6 Local integrability of qpsh functions

In this section we address the question of local integrability of qpsh functions in a domain
D C H" demonstrating that they exhibit an unusual property in that context. For
plurisubharmonic functions in C" it is known that they are locally integrable with any
power p > 1. For the more general class of m-subharmonic functions in C" we know that
they belong to L? for

loc
n

p< )
n—m

cf. [B05]. On the other hand the fundamental solution for a complex m-Hessian equation

fz) ==l 2|,

is integrable with any exponent
mn
p <

n—m

The conjecture of Blocki is that any m-subharmonic function is locally as integrable as
the fundamental solution, cf. [B05]. This was confirmed by Dinew and Kolodziej, cf.
[DK14], provided the function is bounded near the boundary of D but it still may have
poles inside. In the real case the similar problem is settled. For the m-convex functions,
when m < % because otherwise they have no poles at all, it was shown in [TW99] that

they belong to L . for
nm

< .
P n—2m

This turns out to be optimal for the fundamental solution to the real m-Hessian equation
as well. We will see that the gqpsh functions are the ones which do not share this property.
The proof of the proposition below is inspired by the presentation in [H607]. Those results
are taken from [Sr18].

Proposition 4.6.1. [Sr18] Suppose u € QPSH(D) is such that u  —oco. Then

u G LlpOC(D)
for any p < 2 and the bound on p is optimal. What is more if u;  —oo is a sequence
of gpsh functions converging in L (D) to some u, necessarily belonging to QPSH(D),

then the convergence holds in LY (D) for any p < 2.

loc

Proof. Suppose without loss of generality that u < 0 in a neighborhood of a quaternionic
polyball P(0,1) := (B(0,1))" of radius 1 centered at 0 contained in D, such that u(0) >
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—o0 and fix p < 2. Let us deal firstly with the case n = 1. From the Riesz representation
theorem, cf. Theorem 3.3.6 in [H607],

M@:h@H—/qufwwﬁ

€<t

for some non positive harmonic function A in the ball B(0,1) := By, non-negative Borel
measure i and Green’s function

1 n 1
Ta—€ " Tla— &l 1>

By Harnack’s inequality, cf. Theorem 3.1.7 in [H607], for any || ¢ [|< 5 we have

1+HM\(h@»<1m—M®)

0<=h) < TP <

This shows that
| A HLP(B(O,%))S Cp|h(0)]

for a constant C,, depending only on p < 2, which we may still need to increase (see
below).

For estimating the second component of the decomposition of u let us introduce the
following notation

H(q,&) = —G(q,&) > 0. For £ =0 we have H(q,0) = -1

1
llall?
We consider two cases depending on whether £ is close to the center or to the boundary
of Bl.

In the first case, say when || £ ||< 2, we use the estimate

0< H(g,§) <

lla— €H2
for any ¢ and &, consequently
1
[ wworatw| <| [ —temico
lall<3 lall<3
1 1
i) se(r )
| mameo)| <alpp

llall<7

for a constant C], independent of § and depending only on p < 2, since the expression
— 1 is bounded from below for | & |]< 3

In the second case, say when || £ ||> 2, we note that for any fixed ¢ the function H (-, §)
is non negative and harmonic in B% . Applying Harnack’s inequality for each fixed & we

obtain that for all || £ [|> 2 and for all || ¢ ||< 3

0< Hig,€) < (3)° G H0,€),

HEII2
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hence for all || £ > 2 and || ¢ ||< 3

0< H(q,€) <45 (W—Q.

To sum up we have proven that there exists a constant C), = maX{C;, 45}, independent
of &, such that for || £ [[< 1

H H(?&) HLP(B((L%))S Cp (W - 1).

From Minkowski’s inequality and Minkowski’s integral inequality we obtain

B =

e o (0,0) I lin (50,2)) + /\/H(q,é)du(f) [P dL(q)

lall<t  llgil<1

< ) lh(0)] + / / H(g, €PdL(q) | du(€)

lel<t \jqll<2

< |mor+ [ (ﬁ%)du(é) — G, lu(0)].
llgll<1

Using Fubini’s theorem and the estimate above one obtains that in the case of n > 1 we
have

| u “LP(P(O,%))S Cylu(0)].

To the end observe that D', the set of points in D in a neighborhood of which w is
integrable with exponent p, is an open set by definition. It is closed by what we have
just shown. This is so because if ¢ € D’ and r > 0 is such that P(g,3r) CC D then
we can find and element ¢’ of D" within § distance from ¢ and a point ¢” € D within
distance from ¢’ such that u(q”) is finite. We note that P(q”,2r) CC D, consequently
u is integrable with the exponent p on P(q¢”,r), and ¢ € P(¢",r). What is more D’ is
nonempty by the assumption © # —oo. The bound on p is optimal as the example of
—W in H"™ for n > 1 shows.

For the proof of the second assertion we note that the sequence u; — u is bounded in
L} (D) for any 1 < p < 2. To prove this it is enough to show that the sequence u; is
bounded in L} (D). Fix any point ¢ € D and let > 0 be such that P(¢,3r) CC D.
We claim that L? norms of u; in P(q, ) are bounded. Suppose to the contrary that they
are not. Let us choose a subsequence ji such that || uj, ||rs(pgz)— 00. We know
that u;,’s are locally uniformly bounded from above, cf. Theorem 3.2.13 in [H607], so we
may assume that u and w;,’s are non positive in P(q,3r). It is possible to find a point

q' within § distance from ¢ such that u(q’) > —oo and limsupw;, (¢') = u(q’) since both

—00
this properties hold almost everywhere in D, c¢f. Theorem 3.2.13 in [H607]. We assume
w.l.o.g that klim uj, (¢") = u(q) for if not we take a subsequence again. In particular there
— 00

exists C' > 0 such that u;, (¢') > —C for any k. This together with the estimate we have
proven shows that the sequence || w;, ||r(p(q,r)) is bounded. Because we also know that
P(q,3) C P(q,r), contradiction with || uj, |lzr(p(g,z))— 00 is obtained. Fix 1 < p < 2
and observe that for any compact K C D we have
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/ luj — uPdL*™ = / lu; — u|2_Tp|uJ — u|3p2_2d[.4”
K K

R, (2_717)
< (/ Juj — ul“)(“)dﬁn) (/ uj —ul
K K

2—p

(232) ) :
= </ |u; — u|d£4"> (/ lu; — u|(3_p)d£4”>
K K

by Holder’s inequality. By the assumption the first term tends to zero while the second
one is bounded since 1 < 3 — % < 2. This proves that u; tend to w in L} (D) for any
1<p<2. 0

D
3p2—2 )(i)dﬁ‘ln) 2

In contrast, the following proposition was proven in [WW17], one can verify it the way
the Proposition 5.3.2 is checked.

Proposition 4.6.2. [WW17] The function

1
lq |

1s the fundamental solution for the quaternionic Monge-Ampére operator in H"™. More
precisely

flg) =

2nr2np)
(2n)!

We see that the fundamental solution to the quaternionic Monge-Ampere equation
is in L} (H") for any p < 2n while a generic gpsh function only for p < 2 which is in
contrast with the case of the mentioned classes of functions associated to the real and

complex m—Hessian equations.

(90, )" = 5.
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Part 11

Local case
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Chapter 5

Weak solutions to the Dirichlet
problem

In this section we aim to solve the Dirichlet problem

we QPSH(D) N C(D),
(90,u)" = fQ, in D, (IL5.1)

wop = ¢,

where f € LY(D) for ¢ > 2, ¢ € C(OD) and D C H" is a smoothly bounded strictly
quaternionic pseudoconvex domain, which is a global assumption for D in this part. It
was done originally in [Sr18]. Let us mention that the Dirichlet problem for the complex
Monge-Ampere equation with densities in L” for p > 1 was solved by Kotodziej in [K96]
refining the earlier result of Bedford and Taylor [BT76] for the continuous data. In fact
Kotodziej proved the result for densities in appropriate Orlicz spaces being subspaces of
L' and in particular cases reducing to LP. For the real Monge-Ampere equation one can
always solve the above problem for any density in L', cf. [Al58, RT77]. For the more
general m—Hessian equations we refer to [DK14] for the complex case and to [TW99,
TWO02] for the real one. The sharp estimates for the exponent are known for those
equations as well.

5.1 Volume—capacity comparison

The first goal is to compare complex and quaternionic Monge-Ampere operators. We
start with smooth functions. In this case we have to compare the determinants of the
complex and quaternionic Hessians. The idea of performing such a comparison originates
with Cheng and Yau. This was noted in [CP92] where using their idea Cegrell and
Persson compared the complex and real Monge-Ampere operators. Real and quaternionic
Monge-Ampere operators were compared by Wan in [W20]. Let us recall that we have
distinguished the set PSH (D) of plurisubharmonic functions in D by identifying H" with
C?" via a chart introduced in Chapter 2.

Lemma 5.1.1. For a function u € PSH(D) N C*(D) C QPSH(D) the following holds

2’LL 2 2
(det(555)) " = 4" det(32

).

1

o7



Proof. Let us recall that

2
Hess(u,C) = (aag:) ;
2927/ i j=0,....2n—1

77777

o2
Hess(u,H) = <&8 ) :
@49k /' 1k=0,...,n—1

.....

Note that

2 2
det Ou = det Hess(u,C) = det Hess(u,C) = det Ou :
az-a? i —
©7%3 7/ 4,5=0,...,2n—1 4,j=0,...,2n—1

goony =U,...,

The last matrix is Hermitian positive since it is just Hess(u, C)T. For

Hess(u,H) = G +jH

U, (Hess(u, H)) = (G __ﬁ) .

we defined

H d

By Lemma 4.1.9 we obtain
U, (Hess(u,H))

—4 [aﬁaz%u + az2z+1 amu} Lk [_az2l+1 a@u + %@Z%Hu} Lk
T\ [P0 u— 0 8—u]l7k (02, 0557w + 050

Z21+1

21 Oz 1 Z2141 22k+1uj| Lk

—4 [aﬁa@ku]l,k [a@az%-uu}l,k +4 [azzlﬁ-lamu]hk [_8221+1%u:|l7]@ .
[8—8 u]M [8—8 u]M [—8 8—u]l’k [0 %u]l’k

221+1 722k 221+1 7 22k+1 221 Y Z2k+1 221 22k

Following [CP92] we introduce three matrices

A = [050.,ul,,, B= [0z50:, 1

Z21 Y22k 220417 22k LJg’

C = [0s10

22141 7 22k+1 U]

Lk
Under this notation

U, (Hess(u,H)) = 4 (g F;) +4 (—ZT _Z§> :

(3 7)

is the conjugate of a Hessian of u with respect to the coordinates zy, ..., 29,2, 21, ...,
Zon—1 S0 it is Hermitian positive as well. Moreover

det (525 = det (g B;j)

Consider the matrix [, from Chapter 2

Note that

with the inverse

(0 id,
w= (o

and the determinant equal to one. Note that
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C -B\,, (A BT
n(r )= (5 )

The last matrix is the conjugate of the one just shown to be Hermitian positive, as such
it is also Hermitian positive. Consequently

(o 7)

is positive as being similar to the one of that kind. Now we use the equality between
Moore’s determinant of a matrix M and the normalized Pfaffian of an associated complex
matrix 1, ¥, (M) due to Definition 2.4.2. In case of the original definition for the Moore’s
determinant this equality was proved in [Dy70]. This results in

0%u 2
(det <3q73qk > ) = det U, (Hess(u, H))

(4 T) o (5 P))

—T 2
A B 0“u

> 2n — 2n

> 47" det (B o ) 47" det <3za%>

? J

as we desired to prove. O

The announced comparison of quaternionic and complex Monge-Ampeére operators,
for non-smooth functions, follows from the approximation procedure.

Theorem 5.1.2. If u € PSH(D) N C(D) satisfy the equation
(ddeu)?™ = f242n2n
for some non-negative f € LP(D) and p > 2 then
(90,u)" > fO".

Proof. Since the property is local we may assume that D is strictly pseudoconvex, other-
wise we argue as below but for some ball contained in D. Approximate f by a sequence
of smooth positive functions f; in LP norm and u uniformly by a sequence of smooth
functions ¢; on dD. Let us solve the family of Dirichlet problems

u; € PSH(D) N C>=(D)
(ddcui)Qn — fi242nw2n
u; = ¢; on 0D
which is possible due to [CKNS85]. Observe that u; converge uniformly to u due to stabil-

ity of solutions for the complex Monge-Ampere equation, cf. [DK14]. From Proposition
4.1.8, Remark 4.1.10 and Lemma 5.1.1

n __ 0%u, n 02u; n __ n
(00yus)" = = det (Za ) > Jdet(;25-)" = £,0

as measures. Right hand sides converge, as measures, to f€2 and left ones converge to
(00 u)™ since the convergence of u; is uniform what ends the proof. O
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Now we are going to prove an inequality between the Lebesgue measure and quater-
nionic capacity. This was an essential component of Kolodziej’s proof of solvability
of the complex Monge-Ampere equation for densities in appropriate Orlicz spaces, cf.
[K96, K05]. Originally, i.e. in the complex setting, this inequality was proven with the
usage of the other - Siciak capacity. It exploits some exceptional properties of subhar-
monic functions in R2. It is of interest to know whether one could introduce the analog
of this capacity for the quaternionic Monge-Ampere operator and prove comparison ap-
plying Kotodziej’s original approach. Similar inequality for the capacity associated to the
complex m—Hessian operator was proven in [DK14] with the usage of an observation that
psh functions, although being an extremal example of m—subharmonic ones, still realize
the m—Hessian capacity. Here we couple that trick with the comparison of quaternionic
and complex Monge-Ampere operators proved in Theorem 5.1.2.

Lemma 5.1.3. For a fized p € (1,2) there exists a constant C(p, R) such that for any
D c B(0,R) and any Borel set E C D

L"(E) < C(p, R)cap?(E, D).

Proof. We show the assertion firstly for the compact sets K C D. Suppose that L(K) # 0

otherwise there is nothing to prove. Take any € € (0, 5) and consider

f=LE)* k.
Let us solve the Dirichlet problem
u € PSH(B)NC(B)
(ddcu)Qn — f42nw2n
u=0on0B

which is possible due to [C84]. By Theorem 5.1.2 the quaternionic Monge-Ampeére oper-
ator of the solution u satisfies

(80,u)" > /FQ".
Take g = 1 + ¢, one checks that

/ fq 42n £4n _ (4277,(2”)‘)‘1 E(K>(25—1)(1+e)+1

= (42" (2n)))? L(K)*+e < (4*(2n)!)° R*™,
i.e. the LY norm of f is bounded by a quantity depending only on R. By Kotodziej’s L>
estimate, cf. [K96, K98|, there exists a constant c(e, R) such that
1
cle, R)’
Put v = ¢(¢, R)u, then since v is a gqpsh function such that —1 < v <0

| w ||pee(5)<

2e+1

cap(K, D) > / (80,v)" = nle(e, R)"* (L (K)) 2
K
and consequently

1 =,
_ 341 (K, D) > LK),
() cani(8,) = L)

This gives the claim since when € vary in (0, 3) the exponent 5o +1 vary in (1,2).
Having the claim shown for compact sets the inequality follows easily, by taking the
supremum, for any Borel set with the same constant. O
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5.2 Local CY estimate and stability of solutions

In the previous chapter we have proven that any gpsh function belongs to LP for p < 2
locally and that this is the optimal exponent. The lemma below gives the estimates on
capacity and volume of sub-level sets for certain qpsh functions. In particular it shows
that in the case of u € QPSH(D) bounded near the boundary of D the local integrability
of |ul? is ensured for p < 2n. Again this bound is optimal as the example of —W shows.
Consequently for such a function we can exclude the phenomenon about integrability of

gpsh functions found in the previous chapter.

Lemma 5.2.1. Let u € QPSH(D) N LS.(D) be such that

loc

lim inf (u(q) — v(q)) 2 0

for any qo € OD and some fized v € QPSH(D) N C(D). Then for any p € (1,2) there
exists a constant C(p,diam(D)), depending only on p and the diameter of D, such that
for the sets

Uis)={u<v—s}CD
we have
J(00,u)"

Sn

fD<anU)n

spn

cap(U(s), D) <

Y

LU (s)) < C(p, diam(D))
Proof. Take ¢ > 0 and a compact K C U(s). By definition one can find
we QPSH(D)N Ly, (D)

such that —1 < w < 0 and
/ (00,w)" > cap(K, D) — e.
K

Due to the way we have chosen K and the comparison principle, cf. Theorem 4.3.8,

(00,w)" < /

{2<2-1}

s )< |

K

(88Jw)” S / (E)ajw)”

{E<Ztw}

< / (00,5 +w))" < i/ (00,uy < J0(O910)"
{2 <+w} $ 5" J{r<tw) s"

Letting € tend to 0 and taking the supremum over all compacts K we obtain the first
claim. The second one follows from Lemma 5.1.3. O]

The next goal is to prove the a priori L> estimate for the continuous solutions of the
Dirichlet problem (II.5.1). This is the main result of this section whose proof is different
from the one in the complex case. Firstly, note that by the result on the Dirichlet problem
(IL.5.1) with a continuous density and continuous boundary values, cf. [A03b, HL09c,
HIL20], we can find v solving

(88 JU)” = 0,
Vjop = @, (I1.5.2)
v e C(D).
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By the characterization of the maximality of gqpsh functions, as in [WZ15], this is the
maximal gpsh function matching our boundary condition. For such a fixed v we define

Uis)={u<v—-s}CD (I1.5.3)
for the rest of this chapter and introduce the function

1
n

b(s) = (cap(U(s), D)) . (IL5.4)
Theorem 5.2.2. There exists a constant

C(q, 1l f lzaepys | @ ||L=(op), diam(D)) ,

depending on q, || f ||capy, || @ ||le@p) and diam(D), such that any solution w of the
Dirichlet problem
u € QPSH(D)NC(D)
Uop = ¢
for ¢ € C(OD), f € LY(D) and q > 2, satisfies
|| u ||L°°(D)§ C

Proof. Take any s > 0, t € [0,1] and w € QPSH(D) such that 0 < w < 1. Then

t / (80,w)" = / (80, (tw —t — 5))" = / (00, (tw —t = 5))"

U(s+t) U(s+t) {u<v—s—t}

< / (00;(tw —t — )" < / (00;(v +tw —t — s))"

{u<v—s+tw—t} {u<v—s+tw—t}
< / (00,u)" < / (00,u)" = / (00,u)"
{u<v—s+tw—t} {u<v—s} U(s)

due to inclusions of appropriate sets, superadditivity and the comparison principle, cf.
Theorem 4.3.8. To conclude

t"(b(s+1))" < /(86Ju)”.

U(s)

Estimating the right hand side gives

/(33JU)"= /anSHfHLq(D) /1d£4"

U(s) U(s) U(s)

~|

D
7

<|| f lla(py C(p, diam(D)) (cap(U(s), D))«
= f lzapy C(p, diam(D))(b(s))”(Ha(q))
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where we used Holder’s inequality and Lemma 5.1.3, p depends only on ¢’ which is the
conjugate of ¢ and we choose it so that g > 1. This reassembles to

th(s+1t) < A (q, | f llze(py, dmm(D)) (b(s))HO‘(Q)

for any s > 0 and ¢t € [0, 1].

We would like to apply the De Giorgi lemma, stated below, for the function b. Let
us just note that the condition (a) from the lemma is satisfied since for s, “\, s the sets
U(sn) / U(s) and under such an assumption cap(U(s,), D) — cap(U(s), D), cf. [WK17].
The condition (b) follows from the first assertion of Lemma 5.2.1 as well as the dependence
of sg only on ¢, || f ||ze(py and diam(D). Indeed, it was proven in Lemma 5.2.1 that

alg 00 o
bM@ZWW@mﬁs%*ﬁp
SOC
M .
_ | f ||L§L(D) < C(Q; | f HLCI(D)adlam(D))
sa(q) - Sa(Q)

so surely )
s < (2Ac)=@

and this estimate depends only on ¢, || f ||Lep) and diam(D). By Lemma 5.2.3 there
exists

S(a, I f llzooy, diam(D))
such that b(s) = 0 for any

s> 8 (q, | f HLq(D),dmm(D)) )

This together with Lemma 5.1.3 gives our claim since then
| llz=< suplg| + S (g, || f lza(p), diam(D))

=C(q. | f oy | ¢ llzo=(op), diam(D)) .
]

The technical result used above is the lemma below. It was used implicitly back in
[K96], since then it turned out to be very useful while performing pluripotential estimates.
Its form below is a combination of Lemma 1.5 in [GKZ08] and Lemma 2.4 in [EGZ09]. In
[PSS12] it was attributed to De Giorgi. It is not so easy to find a reference with a correct
statement and proof all together.

Lemma 5.2.3 (De Giorgi). Let f : [0,00) — [0, 00] satisfy the following conditions:
(a) f is right—continuous and non-increasing;
(b) tim f(z) = 0;
T—00
(c) there exist positive constants o, B such that for any s > 0 and t € [0, 1]

(x) tf(t+s) < Bf(s)'*

Then there exists s, depending on o, B and so such that f(sg) < %, satisfying f(s) =0
for any s > s. In fact one can choose sy, to be equal to sy + %.

If in addition (%) holds for all s,t > 0 then one can take even sy = 213if2(02:¥’
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Proof. Fix any sy such that f(so)* < 5. Define inductively s; unless f(s;_1) = 0 as

s; =sup{s >s;_1| f(s) > @}
f(sj—1)

For any s > s; we have f(s) < @ so from right continuity f(s;) < =% and s; is
the smallest time for which this happens. From (x) it follows that s; <1+ s;_;. For any
s € (sj-1,5;)

(s —55-1)f(s) < Bf(sj—1)"** <2Bf(s)f(sj-1)
since f(s) # 0 we conclude that
§—8;-1 < 2Bf<5j71)0‘
for s € (sj_1,5s;), consequently

2B o
sj — 8jo1 < 2Bf(sj)* < B

This show that one can take
oo
2B 2B a
Soo:SO+Z( - Sj— 1)<50+Z 20{1801) = So + 1f§0a :
i=1

Since s > s; for all j and f(s;) < f;,“ it follows that f(s) = 0 for all s > sn.

For the proof of the second assertion firstly observe that we may assume f(0) # oo
since otherwise there is nothing to prove. We define s;’s inductively as before but starting
from sy = 0. This time we do not know that s; <14 s,_; but we do not need that since

(%) holds for all . The claim then follows from the same argument as above. ]

The L*> estimate allows us to prove the stability of solutions to the Dirichlet problem
(IL.5.1) in terms of the densities and boundary values. This will be needed for the proof
of solvability of the Dirichlet problem (II.5.1) but is, of course, a result interesting in its
own right. As we were told by Stawomir Dinew the idea of proving stability in the way
presented in Proposition 5.2.5 is due to N. C. Nguyen. We start with a simple lemma.

Lemma 5.2.4. There ezists a constant C(q,diam(D)), depending on q and diam(D), such
that any solution u of the Dirichlet problem

u € QPSH(D) N C(D)
(&%u)” = an

upp =0
for f € LYD) and q > 2, satisfies

I |y < g, diam(D)) || £ o)

Proof. Suppose that || f ||Le(p)7 0, otherwise there is nothing to prove. The function

S

vi=—1
171 Fa oy

solves the Dirichlet problem
v € QPSH(D) N C(D)

h
(00,0)" = 17125,

U\(‘)D =0
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By Theorem 5.2.2 there exists a constant
C(q,diam(D)) := C(q, 1,0, diam(D))

such that
| v |0y < Clg, diam(D)),

this gives the claim. O

Proposition 5.2.5. There exists a constant C(q,diam(D)) such that if u and v satisfy

u € QPSH(D)N C(D) v € QPSH(D)NC(D)
(00 u)" = fQ, and (000)" = g, ,
Ujpp = o€ C(@D) VgD = (VNS C(@D)

for f,g € LYD) and q > 2, then
1
Iu =0 oy sup 6 = v+ Clazdiam(D) | £ = g o

Proof. Consider a function w being the solution of

w € QPSH(D) N C(D)
(00;w)" = (f — 9)+n

wyop =0

Note that on 0D we have w + v + inf(¢ — ) < w while
(00; (w+wv+inf(¢ —))" > (f —g)+ +9 > f = (00u)".
From the comparison principle, cf. Theorem 4.3.8,
w+v+inf(¢p —¢) <wu
in D which, by Lemma 5.2.4, results in

u—v > w+inf(¢ — )

1
> —C(q, diam(D)) || (f = 9)+ | apy —sup |6 — V|
> —Cl(q,diam(D)|| f = g lfap) — sup ¢ — .
The same reasoning gives
, 1
v—u=—=C(g,diam(D)) || f =g ||}y —sup|é — .
This reassembles to our claim. O]

Remark 5.2.6. Note that proofs of both the L™ estimate and the stability relies in [K05]
on Theorem 4.3 therein. As we have seen above, in this context, that theorem is essentially
equivalent to Lemma 5.2.3. This was noted before in [PSS12, K17].
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We prove another version, Theorem 5.2.8, of the stability estimate for the quaternionic
Monge-Ampere equation — Theorem 5.2.5 above. It will not be of any use for the proof
of the solvability of the Dirichlet problem (I1.5.1) but it will be of an essential use in the
next chapter. This result was proven in [KS20]. To be more precise, above we have shown
that the uniform norm of the difference of solutions of (II.5.1) is under control by the
uniform norm of the difference of boundary data and the L? norm of the difference of the
Monge-Ampere densities when they belong to L4 for ¢ > 2. Our goal now is to prove that
the uniform norm of the difference of solutions of (II.5.1) is under control by the L” norm
of that difference for appropriate p, cf. Theorem 5.2.8 below. From now on, whenever
u € QPSH(D) is locally bounded then writing || (00,u)" ||, automatically implies that
we assume that the Borel measure (00;u)"™ has a density with respect to the Lebesgue
measure £* and this density is in LP(D).

We show the main technical fact needed for the proof of the announced Theorem
5.2.8. The reasoning we perform in the rest of the section is based on the one presented
in [GKZ08].

Proposition 5.2.7. Fiz co > 0 and p > 2. Let u, v € QPSH(D) N LS

loc

(D) be such that

liminf(u — v)(q) > 0 for any qo € 0D,

q9—90
| (005u)" [|Lr(p) < o

For any 0 < a < pn;p2 there ezists a constant C(co, a, diam(D)), depending on ¢y, o and
the diameter of D, such that for any € >0

sup(v — u) < e+ C(co, a, diam (D)) (cap({u —v < —e}, D))“.

Proof. Define
Ue(s) = {u—v < —e—s},

1
be(s) = (cap(Uc(s), D))"
for s > 0 and € > 0. Firstly note that for all t,s > 0, € > 0 and w € QPSH(D) such

that 0 < w < 1 one obtains from inclusions of sets, superadditivity and the comparison
principle, cf. Theorem 1.2 in [WZ15],

o [ oy = [ @ote-t-s—ar= [ (@ow-t-s-q

Ue(s+t) Ue(s+t) {u<v—s—t—e}

< / (00, (tw —t— 5 — )" < / (00, (v +tw —t — 5 — )"

{u<v—s+tw—t—e} {u<v—s+tw—t—e}
< / (00,u)" < / (00,u)" / (00,u)".
{u<v—s+tw—t—e} {u<v—s—e} Uc(s)

From the Holder inequality we obtain

Y

/wawsnwmwwmwmﬁWM@»

Uec(s)
4
7

< C(¢, diam(D))co (cap(Ue(s), D)7 = C(co, a, diam(D))(be(s))" ),
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where q € (1,2) depends only on p’ which is the conjugate of p and we choose it so that
= 14 na. Since 1 + na < 2 this is always possible. Taking the supremum over all w
and n’th root of both sides glves

the(s +t) < C(co, o, diam(D)) (b (s)) "

for any s, > 0 and € > 0. One easily checks, as in the proof of Theorem 5.2.2, that the

function b, satisfies all the assumptions of Lemma 5.2.3. This gives

2C (co, a, diam(D))
1 —2-na

cap({u —v < —e — b.(0)"“}, D) = 0.

From the comparison of volume and capacity, c¢f. Lemma 5.1.3, it follows that
v—u < e+ C(co, a, diam(D))b.(0)"*

almost everywhere in D. Since u and v are subharmonic we obtain that this holds in D,
ie.
sup(v — u) < e+ C(co, a, diam(D))(cap(Uc(0), D))“.
D

]
Theorem 5.2.8. Fiz cy >0 and p > 2. Let u, v € QPSH(D) N L2

loc

(D) be such that

liminf(u — v)(q) > 0 for any qo € 0D,

q—q0

| (00,u)" [|r(p)< co-

For any r > 1 and
r
<< — 1=+,
K r+np + p =L K
there exists a constant C(co,~y, diam(D)), dependmg only on cy, v and the diameter of D,
such that

sup(o = u) < Cleo, 7, diam(D)) | (v = )y oy -

Proof. First of all we may assume that || (v — u); |[zrp)# 0 because otherwise the
inequality holds with any constant C(cy,, diam(D)). Arguing as in the beginning of the
proof of Proposition 5.2.7 we obtain for any ¢ > 0

cap({u —v < =2¢},D) <e™ / (00 u)".

{u—v<—e}

Since on the set {u — v < —e} the function

().

is bigger than 1, due to Holder’s inequality we may further estimate

bS]

e / (00,u)" < e "V / (v — w)? (90,u)"

{u—v<—e} D
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<e "V (80u)" | ze (D) / v—u)y
D

r
7

< eV (00,0)" |y | (v —w)y ey <€ " 7o | (v —=w)y 17y -

Applying Proposition 5.2.7 we get

sup(v — )
D

< 2¢ + C(c, o, diam(D)) (cap({u — v < —2¢}, D))

ro

< 2 + O(co, @, diam(D))e ™"~V ¢ || (v =)y || p,

for any 0 < a < p 2 Putting

e =l (v—u) Iz
gives
sup(v — u)
D

. o 1a(-n-5)+2
<2 (v = w)y lI7rp) +C(co, o diam(D))cg || (v =w)s popy ” 7

Choosing « such that
r

r—i—np’—i—%”

which is always possible since when « varies in
-2
05)
np

r
R4
r+np + 7

the quantity

varies in (0,,), results in

sup(v —u) < Ceo, 7, diam(D)) || (v — )+ [

because

r ro ar ro
ya(-n——)+— =v(-an— —+—
ar « , P
=y|—an——F+—|r+np +— =".
p p a
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5.3 Solving the Dirichlet problem
Theorem 5.3.1. [Sr18] The Dirichlet problem

(8&]11)" = an
Ulpp = ¢
u € QPSH(D) N C (D)

in a smoothly bounded quaternionic strictly pseudoconvex domain D for f € L1(D), ¢ > 2
and ¢ € C(0D) has a unique solution.

Proof. The uniqueness follows from the comparison principle — Theorem 4.3.8. For the
solvability we take a sequence of continuous non-negative functions f; converging to f
in L?(D). Solving Dirichlet problems for them with our boundary condition, which is
possible due to [A03b, HL09¢c, HL20], gives a sequence of continuous solutions u;. Since,
by Proposition 5.2.5, these solutions constitute a Cauchy sequence, in the uniform norm, it
follows that u; converge uniformly to some wu, necessarily being qpsh. This is the solution
we were looking for because of the convergence of the Monge-Ampere masses under the
uniform convergence of functions as one can easily show from the definition, by induction
for the currents (00 JUi)k for k =1,...,n, or by adding appropriate constants one can take
a subsequence converging monotonically to u and apply Theorem 3.1 in [WW17]. O

The example below shows that the exponent two is optimal in this result, in the sense
that for densities from LP(D) with p < 2 solutions may not even be bounded.

Proposition 5.3.2. Let
fiH'2¢r—log(|q])eR
It belongs to QPSH(H") and

n!

005 )" = ————Q,,.
001" = 3 g T

Proof. We compute for
1
felg) = Flog (Il g [I* +¢)

2n—1 2n—1
. 1 ) Zit(—1)i
_ 1)+l . — _ 1)+l i4-(—1) .
88Jf6 =0 (;ZO ( 1) (8zi+(l)ife)dzz> 28 <Z§:O ( 1) H q HQ +€dzz>

q 1> +€) — zip(—1)i%

2n—1 5] ( 1)( 7
—1)i S dz; A dz;
( 2, D 4T +ep g )

i=0,5=0

iy : 554_ —1 Z( q ”2 6) Zi(—1)i%j
§ : ( 1)z+1 (-=1)
(H q H2 5)2

i>j

0t g 1P e — 21 Z
—(=1)7*! J+( 1)J(” I ) = Zjt(-1) )dzj/\dzi>

N —

1
2

(g [I* +€)?

a1 (957 (g 12 4e) + (=1)zi i Z + (—1)H e
(Z ( i+(=1) +(=1)*<j JH(=1)7 dz; Adz | .

(I ¢ [I* +€)?

N | —

i>]
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Let us denote by | |
Mi; = (_1>1zi+(—1)iz_j + (_1>j+1zj+(—1)jz_ia
as in [WW17], and let -
J1%15--5nln

0,...,2n—1

be the sign of the permutation
(J15 15 oy Jny 0n) — (0,1, ..., 2n — 1).

With this notation we see that

2'(ll g II* +¢)*"(99s f)"

- > s TT (200, Coullla 1P +6) + Mg ) | |
J1,81 5050 50nt le{1,....,n}

{7181 +-s3nsin }=10,...,2n—1}
i>g1, 1€{1,.. 7n}

n 2k1)(2k1+1),...,(2kn ) (2kn+1) yn n
:<(o> DR e e A (P R

(k1o n }={0,....n—1}

n i1,...,(2kn) (2kn+1) qn— n—
+(1 > BB PR () g |2 o)DM,
{j1,i1,2k2,2ka+1,...,2kp 2kn +1}={0,... 2n—1}
11>]1
kZE{O ..... n—l}
n 11,52,82,..,(2kn ) (2kn+1) gn— n—
+<2 2 gy B Gt 92| g |2 ) DM, My

{j1,81,52,82,...,2kn,2kn+1}={0,...,2n—1}
11>71,12>72
k1€{0,...,n—1}

n
Jm, dnin
+(n> Z 0,....2n—1 H Mn]z)
{jl7i17“’7]’7177;71}:{07""2”71} le{l? -1
i>g, 1e{1,...,n}
Note that for fixed indices js, i3, ..., Jn, in the expression
! = E J1itsdnin pr AT
MjS,i37--~7jn,in - 60,...,2n71 Mh]lMlsz
Ji,01,J2,02:
{jl,il,j2,ig,...,an,2kn+1}:{0,...,2n—1}
11>71,82>J2

vanishes, as was already noticed in [WW17] for the purpose of computing the fundamental
solution to the quaternionic Monge-Ampere operator. To see this let

{0,...,2n — 1} \ {43, i3, -v, Jn, in ) = {k,l,m,n}
for kK > 1> m > n. Then

1

!
2 J358350-50nyin

lk M, 3135005 Jn b mk nl’.73237 Jnt nk’ml’j3i37“'7j i
=0y on T Mg Mo + 0. 9p 20 Mg M + 0 9,20 Mgy M,
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_ slk,nm,jsis,....jnin
=0y 927 (M Moy, — My My, + My, My,

0,....2n

= :l: (((—1)kzk+(1)k7l + (—1)l+1zl+(,1)lZ_]€) ((—1)mzm+(,1)mz_n —|— (—1)n+12n+(,1)n%)
(=D 2 cpZm + (1) cymZ) (1) 2z + (1" s c1eE)

(=D 2k Zn + ()" 2ng -1y Z) (51 20 o1y Zm + (—1)m+12m+(—1>m7l)>

== <(_1)k+m+1zk+(l)kzzn’%i»(l)m_l + <_1)k+m2k+(,1)kz_lzm+(,1)m%

I+m+1 — —
—|—(—1> 21 (—1)! Pk Zm( l)mzn 2t (— mZkZlJr(,l)lZn

k+1+1

+(—1) Pt (—1)h Zm A4 (— 1)1 Zn T Lt (—1)k Zn Bl (1)1 Zm
ktnt1

H=D)T T s Cp E (1) Em

+(=1) ™ e (1) ERZn (—1)n

Zpt(—1)k EmZnt(—1)n 21

(=1)
(=1)

( 1>k+n
(1) Zn(—1)n 2k Zm+(—1)m 21
"’(_1)n+l+1Zn+(71)nz_kzl+(71)l% + (—1)l+n21+(1)17kzn+(1)n%) = 0.

Because of that only the first two summands of the expression for (00, f.)" do not vanish.
We are left with

(00, fe)"

1 _ _
2" (| q | +€)" = 12" (| ¢ | +6)" Y [l ¢ [I7) @

I

nl(ll ¢ I” +2¢)
21 g II* +-e)m*!

Finally since the measures (00;f.)" converge weakly to (00;f)", c¢f. Theorem 3.1 in
[WW17], it is enough to find the weak limit of

n!(ll ¢ II* +2¢)
211 g 1> +e)m+t

which by

nl(lq|?+20) _ !
21 ¢ 7 +er™ = 2 [P

and Lebesgue’s Dominated Convergence Theorem equals

n!
2 q|
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Chapter 6

Regularity of solutions

In this chapter we proceed to proving regularity of solutions to the Dirichlet problem for
the quaternionic Monge-Ampere equation under the conditions on the boundary data and
the density. This is the contents of Theorem 6.5. For that goal we firstly consider a more
general situation in Theorem 6.1 below and then check that under the assumptions of
Theorem 6.5 one can apply Theorem 6.1. All the results are taken from [KS20]. For this
chapter for a domain D and « € (0,1) we use the notation

Lipa (D) = C** (D).

Theorem 6.1. Let D C H" be a quaternionic strictly pseudoconvexr domain. Suppose
f € LP(D) for p > 2 is a non-negative function, ¢ € C(0D) and u is the solution to the
Dirichlet problem

u € QPSH(D) N C(D)
Uop = ¢

such that Au(D) is finite. If there exists 0 < v < 1 and b € Lip, (D) such that

b<wuinD
b= ¢ on 0D

then -
u € Lipy(D)

for any 0 < o < min{v, 2y, }.

Remark 6.2. Let us just emphasize that in the whole chapter we denote by Au, for a
locally bounded u, the distributional Laplacian. Since qpsh functions are in particular
subharmonic for them Au is a positive distribution, thus a measure, so it makes sense to
write Au(D).

We introduce the notation needed for the proof of this theorem. This approach is
similar to the one presented in [N14]. For a fixed number § > 0 and a subharmonic u we

consider
Ds ={q € D|dist(q, D) > 4},

us(q) = sup u(q +p), for ¢ € D,
llpll<é
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1

i) = grgume | M), orae Dy

llg—pll<d

The lemma below is a composition of Lemmas 4.2 and 4.3 in [GKZ08]. As was noted by
Nguyen in [N14] proofs given originally in [GKZ08] for plurisubharmonic functions used
only subharmonicity.

Lemma 6.3. [GKZ08] Let u be a subharmonic function in D. For a fited 0 < o < 1 the
following are equivalent

(1) there exists dg, A > 0 such that for any 0 < 6 < &
us —u < Aé® in Ds

(ii) there exists 61, B > 0 such that for any 0 < 0 < 0y
125 — U S AdY in D5.

Moreover, there exists a constant c, depending only on the dimension n, such that for all
0 > 0 sufficiently small

[ (ts(q) — ulq)) dL*(q) < cAu(D)é?.

Ds

Lemma 6.4. Let u and b be as in Theorem 6.1. There exists a constant c,, such that for
all 6 > 0 and q € 0Dy

us(q) < u(q) + cad”.

Proof. Denote by h the harmonic extension of bjgp to D. By the Proposition 2.4 in [N14]

we know that h € Lip, (D). Fix ¢ € 0D; and take p, py € H" such that || p [|=|| po =9,
us(q) = u(p+q) and g+ py € dD. Since b < u < h in D, with equalities on 9D, we
obtain the following string of inequalities

us(q) —u(q) =ulp+q) —ulg) < h(p+q) —ulq) < h(p+q)—bg)

= h(p+q) — h(q) + h(q) — b(q)
<|l kMl iy, @) 0 + h(q) — h(g + po) + b(g + po) — blq)

< (21 i) + 18z ) 8
Proof of Theorem 6.1. Fix 0 < v < 7, and consider the function

is(q) = max{s(q),u(q) + c,0"} for ¢ € Ds
7 Y ulq) + .0 for g € D\ Dy

which by Lemma 6.4 is qpsh in D as i; < us, cf. Proposition 2.1(4) in [WK17], and
continuous in D. Applying Theorem 5.2.8 for u + ¢,0"”, us and r = 1 we obtain

sup(tis —u — cu0") < C (| f llp, v, diam(D) || (5 = u = end”)+ l[7p) -
From the construction of s it follows that the last inequality is equivalent to

sup(its — = ") < C (|| f llp, v, diam(D)) || (s — v = en0”) 11
é
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Estimating further, by Lemma 6.3 and the trivial estimate
(Us —u — c,0") 4 < s — u,
we obtain for sufficiently small § > 0

sup(tis — u — c,0”) < AC (|| £ |lp, 7, diam(D)) (Au(D))” 6.

Ds

This results in

sup(its — u) < CO(|| f |lp, 7, diam(D), Au(D), ¢, ¢, )i}
Ds

for all ¢ sufficiently small. Since the constant C' is independent of § we obtain, again due

to Lemma 6.3, that u € Lipmin{,293(D). Since v was arbitrary in (0,7) this gives our
claim. =

Theorem 6.5. Let D C H" be a quaternionic strictly pseudoconvex domain. Suppose
f € LP(D) for p > 2 is a non-negative function bounded in a neighborhood of 0D and
¢ € CH1(OD). Then the Dirichlet problem

u € QPSH(D) N C(D)

Uop = ¢
is solvable and the unique solution is in Lip,(D) for any 0 < a < 2.

Proof. The continuous solution u exists and is unique as was shown in Theorem 5.3.1.
We need to check the assumptions of Theorem 6.1. For that goal we construct a function
b as in Theorem 6.1 having in addition the properties that it is subharmonic and the
Laplacian of it has the finite total mass. This will of course imply that the Laplacian of
u has the finite total mass since b and u, both subharmonic, will agree on D and b < u
in D. Take h to be the solution to the Dirichlet problem

h € QPSH(D)N C(D)
(00;h)" =0
hiap = ¢.
By the comparison principle, ¢f. Theorem 1.2 in [WZ15], it is above any v € QPSH(D)N

C(D) such that vpp = ¢.

We will show that & is Lipschitz in D and its Laplacian has finite total mass in D.
Suppose U is a neighborhood of D such that ¢ is extendable to a function quﬁ c CHY(U).
That is always possible due to Lemmas 6.37 and 6.38 in [GT01]. Consider a defining

function p of D in the neighborhood V of U, i.e.

(p € QPSH(V)NCAV)
D ={p <0}
pap =0
dp # 0 on 0D

[ (00;p)" > Q,, on D
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We take A big enough such that Ap+¢ and Ap—¢ are in QPSH(U). Note that Ap+¢p < h
in D from the definition of h. This shows that the Laplacian of i has a finite total mass
in D since Ap + ¢ has this property and the function h defined by

- Jhiq) forqe D
M= {AP(Q) +9(g) forqe U\ D

belongs to QPSH(U) N C°(U), cf. Proposition 2.1(4) in [WK17]. Take ¢ > 0 such that
D = {q e H" | dist(q, D) < €} cC U.

For any p € 0D and ¢ such that || ¢ ||< € we have

~

h(p + q)
< d(p) + max{|| Ap £ ||ca} Il ¢
= ¢(p) + max{|| Ap£ 6 ||} Il ¢ |

due to the mean value theorem and because h=h< ngS — Ap in D, as the subharmonic
function h — ¢ + Ap attains its maximum, equal zero, on the boundary of D. Thus for

C = max{[| Ap £ & llean )

every p € 0D and || ¢ ||< €, we have

~

h(p+q) —Cl qll< o(p).

From the properties of h it means that for any || ¢ ||< €

~

h(r+q)—C | q||[<h(r)

for all r € D. Thus for 7 € D and || ¢ ||< € such that r + ¢ € D we obtain

~

hr+q) = h(r) = h(r+q) = h(r) <C [ ¢ I

h(r+q—q)—h(r+q)=h(r)—h(r+q) <C| —q|,
what results in
| h(r+q) = h(r) ISC | qll

for r € D and || ¢ ||< € such that » +¢ € D. This shows that h is locally Lipschitz
continuous in D and consequently Lipschitz continuous.

By the assumptions for some M > 0 we have f < M away from a compact K C D.
Let uw be the continuous solution to the Dirichlet problem from the statement. Take B
big enough for the function Bp + h to be below v in a neighborhood of K and such that
B™ > M. Then by superadditivity

(00,(Bp +h))" > (90,Bp)" > [,
at least in D\ K. The comparison principle implies that
Bp+h<u

in D\ K since the inequality holds on the boundary of this set.
We define b = Bp + h. It is Lipschitz continuous and its Laplacian has finite total
mass in D since h has these properties. O
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Global case
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Chapter 7

Quaternionic Monge-Ampere
equation on HKT manifolds

7.1 Special hyperhermitian metric

This section is a natural continuation of the discussion carried out in Section 3.2, we keep
the notation from Chapter 3. We wish to recall the two established classes of compatible
metrics for quaternionic geometries discussed there.

Definition 7.1.1. A hyperhermitian metric g on (M, I, J, K) is called hyperKdhler, HK
for short, if any of the following, equivalent (for simplicity suppose the manifold is simply
connected), conditions are satisfied

o dwr =dwy =dwg =0

o VIO =V, = VICuE =0

e Hol(g) C Sp(m) and I, J, K are induced by this holonomy group
o (M,I,9), (M,J,g), (M,K,qg) are Kihler.

Definition 7.1.2. A Riemannian metric g compatible with the quaternionic structure
(M, Q) is called quaternionic Kdihler if V*Q C Q.

Remark 7.1.3. The last definition for dim M = 4 is too general as the quaternionic
Kahler structures in this sense are just oriented Riemannian four manifolds. For this
reason for dim M = 4 one usually defines the notion of quaternionic Kahler structures
separately.

Those classes of metrics are standard to consider from the point of view of Berger’s
holonomy theorem on the irreducible holonomy groups of the metric connection. It fol-
lows from that theorem, with the later improvements, that Sp(n) and Sp(n) - Sp(1),
corresponding respectively to the hyperKahler and quaternionic Kahler metrics, are one
of few infinite families which may occur, cf. [Be87, J0OO, GHJ03]. Those are the only
occurring groups which correspond to the quaternionic geometries.

We abandon now the quaternionic non-hypercomplex side of the discussion. It is our
objective to define the class of the so called HKT metrics being an intermediate class
between general hyperhermitian and hyperKéhler metrics. It is trivial to observe that for
(M, I,J, K,g) being hyperKéhler is equivalent to

dQ? = 0.
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Definition 7.1.4. A hyperhermitian metric g on the hypercomplex manifold
(M, 1,J,K) is called HKT metric, where the abbreviation comes from hyperKdhler with
torsion, if

0 = 0. (IT1.7.1)

Remark 7.1.5. In this context, the form ) is called an HKT form associated to an HK'T
metric g, via the isomorphism from Proposition 3.2.22. As we noted it is of the type (2,0)
with respect to I. In [GP0O0] the definition of an HKT manifold is different. There, it
18 a hyperhermitian manifold for which a linear connection preserving g, I, J, K and
having a skew-symmetric torsion tensor, of course after lowering the only upper indez,
exists. Due to their characteristic properties, from Section 3.1.1, this is equivalent to
the equality of the three Bismut connections VP, VE and VE for hermitian manifolds
(M, 1,9), (M,J,g) and (M, K,g) respectively. These conditions are equivalent to our
definition as shown in Proposition 2 of [GP00]. It was proven there that the condition
(II1.7.1) encodes the equality of the torsions of the three mentioned Bismut connections
and, as those are metric connections, they are uniquely determined by the torsion.

These metrics emerged originally from mathematical physics. More exactly special
connections occur naturally while studying the target space of certain sigma models in
quantum theory, cf. [S86, HKLR&7]. In the presence of the so called Wess-Zumino term
and sufficient supersymmetry the HKT metrics appear, cf. [HP96]. It is worth noting
that these metrics are interesting from the point of view of the differential geometry as
well. An established mathematical treatment of basic properties of HKT manifolds is
[GP00] which covers the early stage of research. It discusses in particular the relation of
the HK'T condition to the equality of the mentioned canonical connections of the induced
hermitian structures and some elementary examples. The remark above demonstrates
also that HK'T manifolds are nothing but manifolds with a connection having holonomy
contained in Sp(n) and possessing a skew-symmetric torsion. Such connections appear
naturally in string theory, cf. [S86]. From this description it follows also that HKT
structures are natural differential geometric generalizations of HK structures where the
torsion just vanishes. It is believed that HKT manifolds constitute the right analogue of
Ka&hler manifolds in the hypercomplex world, cf. [V02, V09, GLV17]. This is partially due
to the rigidity of HK manifolds, we know only two deformation classes in each dimension
and two spontaneous examples due to O’Grady. One should note though that contrary to
the name HKT manifolds are not in general Kéhler at all. As the result of Verbitsky [VO05]
shows they can be Kahler only in the case when the manifold already admits HK metric.
Let us also remark that originally it was conjectured, cf. [V02], that any hypercomplex
manifold admits an HKT metric. This was disproved by Fino and Grantcharov in [FG04]
and another examples, even simply connected ones by Swann [Sw10], followed.

In this string of arguments we present the result proven by Banos and Swann [BS04]. Tt
generalizes the former partial results due to Poon and Swann [PS01] and due to Michelson
and Strominger [MS00]. It is an analog of the existence of local potentials in Kéhler case.
In the form as below it was given in [AV06]. It will become handy when studying the
quaternionic Monge-Ampere operator for HKT metrics.

Proposition 7.1.6. Let (M, I, J, K) be a hypercomplex manifold and
Q€ ATR(M).
Locally, on M, the form € is given by
Q=00;f
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for some smooth real function f if and only if
00 = 0.

Let us elaborate on HKT geometry a bit more as it will be required to discuss the
application of the quaternionic Monge-Ampere equation in hypercomplex geometry. In
the next paragraph we will sometimes make assumptions on the triviality of the canonical

bundle
K(M,I):= A7 (M)

of HK'T manifolds. We would like to discuss how restrictive this requirement is. First of
all let us introduce the group Si,(H). From one point of view we could define Si,(H) C
Gl,(H) as these matrices which have the Dieudonné determinant equal to 1. Since we have
not introduced the Dieudonné determinant explicitly and this will be more natural for us,
it may be equivalently defined as the group of those automorphisms of H" preserving the
canonical holomorphic volume form

dZO VANPYRAN dZQn_l.

Theorem 7.1.7. [Ob56] Suppose (M, 1, J, K) is a hypercomplex manifold. There ezists
a unique torsion free connection, denoted by VO, on M such that

VO =V =vVoK = 0.

Remark 7.1.8. As we have mentioned in Section 3.2, in general it is not true that
a hypercomplex manifold locally looks like H", in the sense that there is no chart such
that all the complex structures I, J, K look like in Example 3.2.13. Such structures
were examined in [So75]. Existence of such trivializing charts is equivalent to the Obata
connection being flat. The coordinate expression for this connection can be found in the
mentioned paper by Obata himself [Ob56]. An invariant, global, formula can be found for
example in Gauduchon’s paper [G97b].

The first part of the following theorem is obvious from the definition of the group
Sl,(H) while the second one is due to Verbitsky.

Theorem 7.1.9. [VO7b] Suppose (M, I, J, K) is (for simplicity) a simply connected, hy-
percomplex manifold. Provided

Hol(V°) c S, (H) (111.7.2)
there exists a non-vanishing, I holomorphic, g-positive (2n,0) form ©, i.e.
O € AT (M).

Partially conversely, if (M, I,J, K, g) is, in addition a compact HKT manifold, admitting
I holomorphic non-vanishing (2n,0) form © then (I11.7.2) holds.

We obtain from the above theorem that for a compact HKT manifold admitting non-
vanishing I holomorphic g-positive (2n,0) form is equivalent to (II11.7.2). Let us just
note here that it is not known if more generally the triviality of the canonical bundle is
equivalent to (II1.7.2) for every compact hypercomplex manifold. This geometric situation
is also important from the point of view of the generalization of the Berger holonomy
theorem due to Merkulov and Schwachhéfer [MS99] for torsion free, not necessarily metric,
connections. The group SI,(H) is the one of a few additional families occurring in this
context. Hypercomplex manifolds satisfying (II1.7.2) are called an Si,,(H) manifolds.
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7.2 Quaternionic Monge-Ampere equation in HKT
geometry

We are ready to state the quaternionic version of the Calabi conjecture, as it was done
in [AV10]. Firstly note that on a given HKT manifold, of quaternionic dimension n, the
canonical bundle K (M, I) is trivial topologically, e.g. 2" gives a smooth trivialization.
The natural question presents itself whether every section can be obtained that way?
The form Q" itself is, by far, not always holomorphic. Actually, unlike in the Kéhler
case where, up to the finite covering, topological triviality gives the holomorphic one,
here the canonical bundle is not holomorphically trivial in many cases, e.g. Hopf sur-
faces. Arguably, cf. [V09], HKT manifolds with holomorphically trivial canonical bundle
constitute a hypercomplex analogue of the Calabi—Yau manifolds. Alesker and Verbitsky
proposed the following strategy to attack this trivialization problem, at least when the
canonical bundle K (M, I) is trivial holomorphically. Using the first order differential op-
erator 0y, introduced by Verbitsky in [V02], they suggested to look for an HKT metric
whose associated HKT form is
Q¢ = Q + 8(’9 qu

for some smooth real function ¢ and for which (2§ is the section we want to obtain. If
such a ¢ exists then this new HKT metric g4 can be obtained form 2, by applying the
isomorphism from Proposition 3.2.22. This approach allowed them to reformulate the
described problem as a conjecture on the solvability of a certain PDE.

Conjecture 7.2.1. [AV10] Let (M, I, J, K, g) be a compact HKT manifold. Suppose there
exists a non-vanishing I holomorphic (2n,0) form © on M. For every smooth function f
the quaternionic Monge-Ampeére equation

(I11.7.3)

(Q+ 00,0)" = eFQr
Q+ 09,6 > 0

has a unique, up to the constant, smooth solution provided the function f satisfies the
necessary condition

/(ef—1)Q"A@:0.
M

The necessary normalizing condition on f follows from Stokes’ theorem giving

/Q”/\@:/Qg/\@.
M M

Note also that any non-vanishing, g-real (2n,0) form, if positive, is necessarily of the form
efQr

for some smooth f so in the conjecture above we truly take care of being able to obtain
any section possible.

The question arises, like in the case of the complex Monge-Ampere equation on her-
mitian manifolds, why to look for a metric whose associated HKT form is a 00;¢ pertur-
bation of the original one. This does not follow from a simple requirement of belonging
to the de Rham class [Q]4r since in general the global 00, lemma is not true on an HKT
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manifold. It is true though for example for hyperKahler or, more generally, Si,(H) man-
ifolds, cf. [GLV17]. Being a 00;¢ perturbation of {2 becomes necessary if one agrees to
look for solutions belonging to the class of 2 in a Bott-Chern type cohomology group

_ {neAP°(M) | 9n=08,m=0}
00,C>(M)

Hige,(M)

discussed in [GLV17]. This approach is additionally motived by the local result, Propo-
sition 7.1.6, and the success of the similar naive approach in the case of some complex
equations on non-Kahler manifolds. There the global 99 lemma fails in general, yet one
still looks for the 0¢ perturbations of the initial hermitian metric, cf. [TW10b, ChTW19].

Verbitsky argues in [V09] that HKT metrics giving the holomorphic trivialization
constitute the analogue of Calabi-Yau metrics in this setting. These metrics have the
property of being balanced with respect to any complex structure from S),;. They also fit
in perfectly into the recently active stream of research on generalizations of Calabi-Yau
spaces, the so called torsion Calabi—Yau manifolds, cf. [T15, Pil9].

Another conjecture, stated explicitly in [AS17], is obtained by dropping the assumption
on the holomorphic triviality of the canonical bundle K (M, I'). It becomes natural to pose
when comparing with the Calabi—Yau theorem [Y78], where you can solve the volume
prescription problem regardless of the holomorphic triviality of the bundle.

Conjecture 7.2.2. Let (M, 1, J, K, g) be a compact HK'T manifold. Given any g-positive,
i.e. of the form e’ Q™ for a smooth function [ trivialization © of A?"’OM is there an HK'T
metric g such that the associated HK'T form §) satisfies

Q" =07
FEquivalently does every complex volume form come from an HKT metric?

Of course from the discussion we had so far one may argue that this will be confirmed
provided the following conjecture is true.

Conjecture 7.2.3. Let (M,1,J,K,g) be a compact HKT manifold. For every smooth
function f there exists exactly one real number b such that the quaternionic Monge-Ampeére
equation

(Q+ 00,0)" = eVTOQn

has a unique, up to the constant, smooth solution.

In the last conjecture the constant b has to appear, as for example in [TW10b], since
there is no easy way to give an a priori necessary integrability condition for f.

It may be interesting to observe that equation (II1.7.3) and more generally the one
above encode questions of the type discussed in Section 3.1.1. It is not hard to note, from
Example 3.2.13, that for a hyperhermitian manifold (M, I, J, K, g) and the constant ¢,
depending only on the dimension

Q"AQ" = cw?.

Consequently we see that if the quaternionic Monge-Ampere equation above is solvable
for any f then

1 oy _n
(w17g¢)2n — En(Q + 88J¢)n A (Q -+ aa}¢)n _ = €(2f+2b)Qn A = €F+C(JJ%”

Cn

81



is satisfied with suitable ¢ and C' for any F'. Recalling the discussion curried out in Section
3.1.1 this means that any representative of ¢“(M, I) can be obtained as the Chern-Ricci
curvature of an HKT metric g4. This was noted already in [Mall] for what Madsen calls
the projected Chern form, cf. Section 7.1.3 in [Mall].

In light of the success of generalizing the results from Kéhler to even almost hermitian
case in complex geometry, cf. [ChTW19], one could pose the following conjecture.

Conjecture 7.2.4. Let (M,1,J, K, g) be a compact hyperhermitian manifold. For every
smooth function f there exists exactly one real number b such that the quaternionic Monge-
Ampere equation

(Q + 00;0)" = eV HOIQn

has a unique, up to the constant, smooth solution.

To sum up we see that solving equation (III.7.3) under possibly most general as-
sumptions is of crucial importance for answering quite naturally posed problems on HKT
metrics.

7.3 Advances towards the proof

Let us now give an overview of the advances towards proving the conjectures stated in the
proceeding section. The strategy is to use the so called continuity method. This reduces
to exchanging equation (II1.7.3) for a one parameter family of equations. This is obtained
by perturbing the right hand side in a way which connects the desired right hand side
with the one for which we know the solution exists, for example when the function f is
constant. It is known that, in our case cf. [AV10, Mall, A13], for this method to work the
only issue is to obtain the so called a priori estimates. Those are estimates for the solution
which depend only on the bound on the right hand sides of the equations in our family and
the geometric quantities related to the hyperhermitian structure. This is so because with
their aid we seek to show that the set of parameters for which we can solve the equations
is closed. The openness of this set is much simpler in our setting and follows from the
standard argument involving the implicit function theorem for suitably chosen Banach
spaces and the operator between them. Consequently, choosing the family of equations
in such a way that at least one of them is solvable shows that our original equation can
be solved as well. Though this sounds elementary the struggle with obtaining the a priori
estimates is severe. Due to the general theory of PDEs it is known that, by the Schauder
estimates cf. [GTO1], it is enough to obtain the C*“ estimate for some a € (0,1). We
now give the account of the results obtained towards that goal.

It is possible to obtain the CY estimate under the assumption of the existence of the
holomorphic ©, as in the section above, by repeating the Moser iteration method used by
Yau in [Y78]. This was done by Alesker and Verbitsky in [AV10]. In [AS13] this bound was
shown to hold when the hypercomplex structure is locally flat by using the local method
of Blocki from [B11]. Under a stronger assumption that the HKT manifold admits a flat
hyperKéhler metric Conjecture 7.2.1 was confirmed by Alesker in [A13]. The assumption
that the hyperKahler metric is flat, in the sense that the full Riemann curvature tensor
vanishes, implies in particular that the hypercomplex structure is flat, as in this case the
Obata connection coincides with the Levi-Civita one. Actually, the manifold is then a
finite cover of a torus by Bieberbach’s theorem on compact, flat Riemannian manifolds.
Nevertheless under such an assumption Alesker proved the Laplacian bound and the
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analogue of the Evans-Krylov theorem, cf. [E82, T83]. This ensures the C*“ bound since
by this Evans-Krylov type theorem when the Laplacian of the solution is bounded then its
C?“ norm is automatically bounded as well. For the last theorem Alesker uses only the
local flatness of the hypercomplex structure while for the Laplacian bound the existence
of a flat HK metric was used.

Going to the general case, i.e. to the situation from Conjecture 7.2.3, only the C°
bound is known. It was firstly obtained in [AS17]. Alesker and Shelukhin provided
the proof of this estimate following the scheme of [B11]. It turned out though that
the proof of one technical fact needed for the reasoning, Theorem 3.2.2 in [AS17], is
surprisingly complicated and occupies a central part of that paper. What is more, their
reasoning is based on the Douady space theory, Baston and Penrose transforms. All of
these are completely different tools from the one usually applied in this kind of problems,
cf. [Y78, TW10a, TW10b, Ch'TW19]. When it comes to the higher order estimates
nothing is known. The difficulties come from the facts that the local situation on an HKT
manifold does not correspond to the one in H" due to a generic hypercomplex structure
not being flat. More importantly, a big number of terms coming from differentiating
quantities, usually used in arguments involving the maximum principle, with respect to
the complex coordinates appears.

Motivated by this we give another, in our opinion simpler, proof of the C° estimate for
this equation, in the next section. There are couple of features we wish to underline here.
First of all, as we mentioned, our proof seems to be at least much shorter then the one
from [AS17] which is nearly 50 pages long. Moreover we improve the estimate in the sense
that the dependence of the bound from [AS17] on the right hand side is much weakened.
We give an estimate which depends merely on the LP norm of the right hand side for the
suitable p. What is more, our methods are based on the geometric analytic techniques
which seems to promise some success in obtaining also the higher order bounds in the
general situation in the future.
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Chapter 8

CV estimate

Theorem 8.1. [Sr19] Let (M™, 1, J, K, g) be a compact HKT manifold and F € C*(M).
There exists a constant C' depending only on the HKT structure, ¢ > 2n and

e [lza,
such that for any smooth solution ¢ of the quaternionic Monge-Ampére equation

Q+00;0>0 (IIL.8.1)
sup¢o =0
M

the following estimate holds
| ¢ [l=<C.

We see that C' depends in particular only on
e =
and this in turn depends only on sup,, F'.

The proof of this theorem is strongly motivated by the reasoning performed in [TW10b)]
which is a refined version of the one described in [TW10a]. This in turn is based on an
inequality obtained originally by Cherrier in [Ch87]. The method emerged in the course of
proving the C° estimate for the complex Monge-Ampere equation on a compact hermitian,
implicitly non-Kahler, manifold. The general strategy we take is as follows.

Firstly, in section 8.1, we prove the Cherrier type inequality — Lemma 8.1.1, cf. (22)
in [Ch87] or Lemma 2.1 in [TW10b], for the assumed solution of (II1.8.1). This is a
cornerstone of the reasoning. Then, in Section 8.2, using the Moser iteration method we
obtain a special bound on inf,; ¢, Lemma 8.2.1, but still not the desired estimate since
the right hand side depends on ¢. From purely measure theoretic reasons this shows that
the values of ¢ are separated from inf;; ¢ by a positive constant, independent of ¢ as
it turns out, on a set of a positive, independent of ¢, measure, see Lemma 8.2.2. From
this one can see the uniform bound follows easily provided we have at least an L' a priori
estimate for which we refer to [AS13] where it was proven via the bounded Green function
argument. We would like to point out that one can hope to try to adjust our argument
also to the hyperhermitian not HKT case but this will certainly require some work. This
is due to the fact that in this case in the formula (III.8.2) more bad terms will appear
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due to the fact that da will not be zero necessarily and the whole argument will have to
be adjusted accordingly. B
In this chapter all the L norms are taken with respect to the volume element (Q A Q)

When we want to emphasize on what quantities the constant depends we put those in the
brackets, e.g. C(n, || f |l1)-

n

8.1 Cherrier type inequality

Lemma 8.1.1. There exist positive constants C' and py both depending on the HKT
geometry of the manifold, ¢ > 2n and

e s
such that for: any solution ¢ of (II1.8.1), r being Hélder’s conjugate of ¢ and any p > po
[Ive R @nD)" <cple? It
M
Proof of Lemma 8.1.1. Let us define

Q= Q+ 00,0,

n—1
a=> QbaQiH
k=0

9 () = B A Q" for some (1,0) form S.
Using the Stokes theorem we obtain that for any p > 0 and fixed ¢ > 2n

C (e o) | e |2 /ep¢<eF Do Ae

M
:/e_p¢(Qg—Q”)AW:/e‘p‘z’@a;gb/\a/\m (I11.8.2)
M M
:p/e‘p¢a¢A6J¢Aa/\W+/6—P¢8J¢Aﬁ/\a/\m.
M M

First inequality above is the Holder inequality and in the integration by parts we have
used da = 0.

Our goal is to estimate the second factor on the right hand side of (II1.8.2) which we
reduce to finding a uniform pointwise bound on

Dy AN BAaAQ. (I11.8.3)
This follows from the analogue of the inequality (2.2) in [TW10b], as in the lemma below.

Lemma 8.1.2. There exists a positive constant B, depending on (3, such that

0,0 NBAQE AR BOS N NDEAQTITE QA (I11.8.4)

for any € >0 and k € {0,...,n — 1}.
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Proof of Lemma 8.1.2. Let us note that, like in the complex case, one is able to simulta-
neously diagonalize, in a certain sense, both €2 and 4. Precisely we claim that for each
x € M there exists a basis of T"°M, decomposition with respect to I, of the form

e, (€1)d, ..., en, (€n)J
such that
Qei, ) = Qy(ei, ) = Q (e, (€5)F) = Qy (€4, (€5)]) = 0 for i # j.
This follows from Lemma 8.1.3 below by taking 2, = 2 and Qy = Q.
Lemma 8.1.3. Let Qy be a strictly positive (2,0) form, i.e.
M(z,2J) >0

for any non zero (1,0) vector z, and 5 a g-real (2,0) form on M. For each x € M there

exists a basis
617 (a)Ja ceey €n7 (Q)J

of TFOM such that
M (e, e) = Qales, e5) = Qy (e, (€5)]) = Qa (e, (€5)J) =0 for i # j. (II1.8.5)

Proof of Lemma 8.1.3. Fix x € M.
Take an orthonormal basis for €2y like in Example 3.2.13, i.e. the basis

v1, (07)d, ooy U,y (Un)J
such that (I11.8.5) is satisfied for {2 and in addition

Qi (v, 05J) =1for 1 <i<mn.

With its aid one is able to check that the endomorphism

Qo : THOM — THOM
defined by the relation
Qa(v, ) = (QN2(U), )

is actually well defined since

Dv) = > (v, T])v; — (v, v)T7]) .

1<i<n
We prove by induction that for any 1 < k& < n there exist linearly independent vectors
€1, <€_1)J, -ees €y (@)J

and complex numbers

ALy ooy Ak
such that (I11.8.5) is satisfied and

@;(ei) = \e; for any 1 <i < k.

86



For k = 1 take any eigenvector e; for Q\;, it is linearly independent of €1/ and (II1.8.5)
is trivially satisfied.

Assume that the claim holds for a fixed 1 < k < n and take a set of vectors like in the
statement for k. Let us note that for any u,v € TH°M, using only the g-reality of 2y,
and the definition of QVQ, we obtain

Qv u) = = (v, (u)) J) = —(J)([@,0)) = —((v,u]) = —Qs(v,ul) =

~ (D (v), 7)) = 01 (Du(0),7T) = ~(Ju) (D(0),77) = = (D(0), 7T =
0 <SA2;(U)J, u)

thus proving that

O (vJ) = Qa(v)J for any v € THOM.
Since .
Qa(e:) = Nies,
by the above, . o
(&) = N (€:J)
for 1 <14 < k. Consequently
ker 2y (e;, -) C ker Q(e;, -) and ker Q4 (€;J,-) C ker Qy(e; /. -) for 1 < i < k.
We introduce the following subspaces of T.}0 M

V= Span{eh (€_1)J, ooy €l (a)J})
V' =ker Q (e, ) Nker @ ((€1)J,-) N ... Nker Q4 (eg, -) Nker Qy ((€x)J, )
V" =ker Qq(eq,-) Nker Qs ((€7)J,-) N ... Nker Qo ey, -) Nker Qs ((€x)J, -)

Note that

b

THM=VaV
because
VNV =0 and dimcV' > 2n — 2k.

Let us also observe that .
QQ|V’ V=V

since for v € V', by definition, Qa(v) is such that
D(v,) = 4 (%), )

and V' C V". Take e 1 to be any eigenvector for SAZ;‘V,. Since ex+1 € V' and € is g-real
also (€x11)J € V'. Finally due to the inclusion V' C V" the linearly independent vectors

er, (@), ..., ertr, (€rr1)J
satisfy (IT1.8.5) and thus all the required properties of the claim for k + 1. ]

Remark 8.1.4. In the setting under consideration this result simply states that given
two hyperhermitian metrics one is able to trivialize one and diagonalize the other in the
quaternionic basis. A similar statement, Proposition 3.2, is contained in [V10a] and
justified by saying that it follows from ”a standard argument which gives simultaneous
digitalization of two pseudo-Hermitian forms”. We note that at least one of 2y or s has
to be positive.
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After normalization of e;’s we may assume that, at the point,
Q=ei AT (ef) +..+es AT (e,
Q= gref AT (€]) + ..+ e, AT (€F) for some ¢; > 0.

Let us decompose

B = Z bai—1€e; + sz‘J_l(e_;k)7
i=1

a¢ = Z agi,lej + a2it]71(§)7
=1

then

0,6 = I (09) = T (99) = Y —amie; + @1 ().
i=1
Since b;’s are the coefficients of # in a unitary basis they are uniformly bounded by |3],.
One easily checks the equalities

L Kl(n—k)! .
QEAQME = % > i,
’ 1<ir<...<ip<n

O A Oy A QL A QY

kKlin—k—1)!
- ( ) Z Z |Cl2j—1|2 + |a2j|2 Giy i, 1"

n!
1<ir <. <ig<n \ j@{it,. i}
Asd A B A Q’; A Qe (k1)
klin —k —1)! o .
N > S by — agiba | duye i

n!
1<in <. <ipg<n \ j&{i1,...,ix}

Thus we see that it is enough to prove that there exists B such that for any 0 < k <n
and € > 0

> > agllbol + lagj-1llbyj1] | ¢i-thi,

1<in<.<ig<n \ 5&{i1,...,ix }

< Be(n — k) Z iy Py, + g Z Z |ag;j 1| + lag; * | @iy -5,

1<ip <. <ip<n 1<in <. <ipg<n \ j@{i1,.ip }

We have the string of inequalities following from the bound on b;’s and the AM-GM
inequality

3 > agllboyl + lagj-1llbja| | éi-6i,

1< <..<ip<n ]g{llv’lk}

SEUD SR B SRR AT
1<iy <. <ig<n \ j@{in,...,ix}

Il |a; *Giy - Biy + |azj—1[* iy -0

o S D e S PR e

1<i1 <. <ig<n \ j@{i1,....ix}
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so we get that taking B = |3, will do. O]
Having Lemma 8.1.2 established we are ready to deal with the term involving
dNBAaANQr
in the inequality (III1.8.2).

Lemma 8.1.5. There exist positive constants C, ..., C,, €1, ..., €, depending on the quan-
tities listed in Lemma 8.1.1 such that

p - on - — - k n—k A On
L [ermoonosnan® <ol e gy +0 Y [erahaertam qinsg
M

k=1 M

foralli e {1,...n}, e € (0,¢] and p > pi(€) a positive number depending on € and i.

Proof of Lemma 8.1.5. We show the claim by induction for a fixed ¢ > 2n.
For the case i = 1 let us note that from (II1.8.4) there exists a uniform positive
constant B such that for any ¢ > 0 and p > 0

n—1
—/e‘m"a,qb/\ﬁAa/\W_—Z/e‘p‘i’ajgszﬂ/\Q’;AQ”‘l"“AW

M k=0 3

< b / e PP N Oy AU AR AQE + Be / ePOENQTRAQE
€
0 M M

—

n—

=
Il

We set €; = 1, then, by above, for any € < ¢; and p > py(e) := =2

—/e‘p‘f’aﬂw\ﬁ/\a/\m

M

n—1
Sg/ep¢8¢A8J¢AaAW+B/epd’Q”/\WJreBZ/eWQ(’;AQ”’“/\W.

M M k=1 yy

This in turn, coupled with the inequality (I11.8.2) and Hélder’s inequality, gives

n—1
g /ep¢’8¢ NOJOANaANQE < Cy || e |5, 4+eCy Z / ePPUNQTEAQE

M k=1 5,

proving the claim for ¢ = 1.

For the inductive step suppose the claim holds for some fixed 1 < 7 < n. To prove
(II1.8.6) for i + 1 we note that the LHS of (I11.8.6) for 7 is twice the LHS of (I11.8.6) for
i + 1. Consequently it is enough to estimate the RHS of (I11.8.6) for ¢ by the LHS of
(II1.8.6) for i + 1 and the terms appearing on the RHS of (II1.8.6) for i + 1. Note that
since

Oy = Q+ 00,6
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we get

n—

eC; /e_p‘bﬂfz AQVEAQR
M

B
Il

1

= ¢C; / QT A QD AR (I11.8.7)
k=15,

+ ECi /emaa;(b VAN Q];il AN ank VAN W,
k=1 5,

because of the form of the RHS of (II1.8.6) for i + 1 we only need to estimate the second
summand. Applying Stokes’ theorem and the fact that

o = AQn
gives
iy / e 90,6 AN QETE A QTR A QR
k=1 M

— epC, Z / e N Do NI AQTEAQR (111.8.8)

k=1 M

+eCiy / P00 NBAQLTIAQTEAQE

k=1 M

Below we bound both these summands. Let us set €;,; to be such that

€i+1 S mln{ €, 1}

1
Ci2i+2 )

then for any € € (0,€;41] and p > p;(e)

epC Z / e PP N\ Dy N QZ‘l AQVEA QR

k:lM

< 23’; Z / e N Do ANQLTIAQTE AR (I11.8.9)

k:lM

b
o 2i+2

/ep‘f’%/\am/\a/\m.

M

For any € € (0, €;1.1] we set p;+1(€) to be such that
pir1(€) > max{p;(e),2""* BC;}
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because then, again using firstly (I11.8.4), for p > p;11(€)
eC; Z/e P0;9 A BAQETLAQTREAQE
k=17,

< eC; Z - / e PP Ny AQETEAQTTR A QR
- (I11.8.10)

'L+1
+C,B / e PO /\W+ECZ-B / —pmk Qv kA Qr.
= M
),

M =

Note that for € € (0,¢€;,1] and p > piy1(€), from (I11.8.6),

22£1/ep¢’8¢/\8J¢Aa/\W§Ci | e~ ||b, +€C; Z/e POOE A QPR A QR
M k=1 py

By (II1.8.7) the RHS of the above inequality equals to

Ci |l e |7 +eC; Z/ e PPQEIAQT D AQ +eC Z/e 000 p AL AQTTEAQ,
k=1 3y k=17,
Then by rewriting the second summand and applying (I11.8.8) for the last one the above

expression becomes
n—(i+1)
Cill e ® |15, +€C; /e PO A QN 4 €C; Z /e PQE A QTR A QR
=l M
+ epC; Z/e P0G N Dy NQET AQTTE A QT

klM
+ €C; Z/e P05 ABAQETTAQTR A,
klM

Applying (I11.8.9) for the last but one summand, (I11.8.10) for the last one and Holder’s

inequality to bound
e 115 by e |12

shows that this quantity is estimated by

n—(i+1)
Cis1 || € |50 +€Cita Z /e POk A QM "f/\QMFQin2 /e—wagmaﬂw\aAW,
k=1 M

for a constant C;,; depending on B and C;. We obtain (II1.8.6) for i+ 1 and this finishes
the proof of the inductive step. n
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The proof of the main result, the Cherrier type inequality, is now finished by taking
for a given ¢ > 2n in Lemma 8.1.5, i = n, € = €, and py = p,(€,) because then for any

P = Po

/|ve—5¢|; (QAT)"

M
_D _D -1 —_ np2 _ 1 PR
:n/ae 22 N0e 20 A Q" /\Q":T/e P29p A Dyp A QA QR
M M
<pC | Z [ e 0o n0,0nant | <pC|e |
=pC | 5 [ eTOoNO9 N <pC e |Lm -
M

8.2 Proof of Theorem 8.1

Lemma 8.2.1. There exist positive constants C' and sq, depending on the quantities listed
in Lemma 8.1.1, such that for any solution of (II1.8.1)

e e < eC f e %09 (Q A ﬁ)n
M

Proof of Lemma 8.2.1. From the Sobolev inequality for (M, g), cf. [A82], the fact that
Q" A Q" is uniformly comparable with the Riemannian volume element, Lemma 8.1.1 and
the Holder inequality we obtain

;
/emen N e, (M/w%f]m /\W+/ep¢9” AN <pC e |7

M

for
2n

2n —1
the Holder conjugate of ¢, a uniform constant C' and any p > po. This is equivalent to

ryi=

_ _ L
e Il opr=l € lm< @C)> || €7 |l1or -
The iteration of the last inequality for

. <7>2
Pos;Po—,Po |\ — )
T T

and so on gives
supe @ < O | e || vor
M

hence we can take sg := por since then

e e < C/e_8°¢Q” A Qe

M
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Lemma 8.2.2. [TW10a] There exist positive constants Cy and Cy such that for any

solution of (111.8.1)
/ (QAQ)" > C.

{o<inf¢+C1}

Proof of Lemma 8.2.2. Having Lemma 8.2.1, the proof is exactly as in [TW10a]. The
normalization of the volume element they use is purely for computational convenience. [

Proof of Theorem 8.1. As it has been said in order to finish the proof one needs at least
an L' bound on ¢. This estimate was shown in Proposition 2.3 in [AS13]. The proof is
now finished by noting that either

i]\anqb—i- C7 > 0 giving — 111\14fgz§ <y

or
Gizlolwz [ 16l@AD)"2C(-into- ).

{¢<info+Cr}

This gives a uniform constant

C! C!
C = maX{Cl,Fz + Cl} == é + Cl
for which
—infop < C.
M
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