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A SPECTRAL APPROACH TO THE LINKING NUMBER
IN THE 3-TORUS

ADRIEN BOULANGER

Given a closed Riemannian manifold and a pair of multicurves in it, we give
a formula relating the linking number of the latter to the spectral theory of
the Laplace operator acting on differential 1-forms. As an application, we
compute the linking number of any two multigeodesics of the flat torus of
dimension 3, generalising a result of P. Dehornoy.

1. Introduction

Let (M, g) be a closed Riemannian manifold of dimension 3. We call a curve an
embedding of the oriented circle. A multicurve is a finite collection of disjoint
curves. We say that a multicurve is homologically trivial if its homology class
vanishes, as a cycle of M.

Given two homologically trivial multicurves I', Y, one defines their linking
number by taking any surface St whose boundary is I' and algebraically intersecting
it with Y;

Ik(I', ¥) :=i(Sr, Y).

For example, see Figure 1.

It is not immediate that this number is well-defined, because of the choice
involved about a surface St. As a general reference to the notion of linking number,
one can recommend [Arnold and Khesin 1998, Section 4 of Chapter III; Bott and
Tu 1982, Section 28]. Our main theorem relates the linking number with spectral
theory.

Theorem 1.1. Let (M, g) be a closed Riemannian manifold and T", Y two disjoint
homologically trivial multicurves, they link according to the following formula

i _ dni
1.2 K, Y) =1 Ak’/ f — ),
(12) 1) =1lim 3 e e ) (5

k>0
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Y

Figure 1. Here, both collections I" and Y consist of a single curve.
Their linking number is +1, depending on the global orientation.

where (N )ken denotes an eigenvector basis with corresponding eigenvalues (M) xen
of the Laplace operator A acting on the Hilbert space of square integrable differen-
tial 1-forms in ker(A)L.

Note that this theorem relates a topological number with metric quantities. In
particular the right member of (1.2) does not depend on the underlying metric g.

Theorem 1.1 can be used if one has enough knowledge of the spectral theory
of (M, g), as in the case of the canonical flat torus T° := R3/Z>. We prove a
general formula for the linking number of multicurves consisting of geodesics of T>.
However, not to burden this introduction, we postpone the statement to Section 3.
Specialising our formula to the case of closed orbits of the geodesic flow on the
2-torus T2 gives the following corollary.

Corollary 1.3. Let T = (y')ic; and Y = (Uj)jej be two homologically trivial
multicurves in T3 consisting of periodic orbits of the T? geodesic flow. They link
according to the formula

. 1—-6; /7

Ik(T, T) = Luly—2I
=) vhvh—j
iel, jeJ

where 0; j denotes the unique determination in [0, 27| of the oriented angle 6
made at each intersection point (see Figure 2) and (y', v/) denotes the algebraic
intersections between the projections on T* of the curves y' and v/.

Another formula was found by P. Dehornoy using different methods in his Ph.D.
thesis [2011]. Our formula shows, in a clear way, that the linking number entertains
some interactions with the intersection number on the curves projected on the basis.

We now briefly survey old and more recent results about the linking number.
The first occurrence of the notion of linking number goes back to Gauss’s studies
on electromagnetism (see [Ricca and Nipoti 2011]). Gauss noticed that integrating
the magnetic field generated by an electric power flowing in a close wire y — for
us a differential form @, —along any closed curve v gives a number which does
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Figure 2. Here, the intersection number is 1. The angle 6 defined
in Corollary 1.3 is represented in black.

not depend on the homology class of v in the complement of y. That is to say, the
differential form w, is closed.

In fact, Gauss went further in his study: he gives in R® an explicit formula
expressing the differential form w,. Let x ¢ y and X (x) € T, (R3), then:

1 : y(s)—x
A4 @u@ =g | dety'e). X@, T ) ds

where y (s) denotes any parametrisation compatible with the curve y orientation,
and || - || is the Euclidean norm of R3. Back in these days, there was no topological
definition of the linking number so that, following Gauss, one could have defined it
setting

(1.5) Ik(y,v) ‘:/wy

y(s) —vu(?)
d ds dt.
f[ozﬂ]/[om et<y ©). V0. 15 v<r>||3> st

Gauss’s formula was related later with the definition of the linking number
introducing this article, see for example [Arnold and Khesin 1998, Section 4 of
Chapter 3]. It is still an active research field to try to get Gauss-like formulas for
the linking number and its natural generalisations [DeTurck et al. 2008; DeTurck
and Gluck 2008].

Formula (1.5) also suggests the existence of a universal object which, integrated
over a pair of homologically trivial multicurves, gives back their linking number.
A linking form 2 is an integrable (1, 1)-differential form, satisfying for any two
homologically trivial disjoint multicurves I" and Y,

1k(F,T)=//S2
rJr

One can think of a (1, 1)-differential form as a 2-differential form; we will get
back on the (1, 1)-form precise definition in Section 2B.
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The definition of linking form was introduced by Arnold (see [Arnold and Khesin
1998, Section 4 of Chapter III]) to generalise Moffatt’s interpretation [1969] of the
helicity. Let us recall briefly how the latter is defined.

Let X be a vector field preserving a probability measure w in the Lebesgue class
whose asymptotic cycle vanishes. This assumption implies that the 2-differential
form iy pu is exact, meaning that there is a differential 1-form « such that da =iy .
One can show that

H(X) :=/ aANda
M

does not depend on the choice involving the primitive «. We call this number the
helicity of the vector field X. This notion was introduced by [Moreau 1961; Woltjer
1958] to study certain energies associated to vector field solutions of some partial
differential equations. Note that the asymptotic cycle assumption is automatically
satisfied in some natural situations, for example when the ambient manifold is a
homology sphere or if X is the Reeb flow associated to a contact structure.

Arnold interpreted the helicity of a vector field X as some average of the asymp-
totic linking number of two trajectories of the flow. Given x, y € M, we consider
the trajectories starting off x and y of the flow X at times ¢ and s. We close them
by gluing their extremities using a small path, we compute the linking number, we
divide by the product ts and one would like to let s, t — o0. To do it, one needs
to show this limit to be almost everywhere well-defined; this is one of the reasons
why Arnold introduced the notion of linking form. Actually, he showed that the
linking form is integrable, see Remark 4.14, which allows one to define the previous
limit using Birkhoff’s ergodic theorem. See [Arnold and Khesin 1998, Section 4
of Chapter III] for more details. This perspective on the helicity was developed in
[Vogel 2003; Kotschick and Vogel 2003; DeTurck et al. 2013].

Arnold also noticed that linking forms always exists on compact manifolds.
This was made more precise by T. Vogel [2003], relying on G. de Rham’s work
[1984, Section 28] on Hodge theory. We denote by g (x, y) the kernel of the Green
operator, the inverse operator of the Laplace one. We have

Theorem 1.6 [Vogel 2003, Theorem 3]. Let (M, g) a compact Riemannian mani-
fold. The (1, 1)-differential form

(1.7) Q(x,y) = *ydyg' (x, )

is an integrable linking form. We call this linking form the de Rham—Vogel linking
form.

Vogel’s proof relies on Arnold’s remark that any inverse operator of d gives
rise to a linking form (up to some duality). This theorem shows the existence of
linking forms on closed manifolds, but does not come with a simple formula like
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Gauss’s one (1.5). There is, to the author’s knowledge, only two others known
formulas of this type, found in [DeTurck and Gluck 2013]. The first one holds for
the hyperbolic 3-space and the second one for the round 3-sphere. The authors
find such a formula in exhibiting a “fundamental solution of Maxwell’s equations,”
meaning in exhibiting the de Rham—Vogel linking form defined above.

Outline of the article. In Section 2 we recall some basics on Laplace operators
acting on differential forms and on their inverses, Green operators. We shall also
recall that (1, 1)-forms are kernels of operators acting on differential 1-forms as
well as how to integrate them along a pair of curves.

With this operator perspective in mind, Theorem 1.6 implies that the operator
coming from the de Rham—Vogel linking form (the linking operator) commutes
with the Laplace operator. The latter is well known to be diagonalisable on the
space of square integrable differential 1-forms. Expanding the linking operator with
respect to such a basis of 1-eigenforms will allow us to find a formula relating the
spectral theory of differential 1-forms to the linking number.

However, the integration current over a closed curve is not square integrable,
which prevents readily obtaining such a spectral-linking formula. To circumvent
this difficulty, in order to reach some more regularity, we will use the heat operator
to smooth the integration currents. This smoothing is responsible for the limit t — 0
appearing in Theorem 1.1. This is the heart of Section 3 which finishes with the
proof of Theorem 1.1.

In Section 4, using Theorem 1.1, we compute the linking numbers of collections
of geodesics in the flat 3-torus T3 for which the spectral theory of differential
1-forms is well known. As an application, we prove Corollary 1.3.

2. Kernels of Green operators and linking forms

This section is devoted to introduce all the objects we will use later on.
2A. The Laplace and the Green operators. Let (M, g) be a closed manifold of
dimension p. We denote by

* [ty the volume form associated to the metric g;

« QF*(M) = @ngg » QK (M) the space of all differential forms, graded with
respect to the degree k;

« x the Hodge operator, or Hodge star, which satisfies the following identity
2.1) ok = (—1)FP=h,

Note that we abuse the notation by omitting the degree k of the underlying
differential form.
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« d the exterior differential operator on Q*(M).

The Hodge star is defined in order to endow the vectorial space Q*(M) with a
scalar product

(oz-,B):/ o A xB.
M

With respect to it, the operator d has a unique adjoint operator, denoted by §,
satisfying by definition
(da - B) = (- 3B).

A straightforward computation involving the Hodge star definition and the Stokes
formula gives

(2.2) § = (=1)P*FDH 4 g
We now have all the material required to define the Laplace operator.

Definition 2.3. The Laplace operator acting on Q*(M), denoted by A, is defined
by
A:=dé+4dd.

Note that the Laplace operator stabilises all differential forms spaces of fixed
degree, and that it is self-adjoint with respect to the scalar product (-, - ). We denote
by A* its restriction to Q(M).

A differential form is said to be harmonic if it lies in the kernel of the Laplace
operator, denoted by ker A. The space #y of all harmonic k-forms being identified,
by a famous theorem of Hodge, to the k-th homology group of M (see [Rosenberg
1997, page 46] for example), the Laplace operator A* cannot be invertible in
general. However, nothing prevents it from being invertible when restricted to the
space orthogonal to its kernel. We denote by w4« the orthogonal projection on
Hi = ker(AX).

Definition 2.4. A Green operator, denoted by G*, is any operator satisfying the
following equation on the space of smooth differential forms of degree k:

(2.5) G* o AF = A¥ o GF =Td —mpp

Such an operator always exists, provided that M is closed. There is a slight
ambiguity about G¥, which is fully determined up to its restriction on the space
ker(AF). From now on, we will suppose that G (ker(A%)) = {0}, allowing one to
speak of the Green operator. One can recommend [de Rham 1984, Chapter 3] for a
general introduction to Green operators (and their kernels).

Green operators are kernel operators, meaning that there is a smooth family of
endomorphisms — what we call a (1, D)-form — gk (x, y) : AK(T M) — Ak(TyM),
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indexed by M x M \ Diag such that for all smooth differential forms « of degree k
G (a)y = f 8" (e, y) (e dpug (x).
xeM

2B. Differential (1, 1)-forms. We give in this subsection the precise definition of
a (1, 1)-form. We also explain how to integrate them over a pair of multicurves.
Given an Euclidean space E, we denote by ff the musical endomorphism which maps
some vector X € E on its dual linear form, so in E*, according to the Euclidean
structure on E.

Definition 2.6. Let M be a manifold, We call (1, 1)-form a family of morphisms
T)(M)— Ty*(M) indexed by M x M.

Let y and v two curves parametrised by s and . We define the integral over the
pair of curves (y, v) of a (1, 1)-form 2 as

1
f/sz:/(/ sz(u(s),y)(u’(s)ﬁ)ds).
y Ju y 0

Moreover, the following integral —an element of 77 (M) —

1
fo Q(v(s), Y)W (5)*) ds

does not depend on a choice of parametrisation, since €2 (x, y) is linear. So that we
will prefer to denote it for short as

/sz((-)ﬁ,y),

omitting the underlying parametrisation.
This formula clearly shows that the linking form enjoys some bilinearity. In fact,
if we denote by Y = J;; v’ and ' = Ujes ¥/ we have

1k(T, T):/ Q:/ Q= / Q.
=T UrvxUy; Z YiX¥j

iel, jeJ

Note that we did not require that either of the curves y; or v; be homologically
trivial.

2C. The de Rham—Vogel linking form. Recall that the de Rham—Vogel linking
form is defined as

*ydygl(X, ¥),

which may be slightly confusing at first. What does it mean to consider the image
by *yd, of a family of morphism from 7.7 M to T7M?
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Given o € T (M), the Green kernel defines a differential form by
ay =y > g, y)(ax)) € T7(M).

This differential form is smooth on M \ {x}, which allows one to take its image by
the operator *d wherever it makes sense. This gives rise to another linear morphism

T} (M) — T} (M), o ay,

which turns out to correspond to the kernel of the operator o — (xdG')(«). Then,
in the end, de Rham’s notation *,d, g'(x, y) is to be understood as the kernel of
the operator o — (xd G («) that we call the linking operator.

Remark 2.7. (1) As pointed out by Arnold, any kernel associated to the inverse
operator of the exterior differential d is a linking form. The operator o — (xd G) ()
is actually one of them, up to Hodge duality. See [Vogel 2003, Lemma 2].

(2) The singularity of the (1, 1)-form g'(x, y) along the diagonal is roughly equiva-
lent to 1. Thus, after one differentiation, this singularity turns to be in r~2, which
is still integrable in dimension three, see [de Rham 1984, Theorem 23 page 134].
So that what we meant by integrable is that for every x the function

y> ll*ydyg(x, )l

is integrable on M with respect to p,. The notation | - || stands for the linear
morphism norm induced by the metric g.

2D. Behaviour of the linking form under isometries. The de Rham—Vogel linking
form being constructed from a metric, it is natural to wonder how it behaves under
an isometry ®. The isometry ® commutes with the Hodge star as well as with the
exterior differential d. In particular, it commutes with every operators made out of
this two ones, as the Laplace operator and its inverse, the Green operator. Looking
at the kernel of the latter, this commutation relation can be read as

(@1).g' (x, y) = (@2)*g' (x, y),

where ©; and @, denote the ®-action on the first and second factor, respectively,
of the product M x M. In particular, the diagonal action of ® on the product
M x M \ Diag preserves the Green kernel, and thus the de Rham—Vogel linking
form. Since we will use this remark to simplify a bit the computations performed
in Section 4, we present it as:

Proposition 2.8. Let y and v two curves (not necessary homologically trivial) and
® an isometry of (M, g), then

/f*},d),gl =/ / *ydygl.
yJu o-l(y) Jol(v)
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3. The spectral-linking formula

Let us recall that A is self-adjoint with respect to (-, -). It is well known that
self-adjoint operators are diagonalisable in finite dimension; it is actually still the
case for the Laplace operator, provided that the underlying manifold is closed.

Theorem 3.1 [Rosenberg 1997, Theorem 1.30]. Let (M, g) be a closed Riemannian
manifold. There is a orthonormal basis (n,)neN Of differential 1-forms, meaning
that (n;, n;) = 6;(j), and a sequence of nonnegative numbers (A,)nen such that
ANy = Ay
In particular, if o € ker(A)+ we have
= (M.
neN
Formally, one would like to write the Green operator as
1
glx,y) =) 7 M) ® 1 (),
neN
which gives the following expression for the de Rham—Vogel linking form:

wydyg' (1) =Y (1) ® *d(”’;(y )).

n

neN

Keeping it formal, one would like then to integrate each factor along y and v to

get
1k<y,u>=2/nn/*( )
Y v

neN
However, the previous series does not converge a priori. In fact, an integration
current over a curve is not square integrable and therefore cannot be decomposed
with respect to the orthonormal basis (1,)). To circumvent this difficulty, we will
regularise them thanks to the use of the heat kernel, from which the term e Mt of
formula (1.2) comes from. As a corollary of this approach, we are able to prove the
following stronger version of Theorem 1.1.

dnn
An

Theorem 3.2. Let (M, g) be a closed Riemannian manifold and 2 the de Rham—
Vogel linking form, then for all pairs of curves y and v (not necessary homologically
trivial) we have

d
(3.3) //Q:]im e_}"‘t/ nk/*(ﬂ),
y Ju t—0 v v )“k

k>0
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where (n;)reN denotes an eigenvector basis of the Laplace operator A acting on
the Hilbert space ker(A)* —viewed as a subspace of square integrable differential
forms —and (Ay) the associated eigenvalues.

All the rest of this section is dedicated to the proof of the above theorem.

3A. The heat operator on 1-differential forms. The following definition is the key
to regularise the integration currents. More details about generalised heat kernels
can be found in [Berline et al. 1992, Section 2.3].

Definition 3.4. Let (M, g) be a closed Riemannian manifold and n be a continuous,
bounded differential 1-form. The following Cauchy problem of unknown (1;);eR, :

{Anz + 9, =0,
no =1,

has a unique solution. We denote by e’ A" the heat operator which maps 7 to the
time ¢ solution of the above Cauchy problem.We denote by ptl the heat kernel,

which satisfies by definition

(1)y = /M P, y)(n2) d g (x).

Moreover, one has

for the uniform convergence topology.

In particular, if U and V are two closed disjoin subsets of M, one has

P, ) =30
uniformly on U x V.
The heat kernel has the interesting property of being smooth for all ¢ > 0, as
opposed to the Green operator. In particular, it can be decomposed according to an
orthonormal basis of eigenforms.

3B. The diffused curves. Let y be a curve of M. We denote by L' (Q!(M)) the
space of integrable differential 1-form, meaning forms whose punctual norm is
integrable over M with respect to the Riemannian measure.

Definition 3.5. We call the y-diffused curve, denoted by e’ Al (y), the following
family of linear forms indexed by ¢ > 0:

M) L@ (M) >R, B / e (B).
Y

This diffusing process associates to each ¢ > 0 a differential form approximating
the integration current over the curve y: the smaller ¢, the better the approximation.
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Lemma 3.6. For all B € L'(Q'(M)) continuous on a neighbourhood of U of the
curve y, we have

e () (B) f B.

¥

Proof. We have been careful to consider a differential form g integrable. So, since
the heat kernel converges uniformly to 0 away from the diagonal, we have

t—0
— 0.

e () (B) - f /U P, ) (Bo) dig (x)
Y

The differential form g being continuous on U, from the very definition on the
heat kernel we have

/U Pl (B dpg () =5 B,

uniformly. Therefore, one is allowed to permute limit and integral to get

/ / P! e ) (Be) g () =S / 8,
y JU y

which is the expected result. (|

If now v is a curve disjoint to y, recall that the differential 1-form

(wy)y = f Q)% )
v
is integrable, where 2 = xd; g is the de Rham—Vogel linking form. Applying
Lemma 3.6 readily gives:

Corollary 3.7. For any two curves y and v we have

A (1) () =5 / / Q.
y Ju

The goal is now to identify, ¢ > O being fixed, the left member of the above
equation to the series appearing in (3.3). We will conclude by using the above
corollary to recover Theorem 3.2 by letting ¢t — 0.

3C. The approximating series. The benefits of having diffused the integration
current is to allow one to write the left member of (3.3) as a scalar product of
two smooth differential 1-forms. We will conclude by using Plancherel’s formula,
allowing one to write down this scalar product with respect to an orthonormal basis.

Lemma 3.8. For all differential forms g € L' (Q'(M)) and all t > 0 we have

M) (B) = </3 : / ()P, y>>-
Y
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Note the scalar product is well-defined, since the differential form f y ptl ()% y)
is smooth.

Proof. The operator e'2 being self-adjoint and since iy (&) (x) = g (X* - o), we
have the following identity for any differential 1-form 8 and any vector field X:

ix (M) (pr(x, )Bx) = g(By - (pr(x, ¥)(XE))).

Therefore, setting X, = y'(s) and integrating along y, one gets

/p}(x, -)(ﬁx>=gy<ﬁy,fp}((-)ﬁ,w),
Y Y

which gives, after integration over M with respect to g,

/fp:(x,y)<ﬁx>dug<y>=<ﬁ-/p}((-)ﬁ,y>>.
M Jy 14

We conclude recalling that the form § is integrable, which allows one to switch
both integrals of the above equation left member, recovering our definition of a
diffused curve. ([

We conclude the proof of Theorem 3.2 as announced by identifying the right
member of (3.3) with some series.

Lemma 3.9. Forallt > 0 we have

i d
M) =) e /y Mk / *(%:)

k>0

Proof. We start by using the semigroup property of the heat operator e /2,

e () (y) = e 2 () (e (),

for which we apply Lemma 3.8 to get
Al Al Al
e tA/Z(y)(e IA/Z(Q)U)):</ ptl/Z(()ﬁyy)(e tA /Z(CUU))>
¥

Both differential 1-forms appearing in the above equation being smooth, one
is able to write down this scalar product with respect to an orthonormal basis
consisting of the Laplace operator eigenforms:

e () (wy) = Z([ f Pin(C)F, y)} : nk>(e—m‘/2(wu) ).
Y

keN
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It remains then to prove both the two following identities:

(3.10) e_kkt/Z/ Nk = <[/ P;l/z(( : )ﬁ, Y):| '77k>,
Y Y
e / sdy = (e (wy) - mi)

We start off with the right member of (3.10). Recalling Lemma 3.8 the other
way around, one gets

<[ / Pip(( -)ﬁ,y>]-nk>= / e 22 ().
Y Y

Then, n; being an eigenform of eigenvalue Ay, we have

Al _
e AP =e “"/ank,
Y

which proves that (3.10) holds.
Let us show in the same way that (3.11) occurs as well. We start again from the
right member:

(3.11)

(e22(wy) - mg).

The differential 1-form w, being integrable and the operator e ~'2/2 being self-
adjoint we have:

(e 22 (@) - mi) = oy - e 272 (n0).

Therefore, n; being an eigenform of eigenvalue Ay, we have

Al _
e A2 () = e M2y,
and thus

—ht/2

Al
(e7rA/2 Wy k).

(wy) i) =e

The linking form 2 being integrable, one can use Fubini’s theorem again to get

(wy i) = f [ /M Q)% ) () dugoc)].

But, by construction of the linking form as the operator xd G kernel, we have

/M Q. ) 0)x ditg(y) = (+dG) 1))y

The operator G commutes with d, in particular all terms of this series corre-
sponding to a closed differential form vanish. The remaining terms are given
by

*dny
*dG (i) = )»_k



270 ADRIEN BOULANGER

wormd = [ +(52).
v Ak
which gives

(3.12) <e_’Al/2(a)U)-nk):e_”"‘/2 / *<‘iﬂ>
v k

Finally we have

the expected result. O

4. Application to torus geodesics linking

This section is devoted to the use of Theorem 3.2 to compute the linking number
of homologically trivial multigeodesics of the canonical 3-tore torus T3 := R3/Z3.
The spectral theory of T3 is fully understood: we will describe it in Section 4B.
One would like to use it to give a more or less explicit expression to the following

series, ¢t > 0 being fixed:
d
S [ (%),
k>0 v Ju \ M

Right after, we will identify the limit of this series when ¢+ — 0 to the Fourier
development of some function. In the meantime, we will recall Theorem 3.2, which
guarantees that this sequence of series actually converges to the linking number.

4A. Statement of the generalised torus linking theorem. We call a multigeodesic
a multicurve consisting of geodesics. This subsection goal is to state a formula
giving the linking number of any two collections of multigeodesics of T3.

Let us fix some notation. Given a closed geodesic y of T3, we parametrise it as

yit + i
y:[F\R/Z—>TT3, t— | yat+v; mod 73,
3t +v3

where y' = (y1, y2, y3) € Z° is the parametrised slope of y. With the above
notation y (0) = y(1). Note that these curves are automatically oriented by the
parametrisation. Note also that we did not require that the geodesic y is primitive.
We call the point v = y(0) = (vy, v, v3) € T3 the origin of y. Such a choice is
not canonical since any point v € Im(y) can also define the origin. See Figure 3.
The parametrisation proposed above is not the arc-length one, but has the benefit
to be very closely related to the homology class that y defines. The 3-torus funda-
mental group being Abelian, one can check that the vector y’ € Z> is canonically
identified to the homology class of the closed curve y in Z°. We denote by [y]
the vector y’ to emphasis its topological flavour. From that remark comes the
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Figure 3. The cube is identified to T> by gluing opposed faces with
translations. The red curve y has parametrised slope y' = (2, 1, 1).
The origin of y can be taken anywhere on the image of y. For
example, one can choose v = O3 here.

following necessary and sufficient condition for a multigeodesics I' = (y/);¢; to be
homologically trivial:
> Iy = 0gs.

iel
The following construction is needed to state our theorem.
Given two vectors u, v € Z3, we define the vector 8V € Z> as the unique one
verifying the following conditions:
o BV e vect(u, v)1;
e det(u, v, B*?) > 0;
« its Euclidean norm ||8*?|| is minimal for the two first properties.

Given two geodesics ¥ and v, we still simply denote by A7V the vector glY1IV,
Our torus linking theorem can then be stated as follows.

Theorem 4.1. Let T = (y')ic; and Y = (Uj)jej two homologically trivial multi-
geodesics of T3. They link according to the following formula:

B )1—2L(vi’j-ﬁi’j)J
1B 211BH 1 ’

42 Ik, = Z det([yi],[vj]

iel,jeJ

where v/ =y (0)— v/ (0) is the difference between the two origins and |« | denotes
the unique representative in [0, 1] of the class (¢ mod Z).

Remark 4.3. (1) One can define the linking number in every dimension #, provided
that we consider two homologically disjoint submanifolds of dimension p and ¢
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satisfying p + g =n — 1. Our method is likely to be generalised for a flat torus in
any dimension.

(2) A priori, (4.2) depends on a choice of parametrisation. We will clarify this
point later on with Remark 4.14.

4B.

Spectral theory of differential 1-forms of T3. We start by introducing some

notation.

We denote by a lower index i the i-th coordinate of a vector and by an upper
index its belonging to a family of vectors. For example, yl.J denotes the i-th
coordinate of the j-th vector of a family indexed by j € J.

Given a vector
v=|wun | e R3,
U3

we denote by v* the differential form v; dx; + vy dx + v3 dx3. This one being
invariant by translations, it defines a harmonic differential form on T°. We
continue to denote by v* the induced-on-T° differential form.

The scalar product of two vectors a and b in R? is denoted by (a - b) and the
associated Euclidean norm by || - ||.

The R? vectorial product is denoted by A.

Let us describe the differential 1-forms spectral theory of T° thanks to the
following set of datum:

a vector k=|k | eZ?,

an orthonormal basis (v!, v2, v3) of R3.

a function f € {cos, sin}

Note that here we have the choice of an orthonormal basis of R3.

Lemma 4.4. The differential 1-form of T°

(4.5)

is an

n(x) =vV2fQrk-x))(v')*

eigenform of A! with associated eigenvalue ) = 2r||k|)>.
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Proof. We start by showing that these forms are of unit norm:

Inll 22 ;:/ n A1
'|]'3

=/ 212@2r (k- x))(v)* Ax(v)*
T3

= /w 22 (k- x))dvol = 1,
since f2 = (1% f(2-))/2.
Recall the Laplace operator definition
An=(ds+dd)n.
Because 6 = — * d* in dimension 3, one gets
(4.6) dsn =d(—xdx)n = —v/2(d * d)(fQm(k-x)) * (vi)*).
By the Hodge star definition we have
*(V)* = ()" A (),

where (i, j, t) is a circular permutation of (1, 2, 3), so that
(4.7) dsn = —~2d xd(fQr(k-x)) A @W)* A @)").
And then,
dsn = —2(d#) (2rk; f' Qr(k - ) (V) A )" A (0)))

= —2V2rk; d(f'Qr (k- x)))

= —2V2nk; df' 2m(k - x))

= —4J§n2(kf £ @k - x))dx; +kik; " Qr(k - x)) dx;

273

Fkiky £ 27 (k - x)) dx,).

We compute §dn in a similar way to get

Sdn = —4J§n2(k§f//(2n(k -x))dx; +k; f" 2 (k - x)))

+4\/§7T2(k,-kjf”(2n(k-x))dxj — kik f" 27 (k - x)) dx;),

Summing both terms gives

An=—4v2%(k? f" 2m (k- x)) dx; +kG f" Q- x)) dxi+k; f" Qm(k-x))) dx;.

Since f” = — f one has

An =472 (kT + k3 +k3)n,

the expected outcome.
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To use Theorem 3.2 we need a basis of eigenforms. Fixing an orthonormal basis
of R?, the family issued from all k € Z3 and both the function cos and sin forms a
generating family. To see it, one can decomposes in Fourier series the coefficients
of a differential 1-form w written as

o, y,2) = fi(x,y,2)- @)+ folx,y,2) - W)+ f3(x, ¥, 2) - V)"

Moreover, this family is free up to the trivial relations cos(—k - x) = cos(k - x)
and sin(—k sinx) = — sin(k - x).

4C. Computation of the approximating series. Recall that we parametrised both
geodesics y and v as

vit+v vt 4 [
v R/IZ>T?, it [pt+m], ViR/IZ—T, t> v+,
»3t+v3 3t + W13

where y;, v; € Zand uj, v; € [0, 1].
First, note that we can assume v = 0. In fact, since the translation of R3

Ty =X —> X+,

descends to an isometry of T3, using Proposition 2.8 one has

o=l ]0®
v Ju ol Jrl)

where now (0, 0, 0)" belongs to ‘c‘l(y). In order not to burden the notation we
will still denote by  the new origin (keeping in mind that it actually corresponds
to u(y, v) = u —v) of the translated curve v.

We saw that, given an orthonormal basis of 3, one can build an orthonormal
eigenforms basis of the Laplace operator. To simplify the computation we will
perform in (3.3) we make a choice of this orthonormal basis adapted to the curve y:
the first vector is chosen to be v! = [¥1/1Ily]ll, and we arbitrarily complete it to

get an orthonormal basis:
(=) )
Iy 1l

Recall that we want to compute the following series;
. d
(4.8) Y e / e / *<ﬂ>
Ak
k>0 Y v

We will compute all terms involved in this series separately and we will sum
them in the next subsection. These terms are the product of two integrals that we
compute independently.
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We start with the integral involving the operator xd. Let n be an eigenform. One
has

(4.9) /77= ol V2 f@rk-y)w)*(yl)dt,
14 )

where f € {cos, sin} and k is a vector of Z3. The above integral vanishes whenever
f is a sinus since the curve y passes by 0;

f n= V2sinQ@rk -y (1)) W) ([y]) dr
v [0,1]
=C1/ sin(r Crt) dt =0
[0,1]

because C, € Z. We can assume then that f is a cosine. We keep computing in
considering the eigenforms

Nk,i = \/Ecos(2n(k . x))(vi)*

only, where k € 73 andi € {1, 2, 3}. Which, looking backward to (4.9), gives
1 .
/ Nk.i =/ cos(2mt (k- [y]) () *([y]) dt,
y =0

where (v)*([y]) = ([y1-v") = [y 1I8,1-
The above integral therefore vanishes whenever

o (k-[yD #0;
ci#l

Moreover, in the case where it does not, the function ¢ > cos2mw(k - [y])t) is
constant, so that

(4.10) f i = V2|1l
Y

Differential forms giving a nonvanishing term of the series (4.8) are therefore

Nk,1 = x/zcos(an -x)(i) ,
[y 11l

withk € Z3 and k- [y] =0.
From now on, we will denote ny 1 by nx. We now compute the second term of

the series:
/ *dn,
(%
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starting off computing
sdng = *d (V2 cos(2m (x - k) (v')*)
= 227 sin27 (x - k)) % (ki dxi A () +ka dxa A (1) ks dxs A (v1)*)
= —24/27 sinQm (x - k) (k Av')*.
We then get

1
/ sdng = / —2\2n sin(27t ([v] - k) + 27 (1 - b)) (k A v')*([v]) dt
v =0

1
=-2v2n det(H[L}” [v], k)/ sin(27t ([u]- k) + 27 (- b)) dr
0

As before, this integral vanishes if one of these conditions holds:
o the vectors [y] and [v] are collinear;

o (k-[v]) #0.

Moreover if [ sdng # 0, we have

@.11) /*dnk_—Zx/_ndet<”£y]” [v ],k) sin(27 (u - k)).
v v

Multiplying (4.10) and (4.11) one has:

/ / {477 det([y], [v], k) sinQn(w - k)) if k € Span([y], [v])™,
Nk | *dng = .
0 otherwise.

This leads us to characterise elements of Span([y], [v])* with integer coeffi-
cients.

Lemma 4.12. Let by and by two nonzero vectors of 7. Then the group
Span(by, b))t N 7>

is cyclic. We note by £ one of these two possible generators.

Proof. As a set it is nonempty; the vector b; A b, belongs to Z> and is orthogonal
to both b; and b;. As the intersection of two subgroups, 73 and R-b; A by, itis a
subgroup of R. The neutral element of Span(by, b)* N Z> must be isolated since
73 is discrete. By characterisation of R subgroups, this group is cyclic. U

We apply the previous lemma to the pair ([y ], [v]) to get the following description
of elements k € Z> giving a nonvanishing term in the series of (3.3):

Span([y], [v])* NZ3 = {(kB, k € Z}.

Among both possible generators, we choose B such that the family ([y 1, B) is
positively oriented.



A SPECTRAL APPROACH TO THE LINKING NUMBER IN THE 3-TORUS 271

The only nonvanishing terms of the series appearing in (4.8) correspond to the
differential forms

Ny = V2 cos((kB) -x)(%) ,

and in this case we have
/ - / vy = —dmk det([y 1. [v], B) sin@rk( - B)).
y v

From now on we denote by ny the differential form nyg). Recall that the dif-
ferential forms n and n_; are collinear. To get a free family of eigenforms one
needs to choose the sign of the integers k: we take them nonnegative. The series of
Equation (3.3) then becomes

e—CrlIBI)*n’s B
4.13 -y ——d , [V], — | sinmk(w - B)).
(4.13) ; el et([y] (v ﬂll)sm( wk(u- B))

Remark 4.14. As noticed in Remark 4.3, (4.13) is not independent of the parametri-
sations involved a priori. In fact, the point u € T3 appearing in sinQ2wk(i - B))
depends of an origin choice for v. Let us thus check that k(u - 8) actually doesn’t,
modulo Z. Let 5 € v be another origin of v, by definition there is f € R and o € 73
such that

u2 — pu =tlv]+a,
thus

(m2-B)=Wa—pn+pn-p)=@W-p)+(x-p),

since B € [u]*. We conclude reducing the above formula modulo Z to get

(n2-B)=(u-p),

since (a - B) € Z.

4D. A uniformly converging family of functions. Let us now look into the series
(4.13) more in detail. If one is able to let 1 — 0 within all terms of this series one
would get

=3 % sin(2kx),
k>0

with C = (1/([|B1)) det([y ], [v], B/1BID) and x = (- B).
One can recognise here the Fourier series development of the defined-on-the-
circle-R/Z function

4.15) {0 ifx =0,

7(1—=2x) on (0, 1).
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So that we would have

B
4.16 1-2
(4-16) / / 2||/3|| et<m ||/3||>( -5,

which is precisely what is expected. To justify the term-by-term convergence of
(4.13), we use the following lemma.

Lemma 4.17. Let a;(t) and by (t) two sequences of functions defined on an interval
I containing 0 such that

@)) (stn ay (z‘))neN is uniformly bounded with respect to t;
(2) the sequence of functions by (t) is nonincreasing with respect to t and converges
uniformly, with respect to k, to 0.
Then the series of functions ), . ak(t)bi (1) converges uniformly on 1.

We omit the proof, which consists of a discrete integration by parts of the series.

We set ai(t) = sin(2wkx), bi(t) = e“”kz/k and I = [0, +00]. One can then
check that for all a € R™ and x > 0, all assumptions of Lemma 4.17 hold. We
deduce that the series of functions

—atk?

sin(2mkx)

k>0
converges uniformly on ]O, +-00]. One is therefore allowed to switch limits and
sum in (4.13) to get

—atk? —atk?
lim sin(2kx) = Z lim sin(2rkx)
t—0 =0
> k>0
. Z sin(2mwkx)
k>0

which concludes the proof.

4E. The T*:geodesic flow special case. Particularly interesting collections of multi-
geodesics of T arise as periodic orbits of the T?-geodesic flow. More generally,
linking number of collections of periodic orbits have been studied by E. Ghys
[2007] and Dehornoy [2017; 2011] for dynamical purposes. The latter showed that,
for a large class of examples given by geodesic flows on surfaces, these collections
all link positively, up to a choice of global orientation. This implies the existence of
Birkhoff sections and, as a corollary, that periodic orbits of this flows display fibred
knots. In the setting of T2, we will see that Theorem 4.1 specifies easily giving a
new linking number formula.

We start by noticing that T3 is identified to the unitary tangent bundle UT? of
the 2-torus T2 := R?/Z?. In fact, the unitary tangent bundle of T? is trivial, T2
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Figure 4. The red curves on the left represents a closed geodesic
of T2. This curve lifts canonically to the red right one on the unitary
tangent bundle. This lifted curve remains in the leaf 6 = arctan(2).
The blue curve represents another lifted geodesic.

being a Lie group. One trivialisation consists to choose a direction of R?, which
induces one on T2, from which one is able to assign an angle to any vector of UT?.
That is to say the map

UT* > T, ur> ((x,).0)

is an actual trivialisation. With the unitary tangent bundle of a Riemannian manifold
comes always a flow: the geodesic flow. In the case of T2, one can fully write down
the flow in the trivialisation given above

o, :T°> T, (x,y,0)— (x+1rcosb, y+tsinb, 6).

Note that periodic orbits of a flow are naturally parametrised and oriented by the
flow itself:

y:S'> T, t (x+rcos, y+tsinb, o).
See Figure 4.
Remark 4.18. The fact that orbits of the geodesic flow are still geodesics on the
unitary tangent bundle is more general, providing that one endows the latter with

the right metric; the so called Sasaki metric. In our case, it turns out that the Sasaki
metric coincides with the T3 flat one.

In this setting, one can readily specifies Theorem 3.2 to get:

Corollary 4.19 [Dehornoy 2011, page 11]. Let T = (y')ic; and Y = (v/) jcs be
two homologically trivial multigeodesics of T2. In the T*-unitary tangent bundle
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they link according to the following formula
: .1 —(9,' '/77.’
kT, Y) = Luly—2L
= > v)—

iel, jeJ

where 0; ; denotes the unique determination in [0, 2| of the oriented angle 0
made at any intersections points (see Figure 2), and (y', v/) denotes the algebraic
intersections between y' and v/ on T>.

Proof. As previously noticed, the orbits of this flow remain in the leaves 8 = cst,
so that the vectors [y] and [v/] belong R> ¢ R?. Our vector 8"/ defined in

Theorem 4.1 becomes
0

=\ 0
+1

for all pairs (i, j), the sign depending whether or not the angle between the curves
vi and v; is greater than . In particular we have I8/ = 1. Moreover, the
determinant det([y'], [v/], ,Bi’j ) becomes detg2 ([¥;], [v;]), which corresponds to
the algebraic intersection number between y’ and v/ seen as curve of T2. To
conclude, the quantity (8%/ - u’/) turns out to be interpreted as the difference
between the angle made by the curve, i.e,

(m — (- 1) = (T — (6;,))- O
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CLUSTER AUTOMORPHISM GROUPS AND
AUTOMORPHISM GROUPS OF EXCHANGE GRAPHS

WEN CHANG AND BIN ZHU

For a coefficient-free cluster algebra .A, we study the cluster automor-
phism group Aut(A) and the automorphism group Aut(E 4) of its ex-
change graph E 4. We show that these two groups are isomorphic with
each other, if A is of finite type excepting types of rank 2 and type Fy, or
if A is of skew-symmetric finite mutation type.

1. Introduction

Cluster algebras were introduced by Sergey Fomin and Andrei Zelevinsky [2002].
In this paper we consider cluster algebras with trivial coefficients, which can be
defined through a skew-symmetrizable square matrix. Such a cluster algebra is a
Z-subalgebra of a rational function field with n indeterminates. More precisely, a
seed is a pair consisting of a set (cluster) of n indeterminates (cluster variables)
in the field and a skew-symmetrizable square matrix (exchange matrix) of size n.
Starting from an initial seed, we get a new seed by an operation called mutation.
Then the cluster algebra is algebraic-generated by all the cluster variables obtained
by iterated mutations. The cluster algebra has nice combinatorial structures which
are (in some sense) given by mutations, and these structures are captured by its
exchange graph, which is a graph with seeds as vertices and with mutations as edges.

We focus in this paper on two special types of cluster algebras: the finite type
and the finite mutation type. Cluster algebras of finite type are those algebras with
a finite number of clusters. They are classified in [Fomin and Zelevinsky 2003a],
which corresponds to the Killing—Cartan classification of complex semisimple
Lie algebras, or, equivalently, corresponds to the classification of root systems in
Euclidean space. If there are finitely many matrix classes in the seeds of a cluster
algebra, then we say it is of finite mutation type, where two matrices are in the same
class if one of them can be obtained from the other by simultaneous relabeling of the
rows and columns. The cluster algebras of finite mutation type with skew-symmetric
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exchange matrices are classified in [Felikson et al. 2012b]; a large class of them
arises from marked Riemann surfaces (possibly with boundary) [Fomin et al. 2008],
and there are 11 exceptional ones. The classification of skew-symmetrizable cluster
algebras of finite mutation type is given in [Felikson et al. 2012a] via operations
called unfoldings upon the skew-symmetric cluster algebras of finite mutation type.

We consider the relations in this paper between two groups associated to the
cluster algebras. One is the cluster automorphism group consisting of cluster
automorphisms, which are permutations of the clusters that commute with mutations.
This group is introduced in [Assem et al. 2012] for a coefficient-free cluster algebra,
and in [Chang and Zhu 2016b] for a cluster algebra with coefficients, it reveals the
combinatorial and algebraic symmetries of the cluster algebra. Another is the auto-
morphism group of the exchange graph, which consists of graph automorphism of the
exchange graph. This group describes the symmetries of the exchange graph; in other
words, it describes combinatorial symmetries of the cluster algebra. The problem
that considers the relations between these two groups is stated in [Saleh 2014].

The exchange graph is a fairly coarse invariant of a cluster algebra, e.g., all
infinite type cluster algebras of rank 2 have the same exchange graph. This article
suggests that, nonetheless, the exchange graph is already rich enough to capture
most of the symmetries of the cluster algebra.

For a coefficient-free cluster algebra .4 with exchange graph E 4, we write the
cluster automorphism group of A and the automorphism group of E 4 as Aut(A)
and Aut(E 4), respectively. In general, Aut(A) is a subgroup of Aut(E 4), and may
be a proper subgroup; see Examples 3.3 and 3.5. The main result of this paper is
that these two groups are isomorphic with each other if A is of finite type, excepting
types of rank two and type F4 (Theorem 3.16), or A is of skew-symmetric finite
mutation type (Theorem 3.18). Therefore in some degree, for these cluster algebras,
the algebraic symmetries are also captured by the exchange graphs. In particular,
we compute the automorphism group of the exchange graph of a finite type cluster
algebra in Table 1; see Remark 3.17.

To prove these results, we describe E 4 more precisely. In Section 3A, we define
layers of geodesic loops of E 4 by using the distance of a vertex to a fixed vertex
on E 4. An easy observation is that an isomorphism of exchange graphs should
maintain the combinatorial numbers of the layers of geodesic loops based on the
corresponding vertices; see Remark 3.2(4). By this observation, we directly show in
Examples 3.6, 3.7, 3.10 and 3.11 that for a cluster algebra of type A3, B3, C3, A,
or T3 (the cluster algebra from a once-punctured torus), we have Aut(A) = Aut(E 4).
For the general cases we reduce them to above five cases (Theorems 3.16 and 3.18).

The paper is organized as follows: we recall preliminaries on cluster algebras,
cluster algebras of finite mutation type and cluster automorphisms in Section 2,
then we prove the main theorems in Section 3.
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Dynkin type automorphism group Aut(E 4)

Ay(n=2) D43
B De
B,(n >3) Dn+1
(&) De
Cn(n =3) Dnt1
D4 [D4 X S3
D,(n =5) 7,
Eg D14
E7 D1o
Eg D16
F4 |]:D7 X Zz
G» Dg

Table 1. Automorphism groups of exchange graphs of cluster
algebras of finite type.

2. Preliminaries

2A. Cluster algebras.

Definition 2.1. [Fomin and Zelevinsky 2002] (labeled seeds). A labeled seed is a
pair ¥ = (x, B), where

e x ={x{,x2,...,X,}1s an ordered set of n indeterminates;

o B = (bx;x;)nxn € Muxn(Z) is a skew-symmetrizable matrix labeled by x x x;
that is, there exists a diagonal matrix D with positive integer entries such that
DB is skew-symmetric.

The set x is called the cluster with elements the cluster variables, and B is called
the exchange matrix. An element b X in B is also written as bj; for brevity. We
assume throughout the paper that B is indecomposable; that is, for any 1 < i, j < n,
there is a sequence iy = i,i1,...,in,imy1 = j, such that b; ; , # O for any
0 < k < m. We also assume that n > 1 for convenience. One may produce a new
labeled seed by a mutation at direction k for any cluster variable x.

Definition 2.2. [Fomin and Zelevinsky 2002] (seed mutations). The labeled seed
Wk (X)= (i (x), ui (B)) obtained by the mutation of ¥ in the direction k is given by:

o pi(x) = 0\ {xieh) U { g x () } Where
Xk/vak,x()Ck) = 1_[ _ijjk + 1—[ _xjfbjk‘

1<j<n; 1<j<n;
bjr>0 bjr<0
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* uk(B) = (b;l)nxn € Myxn(Z) is given by

;o —bji ifiIkOI’jIk;
7| bji 4+ 3(Ubjilbik + bjilbik])  otherwise.

It is easy to check that a mutation is an involution; that is, uiur(Z) = X.

Definition 2.3. [Fomin and Zelevinsky 2007] (n-cluster patterns). An n-regular
tree T, is a diagram, whose edges are labeled by 1, 2, ..., n, such that the n edges
emanating from each vertex receive different labels. A n-cluster pattern is an
assignment of a labeled seed X; = (x;, B;) to every vertex t € T,, so that the labeled
seeds assigned to the endpoints of any edge labeled by k are obtained from each
other by the seed mutation in direction k. The elements of X, are written as follows:

(1 Xr = (X1;00 0005 Xnyr)y B = (bll])

Note that T, is in fact determined by any fixed labeled seed on it. Now we are
ready to define cluster algebras.

Definition 2.4. [Fomin and Zelevinsky 2007] (cluster algebras). Given a seed X
and a cluster pattern T,, associated to it, we denote

2) %:Ux,:{xi’t:te—ﬂ—n,lfifn},

tel,

the union of clusters of all the seeds in the pattern. We call the elements x; ;, € 2 the
cluster variables. The cluster algebra A associated with X is the Z-subalgebra of
the rational function field 7 = Q(xy, x3, ..., x,), generated by all cluster variables,
A=7[%].

To a skew-symmetrizable matrix B = (b};),xx, One can associate a valued quiver
(quiver for brevity) Q = (Qo, Q1, v) as follows: Qo = {1,2,...,n} is a set of
vertices. For any two vertices j and i, if b;; > 0, then there is an arrow o from
J to i to which we assign a pair of values (vi(«), v2(a)) = (bj;, —b;j). These
arrows form the set Q. Since B is an indecomposable skew-symmetrizable matrix,
the defined valued quiver Q is connected and there are no loops nor 2-cycles in
Q. Then we can define a mutation of the valued quiver by the mutation of the
matrix; we refer to [Fomin and Zelevinsky 2002; Keller 2012] for details. We say
two quivers Q and Q' are mutation equivalent if the corresponding matrices are
mutation equivalent; that is, one of them can be obtained from the other one by a
finite sequence of mutations. We also write (x, Q) for the labeled seed (x, B), and
write Ap for the cluster algebra defined by X. The quiver and the defined cluster
algebra are called skew-symmetric if the corresponding matrix is skew-symmetric.
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If the cluster algebra is of finite type [Fomin and Zelevinsky 2003a] or of skew-
symmetric type, then the cluster determines the quiver [Gekhtman et al. 2008], and
we denote the quiver of a cluster x by Q(x).

Example 2.5. Let B be the following skew-symmetrizable matrix with skew-
symmetrizer D = diag{2, 2, 1, 1}:

0100
-10-10
02 0 2
0 0-20

B =

The quiver corresponding to B is Q, where we always delete the trivial pairs of
values (1, 1), and replace a arrow assigning pair (m, m) by m arrows:

0:1—220 34

Definition 2.6. [Fomin and Zelevinsky 2007] (seeds). Given two labeled seeds
¥ = (x, B) and ¥’ = (x’, B"), we say that they define the same seed if ¥’ is
obtained from ¥ by simultaneous relabeling of the sets x and the corresponding
relabeling of the rows and columns of B.

We denote by [X] the seed represented by a labeled seed X. The cluster x of
a seed [X] is an unordered n-element set. For any x € x, there is a well-defined
mutation . ([Z]) =[x (2)] of [X] at direction x, where x = x;. For two same rank
skew-symmetrizable matrices B and B/, we say B = B’if B’ is obtained from B by
simultaneous relabeling of the rows and columns of B. Then the exchange matrices
in any two labeled seeds representing a same seed are isomorphic. The isomorphism
of two exchange matrices induces an isomorphism of corresponding quivers. For
convenience, in the rest of the paper, we also denote by X the seed [X] represented
by X.

Definition 2.7. [Fomin and Zelevinsky 2007] (exchange graphs). The exchange
graph of a cluster algebra is the n-regular graph whose vertices are the seeds of
the cluster algebra and whose edges connect the seeds related by a single mutation.
We denote by E 4 the exchange graph of a cluster algebra A.

Clearly, the exchange graph of a cluster algebra is a quotient graph of the n-
regular tree; its vertices are equivalent classes of labeled seeds. The exchange graph
need not be a finite graph; if it is finite, then we say the corresponding cluster
algebra (and its cluster pattern) are of finite type.

Definition 2.8. [Fomin and Zelevinsky 2003a, page 70] (cluster complexes). A
cluster complex A of A is a simplicial complex on the ground set 2~ with the
clusters as the maximal simplices.
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A, | —2—> n—1—n
2,1)
B, : 1—2— o+ np—1—>n
(1,2)
C, : 1—2— n—1——n
D, - 2/1’1—1
n ]—2— o on=27 .
?
Eq : 1 2 3 4 5
%
E7 : 1 2 3 4 5 6
T
Eg : 1 2 3 4 5 6 7
2,1
Fy 3 4
(€N))
Gj3 1—2

Figure 1. Quivers of finite type.

Then A is an n-dimensional complex. In particular, if A is of finite type or
skew-symmetric, then the vertices of E 4 are clusters, so the dual graph of A is E 4.

2B. Finite types and finite mutation types. By the classification of cluster algebras
of finite type [Fomin and Zelevinsky 2003a], a cluster algebra is of finite type if and
only if there is a seed whose quiver is one of the quivers depicted in Figure 1. Note
that the underlying graphs of quivers in Figure 1 are trees, thus any two quivers
with the same underlying graph are mutation-equivalent.

Definition 2.9. [Fomin et al. 2008; Felikson et al. 2012b] A block is a quiver
isomorphic to one of the quivers with black or white colored vertices shown in
Figure 2. Vertices marked in white are called outlets. A connected quiver Q
is called block-decomposable (decomposable for brevity) if it can be obtained
from a collection of blocks by identifying outlets of different blocks along some
partial matching (matching of outlets of the same block is not allowed), where two
arrows with the same endpoints and opposite directions cancel out. If Q is not
block-decomposable then we call Q nondecomposable.
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H/;\/\/\@IZI

I 11 IITa IIIb
Figure 2. Blocks. Outlets are colored white, dead ends are black.

It is proved in [Fomin et al. 2008, Theorem 13.3] that a quiver is decomposable
if and only if it is a quiver of a triangulation of an oriented marked Riemann
surface, and thus a quiver mutation equivalent to a decomposable quiver is also
decomposable. Note that all arrow multiplicities of a decomposable quiver are 1
or 2. Therefore decomposable quivers are mutation finite. It is clear that a quiver
of rank 2, that is, a quiver with two vertices, is mutation finite. Besides these two
kinds of quivers, there are exactly 11 exceptional skew-symmetric quivers of finite
mutation type; see Theorem 6.1 in [Felikson et al. 2012b]. We list the exceptional
quivers in Figure 3.

2C. Automorphism groups. In this section, we recall the cluster automorphism
group [Assem et al. 2012] of a cluster algebra, and the automorphism group of the
corresponding exchange graph [Chang and Zhu 2016b].

Definition 2.10. [Assem et al. 2012] (cluster automorphisms). For a cluster alge-
bra A and a Z-algebra automorphism f : A — A, we call f a cluster automorphism
if there exists a labeled seed (x, B) of A such that the following conditions are
satisfied:

(1) f(x) is a cluster.

(2) f is compatible with mutations; that is, for every x € x and y € x, we have

e x(3) = 1r@), roo (f ().

Then a cluster automorphism maps a labeled seed ¥ = (x, B) to a labeled
seed X’ = (x’, B’). Under our assumption that B is indecomposable, we have the
following:

Lemma 2.11 [Assem et al. 2012]. A Z-algebra automorphism f : A — Aisa
cluster automorphism if and only if there exists a labeled seed ¥ = (x, B) of A,
such that f(x) is the cluster in a labeled seed &' = (x’, B') of A with B' = B or
B'=—B.

We call the cluster automorphism such that B = B’ (resp. B = —B’) a direct
cluster automorphism (resp. an inverse cluster automorphism). Clearly, all the
cluster automorphisms of a cluster algebra A form a group with homomorphism
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Es 7
l
12145
8
123]1567
9
12145678
7
1—>2/H%5—>6

1—>2—>3<E>5—>6—>7
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SN
VAVAY

[«—3«——>5

6

[\

6—7

Figure 3. Representatives of nondecomposable quivers of finite
mutation type.

composition as multiplication. We call this group the cluster automorphism group
of A, and denote it by Aut(A). We call the group Aut™(A) consisting of the direct
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cluster automorphisms of A the direct cluster automorphism group of A, which is
a subgroup of Aut(A) with index at most two; see [Assem et al. 2012].

Definition 2.12. [Saleh 2014; Chang and Zhu 2016b] (automorphism of exchange
graphs). An automorphism of the exchange graph E 4 of a cluster algebra A is an
automorphism of E 4 as a graph, that is, a permutation o of the vertex set, such that
the pair of vertices (u, v) forms an edge if and only if the pair (o (1), o (v)) also
forms an edge.

Clearly, the natural composition of two automorphisms of E 4 is again an auto-
morphism. We define an automorphism group Aut(E 4) of E 4 as a group consisting
of automorphisms of E 4. It is clear that a cluster automorphism induces a unique
automorphism of the exchange graph. Thus Aut(.A) is a subgroup of Aut(E 4); see
[Chang and Zhu 2016b]. By the definition, an automorphism o of an exchange
graph maps clusters to clusters, and induces an automorphism of its dual graph, the
cluster complex A; we denote this automorphism by oa. Then o, is a permutation
of cluster variables in 2", which maps a maximal simplex to a maximal simplex, but
the map may not be compatible with the algebra relations among cluster variables
in A, thus it is not necessarily a cluster automorphism. In fact, Aut(.4) may be a
proper subgroup of Aut(E 4); see Examples 3.3 and 3.5. The following lemma can
be viewed as a description of Aut(.A4) as a subgroup of Aut(E 4), as those exchange
graph automorphisms which happen to preserve B-matrices (perhaps up to global
reversal of sign) up to simultaneously relabeling of the rows and columns. In this
point of view, the main thrust of this paper is to show that, typically for the cluster
algebras we consider, any graph automorphism has the property of preserving
B-matrices.

Lemma 2.13. Let ®: E 4 — E 4 be an automorphism which maps a seed ¥ = (x, B)
to a seed X' = (x', B). If B= B’ or B = — B’ under the correspondence x — x’,
then the map x — x’ induces a cluster automorphism ¥V of A and the induced
automorphism Vg : E 4 — E 4 coincides with ®.

Proof. Since B = B’ or B= —B’, the map x — x’ induces a cluster automorphism
W of A by Lemma 2.11. Notice that ®(x) = W(x); then by inductions on the
mutations, we have ® = W on each cluster of E 4, so ® = Wg as automorphisms
of the exchange graph E 4. ([

3. Automorphism groups of exchange graphs

In this section we consider relations between the groups Aut(.A) and Aut(E 4) for a
cluster algebra A of finite type or of skew-symmetric finite mutation type. For this,
we need to describe E 4 more precisely. In the following we will recall the basic
structures of E 4 from [Fomin and Zelevinsky 2002; 2003a], and then introduce
layers of geodesic loops on E 4.
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3A. Layers of geodesic loops. Let ¥ = (x, B) be a labeled seed on the cluster
pattern of A. Let x’ be a proper subset of x, then x’ is a nonmaximal simplex in
the cluster complex A. We denote by A, the link of x \ x’, which is the simplicial
complex on the ground set

2y ={ae 2 —(x\x):(x\x)U{a} e A},

such that x” is a simplex in Ay if and only if x \ x’ Ux” is a simplex in A. Let Iy
be the dual graph of A,/. We view I'ys as a subgraph of E 4 whose vertices are the
maximal simplices in A that contain x \ x’. In fact, as we explain now, Iy is the
exchange graph of a cluster algebra A defined by a frozen seed
Tr=(" x\x', By),

which is the freezing of X at x \ x’ (see [Chang and Zhu 2016¢, Definition 2.25]),
where By is obtained from B by deleting the columns labeled by variables in x \ x".
Then elements in x \ x” are coefficients of Ay (we refer to [Fomin and Zelevinsky
2002; 2007] for a cluster algebra with coefficients). Let A" be a cluster algebra
defined by a seed ¥’ = (x’, B’), where B’ is obtained from B by deleting rows and
columns labeled by variables in x \ x”. In our setting, that is, where cluster algebras
are of finite type or of skew-symmetric finite type, the exchange graph of a cluster
algebra (with coefficients) only depends on the principal part of the exchange matrix
(see [Fomin and Zelevinsky 2003a; Cerulli Irelli et al. 2013]) which is the submatrix
labeled by x \ x’ x x \ x'; thus the graph I’y coincides with the exchange graph E 4.

For a 2-dimensional subcomplex x’ of A, we call the dual graph Iy’ a geodesic
loop of E 4. We mention that the definition of geodesic loop is slightly different
from the definition used in [Fomin and Zelevinsky 2003a], where a line is not a
geodesic loop. If A is of finite type, then E 4 is a finite graph, and I'y is a polygon.
Notice that in the seed ¥’ = (x’, B’) constructed above, B’ is of Dynkin type, that
is, one of types Ay, By, C, or G,. Therefore Iy is a (h+2)-polygon, where 4 is
the Coxeter number of the corresponding Dynkin type; see [Fomin and Zelevinsky
2003a]. If A is of finite mutation type, then Iy may be a line. We fix a basepoint
Y. = (x, B) and introduce the following concept.

Definition 3.1. (1) Letting X’ be a point of E 4, the distance £(Z, Z') between
¥ and ¥’ is the minimal length of paths between X and X'.
(2) Letting L be a geodesic loop of E 4, the distance {5 (L) between X and L is
the minimal length min{¢(X, £'), ¥’ € L}.

(3) Letting m € Z>( be a nonnegative integer, denote by £ the set of geodesic
loops whose distance to X is m. We call it the m-layer of geodesic loops of
E 4 based on X.

(4) For any m € Z, denote by N (£:) the set of amounts of edges belonging to
geodesic loops in the m-layer (..
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Remark 3.2. The following observations are directly derived from the definitions:

(1) The elements in E% are those geodesic loops I’y for the 2-dimensional sub-
complex x’ of A, where x’ is a subset of the cluster x in X.

(2) Formy #my, £5' NG = .
(3) The disjoint union |_|m20 2% is the set of all the geodesic loops of E 4.

(4) If o : E4 — E 4 is an isomorphism of graphs such that the image of X is X/,
then for every m € Z>o, N({%) = N(£%,) as sets.

3B. Cases of rank 2 and rank 3. In this subsection, we consider the relations
between Aut(A) and Aut(E 4) for a cluster algebra A of rank 2 or rank 3.

Example 3.3. For a finite type cluster algebra A of rank 2, that is, one of types
Ay, By, Cy or Gy, its exchange graph E 4 is a (h+2)-polygon, thus Aut(E 4) is
isomorphic to the dihedral group Dy, where & is the Coxeter number. If A
is of type A,, then Aut(A) = D5 [Assem et al. 2012], thus Aut(A4) = Aut(E 4).
If A is of type B,, C; or G, [Chang and Zhu 2016a, Theorem 3.5] shows that
Aut(A) = D12)/2, thus Aut(A) G Aut(E 4).

Example 3.4. For an infinite type skew-symmetric cluster algebra A of rank 2, its
exchange graph E 4 is a line, thus Aut(E 4) = (s) X (r) = Z x Zy = D, where
s is a left shift of £ 4 which maps a cluster to the left adjacent cluster and r is a
reflection with respect to a fixed cluster. Then s corresponds to a direct cluster
automorphism of 4 and r corresponds to an inverse cluster automorphism of A4;
thus by Lemma 2.13, Aut(E 4) € Aut(A). Therefore Aut(E 4) = Aut(A) = Deo.

Example 3.5. For an infinite type non-skew-symmetric cluster algebra .4 of rank 2,
its exchange graph E 4 is also a line, thus as shown in Example 3.4, Aut(E 4) =
(s) x (r) = Z x Z,, where s corresponds to a direct cluster automorphism of A,
while r dose not correspond to any cluster automorphism of 4, since there is no
nontrivial symmetry of the quiver in any seed of .A. Thus Aut(A) =Z S Aut(E »).

Example 3.6. We consider the cluster algebra A of type Az with an initial labeled
seed Xo = ({x1, x2, x3}, Q), where Q is 1 — 2 <« 3. Its exchange graph E 4 is
depicted in Figure 4. Note that there are three quadrilaterals and six pentagons in E 4.
Then as shown in [Chang and Zhu 2016a, Example 3], Aut(A) = (f—, fi) = Ds,
where f_ is defined by

X1 — X1,

(3) f= 1§ x2 = pax),
X3 = X3.

It maps Xy to ¥, and induces a reflection with respect to the horizontal central
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Figure 4. The exchange graph of a cluster algebra of type As.

axis of E 4. The cluster automorphism f; is defined by

X1 = u(x),
“4) friyx2 x2,
x3 = nu3(x3).

It gives a reflection on E 4, which maps X to ¥s. In fact, as shown in [Chang and
Zhu 2016a], a direct cluster automorphism of A is of the form (f+ f—)",0<m <5,
which induces a rotation of seeds in {Z¢, X1, s, X3, X4, X5}, thus Aut™(A) can
be viewed as the symmetry group of the bipartite belt consisting of seeds in
{20, X1, X0, X3, 24, X5}, where the quivers in these seeds are the bipartite quivers
isomorphic to Q.

We will prove that any automorphism of E 4 is induced from an element in
Aut(A), and thus Aut(A) = Aut(E 4). For this purpose, we show the following
claims:

(1) There exists no automorphism of E 4 which maps X to a vertex except for ¥;,
0<i <5,

(2) If an automorphism of £ 4 maps ¥ to X;, 0 <i <5, then it is induced from a
cluster automorphism of A.

Let o be an automorphism of E 4. Due to symmetries of E 4, we only show that
o(X) # 0;, i =1,2,3. By adirect computation, the sets of numbers for the layers



AUTOMORPHISM GROUPS AND EXCHANGE GRAPHS 295

of geodesic loops based on these vertices are

N(%)=1{4,5,5), NEL)Y=1{4,55}, NE%)={55}, N =4}
N@E))=1{4,5,5}, N@p)=1{555} N@E)={44}, NE)={5
N(y)={5.5,5}, N(lp)=1{4,4,4}, N{p)=1{555}
N(y) ={4,5,5}, N(lp)=1{55.5}, NUp)={4.4}, N()={5)

Then by Remark 3.2(4), 0(Xg) # O;, i =1, 2, 3. So the first claim is affirmed.

Now we consider the second claim. Still due to the symmetries of the graph, we
may assume that o (Xg) = ¥¢. Since o is a graph automorphism, it can be seen
that there are two possibilities for o; one is the identity, the other is the reflection
fo with respect to the vertical central axis of E 4, as depicted in Figure 4. Note
that the identity graph automorphism is induced from the identity automorphism of
the cluster algebra, while the graph automorphism fj is induced from the cluster
automorphism (£ f_)? by a direct computation. Therefore the second claim is true
and we have Aut(E 4) = Aut(A) = Dg.

Example 3.7. It is known from a result in [Fomin and Zelevinsky 2003b] that the
cluster algebras of type B, and type C, have the same exchange graph. Based on a
seed X, the exchange graph of a cluster algebra A of type B3 or type C;3 is depicted
in Figure 5. For the cluster algebra of type Bs, the quiver of the initial seed X is

1 —2 <20 3
For the cluster algebra of type C3, the quiver of the initial seed X is
frmlo]—— —s 2 <12 3,

Let o be an automorphism of E 4. As shown by Example 4 in [Chang and Zhu
2016a], we have Aut(A) = D4 and {Xg, X4, Xp, X3, X4, X5, Xg, 27} are all the
seeds whose quivers are isomorphic to Q. Similarly, to get Aut(E 4) = Aut(A), we
prove the two claims stated in Example 3.6. For the first claim, we only need to
prove that o (Xg) # O;(i =1, 2, 3, 4) in Figure 5, and this can be obtained by the
fact that these seeds have different combinatorial numbers of layers of geodesic
loops:
N(%)=1{4.5.6}, N(ty)={4.5,6}
N (o) ={5.,6.,6};
N(€,)=14,5,6}, N(tp,) =15,6,6);
N())=1{4.5.6}, N(tp,) ={5.6,6};

N(9,) =1{5.6,6}.
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Figure 5. The exchange graph of a cluster algebra of type B; or
type Cs.

For the second claim, we may also assume o (Xg) = Xg. Since N (6%0) ={4,5, 6},
there are neither rotation symmetries nor reflection symmetries of £ 4 at ¥3y. So
o must be the identity automorphism of E 4, which is induced from the identity
automorphism of the cluster algebra. Noticing that there are eight elements in
Aut(A) = Dy, where each one corresponds a graph automorphism which maps %
to¥;, 0<i<T.

Example 3.8. For cluster algebras of type Fy, let the quiver Q of a seed X be
1—»2<20 3 oy

Then Aut(A) = D7 [Chang and Zhu 2016a]. The variables x;, x, x3 and the
corresponding full subquiver of Q form a seed X of type Bs, while x;, x3, x4 and the
corresponding full subquiver of Q form a seed X, of type C3. By pinning down X,
rotating the graph E 4 induces an automorphism o of E 4, which exchanges the

graph E 4, and the graph E 4, . However o does not induce a cluster automorphism
of A, and Aut(A) = D7 G D7 x Z; = Aut(E »).

Proposition 3.9. Let Q be a connected quiver with three vertices which is of finite
type. Let ¥ = (x, Q) and X' = (x’, Q') be two seeds (not necessarily mutation



AUTOMORPHISM GROUPS AND EXCHANGE GRAPHS 297

equivalent to each other). If there is an isomorphism o : E4 — E 4 such that
o (X) =X then ' = (x', Q') is a finite type seed with Q' connected, and

(1) if T is of type A3, then Q' = Q (or Q°P);
(2) if ¥ is of type Bz and ¥’ is not of type Cs, then Q' = Q (or Q°P);
(3) if T is of type C3 and ¥ is not of type Bs, then Q' = Q (or Q°P).

Proof. Clearly, since E; = E 4 is of finite type, Q' is a Dynkin type quiver with
three vertices. If Q is of type A3, then by Example 3.6,

N(t%) ={4,5,5} or {5,5,5).
If Q is of type B3 (or C3), then from Example 3.7,
N(t%) ={4,5,6} or {5, 6, 6}.
If Q’ is a union of a quiver of type A, and a point, then from Example 3.3,
N({Y) = (4,4,5).
If Q' is a union of a quiver of type B (or C5) and a point, then from Example 3.3,
N({Y) = (4,4, 6).
If Q’ is a union of a quiver of type G, and a point, then from Example 3.3,
N(£3) = {4,4.8).
Thus we get the proof by Remark 3.2. (]

Example 3.10. Let Q be the quiver in Figure 6; we say it is of type A,. Then it is
not hard to see that if a quiver in the mutation class of Q is not isomorphic to Q,
then it must be isomorphic to the quiver Q’ in Figure 6. Let A be a cluster algebra
with an initial seed

¥ = ({x1, x2, x3}, Q),

as in the above examples. To show that Aut(4) = Aut(E 4), we only need to notice
that
N(t%) = {5, 5, oo},

N(t%) =1{5,5,5),

where ¥’ is a seed of A with quiver isomorphic to Q’. In fact, from [Assem et al.
2012, Section 3.3],

AW(A) = (r, r | rim=rr,ri =r) x (o o2 =1) =Hy x 7y,
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Figure 6. Quivers of type A».

Va
2 g 3
Figure 7. Quiver of type T3.

where

X1 — X3,

) r

X2 = e (xy),
X3 = X2,

X1 — X,

X2 > 3 (x3),

x3 = p(xy),

(6) r

X1 — X2,
@) o

X2 — X1,

X3 = X3.
Thus Aut(E 4) = Hp 1 % Z5.

Example 3.11. Let A be a cluster algebra from a once punctured torus, which we
call a cluster algebra of type T3; then it is of finite mutation type with quiver always
isomorphic to the quiver in Figure 7. By Lemma 2.13, we have Aut(A) = Aut(E 4).

Corollary 3.12. Let A and A’ be two cluster algebras of finite type, or of skew-
symmetric finite mutation type, with rank equal to 2 or 3. Let ¥ = (x, B) and
¥ = (x', B') be two seeds of A and A, respectively. IfN(EkZ) = N~ for any
k € Z~, then there exists an isomorphism ® : E 4 — E 4 such that ®(x) = x'.

Proof. This follows from Examples 3.6, 3.7, 3.10 and 3.11. O
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We expect the result in the corollary to be true for any finite type cluster algebras
and finite mutation type cluster algebras. This means that for any seed X, the set
N (Ekz) characterizes the exchange graph.

Lemma 3.13. Ler Q be a connected skew-symmetric quiver of finite mutation type.

(1) If there are 3 vertices in Q, then Q is one of the following types:

(a) As type.
(b) A; type.
(c) T3 type.

(2) If there are at least four vertices in Q, then any full subquiver of Q with three
vertices is of type As or of type A».

Proof. (1) From the classification of cluster algebras of finite mutation type, Q
must be block-decomposable, so the proof is a straightforward check by gluing the
blocks in Figure 2.

(2) We only need to notice that a quiver of type 73 is obtained by gluing two blocks
of type Il in Figure 2, and thus one cannot further glue it with a block to obtain a
connected quiver of finite mutation type. U

It is clear that if for any quiver in the mutation equivalent class of Q the number
of arrows between any two vertices is at most 2, then Q is of finite mutation type.
The above lemma shows that the inverse statement is also true for the cases when
there are at least three vertices; that is, we have the following corollary, which has
been stated in [Derksen and Owen 2008, Corollary 8].

Corollary 3.14. A connected quiver Q with at least three vertices is of finite mu-
tation type if and only if for any quiver in its mutation class the number of arrows
between any two vertices is at most 2.

Proposition 3.15. Let O be a connected skew-symmetric quiver with three vertices
which is of finite mutation type. Let ¥ = (x, Q) and ¥’ = (x', Q') be two seeds.
If there is an isomorphism o : E4 — E 4 such that 0 (X) = X/, then Q' = Q or

Q'= Q"

Proof. Similar to Proposition 3.9, this follows from Lemma 3.13 and Examples 3.11,
3.6 and 3.10. (]

3C. General cases.

Theorem 3.16. Let A be a cluster algebra of finite type. Assuming that it is not of
type Fy, let ¥ = (x, Q) be a labeled seed of A, where Q is a connected quiver with
at least three vertices. Then we have Aut(A) = Aut(E 4).
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Proof. We need to show that Aut(E 4) € Aut(A). Let ® be any automorphism
of E 4. Then it induces an automorphism ¢ of the complex A, in particular, which
gives a permutation on the cluster variable set 2. Let x’ C x be a 3-dimensional
complex, and let Q(x”) be the full subquiver of Q(x) with vertices indexed by the
variables in x’. Let A’ be the cluster algebra defined by the seed ¥’ = (x’, Q(x")).

Notice that since ¢ is an automorphism of a complex, it maps a simplex to a
simplex, and thus induces a bijection from 25 = {0 € 2" —(x\x') : x\x'U{a} € A}
to Zp) ={e € 7 —¢(x\x') : ¢(x \ x')U{a} € A}, and also induces an
isomorphism ¢, from the link A, to the link Ay ). Moreover, the duality of the
isomorphism ¢, gives an isomorphism between the dual graphs of the complexes;
that is, we have an isomorphism

(8) q)x/ . Fx/ — F¢(x/)

Let &' = (¢ (x'), Q(¢(x'))) be a seed, where Q(¢(x')) is the full subquiver of
Q(®(x)) whose vertices are those labeled by elements in ¢ (x’). Let A’ be the
cluster algebra defined by ¥’. As shown in the beginning of Section 3A, there
are isomorphisms I'yy = E 4 and Iy ) = E7. Combining these with the iso-
morphism (8), we have E = E. Since A is not of type Fy, if Q(x') is of
type B3 (resp. type C3), then Q(¢(x")) is not of type Cj (resp. type B3). Thus by
Proposition 3.9, Q(x')) = Q(¢(x')) or Q(x') = Q(¢(x"))®.

Let x' = {x1,x2,x3} € x and x”" = {x5, x3, x4} € x be two 3-dimensional
complexes with exactly two common elements. By the above discussion, we
have Q(x")) = Q(¢p(x")) or Q(x") = Q(p(x')™, and Q(x")) = Q(¢p(x")) or
0(x") = Q(¢(x")°". Now assume by,,, # 0, that is, there exists at least one
arrow in Q(x) between the vertices labeled by x, and x3, then simultaneously we
have Q(x")) = Q(¢(x")) and Q(x")) = Q(p(x")), or Q(x") = Q(¢p(x") and
Q(x") = Q(¢(x”))P. Finally, due to the arbitrariness of the choice of x’ and the
connectedness of the quiver, one may show that Q(®(x)) = Q or Q(P(x)) = Q.
See the inductive process in the following picture:

x//

—_— P
S XQT T X[TT T XTI X3T oo X4T - X5t XG e

M MG

X X

Therefore ® : E 4 — E 4 induces a cluster automorphism of .4 by Lemma 2.13.
Thus Aut(E 4) € Aut(A) and we have Aut(E 4) = Aut(A). O

Remark 3.17. By combining the above theorem, Table 1 in [Assem et al. 2012]
and Theorem 3.5 in [Chang and Zhu 2016a], we may compute the automorphism
groups of the exchange graphs of cluster algebras of finite type; see Table 1. The
cases of rank 2 and type Fy are computed in Examples 3.3 and 3.8, respectively.
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Theorem 3.18. Let A be a connected skew-symmetric cluster algebra of finite
mutation type; then Aut(A) = Aut(E 4).

Proof. If A is of finite type of rank 2, that is, of type A;, then the result follows from
Example 3.3. If A is of infinite type of rank 2, the result follows from Example 3.4.
When the rank of A is at least 3, the proof is similar to the proof of Theorem 3.16
by using the connectedness of the cluster algebra and Proposition 3.15. (]

Corollary 3.19. Let A be a connected cluster algebra of finite type or of skew-
symmetric finite mutation type, then an automorphism of E 4 is determined by the
image of any fixed seed . and the images of the seeds adjacent to X.. More precisely,
let ¥ = (x, B) be a seed on E 4, then an automorphism ® : E 4 — E 4 is determined
by a pair (¥, ¢), where ' = (x’, B') is a seed on E 4 and ¢ : x — X' is a bijection
such that ®(X) = X" and O (x(x)) = pg ) (x’) for any x € x.

Proof. If A is of finite type of rank 2 and of type Fj, then the conclusion is clear.
Otherwise, note that a cluster automorphism is determined by such a pair (¥’, ¢);
thus the proof follows from Theorems 3.16 and 3.18. ([
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GEOMETRIC MICROLOCAL ANALYSIS IN
DENJOY-CARLEMAN CLASSES

STEFAN FURDOS

A systematic geometric theory for the ultradifferentiable (nonquasianalytic
and quasianalytic) wavefront set similar to the well-known theory in the
classic smooth and analytic setting is developed. In particular an analogue
of Bony’s theorem and the invariance of the ultradifferentiable wavefront
set under diffeomorphisms of the same regularity is proven using a theorem
of Dynkin about the almost-analytic extension of ultradifferentiable func-
tions. Furthermore, we prove a microlocal elliptic regularity theorem for
operators defined on ultradifferentiable vector bundles. As an application,
we show that Holmgren’s theorem and several generalizations hold for op-
erators with quasianalytic coefficients.

1. Introduction

The aim of this work is to establish a geometric theory for the wavefront set in
ultradifferentiable classes introduced by Hormander [1971a] analogous to the one
for the classical wavefront set. There are a number of recent works dealing with
this question; see, e.g., [Adwan and Hoepfner 2015; Berhanu and Hailu 2017;
Hoepfner and Medrado 2018]. In this paper we present a unified approach to the
problem, which also allows us to treat quasianalytic classes, which the methods
introduced up to now were not able to cover. We note that the geometric theory
of the ultradifferentiable wavefront set developed here has numerous possible
applications, including for example to problems studied by Baouendi and Métivier
[1982], Berhanu, Cordaro and Hounie [Berhanu et al. 2008] or Castellanos, Cordaro
and Petronilho [Castellanos et al. 2013].

Regarding questions of the regularity of solutions of PDEs, the wavefront set
is a crucial notion introduced by Sato [1970] in the analytic category and by
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Hormander [1971b] in the smooth case. Their refinement of the singular sup-
port simplifies, for example, the proof of the classical elliptic regularity theorem
considerably.

One of the basic features of both the smooth and analytic wavefront sets is
that they are invariant under smooth and real-analytic changes of coordinates,
respectively. Hence it is possible to define the smooth (or analytic) wavefront set
of a distribution given on a smooth (or analytic) manifold. This is mainly due to
the fact the smooth (resp. analytic) wavefront set can either be described by the
Fourier transform (Hormander’s approach), boundary values of almost analytic
(resp. holomorphic) functions (Sato’s definition) or by the FBI transform (due to
Bros and Iagolnitzer [1975]). The proof of the equivalence of these descriptions in
the analytic category is due to Bony [1977].

Various other notions of wavefront sets associated to microlocalizable structures
have since then been introduced; e.g., for Sobolev spaces, see, e.g., Lerner [2010].
In this paper we are interested in ultradifferentiable classes, that is, spaces of smooth
functions which include strictly all real analytic functions. The most well known
example of such classes are the Gevrey classes; see, e.g., [Rodino 1993].

Generally, spaces of ultradifferentiable functions are defined by putting growth
conditions either on the derivatives or the Fourier transform of its elements. One
family of ultradifferentiable classes, which includes the Gevrey classes, is the
category of Denjoy—Carleman classes. The elements of a Denjoy—Carleman class
satisfy generalized Cauchy estimates of the form

18 f (x)| < Ch*'M 4

on compact sets, where C and / are constants independent of & and M = (M;); is
a sequence of positive real numbers, the weight sequence associated to the Denjoy—
Carleman class. Such classes of smooth functions were first investigated by Borel
and Hadamard, but were named after Denjoy and Carleman who characterized
independently the quasianalyticity of such a class using its weight sequence; see
the survey [Thilliez 2008].

There is a rich literature concerning the Denjoy—Carleman classes and their
properties. It turns out that conditions on the weight sequence translate to stability
conditions of the associated class. For example, if M is a regular weight sequence
in the sense of Dynkin [1976], then it is known that the Denjoy—Carleman class
is closed under composition and solving ordinary differential equations and that
the implicit function theorem holds in the class; see, e.g., [Bierstone and Milman
2004]. Hence it makes sense in this situation to consider manifolds of Denjoy—
Carleman type. In Section 2 we give a brief introduction in the modern theory of
Denjoy—Carleman classes and include a survey of the statements from the literature
that are needed later on for the convenience of the reader. We note also that using
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the theory it is straightforward to generalize Nagano’s theorem [1966] to orbits of
quasianalytic vector fields.

There have been several attempts to define wavefront sets with respect to Denjoy—
Carleman classes; see, e.g., [Komatsu 1991] and [Chung and Kim 1997]. The
definition in the latter uses the FBI transform and also allows us to define WF o u
for ultradistributions # in the nonquasianalytic case; see, e.g., [Adwan and Hoepfner
2010]. But if we restrict ourselves to distributions, the most wide-reaching definition
of an ultradifferentiable wavefront set both with respect to the conditions imposed
on the weight sequence and scope of achieved results was given by Hormander
[1971a] utilizing the Fourier transform. Due to the relatively weak conditions
that he imposed on the weight sequence, Hormander was only able to define
the ultradifferentiable wavefront set WF u of distributions # on real-analytic
manifolds but not distributions defined on general ultradifferentiable manifolds.
Hoérmander’s results are reviewed in Section 3.

The main result we need in order to proceed is a theorem of Dynkin [1976].
He showed that for regular weight sequences each function in a regular Denjoy—
Carleman class has an almost-analytic extension, whose d-derivative satisfies near
Im z = 0 a certain exponential decrease in terms of the weight sequence. We apply
this result and several statements of Hormander [1983] in Section 4 to prove that the
Denjoy—Carleman wavefront set can be characterized by such M-almost-analytic
extensions. Using this characterization it is possible to modify Hormander’s proof
of the invariance of the wavefront set in the real-analytic case to show that in our
situation the ultradifferentiable wavefront set for distributions on Denjoy—Carleman
manifolds can be well defined.

In Section 5 we show that WF, u can be characterized by the generalized
FBI transform introduced by Berhanu and Hounie [2012]. This shows, in the
case of distributions, the equivalence of the wavefront set introduced by Kim and
Chung with the definition of Hormander and generalizes, in that situation, results
of Berhanu and Hailu [2017] and Hoepfner and Medrado [2018], especially to
quasianalytic classes.

We may note that if we combine our methods with the arguments in [Hoepfner and
Medrado 2018] then it is possible to generalize the above results to ultradistributions,
in particular the invariance of the wavefront set on ultradifferentiable manifolds.
In fact, it should be possible to give variants for ultradistributions of most of
the statements that are proven in this paper. However, in order to give a unified
presentation, especially regarding the assumptions on the weight sequence M, we
consider here only distributions.

As mentioned in the beginning, one of the fundamental results regarding the
classical wavefront set is the elliptic regularity theorem which states in its microlocal
form that we have for all partial differential operators P with smooth coefficients
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that WF u € WF Pu U Char P, where Char P is the set of characteristic points of P,
for all distributions u. Similarly Hérmander proved that WF », u € WF y( uUChar P
holds for operators with real-analytic coefficients. However, recently several authors,
e.g., Albanese, Jornet and Oliaro[Albanese et al. 2010] and Pilipovi¢, Teofanov
and Tomi¢ [Pilipovi¢ et al. 2018], have used the pattern of Hormander’s proof
to show this inclusion for ultradifferentiable wavefront sets and operators with
ultradifferentiable coefficients for variously defined ultradifferentiable classes.

Arguing similarly, we prove in Section 6 that, if M is a regular weight sequence
that satisfies an additional condition, which is usually referred to in the literature as
moderate growth, (see, e.g., [Thilliez 2008]), then WF  u € WF( Pu U Char P
for operators P with coefficients in the Denjoy—Carleman class associated to M.
In fact, we show this inclusion for operators with ultradifferentiable coefficients
acting on distributional sections of ultradifferentiable vector bundles.

Following the approach given separately by Kawai [Sato et al. 1973] and Hérman-
der [1971a] in the analytic case, we use the elliptic regularity theorem in Section 7
to prove a generalization of Holmgren’s uniqueness theorem to operators with coef-
ficients in quasianalytic Denjoy—Carleman classes. Finally we give quasianalytic
versions of the generalizations of the analytic Holmgren’s theorem due to Bony
[1976], Hormander [1993], Sjostrand [1982] and Zachmanoglou [1972].

2. Denjoy—Carleman classes

Throughout this article, €2 denotes an open subset of R". A weight sequence is a
sequence of positive real numbers (M) jen, such that

My=1,

M?fMj_le-H, _]EN
Definition 2.1. Let M = (M;); be a weight sequence. We say that a smooth
function f € £(Q) is ultradifferentiable of class {M} if and only if for every

compact set K € 2 there exist constants C and £ such that for all multi-indices
a € N,

(2-1) |D* f(x)| < Ch®' M, xeKk.

We denote the space of ultradifferentiable functions of class {M} on Q as Eo((£2).
Note that £4(2) is always a subalgebra of £(€2) [Komatsu 1973].

Example 2.2. For any s > 0 consider the sequence M* = ((k!)**1);. The space of
ultradifferentiable functions associated to M* is the well-known space of Gevrey
functions G*t! = Enms of order s + 1; see, e.g., [Rodino 1993]. If s =0 then
G'=£,0=0 is the space of real-analytic functions.
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Remark 2.3. It is easy to see that £,,(€2) is an infinite-dimensional vector space,
since it contains all polynomials. In fact £4(€2) is a complete locally convex space;
see, e.g., [Komatsu 1973]. The topology on E4(£2) is defined as follows. If K € Q2
is a compact set such that K = K° then we define for f € £(K),

D(X
11 = sup| L)
xekK haMla\
aeNj

and set
EM(K) = 1{f € EE) |1 fI < oo}

It is easy to see that £ j’\/l(K ) is a Banach space. Moreover, £ 7\4(1( ) C wa (K) for
h < k and the inclusion mapping LI;l :8/}{4 (K)— Sﬁ/l (K) is compact. Hence the space

Em(K) :={f € E(K) | there exists h > 0 such that ||f||},‘( < oo} =lim Ejh\/l(K)
h

is an (LB)-space. We can now write

Em(§2) =1lim Ep((K)
K
as a projective limit. For more details on the topological structure of £,4(2), see
[Komatsu 1973].

We also call E,,(€2) the Denjoy—Carleman class on 2 associated to the weight
sequence M.
If M and N are two weight sequences then

MV
M=IN = sup(—) <00
keNo \ Nk
defines a reflexive and transitive relation on the space of weight sequences. Further-
more it induces an equivalence relation by setting

MAN &= M<Nand N < M.

It holds that Exq C Ey if and only if M g N and Epq = Ey if and only if M ~ N
see [Mandelbrojt 1952] and also [Rainer and Schindl 2014; Thilliez 2008]. For
example, if r < s then G' ! C G5+,
The weight function w4 (see [Mandelbrojt 1952; Komatsu 1973]) associated to
the weight sequence M is defined by
J

t
wpm(t) :=suplog—, >0,
J€No J
wprm(0) :=0.

We note that w, is a continuous increasing function on [0, co) and vanishes on
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the interval [0, 1], and waq o exp is convex. In particular wa(¢) increases faster
than log ¢t for any p > 0 as ¢ tends to infinity. It is possible to extract the weight
sequence from the weight function, i.e.,
£k
My = s1t1p o ;

see [Mandelbrojt 1952; Komatsu 1973].

If f and g are two continuous functions defined on [0, co) then we write f ~ g
if and only if f(¢#) = O(g(¢)) and g(¢) = O(f(¢)) for t — oo. It can be shown that
the weight function w; for the Gevrey space G t1 satisfies

Cl)s(l') ~ tl/(;&‘-‘rl).

Sometimes the classes £ are defined using the sequence my = My /(k!) instead
of (My)y and (2-1) is replaced by

|DY £ (x)| < Ch|a|lm y.

Infrequently the sequences py = My41/My or Ly = M,l/ ¥ are also used, with an
accordingly modified version of (2-1); see also Remark 3.3. The main reason for
the different ways of defining the Denjoy—Carleman classes is the following. In
order to show that these classes satisfy certain properties, like the inverse function
theorem, one has to put certain conditions on the defining data of the spaces, i.e.,
the weight sequence; see, e.g., [Rainer and Schindl 2016]. Often these conditions
are easier to write down in terms of these other sequences instead of using (M) ;.
In the following our point of view is that the sequences (My)x, (my)k, (x)x and
(Ly)k are all associated to the weight sequence M. We are going to use especially
the two sequences (m;); and (M); indiscriminately.

We may note that sometimes ultradifferentiable functions associated to the weight
sequence M are defined as smooth functions satisfying (2-1) for all # > 0 on each
compact K; see, e.g., [Ehrenpreis 1970]. One says then that f is ultradifferentiable
of class (M) and the corresponding space is the Beurling class associated to M.
On the other hand £, is then usually called the Roumieu class associated to M;
see, e.g., [Komatsu 1973; Rainer and Schindl 2016].

From now on we shall put certain conditions on the weight sequences under
consideration.

Definition 2.4. We say that a weight sequence M is regular if and only if it satisfies
the following conditions, with k € N:

(M1) mo=m; = 1.

M2) sup * Mt < Q.
k my



GEOMETRIC MICROLOCAL ANALYSIS IN DENJOY-CARLEMAN CLASSES 309

(M3) My < Mg—1Miy1.
(M4) lim «k/ my = OQ.
k—o00

The last condition just means that the space O of all real-analytic functions is
strictly contained in €44 whereas the first is a useful normalization condition that
will help simplify certain computations. It is obvious that if we replace in (M1) the
number 1 with some other positive real number we would not change the resulting
space Eag.

If M is a regular weight sequence, then it is well known that the associated
Denjoy—Carleman class satisfies certain stability properties; see, e.g., [Bierstone
and Milman 2004; Rainer and Schindl 2016]. For example £ is closed under
differentiation, i.e., if f € Eaq(2) then D f € Ep(2) for all o € Nj.

Remark 2.5. The fact that £4,(€2) is closed under differentiation implies immedi-
ately another stability condition, namely closedness under division by a coordinate
(see [Bierstone and Milman 2004]):

Suppose that f € Ep(2) and f(x1,...,Xj-1,a,Xjy1,...,X,) = 0 for some
fixed a € R and all xi, k # j, with the property (x,...,X;_1,a,Xj41,...,X,) € Q2.
Then we apply the fundamental theorem of calculus to the function

fitt— fx, .. xjo,t(xj—a)+a,xji1, ..., X,)

and obtain
F) = /O ey ar

1
af
= (xj —Cl)/ —(.XI, "'7xj—19t(xj _a)+a9xj+la a-xn)dt
0 8)6]'

=(x; —a)g(x).
It is easy to see that g € E¢(£2) using df/0x; € Epq(L2).
For the proof of the properties above, only (M2) was used. If we apply also (M3)

then it is possible to show that £,(2) is inverse closed, i.e., if f € E,4(2) does
not vanish at any point of €2 then

1
— e EMm();
fEM()

see [Rainer and Schindl 2016].
In fact, if M is a regular weight sequence then the associated Denjoy—Carleman
class satisfies also the following stability properties.

Theorem 2.6. Let M be a regular weight sequence and 21 C R™ and Q; C R” be
open sets. Then the following holds:
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(1) The class Epq is closed under composition (see [Roumieu 1962] and also
[Bierstone and Milman 2004)), i.e., let F: Q| — Q9 be an & \q-mapping, that
is, each component F; of F is ultradifferentiable of class {M} in @, and
g € EM(S2y). Then also g o F € Epq(21).

(2) The inverse function theorem holds in the Denjoy—Carleman class Eq (see
[Komatsu 1979)): Let F : Q1 — Q) be an Eng-mapping and poy € 21 such
that the Jacobian F’(py) is invertible. Then there exist neighborhoods U of pg
in Q1 and 'V of go = F(xo) in Q22 and an Exq-mapping G : V — U such that
G(qo) = po and F o G =idy.

(3) The implicit function theorem is valid in £, (see [Komatsu 1979]): Let F
R4 > Q — R4 be an Exq-mapping and (xq, yo) € Q such that F (xg, yo) =0
and dF /dy(xo, yo) is invertible. Then there exist open sets U CR" and V CR¢
with (xg, y0)eUXV CQ and an Eq-mapping G : U — V such that G (xg) = yo
and F(x,G(x))=0forallx € V.

Furthermore it is true that E,4(2) is closed under solving ODEs; to be more
specific, the following theorem holds.

Theorem 2.7 (Yamanaka [1991]; see also Komatsu [1980]). Let M be a regular
weight sequence, 0 € I C R an open interval, U C R" and V C R4 be open and
Fe&u(IxUxV).

Then the initial value problem

X =F¢,x@®),)), tel, LeV,
X(O):xo, XOEU,

has locally a unique solution x that is ultradifferentiable near 0.

More precisely, there is an open set Q C I x U x V that contains the point
(0, xo, A) and an Ep-mapping x = x(t,y,A) : Q@ — U such that the function
t — x(t, yo, Ao) is the solution of the initial value problem

xX'(t) = F(t, x(1), ko),
x(0) = yo.
For any regular weight sequence M we can define the associated weight by

(2-2) haq(t) = iIklftkmk if t > 0 and hr((0) = 0.

As above, we have that

In order to describe the connection between the weight and the weight function
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associated to a regular weight sequence we set
- t/
wpm(t) ;= sup log —,
J€No m;

B (1) =i5€1ftkMk,

for t > 0 and & (0) = /10((0) = 0.
Lemma 2.8. If M is a regular weight sequence then
haq(t) = efch(l/t)’
(2-3) .
() = e—om/n)

Proof. We prove only the equality for 4 ,¢. Of course, the verification of the other
equation is completely analogous. If ¢ > 0 is chosen arbitrarily we have by the
monotonicity of the exponential function that

1 1 1 1 1
D — = 1 = = = .
P <wM(r)> eXp(Sip o8 mkrk> P etk nfpmart ()

We obtain that £, is continuous with values in [0, 1], equals 1 on [1, co) and
goes more rapidly to O than ¢” for any p > O for t — 0. Although the weight
function is the prevalent concept, the weight has been used, e.g., by Dynkin [1976]
and Thilliez [2003].

Example 2.9. If M = M? is the Gevrey sequence of order s then we know already
that the associated weight function satisfies w,(¢) ~ t'/(+%), Hence (2-3) shows for
s > 0 that if we set )

fiy=e "
then there are constants Ci, C>, Q; and Q; > 0 such that

Cifs(Q11) < hs(t) < Ca f(Qa1)

fort > 0.

It is well known (see, e.g., [Mather 1971] or [Melin and Sjostrand 1975] ) that
a function f is smooth on €2 if and only if there is an almost-analytic extension
F of f, i.e., there exists a smooth function F on some open set Q C C" with
QNR" = Q such that
9, F = iF: 1(i+ii>F
ez T 2\ 8x;  dy;
is flat on Q2 and F'|g = f. The idea is now that if f is ultradifferentiable then one

should find an extension F of f such that the regularity of f is translated in a
certain uniform decrease of d; F' near 2 (see [Dynkin 1993]). Such extensions were
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constructed, e.g., by Petzsche and Vogt [1984] and Adwan and Hoepfner [2010]
under relative restrictive conditions on the weight sequence. The most general result
in this regard though was given by Dynkin [1976].

Theorem 2.10. Let M be a regular weight sequence and K € R" be a compact
convex set with K = K°. Then f € Ex((K) if and only if there exists a test function
F € D(C") with F|x = f and if there are constants C, Q > 0 such that

(2-4) 18, F(2)| < Chp(Qdk (2)),

where 1 < j <n and dg is the distance function with respect to K on C"\ K.

tk_l

We shall note that Dynkin used the function A (¢) = infien mg instead of

the weight /1 ,(.! But we observe that

haq(t) = inf myt® <t inf mpt*=" =thy(t) < Ct inf my_ 157" = Cthp (1),
m(1) ot mat” < 1 nf my 1(1) < [nf m—1 m(t)

where we used (M2). Since &, is rapidly decreasing for + — 0 we can interchange

these two functions in the formulation of Theorem 2.10. In fact, Dynkin’s proof

gives immediately the following result.

Corollary 2.11. Let M be a regular weight sequence, p € Q and f € D'(Q). If f is
ultradifferentiable of class { M} near p, i.e., there exists a compact neighborhood K
of p such that f|x € Ea(K), then there are an open neighborhood W C Q2 of p, a
constant p > 0 and a function F € E(W +iB(0, p)) such that F|w = f|w and

(2-5) 0 F (x +iy)| < Cham(Qlyl)
for some positive constants C, Q and all 1 < j <nand x +iy € W +iB(0, p).

One of the main questions in the study of ultradifferentiable functions is if the
class under consideration behaves more like the ring of real-analytic functions
or the ring of smooth functions. E.g., does the class contain flat functions, that
means nonzero elements whose Taylor series at some point vanishes? That leads to
following definition.

Definition 2.12. Let E C £(2) be a subalgebra. We say that E is quasianalytic if
and only if for f € E the fact that D f(p) = 0 for some p € Q and all « € Nj
implies that f = 0 in the connected component of Q2 that contains p.

In the case of Denjoy—Carleman classes quasianalyticity is characterized by the
following theorem.

Iy 1 is in fact the weight associated to the shifted sequence (mj41)k.
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Theorem 2.13 [Denjoy 1921; Carleman 1923a; 1923b]. The space Exq(R2) is
quasianalytic if and only if

o0
My
(2-6) Z = o0.
i Mk

We say that a weight sequence is quasianalytic if and only if it satisfies (2-6) and
nonquasianalytic otherwise.

Example 2.14. Let o > 0 be a parameter. We define a family N of regular weight
sequences by No = Ny =1 and

N{ = k!(log(k + ))°*

for k > 2. The weight sequence N is quasianalytic if and only if 0 < o < 1; see
[Thilliez 2008].

Remark 2.15. Obviously D (2) = D(2) N Eq(€2) is nontrivial if and only if
Enm(L2) is nonquasianalytic; see, e.g., [Rudin 1966]. It is well known that the
sequences M?* are nonquasianalytic if and only if s > 0. In fact there is a nonquasi-
analytic regular weight sequence M such that M < M? for all s > 0; see [Rainer
and Schindl 2014, page 125]. Hence

O gEM C ﬂgs-ﬁ-lh

s>0

Using Theorem 2.6 we produce the following definition:

Definition 2.16. Let M be a smooth manifold and M a regular weight sequence.
We say that M is an ultradifferentiable manifold of class { M} if and only if there is
an atlas A of M that consists of charts such that

¢ op ! €lpm
for all ¢, ¢’ € A.

A mapping F: M — N between two manifolds of class { M} is ultradifferentiable
of class {M} if and only if ¥ o F o9~ ! € £ for any charts ¢ and ¥ of M and N,
respectively. We can now consider the category of ultradifferentiable manifolds of
class {M}. We denote by

XmM)=Epq(M, TM)

the Lie algebra of ultradifferentiable vector fields on M. Note that, if M is a regular
weight sequence, an integral curve of an ultradifferentiable vector field of class
{M]} is an Epq-curve by Theorem 2.7.

These considerations allow us to state a quasianalytic version of Nagano’s theo-
rem [1966].
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Theorem 2.17. Let U be an open neighborhood of po € R" and M a quasianalytic
regular weight sequence. Furthermore let g be a Lie subalgebra of X ,((U) that is
also an Enq-module, i.e.,if X e gand f € Epq(U) then fX €g.

There exists an ultradifferentiable submanifold W of class { M} in U, such that

2-7) T,W=g(p) forallpeW.
Moreover, the germ of W at pg is uniquely defined by this property.

The proof of Theorem 2.17 is the same as in the analytic version; see, e.g.,
Baouendi, Ebenfelt and Rothschild [Baouendi et al. 1999]. We call the uniquely
defined germ y), (g) of the manifold constructed in Theorem 2.17 the local Nagano
leaf of g at pg. From now on all Lie algebras of ultradifferentiable vector fields that
are considered are assumed to be also &£ x¢-modules.

Following Nagano [1966] (see also [Baouendi et al. 1999]), we can also give a
global version of Theorem 2.17.

Theorem 2.18. Let M be a quasianalytic regular weight sequence. If g is a Lie
subalgebra of X ,(2) then g admits a foliation of 2, that is a partition of Q by
maximal integral manifolds.

Before we close this section we need to introduce another condition for weight
sequences. Let M be a weight sequence. We say that M is of moderate growth if
and only if there are constants C and p such that

(M2') M, < Cp* MMy

for all (j, k) € N(z). Both the Gevrey sequences M* and the sequences N from
Example 2.14 satisfy (M2’) for all s and o, respectively.

For a discussion of this condition, see, e.g., [Komatsu 1973]. Here we only
mention two facts. First, for any weight sequence M, if (M2') holds then (M2)
is also satisfied. Furthermore, if M satisfies (M2') then there is some s > 0 such
that 4 C G119 see, e. g., [Thilliez 2003]. On the other hand consider the regular
weight sequence £ given by Lo=L; =1 and Ly = k!2¥* for k > 2. Then G+ C &,
for all s > 0 and therefore £ cannot satisfy (M2").

3. The ultradifferentiable wavefront set

In this and the following two sections we always assume that M is a regular weight
sequence.

Hormander [1971a] proved the following local characterization of £, via the
Fourier transform:

Proposition 3.1. Let u € D'(Q) and py € Q. Then u is ultradifferentiable of
class {M} near pg if and only if there are an open neighborhood V of po, a
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bounded sequence (uy)y < E'(U) such that uly = (uy)|y and some constant
0 > 0 so that
sup &1V i (©)] o
gern OVMy
NeNy
Hormander then used this characterization to define the ultradifferentiable wave-
front set:

Definition 3.2. Let u € D'(R2) and (xo, &) € T*Q \ {0}. We say that u is mi-
crolocally ultradifferentiable of class {M} at (xo, &) if and only if there are a
neighborhood V' of x, a bounded sequence (uy)y < E'(2) with uyjy =u|y and a
conic neighborhood I' of &y such that uy|y = u|y, where V € U(xp), and a conic
neighborhood I' of &y such that for some constant Q > 0

N A
3-1) sup |§|N|MN|
ger OVMpy
NEN()

The ultradifferentiable wavefront set WF 5 u is then defined as

WFp 1= {(x,§) € T*Q\ {0} |
u is not microlocally ultradifferentiable of class { M} at (x, S)}.

Remark 3.3. Hormander [1971a] defined WF , for weight sequences that satisfy
weaker conditions than those we imposed in Definition 2.4. He required, as we
have done, (M2) and that O C £, but (M3) is replaced by the monotonic growth
of the sequence

(3-2) Ly =MV,

This condition still implies that €44 is an algebra but gives only that £, is closed
under composition with analytic mappings.

More precisely, in terms of the sequence (L y)y, the conditions that Hormander
imposed take the following form. First, N < Ly and Ly4+; < CLy for all N and a
constant C > 0 independent of N. Furthermore, as mentioned before, the sequence
(Ln)y is also assumed to be increasing.

Note that Hormander’s classes might not even be defined by weight sequences
in the sense of Section 2. Hence Hormander [1983] was able to define WF , u for
distributions u on real analytic manifolds but not on arbitrary ultradifferentiable
manifolds of class {M}; note that the implicit function theorem may not hold
in an arbitrary ultradifferentiable class defined by weight sequences obeying his
conditions. Similarly he proved that

WF v u € WF PuUChar P
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for linear partial differential operators P with analytic coefficients but not for
operators whose coefficients might be only of class {M}.

As mentioned before it is possible to modify the arguments of Hérmander in the
case of regular weight sequences to show that the above inclusion holds for partial
differential operators with ultradifferentiable coefficients as long as M is regular
and of moderate growth. Similarly we are able to define WF , u for distributions
defined on manifolds of class {M} (for regular M), in this instance using Dynkin’s
almost-analytic extension of ultradifferentiable functions (i.e., Corollary 2.11).

However, since regular weight sequences also fulfill the conditions of Hérmander
we can use all of his results on WF 5. Indeed, in terms of Ly, we have that (M4)
implies that k < y L for all £k € Ny and a constant ¥ > 0 independent of k by
Sterling’s formula whereas (M2) is equivalent to the existence of a constant A > 0
such that L; < ALj_;. We note that the last estimate implies Ly < AN for N e Ny
since L1 = 1. On the other hand, it is well known that if (M )y satisfies (M3) then
(Ln)y is an increasing sequence; see, e.g., [Mandelbrojt 1952].

The following result shows we may choose the distributions u in Definition 3.2
in a special manner.

Proposition 3.4 [Hormander 1983, Lemma 8.4.4]. Let u € D'(2) and let K C
be compact, let F C R" be a closed cone such that WEy,u N (K x F) = . If
xn € D(K) and for all a

N
1D yn| < Coh PPN 1B < N,

for some constants Cy, hy > 0 then it follows that xyu is bounded in 'S if u is of
order S in a neighborhood of K, and further

oNMy

R E) = CE

NeN, E€F,

for some constants C, Q > 0.

We summarize the basic properties of WF  according to Hormander [1983].
Here sing supp u C 2 is defined to be the complement of the largest open subset
V € Q with uly € Epq(V).

Theorem 3.5 [Hormander 1983, Theorems 8.4.5-8.4.7]. Let u € D'(2) and M, N
be two weight sequences. Then:

(1) WFE  u is a closed conic subset of 2 x R"\{0}.
(2) The projection of WEq u in Q is

1 (WF A u) = sing supp o, u.

(3) WFu € WFyu € WFRy u if M < .
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4) If P =) puD® is a partial differential operator with ultradifferentiable
coefficients of class {M} then WF Pu € WF  u.

Additionally we note that WF , u satisfies the following microlocal reflection
property:

(3-3) (x,86) ¢ WEpju < (x, —§) ¢ WF u.

In particular, if u is a real-valued distribution, that is, u = u, then WF  u|, :=
{€ e R" | (x, &) € WFpu} is symmetric at the origin.

Example 3.6. It is easy to see that WF, §, = {p} x R"\{0} for any regular weight
sequence M.

Remark 3.7. The complicated form of Definition 3.2 compared with the definition
of the smooth wavefront set stems from the fact that quasianalytic weight sequences
are allowed. Thus in general there may not be any nontrivial test functions of
class {M}. However if D, # {0} then we can choose in Definition 3.2 the constant
sequence uy = @u for some ¢ € Dpg(2) with p(xp) = 1, and (3-1) is equivalent to
the existence of constants C, Q > 0 such that

lpu(é)| < Ci}r\l/fQNMN|§|*N for all € € T;

thus (2-3) implies

Gu(&)] < Chp (%) < Cexp(—a)M (%'))

We conclude (see, e.g., [Rodino 1993] in the case of Gevrey-classes) that for
nonquasianalytic weight sequences M, (3-1) is equivalent to

sup e?MCED |Gl (£)| < 0o for some Q > 0.

el
Proposition 3.1 is then only a restatement of the well-known fact that for nonquasi-
analytic weight sequences we have that ¢ € D, if and only if ¢ < Ce~ QD for
some constants C, Q. Therefore it is possible to define ultradifferentiable classes
using appropriately defined weight functions instead of weight sequences; see,
e.g., in a somehow generalized setting, [Bjorck 1966]. However, this approach
leads only to nonquasianalytic spaces. This restriction was removed by Braun,
Meise and Taylor [Braun et al. 1990], who reformulated the defining estimates of
these classes to allow also quasianalytic classes. A wavefront set relative to these
classes was introduced in [Albanese et al. 2010]; see Section 6. The complicated
connection between the classes defined by weight sequences and those given by
weight functions was investigated in Bonet, Meise and Melikhov [Bonet et al.
2007]. Recently a new approach to define spaces of ultradifferentiable functions
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was introduced in [Rainer and Schindl 2014], which encompasses the classes given
by weight sequences and weight functions; see also [Rainer and Schindl 2016].

4. Invariance of the wavefront set under ultradifferentiable mappings

Our aim in this section is to develop, using the almost-analytic extension of functions
in £, given by Dynkin, a geometric description of WF similar to the one that
was presented, e.g., by Liess [1999, Section 4], for the smooth wavefront set.

We need to fix some notation: If I' € R? is a cone and r > 0 then

Foi={yel'| |yl <r}.

If I'" C T is also a cone we write I € I if and only if (I'" NS¢~ € (T NS4,

Analogous to Liess [Liess 1999, Section 2.1] in the smooth category we say
that, if M is a weight sequence, a function F € £(Q x U x TI',), U € R? open, is
M-almost analytic in the variables (x, y) € U x I', with parameter x’ € Q if and
only if for all K € 2, L € U and cones I € I there are constants C, Q > 0 such
that for some r’ we have

D[220 x| S Chm@bD, Wox ) eK xLx T, j=1,....d,
<j

where 0/07; = %(ij +1idy,) and A is the weight associated to the regular weight
sequence M as defined by (2-2).

We may also say generally that a function g € C(2 x U x I'}) is of slow growth
inyel,ifforall K €Q,L&U andI'" €T there are constants ¢, k > 0 such that

(4-2) lg(x’, x, y)| <cly| 7, (x',x,y)e K x L xT.
The next theorem is a generalization of [Hormander 1983, Theorem 4.4.8]; see

[Adwan and Hoepfner 2015].

Theorem 4.1. Let F € £(Q x U x I'},) be M-almost analytic in the variables
(x,y) € U xT', and of slow growth in the variable y € T',. Then the distributional
limit u of the sequence u, = F(., .,¢) € £E(Q x U) exists. We say that u =
br(F) € D'(Q2 x U) is the boundary value of F. Furthermore, we have

WFEy uC (Q2xU) x (R" xT°),

where T° = {n € R? | (y, n) = 0 for all y € T} is the dual cone of T in R%.

Proof. Let ¢ € D(2 x U) and Yy € I's. Then there are K € 2 and L € U such that
supp@ € K x L, and constants ¢, k > 0 exist such that (4-2) holds. We set

(iy)*

/ _ o /
O, (x',x,0) =Y 0o, x) .

|loe| <k

for k > k. Obviously F - @, can be extended to a smooth function on R" x R4 x s
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that vanishes outside K x L x I's. We consider the function
ug: B2 (0, 7) — F(x',x+0Yy, 6+ 1Y) D (x', 0 Yy, TY0),

where x' € R", ¥ € YOJ‘ ={zeR?| (z,Yy) =0}. If a < b are chosen such that
p(x’',x+0oYy) =0forallx’ eR", X € YOl ando <aoro >bthenuy(o,7)=0
forall T € [0, 1]. If R =[a, b] x [0, 1] then Stokes’ theorem states that

4-3) f e dt = f s 4 nde,
IR R 0¢

where we have set ¢ = o +it.
A simple computation gives

(iYp)*
al

]
2i£(<b,<(x/, E+oY0, TY) = (k + DT D 9%, ¥+ oY)
lo|=k+1

Hence formula (4-3) means in detail that
b
/F(x/,aYo,s)w(x/,aYo)da
a
b
= [ F(x’, oYy, e+ YO)CD,((x', oYy, Yy)do
a

b pl
—|—2i//(8F(x/,aY0,8—|—rYo),YO)QDK(x/,aYo,tYO)d‘ch
a JO

b rl
+(K+1)// F(x', oYy, e+ 1Yo)T" Z
a JO

lo|=k+1

80[
Y Jrdo
B!

and thus integrating over 2 X YOL yields

(4-4) F(x',x,e)o(x',x)dr(x', x)
QxU

=f F(x',x,6+Y0) P (x', x, Yo) dA(x', x)
QxU

1
+2if / (0F (x', x,6+1Y0), Yo) D, (x', x, T¥p) dTd A (x', X)
QxUJ0

(iYp)*
o!

1
+(/c+1)/ /F(x/,x,e—i-tYo)r" > (. x) dr(x', x).
QxUJO

lo|=k+1

Since by assumption |t¥ F'(x’, x, ¢ + tYy)| < ¢ for some constant ¢ and E_)jF de-
creases rapidly for I', 5 y — O (see the remarks after Lemma 2.8) the bounded
convergence theorem implies that the right-hand side converges for ¢ — 0. Hence
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we define
4-5) (u,9):=
/ F(x',x,Y0)®(x', x, Yo) dr(x', x)
QxU

1
+2i/ /(5F(x’,x,rYo),Y0)<I>K(x’,x,rYo)dfdA(x’,x)
QxU

a (iYo)*
+(K+1)/QXU/F(x X, TY)TC Y 0%p(x x -

lo|=Kk+1

Since there is a constant C only depending on F and K x L such that

lw. @) <C  sup ( > |afgo(x’,x>|>,

’
(x',x)eKxL 1Bl<k+1

we deduce that the linear form u on D(Q2 x U) given by (4-5) is a distribution.

Now, let pg € 2 x U and wp x V, € w x V| € 2 x U be two open neighborhoods
of po. Using [Hormander 1983, Theorem 1.4.2] we can choose a sequence (¢, ), C
D(w; x Vi) such that ¢, |4, xv, =1 and for all y € Ng+d we have that

(4-6) D" P | < (C)c + )P 1Bl <k +1,

for a constant C;, > 1 independent of «. As before we set for each «

/ PN )
O (X, y) =) g, x) 2:, :

loe| <k

We aim to estimate @, z. In order to do so, let (£, ) € R"” x R? and notice that (4-5)
implies for x > k,

—i{..(m)

o€, m) = (u,e Pic)

B / F(x', x, Yo)e iSO @ (' x ¥o) dr(x', x)
QxU

+21/ / (OF (X', x, TY), Yo)e ' WE+G+TY0m
QxU
* x®, (x', x, TYp) drdA(x', x)

+(K+1)f / F(x', x, TYp)e  WE+OHTION ¢
QxU

xZa“( )a

lo|=Kk+1

for some fixed, but arbitrary Yy € I, (note that k£ depends on u, w; x V| and Yp).
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Condition (4-6) gives the following estimate for 0 < pu <« + 1:

D 0, x)

lor|=p

Y1}

@r)” |
w!

o!

YO(
<Chw+D* Y la—,l = Clc+ 1"

lor|=p

where |Y || = Zj|Yj| for Y = (Y1, ..., Ys) € R% Hence we have
| (x', x, TYp)| < CFF,

o
Wt Y o x Y ‘
lo|=Kk+1 o

<crt

for C; = 2¢%1Yol and 7 € [0, 1]. We obtain

l@cu (€, )l

1 1
§Cf+1e"Y0+2cf+1c/O hM(Qr|Y0|)ef"YOdr+Cf“/0 k™0 gr

1
<0} (eny" + My / TK_k€”y°>
0
= C20 (" +me(k — k)N (= Yo' ™)

for some constants Cp, Q1 and Ygn < 0. If we set 1?0 = (0, Yp) € R" x R then
obviously

(Yo, (&, m)) = (Yo, n).

Therefore we have for k > k and ¢ = (&€, n) that
|@(C)| = C3 Qlf (eYO§ +ml(7k(’( _ k)!(_YN'Oé-)k—K—l)

and Yoz < 0.

Now for any ¢y € R"*9 with (¥, Zo) < 0 we can choose an open cone V C R4
such that ¢y € V and for some constant ¢ > 0 we have (Y, ¢) < —c|¢| if ¢ € V.
Furthermore we set u, = @r4,—1u. Clearly the sequence (u,), is bounded in
E'(Qx U) and uy|w,xv, = U|w,xv,- Also using the inequality el < kl(clz 7™
we conclude

i (D) = C307 (kUclE DT +me_1(k —DUclgNTF) < C305m,k!|C|7¢, eV,
Hence (po, ¢o) ¢ WF u and therefore
WF u C(Q2 x U) x (R" x T)\{(0, 0)}. O

It is clear that the proof would only require F € C'. From now the constants used
in the proofs will be generic, i.e., they may change from line to line.
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Remark 4.2. If F € £(Q2x U x V) is M-almost analytic with respect to the variables
(x,y) € U x V we will often write F(x’, x +iy) or F(x', z, ) and consider F as a
smooth function on 2 x (U 4-iV). If Q@ = & then we just say that F is M-almost
analytic.

Even though in the remainder of this paper we shall only use the assertion of
Lemma 4.5 in the special case Q2 = @ (i.e., without parameters), we have decided to
include the general statement because we think it is of independent interest. We also
have an application for the parameter version of the theorem in our paper [Fiirdos
2019].

Example 4.3. Consider the holomorphic function F(z) = % on C\{0}. It is well
known that the boundary values of F onto the real line from above and beneath,
commonly denoted by

1 1
N :b+F: lim —,
x+1i0 y—=>0+ X 41y
1 . 1
— =b,  F = lim —
x—10 y—=>0+ x — iy

satisfy the jump relations (see, e.g., [Duistermaat and Kolk 2010]); in particular,

1 1
x—i0 x+i0

We have that both 1/(x 4+i0) and 1/(x —i0) are real-analytic outside the origin.
Hence the application of Theorem 4.1 together with the jump relations imply that

|
WE [ —— ) = (0} x R
M(m:m) (0} > R

There is a partial converse to the last theorem.

2i6 =

Theorem 4.4. Let I' C R" be an open convex cone and u € D' (2) with WF u C
QxT°IfV €Qand T is an open convex cone with T C I' U {0} then there is an
M-almost analytic function F on V +iT|. of slow growth for some r > 0 such that
uly =br/(F)

Proof. By [Hormander 1983, Theorem 8.4.15] we have that u can be written on a
bounded neighborhood U of V as a sum of a function f € E((U) and the boundary
value of a holomorphic function of slow growth on U +iI", for some r. To obtain
the assertion use Corollary 2.11 to extend f almost-analytically on V. ]

In order to proceed we need a further refinement of a result of Hérmander.

Lemma4.5. LetT'; CR"\{0}, j=1,..., N, be closed cones such that UJ-F]- =
R"\{0} and V € Q is convex. Any u € D'(Q) can be written on V as a linear
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combination uly = ; uj of distributions uj € D'(V) that satisfy
WEau; C WEpu N (V x T;)

Proof. Set v = pu where ¢ € D(R2) such that ¢ = 1 on V. The existence of
vj € §'(R") such that

WFEyv; SWEyvN(R" xT)
is given in [Hormander 1983, Corollary 8.4.13]. Set u; = (v;)|v. O

Combining Theorem 4.4 with Lemma 4.5 we obtain:

Corollary 4.6. Let u € D' (2) and (xg, &) € Q x R"\{0}. Then (xq, &) ¢ WF qu
if and only if there are a neighborhood U of xq, open convex cones I'y, ..., 'y with
the properties §'; <0, j=1,...NandT'; NI’y = & for j # k, and M-almost
analytic functions hj on U +il;,, r; > 0, of slow growth such that

N
uly =Yy _ br,(h)).
j=1

Proof. Without loss of generality, assume that WF v, u # @. If (xg, &) € WF A u one
can find closed cones Vi, ..., Vy with nonempty interior and V; NV has measure
zero for j # k such that & is contained in the interior of V| and Vi "WF u = 9
whereas &) ¢ V; are acute cones and WFEyuNV; # & for j =2,..., N. By
Lemma 4.5 we can write # on an open neighborhood U of xp as a sum u =
u; + Z;V:zu j with u; being an ultradifferentiable function defined on U and
uj € D'(U) such that WF x4 uj SWEpunV;, j=2,..., N. Thecones V, ..., Vy
are the dual cones of open convex cones I'p, ..., 'y, i.e., F}? = V;. We can choose
cones I'; € I'; and using Theorem 4.4 we find M-almost analytic functions /; on
U+ iF}’r of slow growth such that u; = b]“} (h;). It remains to note that §py <0
forallyeF},j:Z,...,N. O

Let ©2; € R™ and 2, € R” be open. If F: Q| — €2 is a Ex¢-mapping then we
denote as in [Hérmander 1983, page 263] the set of normals by

Np={(F(x),n) € Q2 xR": DF(x)n =0},

where D F denotes the transpose of the Jacobian of F. The following is a general-
ization of [Hormander 1983, Theorem 8.5.1].

Theorem 4.7. For any u € D'(Q2,) with Nr N WE  u = & we obtain that the
pull-back F*u € D'(Q4) is well defined and

(4-7) WF((F*u) € F*(WFEp u).

Proof. The first part of the statement is [Hormander 1983, Theorem 8.2.4]. For the
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proof of the second part of the theorem assume first that there is an open convex
cone I'" such that u is the boundary value of an M-almost analytic function ¢ on
Q) +il, of slow growth. Hence WF u € Q) x I'°. If xg € 21 and D F (xo)n # 0
for n € I'°\{0} then D F (x()I"° is a closed convex cone. We claim that

WE M (F*u)lx, S {(xo, DF (xo)n) : n € I'°\ {O}}.

We adapt as usual the argument of Hormander [1983]. We can write (see [Hormander
1983, page 296])

DF(x))T°={§ eR" | (h, &) >0, F'(xo)h €T}.

If F denotes an M-almost analytic extension of F onto X + iR", where the
neighborhood X of x is convex and relatively compact in €21, which exists due to
Theorem 2.10, then Taylor’s formula implies that

ImF(x—I—ish)eF, x € X,

for F'(xg)h € ' if Xg and & > 0 are small.
Recalling (4-4) we see that the map

R=o x (TU{0}) 3 (¢, y) —> (e, y) := ®(F(. +ich) +iy) € D' (Xo)

is continuous. If ¢ — 0 then (g, y) — ®(0, y) = ®(F(. +0i)+iy) in D’ and if
now y — 0 we have by definition ®(0, y) — F*u. On the other hand if first y — 0
then

(e, y) > P(e,0) = D(F(. +ich)).

Hence by continuity
F'u = lim O(F(. +ieh))
e—

in D'(X() and by the proof of Theorem 4.1,
WEFr Fruly, € {(x0, &) | (h, &) > 0}.

The claim follows.

Now suppose that (F(xg), no) ¢ WFEy u. By Corollary 4.6 we can write a
general distribution # on some neighborhood Uy of F(x() as Z;V:l u; where
the distributions u;, j =1,..., N, are the boundary values of some M-almost
analytic functions ®; on Uy + iI";, where the I'; are some open convex cones
such that noI'; < O for all j = 1,..., N. By assumption DF(x)n # 0 when
(F(x), n) € WFEu for x € F~'(Uy). Hence we can assume that D F (x)n # 0 for
ne F;.’ forall j=1,..., N and x € F~!(Uy) since in the proof of Corollary 4.6 the
conesI'j, j=1,..., N, canbechosensuchthatI"°N "1 and F;? NWFEy uly #92
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for x € Up. By the arguments above we have for a small neighborhood V of x that
N
F*Mlv = ZF*uj|V
j=1

and WE v ((F*u )|y, € {(xo, DF(xo)n) | n € F;’ \ {0}} for all j. However, since
nol"; < 0 it follows that (xo, DF (xo)no) € WEA(F*u ) and so (xo, DF (xo)no) ¢
WEF o ((F*u). O

Remark 4.8. If F is an £-diffeomorphism we obtain from Theorem 4.7 that
WFup (F*u) = F*(WFEp u).

Hence if M is an £,q-manifold and u € D' (M) we can define WF ( u invariantly
as a subset of 7*M\{0}. More precisely, there is a subset K, of 7*M such that the

diagram

T*o(UNV) D WFp vy P s WEy v CT*(UNV)

commutes for any two charts ¢ and ¢ of M on U € M and V C M, respectively.
We have set p =¥ o9~ !, v =¢*ueD (@(UNV))and vo =y *u D (Y (UNV)).
It follows that K,, € T*M\ {0} has to be closed and fiberwise conic. We set
WF MU= K u-

Analogously we define the wavefront set of a distribution u € D'(M, E) with

values in an ultradifferentiable vector bundle locally by setting
Vv

WEyuly = Ju;,
j=1
where V C M is an open subset such that there is a local basis
Em(V, E) and u; € D'(V) are distributions on V such that

Vv
uly = Z u ja)j .
j=1
We close this section by observing that Theorem 4.7 allows us to strengthen a
uniqueness result of Boman [1995]:

Lo w¥of

Theorem 4.9. Let M be a quasianalytic weight sequence and S C R" an Epg-
submanifold. If u is a distribution defined on a neighborhood of S such that

WEyLuNN*S =@

and
%uls =0 forall a € Ng,

then u vanishes on some neighborhood of S.
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Indeed, locally S is diffeomorphic to
S = {(x/’ x//) c Rin+d | X! = 0} C R"

and the assumptions of the theorem translate to the corresponding conditions for
the pullback w = F*u where F : R" — R” is the local £4-diffeomorphism that
maps S’ to S. Then the proof of Theorem 1 in [Boman 1995] gives w = 0 in a
neighborhood of §".

5. A generalized version of Bony’s Theorem

We have seen that for a distribution u the wavefront set WF ,; u can be described
either using the Fourier transform or by its M-almost analytic extensions. A similar
fact is true for the analytic wavefront set using holomorphic extensions. The latter
was the original approach of Sato [1970]. However, Bros and Iagolnitzer [1975] used
the classical FBI transform to describe the set of microlocal analytic singularities.
It was Bony [1977] who proved that all three methods actually describe the same
set. In the ultradifferentiable setting Chung and Kim [1997] (see also Kim, Chung
and Kim [Kim et al. 2001]) used the FBI transform to define an ultradifferentiable
singular spectrum for Fourier hyperfunctions. However, they did not mention how
this singular spectrum in the case of distributions may be related to WF » as defined
by Hormander. Our next aim is to show an ultradifferentiable version of Bony’s
theorem. We will work in the generalized setting of [Berhanu and Hounie 2012].
We shall note that recently Berhanu and Hailu [2017] showed that the Gevrey
classes can be characterized by this generalized FBI transform and Hoepfner and
Medrado [2018] also proved a characterization of the ultradifferentiable wavefront
set of ultradistributions for a certain class of nonquasianalytic weight sequences.

Let p be a real, homogeneous, positive, elliptic polynomial of degree 2k, k € N,
on R” i.e.,

)= aux®, as€R,
a=2k

and let there be constants ¢, C > 0 such that

clx)* < p(x) < Clx|*, xeR".

-1 _ —px)
, —/e dx.

As in [Berhanu and Hounie 2012, Section 4] we consider the generalized FBI trans-
form with generating function e~? of a distribution of compact support u € £'(R"),
1.e.,

Let

Su(t, &) =cpu(x), ei%(t—x)e—lé\p(t—x)>'
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The inversion formula is

(5-1) u= lim S 60 g=elE % (1 £)E1Y ) e

£ 00 JRn xRy
where of course the distributional limit is meant.

Theorem 5.1. Let u € D'(Q2) and

(xo, &0) € T*Q2\ {0}.
Then (xq, &0) ¢ WFE A u if and only if there is a test function ¥ € D(2) with ¥y =1
for some neighborhood U of xq such that

(5-2) sup  e?MVED|Z(yru)(z, £)| < oo
(1,§) eV xTI'

for some conic neighborhood V x T of (xg, &) and some constant y > Q.

Proof. We modify the proof of [Berhanu and Hounie 2012, Theorem 4.2]; see also
the proof of [Hoepfner and Medrado 2018, Theorem 5.2].

First, assume that (xg, &) ¢ WF( u. By Corollary 4.6 we know that for some
neighborhood U of x,

N
uly =Y bri(F)),

j=1

where F; are M-almost analytic on U x Fl] for cones '/ with £I'/ < 0. Hence it

suffices to prove the necessity of (5-2) for u = by (F) being the boundary value of an

M-almost analytic function F on U x I'y where I" is a cone with the property that

&I < 0. Without loss of generality, xo = 0, and let » > 0 be such that B,,(0) € U

and ¥ € D(B»,(0)) be such that ¥| () = 1. Furthermore we choose v € I'; and set
0@, 8, x)=i§(—x)—[§|pt —x).

Then

S(Wu)(t, &) = lim QST (YVF(x +iTv) dx.
=0+ JB,,.(0)

As in the proof of Theorem 4.2 in [Berhanu and Hounie 2012] we put z = x + iy,
¥ (z) =¥ (x) and

D, :={x+iocveC"|x € By =B(0), t<o <A}
for some A > 0 to be determined later and consider the n-form

eQ(”S’Z)w(Z)F(Z) dzi N+ ANdz,.
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Since ¥ € D(B,,(0)), Stokes’ theorem implies

(5-3) eCUEXHT Yy (Y F(x +itv) dx
By,

_ / QUEXHIV Y (Y F (x 4 iAv) dx
By
" 9
+Z/ Q06 L ()F(2)dZ; Adzy A+ Adzn
= /o 07

=/ eQUEX Iy () F (x +iAv) dx
BZr

n A

-

+2/ /eQ(t’s’xJ“’”")Tw(x+iav)F(x+iav)d0dx
j=1 By Jt aZJ

n A
. oF
—l—Z/ /eQ(I’S’”’”)i/f(x—i—icrv)T(x—l—icrv)dadx.
j=1 By Jt aZJ

We need to estimate the integrals on the right-hand side of (5-3). Using the
arguments of [Berhanu and Hounie 2012] we see that there is an open cone I
containing &y and a bounded neighborhood V' of 0 such that the first two integrals
can be estimated by Ce™7!! where C, y > 0 are constants, as long as £ € T and
t € V. Since (M4) implies that wp(t) = O(¢) for t — oo; see, e.g., [Komatsu
1973] or [Bonet et al. 2007], we obtain that both integrals can in fact be bounded
by Ce ®MUYED if (1, &) e V x .

In order to estimate the third integral in (5-3) we recall from [Berhanu and
Hounie 2012] that for A small enough there is a constant ¢y > 0 such that

C
Re O(t, &, x +ilv) < —§x|v||5|

if £ el’, x € By, and ¢ € V. Hence we have for a generic constant C3 > 0 and all
k € Ny that

“ A : dF
Z/ / eQUEXHV Y ()~ (x +iov)dodx
j=1 By Jt az}

o0 0
e / =07 (oo o) do < C / o0 ME p ok oy do
0 0

= C3pf My |£|7%.

Lemma 2.8 gives

n A

> f f eQ“f’”"””wx)—g; (r+iov)dodx|<Csha(pil§]™) <CzemMPIED
. JByJT J

j=1
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In view of (5-3) we have shown that for £ € I" and ¢ in a small enough neighbor-
hood of 0 there are constants C, y > 0 such that

‘/ eQUEXHT () F(x +itv)dx| < Ce®MYIED,
BZr

Note that in the estimate the constants C and y depend on A but not on T < A. Thus
(5-2) is proven.

On the other hand, assume that (5-2) holds for a point (xg, &), i.e., that there
are a neighborhood V of x¢, an open cone I' € R” containing &, and constants
C, y > 0 such that

(5-4) IT(Yu)(x, £)] < Ce™@MYED -y eV £eT,

for some test function ¢y € D(2) that is 1 near xg. We may assume that xo = 0.
We have to prove that (0, &) ¢ WF u or, equivalently, (0, &) ¢ WF v where
v = Yu. We invoke the inversion formula (5-1) for the FBI transform

v= lim e ECg=elEl it £)|£ PR grde

E—> 00 R x R"

and split the occurring integral into two parts
55 [ e e, £l drd = 1) + 1)
R xR?

where

I () = / / 0 oI g 1 ) MO e
" Jlt|<a

o= [ [ et ey drds
" Ja<|t|

for a constant a to be determined. Following Berhanu and Hounie [2012] we see
that for any choice of a the second integral converges to a holomorphic function in
a neighborhood of the origin for ¢ — 0.

It remains to look at /7. Suppose that a is small enough such that B,(0) C V.
LetCj, 1< j < N, be open, acute cones such that

N
R"={_JC;
j=1

and the intersection C in Ci has measure zero for j # k. Furthermore, let &) € Cj,
Ci €T and & ¢ Ej for j # 1. In particular that means that (5-4) holds on
B,(0) x Cq, i.e.,

(5-6) IFWu)(x, &) < CemMVED x € B,(0), £ €C.
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Furthermore, arguing as in [Berhanu and Hounie 2012], we can choose open
cones I'; with the property that §I"; < 0 for j =2, ..., N such that the functions

filx+iy) = / / D (1 8) M OP drde
Cj B,(0)

are holomorphic on R x iI";.
In the remaining case we have to modify the arguments in [Berhanu and Hounie
2012] a little bit. We set

frw= [ [ s, g0 dua
C1 J B,(0)

and

Filx) = f f DTy (1, £)|E M drd.
Cy 4 B, (0)

The functions f, & > 0, extend to entire functions whereas f; is smooth due
to (5-6) since e~ “M is rapidly decreasing (see the remark after the proof of (2-3)).
This decrease also shows that f; converges uniformly to f| in a neighborhood of 0
since

|fi(x) — ()] < / / I3v(t, )I[E[" P11 — ¥ drae
C1 4 B,(0)

<C |g_-|n/(2k)e—wm(7/|€|)|1 _ e—s\$|2|d%—
C1

and the last integral converges to 0 by the monotone convergence theorem.
In fact f € o because

|D° f1(x)] < /C &P 1E“Fu(t, £)| drdg

<C |g|n/(2k)+|a\e—w/\4()/|§|) dé
Ci

<cym leels
where in the last step (2-3) and (M2) are used.

So we have showed that on an open neighborhood U of the origin and some
opencones I';, j=2,..., N, which satisfy §oI"'; < 0 we can write

N
v|U=v0+Zbrjfj

j=2

with vg € E4(U) and f; holomorphic on U + il'; for j = 2,..., N. Hence
(0, &0) € WEA v. U
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We summarize our results regarding the description of WF , u in order to obtain
the generalized Bony’s theorem alluded to in the beginning of this section (see
[Hoepfner and Medrado 2018]).

Theorem 5.2. Let u € D' (). For (xo, &) € T*Q\{0} the following statements are
equivalent:

(1) (xo0, &0) ¢ WEAq u.

(2) There are U € U(xy), open convex cones T’/ C R" with g7 <0 and M-almost
analytic functions F; of slow growth in U X F,j)j, pj>0and j=1,...,N
for some N € N such that

N
uIU = ZijFj.
j=1

(3) There are ¢ € D(R2) with ¢ = 1 near xq, with a neighborhood V of x¢, and an
open cone I" containing &y such that (5-2) holds.

We can also give a local version of Theorem 5.2.
Corollary 5.3. Let u € D'(2) and p € Q. Then the following are equivalent:
(1) The distribution u is of class { M} near p.

(2) There are a bounded sequence (uy)y C E'(2) and an open neighborhood
V C Qof p such that uy|y = uly forall N € Ny and (3-1) holds for ' = R"
and some constant Q > 0.

(3) There exist an open neighborhood W C Q2 of p, r > 0 and a smooth function F
on W +iB(0,r) such that F|w = u|w and (2-5) holds for some constants
C,0>0.

(4) There are a test function € D(2) with ¥ = 1 near p, a neighborhood V
of p and constants C, y > 0 such that

sup  e“MUEDIF(u) (2, )] < o0,
(t,6)eV xR
Proof. The equivalence of (1) and (2) is just Proposition 3.1, whereas Corollary 2.11
shows that (1) implies (3). For the fact that (4) implies (1) we note that by
Theorem 5.1 we have (p, &) ¢ WF u for all £ € R*\{0}. Therefore u has to
be ultradifferentiable of class { M} near p. Now we show that (4) follows from (3):
Suppose that u € E,¢(V) on a neighborhood of p and let F € £(W +iR") be an
M-almost analytic extension of u on a relatively compact neighborhood W € V
of p. We choose ¢ € D(W), 0 <¢ <1, and ¢ = 1 near p. We consider the map

9zy%»000=y—m¢@ﬁ%
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for some 1 > s > 0 to be determined. Finally let i € D(V) such that ¥ =1 on W.
As in the proof of Theorem 5.1 we set ¥ (z) = ¥ (x) for z = x +iy € C". We put
v = ¥ F and consider the n-form

eQ(z,é,Z)v(Z) dzi AN ANdzy,
on

D, = {x +i0<p(x)% eC"

O<o<s, x esuppv}.
Stokes’ theorem gives us

Sv(t,S)ZCp/ QU5 (z, D) dzy A Adzy
0(R")

n
ov -
+Cp E /D EQ(I’E’Z)E(Z,Z) de AdZI A+ ANdzy.
J=1"""

The second integral above is estimated in the same way as the last integral in (5-3).
On the other hand the first integral on the right-hand side equals

G(t,&)=c, / QW59 (9(y)) detd' (y) dy.

n

We note that

Re O(1,£,0(y)) < —so(MIEI(1+ O(sp(y)) — colt — y|*

and hence

Gt £)| < C/ (ReCUEID) gy | € (ReQUEOD)

Bs(p)

= Il(t’$)+12(ts$)s

where Bs(p) C {x € R" | ¢(x) = 1}, can be estimated as follows; see [Berhanu et al.
2008]. Set s = §/4. We obtain

R™"\Bs(p)
yesupp(vof)

L(t, &) < Ce™F!
for all £ € R” if ¢ is in some bounded neighborhood of p. Furthermore

R™\B,(p)

12(t9 X) < Cf e—|5||t—y|2"' dy < Ce_(3/2)2k|s‘
yesupp(uob)

for all £ and |f — p| < %
Hence we have showed that there are constants ¢, C > 0 such that

|Fu(t, &) < Ce@MCIED

for all § € R" and ¢ in a bounded neighborhood of p. (]
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6. Elliptic regularity

As mentioned in the introduction, Albanese, Jornet and Oliaro [2010] used the
pattern of the proof of [Hormander 1983, Theorem 8.6.1] (see Remark 3.3) to
prove elliptic regularity for operators with coefficients that are all in the same
ultradifferentiable class defined by a weight function; see Remark 3.7. Similarly
Hormander’s methods were applied by Pilipovié, Teofanov and Tomi¢ [2016; 2018]
for certain classes that are defined by more degenerate sequences.

It should be noted that the assumptions Albanese, Jornet and Oliaro put on the
weight functions guarantee that the associated class is closed under composition and
the inverse function theorem holds. So it would be a reasonable conjecture that the
regularity of the defining weight sequence is necessary for elliptic regularity to hold
in the category of Denjoy—Carleman classes. But there are weight functions obeying
these conditions such that the associated function class cannot be described by
regular weight sequences and on the other hand there are regular Denjoy—Carleman
classes that cannot be defined by such weight functions; see [Bonet et al. 2007]. It
turns out, however, that the regularity of the weight sequence is not enough for the
proof of the elliptic regularity theorem, we also have to assume that (M2) holds. In
that case the main result of [Bonet et al. 2007] implies that the Denjoy—Carleman
class can be described by a weight function that satisfies the conditions of [Albanese
et al. 2010]. Hence, we could use their elliptic regularity theorem, but we would
have to show that their definition of the ultradifferentiable wavefront set coincides
with the definition of Hormander. Instead we give here a proof in full detail partially
in preparation for the forthcoming paper by Fiirdos, Nenning, Rainer and Schindl
[Fiirdos et al. 2020], where we deal with the problem in the far more general
setting of the ultradifferentiable classes introduced in [Rainer and Schindl 2014];
see Remark 3.7.

Furthermore, we show here that Hormander’s proof can be modified in a way
to investigate the regularity of solutions of a determined system of linear partial
differential equations

Pyiuy+- -4 Pryu, = fi

Pvl“l+"'+vauv:fv

where the Pji, 1< j, k < v, are partial differential operators with £-coefficients.
More precisely, using the geometric theory for the ultradifferentiable wavefront
set developed in Section 4, we can work in the following setting (see [Hormander
1983, Chapter 6] or [Chazarain and Piriou 1982]).
Let M be an ultradifferentiable manifold of class {M} and E and F two vector
bundles of class {M} on M with the same fiber dimension v. An ultradifferentiable
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partial differential operator P : Ep(M, E) — Epq(M, F) of class { M} is given
locally by

Py Ppy uj
Py - Py Uy

where the Pj are linear partial differential operators with ultradifferentiable coeffi-
cients defined in suitable chart neighborhoods. If

Q(x, D)= Y qu(x)D"
loe|<m
is a differential operator of order < m on some open set 2 € R” then the principal
symbol ¢ is defined to be

q(x,E) = qu(x)E.

lo|=m

Hence the order of P is of order < m if and only if no operator Pj; on any chart
neighborhood is of order higher than m and P is of order m if the operator is not
of order < m — 1. The principal symbol p of P is an ultradifferentiable mapping
defined on 7*M with values in the space of fiber-linear maps from E to F that is
homogenous of degree m in the fibers of 7*M. It is given locally by

pii(x, &) - px,§)
(6-2) p(x,§) = : :

9

po1(x, &) -+ pr(x,§)

where p i is the principal symbol of the operator Pj. See [Chazarain and Piriou
1982] for more details. We say that P is not characteristic (or noncharacteristic) at
a point (x, &) € T*M\{0} if p(x, &) is an invertible linear mapping. We define the
set of all characteristic points

Char P = {(x, &) € T*M\{0} : P is characteristic at (x, £)}.

Theorem 6.1. Suppose that M is a regular weight sequence that satisfies also (M2').
Let M be an Eq-manifold and E, F two ultradifferentiable vector bundles on M of
the same fiber dimension. If P(x, D) is a differential operator between E and F
with Eq-coefficients and p its principal symbol, then

(6-3) WEF u € WFEp(Pu)UChar P, ueD'(M,E).

Proof. We write f = Pu. Since the problem is local we work on some chart
neighborhood €2 such that in suitable trivializations of £ and F we may write
u= (up,...,uy) € D(Q,C, f=(1,...,fr) €D(,C", and P and its
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principal symbol p are of the forms (6-1) and (6-2), respectively. In particular, P
is of order m on 2.

We have to prove that if (xg, &) ¢ WF A f U Char P then (xo, &) ¢ WF 1.
Assuming this we find that there has to be a compact neighborhood K of xg and a
closed conic neighborhood V of &) in R"\{0} satisfying
(6-4) detp(x,§) #0, (x,§)eKxV,

(6-5) (K xV)NWFEy(Pu)j =92, j=1,...,v.

We consider the formal adjoint Q = P’ of P with respect to the pairing
v
(fe)=) f fr(ge(x)dx, f, g eDQ,CY).
=1

If P = (Pj)jr then Q = (Qji)jk = (P,jj)jk where P;.k denotes the formal adjoint
of the scalar operator Pj;(x, D) =) p?‘k(x)D"‘, ie., forv e £(Q),

Pl (x, D)o =" (=D)*(p5(x)v(x)).

le|<m

Let (An)n S D(K) be a sequence of test functions satisfying Ay |y =1 on a fixed
neighborhood U of x for all N and for all o« € Njj there are constants Cy, hy > 0
such that

(6-6) ID“Pon| < CulhaN)PI, Bl < N.

Ifu= @', ...,u") e D'(Q,C"), then the sequence uy = Aoyu® is bounded in &’
and each of these distributions is equal to u#* in U for all . Hence we have to prove
that (u},)y satisfies (3-1), i.e.,
&1V iy |

Sup ————— < 00

gev OVMy

NENQ
for a constant Q > 0 independent of N.

In order to do so, set A}, = Aye; € D'(2, C¥) and observe

Ay (&) = (", e 5Ny = (u, e AT,

Following the argument in the proof of [Hormander 1983, Theorem 8.6.1] we want
to solve the equation Qg* = e~*¢ AZy. We make the ansatz

g‘L’ — e_ist(x, S)w‘[’

where B(x, &) is the inverse matrix of the transpose of p(x, &), which exists if
(x,&) € K x V and is homogeneous of degree —m in &; note that the principal
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symbol of Q = P' is B~!(x, —£). Using this we conclude that w has to satisfy
(6-7) w" — Rw™ = Ajy.

Here R = Ry + --- + R,, with R j|§|j being (matrix) differential operators of
order < j with coefficients in £ that are homogeneous of degree 0 in £ if x € K
and £ € V.

A formal solution of (6-7) would be

[e'9)
T _ kAt
w _E R*A5y.
k=0

However, this sum may not converge and even if it would converge, in the estimates
we want to obtain we are not allowed to consider derivatives of arbitrary high order.
Hence we set

[ — PR . T
Wy = E : Rj, Rj Ay
it je<N=m

and compute
wy — Rwy = A3y — Z Rj - Rj A5y = A5y — py-
Yk i N=m=YF,
Equivalently, we have
Qe ™ B(x, H)wy) = e (AL (x) — pi (x, §)).
We obtain now
6-8)  ay(E) =(u, e AT
= (u, Qe B OWR) + (u, e F pR (L, 8))
=(fie VB EWE) + (e pk (L 8))

and continue by estimating the right-hand side of (6-8). For this purpose we need
the following lemma.

Lemma 6.2. There exist constants C and h depending only on R and the constants
appearing in (6-6) such that, if j = j1+---+ jx and j +|B| < 2N, we have

(6-9) IDP(Rj, - R A3y)ol < CHNMY TP ™Mg| ™I g ev,o=1,... v,

Proof. Since both sides of (6-9) are homogeneous of degree —j in & € V it suffices
to prove the lemma for |§| = 1. Moreover we can write

(Rj, - RjyAS\)o =Ry, o=1,...,v,

with Ié; being a certain linear combination of products of components of the
operators R . Especially the coefficients of R} are all of class { M} on a common
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neighborhood of K and since there are only finitely many of them we may assume
that they all can be considered as elements of 57\/1(1( ) for some g > 0. We denote
the set of the coefficients of the operators R7, o by R. Recall that (M4) implies
that there is a constant § > 0 such that N < § /M. Hence (6-6) implies that for
all o € Nij we have

(6-10) ID“ P aan| < Cohlf QN)P < Co2he®)PI MY
for |B| < 2N.

Considering all these arguments, the proof of the lemma is a consequence of the
following result. O

Lemma 6.3. Let K C Q be compact, (Any)y C D(K) be a sequence satisfying
(6-10), ¢ > 1 and ay, ...,a;—1 € RU{1}. Then there are constants C,h > 0
independent of N such that for j < 2N we have

(6-11)  |Dj(@1Dy(az -+ Dj;_(aj—1Di;hon) - )| < ChIM{™.

Proof. We begin by noting that (M3) implies that m jm;_; <my forall j <k e N;
see [Komatsu 1973]. Furthermore we can assume that there is a constant C| > 1
such that for all k < j — 1,

|D%a;] < C1g"'My,

on K. Obviously the expression D; a1 D;,az - - - D, ,aj—1D;; Aoy can be written as a
sum of terms of the form (D% ay) --- (D%~'a;_1) D% Aoy where |ty |+ - -+ | = j.

We set h > C| max(q, ho). If there are Cy, k; terms with |ay | =k, ..., |a;|=k;
then we have the following estimate on K:

.....

|Diyai1Di,az - - - Dj;_ aj—1Di;AaN|

j—kj i1 ki k:i/N
=C qu ij{ Ckl ..... kiMk, = -mkj_]kll .. .kj_l!hOJMN//
S Chjzmj_kjckl ’’’’’ kjkll...kj_l!M]"in/N

kj/N

Since j — k;j < 2N, we observe that (M2') implies that there are two indices
01,02 < N, o1+ 02 =k —kj, such that My—i; < ij_kf' M, M, for some con-
stants C, p that are independent of j and N. Now we have
Mj_ijIIin/N:ij—ijglMJZM];]j/NSij—ij](thLUZ)/NMIIi]j/N:ij—ij]]\']/N.
since 4/My isincreasing. As noted in [Albanese et al. 2010] it is possible to estimate
kl!.---kj_l! _ kl!.---kj_]!kj'!j! - 2jk1!-:-kj!
(J—kj! (J—kj)lk;!j! J!

’
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and also (see [Hormander 1983, page 308])
> Crtkl -kt = (2 — DI

Since (2j — 1)!!/(j!2/) < 1 we obtain

k-1
|Diya1Diyay - - Dj;_aj—1Di;hon| < C(4ph)’Tszv/N
< Cph) Mi/™. 0

In order to estimate i}, we note that due to the boundedness of the sequence
(uyy)n € & the Banach and Steinhaus theorem implies that there are constants p
and c such that

| < c(1+[EDH
for all N and therefore if |§| < /My then
(6-12) N agy | < My < 8N My,

since (M2) implies that there is a constant § > 0 such that /My <8 V/My_;.
Hence it suffices to estimate the terms on the right-hand side of (6-8) for £ € V,
|| > X/My. We begin with the second term.
As in the scalar case there are constants p and C > O that only depend on u
and K such that for all ¢ € D($2, C") with supp ¢ C K,

[, ¥)| < C Y sup|Dy.

lor]<p

Note that supp, p5(.,&) € K forall§ € V and N € N. Thence

[, e B PR L ENI = C Y Y gl sup| DY pjy (x. £)|

lo|<p B<a
<C ) IET* sup| DS pfy (x, £)]
lor|<pe xekK

for&£ eV, |£|>1and N e N. There are at most 2V terms of the form Rj - R; Ay
in py; and each term can be estimated by (6-9) by setting N > j > N —m and hence

D% pg (x, £)] < CRN2V g =N p (M HIeD/N
forx € K and £ € V, |&] > 1. Applying (M2) therefore gives

613) e 0L )] < ChN 2N gt
< ChY g N M.
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The first term in (6-8) is more difficult to estimate. To begin with, observe that
Lemma 6.2 gives

N—m
IDPw(x, &) < ChY Y~ My TN g
j=0
N—m o
< ChNM[l\’]Sl/N Z M](\{*J)/N
j=0
<N MIPN (N —m)
< cn¥mp
for N>m, |B|<Nand& €V, |§| > ¥/ My. Recall that for N < m we have set
wy = Ajy = Ajye:. Hence by the above and (6-10) it follows that

(6-14) IDPw (x, £)| < ChN MY

forall N eN, |B|<Nandé €V, [§|> ¥V My.

On the other hand, since the components of B(x, £) are ultradifferentiable of
class {M} and homogeneous in & € V of degree —m we note that it is possible to
show, as above, using an analogue to Lemma 6.2, the estimate

(6-15) | DE(w}, (x,©)I81" B(x, £) < ChVM{'™ 1B <N, g€V, |g]> VM.
In order to finish the proof of Theorem 6.1 we need an additional lemma.

Lemma 6.4. Let f € D'(2), K be a compact subset of Q and V C R"\{0} be a
closed cone such that
WFEA fN(K X V)=0.

Furthermore let wy € (£(2 x V) be such that suppwy (., &) C K forall§ €V
and (6-14) holds.
If i denotes the order of f in a neighborhood of K then

6-16)  lwy FE|=wn(., &) f,e ) < CAV PN My,
for N >pu+nandé €T, |E] > Y My.

Proof. By Proposition 3.4 we can find a sequence (fy)y that is bounded in £* and
equal to f in some neighborhood of K and such that

(6-17) vl <CcO¥My/mN, new,

where W is a conic neighborhood of I'. Then wy f = wy fy for NN =N — u —n.
If we denote the partial Fourier transform of wy (x, &) by

Dy (n. &) = /Q My (x, £) dx
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then obviously (6-14) is equivalent to
P in (@, &)1 < ChY My

for |B| <N, &€V, || > YMy and n € R™. Since |n| < ﬁmaxlnﬂ we conclude
that

(6-18) |y (n. )] < ChY MY

for <N, neR"and & €V, |§] > {/My. Hence we obtain

N

N N kA
(6-19) (|n|+M1N/N)N|wN<n,s>|=Z(k)Mzkv/N|n|N “iby (1. &)|
k=0

N
N -
<chVy (k)M,"V/NM}VN DN
k=0

< ChNMN

ifneR", £eVand|é| > Y/My. Like Hormander [1983] and Albanese, Jornet
and Oliaro [2010], we consider

Ty p— / Dy (1. 8) frE—m)dn
(2m)
1 .
= wy (1, &) fv(E—n)dn
Q)" Jicter N |
) |n|>c|€|wN(77,S)fN/(g—U)dﬂ

for some 0 < ¢ < 1. The boundedness of the sequence (fy)y in £* implies as
before that

|fv(E)] < C+|gDH.

Hence we conclude that

Q) lwn FE)] < [idn (., ), s |§||fo<:7)|
—nl<c

+c/| IO+ ) d
nl>c

since |n| > c|&| gives

lE—nl <1+ Hnl.

On the other hand, there is a constant 0 < ¢ < 1 such that € W when § € V
and |§ —n| <cl|&|. Then |n| > (1 — ¢)|&| and we can replace the supremum above
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by supnew|fN/(n)|. Furthermore, by (6-19),
Vi s 6, =/ o (0. &)|diy < ChNMN/ (nl + Y3n) dn
Rn Rn

o0
SChNMN/ s~V las

My

MN/N
<Ch"My—2— —N < ChN My

Thence it follows for & € V, || > /My, that
lwn FE] < Crd—e) ™V by, )€Y sup| fv (mlinlY

new
+C2(1+C_1)N/+“/ (U + 1)l 7. &)l d
[n|>cl&]
< CRY MUY QN My 617N 4 CoR Y My / 0l =N dn
[n>c|&|
< Ch¥ My g7V,
where we have also used (M2), (6-17) and (6-18). U
Due to (6-15) we can replace wy in (6-16) with (w§|€]"B)s, 0 =1,...,v,
and obtain
(6-20) [(f. e " F B HywR) < CRNE TN My,

foré eV, |§| > YMy.
We consider now the sequence (viy)n = Uy, 1,4, IN- IEEEV, 1E|<(Myn)YN,
= N+ +n+m, then by (6-12)

1EIN 05| < C8¥ My» < C8Y My for some 8§; > 0.
On the other hand (6-8), (6-13) and (6-20) give
IV 10K )] < CrhY Myim|E1™" + C2h) My 4psminl€1™" < ChY My

for£ € V, €] > (Myn)'/N',
Thus we have shown for all T =1, ..., v that the bounded sequence (vy)y €
&' (Q) satisfies
&1V oy (& )I

u
gy ONVMy
NeN

for some Q > 0. Clearly u* |y = (vj)|y and hence

(x0, &0) ¢ WFAqu’
forallz=1,...,v. O



342 STEFAN FURDOS

For elliptic operators, i.e., operators P with Char P = @, the following holds
obviously.

Corollary 6.5. If P is an elliptic operator with ultradifferentiable coefficients of
class {M} and u € D' then

WF ¢ Pu=WF, u.

7. Uniqueness theorems

Hoérmander [1971a] and Kawai (see [Sato et al. 1973]) independently noticed that
results like Theorem 6.1 in the analytic category can be used to prove Holgrem’s
uniqueness theorem [1901]. We show here that Theorem 6.1 can also be used to
give a quasianalytic version of Holmgren’s uniqueness theorem. We follow mainly
the presentation of [Hormander 1983].

First recall [Hormander 1993, Theorem 6.1]:

Proposition 7.1. Let I C R be an interval and xo € 0 suppu, then (xg, £1) €
WE v u for any quasianalytic regular weight sequence M.

As noted in [Hormander 1993], Proposition 7.1 immediately generalizes to a
result for several variables (see [Hormander 1983, Theorem 8.5.6], and see [Kim
et al. 2001] for a similar result):

Theorem 7.2. Let M be a quasianalytic regular weight sequence, u € D'(Q2),
xo € suppu and f : Q2 — R be a function of class { M} with the properties

df (xo) #0, f(x) < f(xo) ifxo#x € suppu.

Then we have
(x0, df (x0)) € WF 1.

Proof. If we replace f by f(x) — |x — x0|* we see that we may assume that
f(x) < f(xp) for xg # x € supp u. Furthermore, since df (xg) 7 0 we can assume
that xo = 0 and f(x) = x,,. Next we choose a neighborhood U of 0 in R"~! so that
U x {0} € Q. By assumption supp u N (U x {0}) = {0}. Hence there is an open
interval I € R with O € I such that

(7-1) UxIeQ and suppun@U x1)=0a.

If A is an entire analytic function in the variables x’ = (xq, ..., x,_1) then we
consider the distribution Us € D'(I) given by (Ua, ¥) = (ua ® ¥). Note Uy is
well defined due to (7-1). By [Hormander 1983, Theorem 8.5.4’] we have that

WE L (Ua) € {(xn, &) € I x R\{0} | there exists x' € U : (x', x,,, 0, &) € WE u}.

Note that (x’, x,) above must be close to 0 for x,, small.
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Assume, e.g., that (0, ¢,) ¢ WE  u, e, =(0,...,0,1). Then I can be chosen
so small that (x, e,) ¢ WF u for x € U x I. We conclude that (x,, 1) ¢ WF Uya
if x, € I. Proposition 7.1 implies that U4 = 0 on [ since U4 =0 on I N {x, > 0}.
That means actually that

<M|UX17 A®§0) =0

for all ¢ € D(I). Since A was chosen arbitrarily from a dense subset of £(R"™1) it
follows that u =0 on U x I. [l

For the rest of this section M is going to be a quasianalytic regular weight
sequence that satisfies (M2).

In order to give Theorem 7.2 a more invariant form we need to recall some facts
from [Hormander 1983].

Definition 7.3. Let F be a closed subset of a C> manifold X. The exterior normal
set N.(F) C T*X\{0} is defined as the set of all points (x¢, &) such that xo € F and
there exists a real-valued function f € C%(X) with df (xo) =&, #0and f(x) < f(xo)
when x € F.

In fact, following the remarks in [Hormander 1983, page 300] we observe that
it would be sufficient for f to be defined locally around xq. Furthermore f could
then also be chosen to be real-analytic in a chart neighborhood near x. If g is C!
near a point X € F' and dg(x) = € # 0 then (%, &) € N,(F) € T*X\{0}. It is clear
that if (xg, &) € N.(F) then xg € dF. In fact, if m : T*Q — Q is the canonical
projection then 7 (N, (F)) is dense in 0 F; see [Hormander 1983, Proposition 8.5.8.].
The interior normal set N;(F) C T*X\{0} consists of all points (xo, &) with
(x9, —&p) € N.(F). The normal set of F is defined as

N(F)=N.(F)UN;(F) € T*X\{0}.
In this notation Theorem 7.2 takes the following form.
Theorem 7.4. Let u € D'(Q). Then
N (suppu) € WFu.
Theorem 7.4 combined with Theorem 6.1 gives:

Theorem 7.5. Let P be a partial differential operator with E-coefficients and
u € D' () be a solution of Pu=0. Then

N (suppu) € Char P,
i.e., the principal symbol p,, of P must vanish on N (supp u).

In fact, we can now derive the quasianalytic Holmgren uniqueness theorem. We
recall that a C!-hypersurface M is characteristic at a point x with respect to a partial
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differential operator P, if and only if for a defining function ¢ of M near x we have
that (x, dp(x)) € Char P.

Corollary 7.6. Let P be a partial differential operator with E4-coefficients. If X is
a C'-hypersurface in Q that is noncharacteristic at xo and u € D' () is a solution
of Pu =0 that vanishes on one side of X near xy then u = 0 in a full neighborhood

of xo.
In fact, (see [Zachmanoglou 1969]) it is possible to reformulate Corollary 7.6.

Corollary 7.7. Let P be a differential operator with coefficients in Epq(2). Fur-
thermore let F € Ex(R") be a real-valued function of the form

Fx)=f(x)—xn, xX'=@1,...,x0-1),

where f € Ep(R*™) and suppose that the level hypersurfaces of F are nowhere
characteristic with respect to P in Q. Set also Q. ={x € Q| F(x) <c} forc e R.
If u € D' () is a solution of P(x, D)u = 0 and there is ¢ € R such that Q. N supp u
is relatively compact in Q, then u =0 in Q..

Proof. We set for c € R,
w.={xeQ| F(kx)=c}.

Note that for each ¢ € R the set w, is not relatively compact in 2. Therefore €2, is
not relatively compact in €2 either for any ¢ since 92, = w,.

By assumption there is a ¢ € R such that K = supp u N . is compact in Q. In
particular, K is bounded in 2. Hence there has to be ¢ < ¢ such that

KC{xeQ|c<F(x)<c}l

Let ¢; < c be the greatest real number such that the inclusion above holds for
¢ =cy. Since K is compact there is a point p € dK such that F(p) = c;. It follows
that p € d suppu Nw,,. Thus we can apply Corollary 7.6 because w,, is nowhere
characteristic for P. Hence u vanishes in a full neighborhood of p. This contradicts
the choice of ¢;. We conclude that u has to vanish on €2.. O

Note that Hormander [1963] used the analytic version of Corollary 7.7 to prove
Holmgren’s uniqueness theorem.

Remark 7.8. We have formulated our results for scalar operators on open sets of
R" but they remain of course valid on ultradifferentiable manifolds of class {M}.
Actually, all the conclusions in this section hold even for determined systems of
operators and vector-valued distributions. Indeed, we have only to verify that
Theorem 7.2 holds also for distributions with values in C", but this is trivial: If
f(x) < f(xo) for x € supp u then f(x) < f(xo) forall x esuppu; andany 1 < j <n,
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since supp u = U;: 1 supp u ;. Hence Theorem 7.2 implies

1%
(x0, 2df (x0)) € (| WEnqu; S WFpqu.
j=1

Following an idea of Bony [1969; 1976], it is possible to generalize the results
above. For the formulation we need some additional notation. Consider a smooth
real-valued function p on T*Q2. The Hamiltonian vector field H, of p is defined by

i _i(ap a  p a)
P = 851'8)61' ijagj '

An integral curve of H,, i.e., a solution of the Hamilton—Jacobi equations

dx; Jp
—t =, 6),
dt 0&;
d§; dp
ar E(X, §),
j=1,...,n,is called a bicharacteristic if p vanishes on it. If g is another smooth

real-valued function on 7*S2 then the Poisson bracket is defined by {p, g} := H,(q)
or, in coordinates,

(r.q) i(ap dg  Op aq)
P95 = Ae A Al a: |-
izl afj axj 3Xj aéj

See [Grigis and Sjostrand 1994] or [Hormander 1983] for more details.
We continue by recalling a result of Sjostrand [1982] (see also [Hormander
1983]).

Theorem 7.9. Let F be a closed subset of Q and suppose that p € E(T*Q2\ {0}) is
real-valued and vanishes on N,(F). If (xo, &) € N.(F) then the bicharacteristic
t = (x(1), () with (x(0), £(0)) = (xo, &) stays for |t| small in N,(F).

The analogous statement is of course also true for N;(F) replacing N, (F).

Corollary 7.10 [Bony 1976]. Let F be a closed subset of 2 and set
Ng:={pe&(T*Q\{0}) | p=0on N(F)}.
Then N is an ideal in E(T*Q\{0}) that is closed under Poisson brackets.

We obtain the quasianalytic version of a result of Bony [1969; 1976].

Theorem 7.11. Let P a differential operator with Eq-coefficients on Q2 and T1 the
Poisson algebra that is generated by all functions f € E(T*Q\{0}) that vanish on
Char P.
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If u € D'(RQ) is a solution of the homogeneous equation Pu =0 then all functions
in IT have to vanish on N (supp u).

Corollary 7.12. If the elements of Tl have no common zeros and u vanishes in a
neighborhood of a point py € Q2 then u must vanish in the connected component
of Q2 that contains py.

We continue by taking a closer look at Theorem 7.9. Let 7 : T*Q — Q be the
canonical projection and (xg, &) € T*Q\{0}. If ¢ is a smooth function on 7*Q\{0}
that vanishes on N(F), F C Q closed, and A(¢) is the bicharacteristic through
(x0, &) then we conclude that the bicharacteristic curve y () = m o A must stay
in 0 F for small ¢ in view of the remarks before Theorem 7.4.

Now suppose that Q is a real vector field on 2 and g its symbol. If we denote
by y the integral curve of Q through x¢ and by A the bicharacteristic of g through
(x9, &) where (xg, &) then it is trivial that y = o A.

Definition 7.13. We say that a partial differential operator P on Q with -
coefficients is M-admissible if and only if there are ultradifferentiable real-valued
vector fields Qy, ..., Q4 with symbols ¢, ..., g4 such that each g; vanishes on
Char P.

Following the approach of Sjostrand [1982] we can generalize results of Zach-
manoglou [1972] (see also [Bony 1976]) to the quasianalytic setting.

Proposition 7.14. Let P be an M-admissible operator. If L = L(Q1, ..., Qq) is
the Lie algebra generated by the vector fields Q;, j=1,...,d, ¢ € CI(SZ, R)
near a point xg € Q such that (xo, ¢'(xg)) € Char P and u € D' () is a solution
of Pu = 0 such that near xo we have xqo € suppu  {¢ > 0}. Then each Q € L is
tangent to {¢ = 0} at xo and the local Nagano leaf y.,(L) is contained in supp u.

Proof. By assumption all 0y, ..., Qg are tangent to {¢ = 0} at xo and hence also
all Q € L. From the remarks before Definition 7.13 and Theorem 7.4 we see that
all integral curves of the vector fields in £ must be contained in d supp u for a small
neighborhood of xj. Inspecting the construction of the representative of the local
Nagano leaf in the proof of Theorem 2.17 we see that y,,(£) C supp u near xo. U

In fact, we have the following global theorem (for the analytic case see [Zach-
manoglou 1972; Bony 1976, Theorem 2.4.]).

Theorem 7.15. Let P an M-admissable differential operator. If u € D'(Q) is a
solution of Pu = 0 and pg ¢ supp u then every integral curve of the vector fields
01, ..., Qg through pg stays in Q \ supp u.

Proof. Let I' =T"), (L) be the global Nagano leaf of £ = L(Q1, ..., Q4) through
po and suppose that d supp uNI" # &. Then there has to be a point go € I'Nd supp u
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such that for all neighborhoods V C €2 of x¢ we have
T'NV)N(Q2\suppu) # <.
Let V be small enough such that I' NV is the representative of the local Nagano
leaf of L at gg constructed in the proof of Theorem 2.17. Then
I'\suppu NV # @.

Thence there is a vector field X € £ such that if y(#) = exp X is the integral curve
of X through gg then y(0) = go and y (1) = g € V\supp u. Possibly shrinking V
and applying an ultradifferentiable coordinate change in V we may assume that
q0=0, ¢ =(,...,0,1) and

0
X= .
0x,

We note that in these new coordinates the assumption on P can be stated in the
following way. Let & € R” with &, £ 0 then p,,(x, &) # O for all x € V. There is
also a neighborhood V; C V of ¢; such that u vanishes on Vj.

We adapt the proof of [Zachmanoglou 1969, Theorem 1]. Let r >0 and § > 0
be small enough so that

U=xeR"||x|<r, =86 <x, <1}
is contained in V and
xeR"||x|<r, x, =1} C V.

We consider the real-analytic function
X2

Fx)=(014596) — 38— Xy.

2
,
The normals of the level hypersurfaces of F are always nonzero in the direction
of the n-th unit vector. It follows that the level hypersurfaces are everywhere
noncharacteristic with respect to P in V. Set

U1={er: F(x)<—g}

and note that if x € U; then x, > —§/2. It is easy to see that U; N suppu is
relatively compact in U. We conclude that # =0 in U; by Corollary 7.7. That is a
contradiction to the assumption go € 9 supp u. (]

If Oy, ..., Q4 are real-valued vector fields with & -coefficients, the operators
d
Po=Qi+iQ2  PR=) 0} keN,
j=I

are M-admissible.
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For our last result we need to recall the notion of finite type which was intro-
duced by Hormander [1967]. We say a collection of smooth real vector fields
Xi,..., X4 on Q is of finite type (of length at most r) if at any point p € Q2
the tangent space 7,2 is generated by X ;(p) and some iterated commutators
(X, [(Xip, [+ (XG5 X 122 11(p), where g <r.

A straightforward application of Theorem 7.15 gives the following corollary.

Corollary 7.16. Let Q2 be connected and assume the real vector fields X1, ..., Xq4
are of class {M} and of finite type and let u € D' () be a solution of Pru =0. If u
vanishes on an open subset of Q2 then u =0 in Q.
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AFFINE STRUCTURES ON LIE GROUPOIDS

HONGLEI LANG, ZHANGJU LIU AND YUNHE SHENG

We study affine structures on a Lie groupoid, including affine k-vector fields,
k-forms and (p, g)-tensors. We show that the space of affine structures is
a 2-vector space over the space of multiplicative structures. Moreover, the
space of affine multivector fields with the Schouten bracket and the space of
affine vector-valued forms with the Frolicher—Nijenhuis bracket are graded
strict Lie 2-algebras, and affine (1, 1)-tensors constitute a strict monoidal
category. Such higher structures can be seen as the categorification of mul-
tiplicative structures on a Lie groupoid.

1. Introduction

Geometric structures on a Lie groupoid that are compatible with the groupoid mul-
tiplication are called multiplicative structures. They have been studied intensively
and their infinitesimal correspondings have been developed. See [Iglesias-Ponte
et al. 2012; Mackenzie and Xu 2000; Xu 1995] and [Bursztyn and Cabrera 2012;
Bursztyn et al. 2009; Crainic et al. 2015] for multiplicative multivector fields and
multiplicative forms, respectively, and see [Bursztyn and Drummond 2019] for
the theory of multiplicative tensors. Beyond this, there are also multiplicative
Dirac structures [Jotz Lean 2019; Ortiz 2013], multiplicative generalized complex
structures [Jotz Lean et al. 2016], multiplicative contact and Jacobi structures
[Crainic and Salazar 2015; Crainic and Zhu 2007; Iglesias-Ponte and Marrero
2003], multiplicative distributions [Jotz Lean and Ortiz 2014] and multiplicative
Manin pairs [Li-Bland and Severa 2011], etc. We refer to [Kosmann-Schwarzbach
2016] for a survey on this subject.

Our purpose is to study geometric structures that are compatible with the affinoid
structure on a Lie groupoid. This is motivated by Weinstein’s work [1990], where he
studied Poisson manifolds also carrying affinoid structures. An affinoid structure on
a space X is a subset of X* whose elements are called parallelograms, with axioms
modeled on the properties of the quaternary relation {(g, #,1,k) : hg~' =kI~'} on
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a group or a groupoid. Groupoids are affinoid spaces, but not every affinoid space
arises in this way. Mackenzie [1992; 2000] regarded affinoid structures as a type of
double groupoid. He gave the equivalence of affinoid structures, butterfly diagrams
and generalized principal bundles and studied their infinitesimal invariants.

The multiplicativity condition for a k-vector field (a k-form) on a Lie groupoid is
known as the graph {(g, &, gh) : s(g) = t(h)} of the groupoid multiplication being
a coisotropic (an isotropic) submanifold of G x G x G. A Lie groupoid G carries an
affinoid structure with the set of parallelograms given by {(g, &, 1, hg~'l)} when
hg~'l is well defined. So the affine condition is naturally defined to be that the set
of parallelograms is a coisotropic or an isotropic submanifold of G x G x G x G for k-
vector fields or k-forms respectively. This gives the notions of affine k-vector fields
and affine k-forms on a Lie groupoid. This topic was first studied in [Weinstein
1990]. Then Lu [1990] studied the dressing transformation, Poisson cohomology and
also the symplectic groupoids of affine Poisson structures on Lie groups. For more
information on affine Poisson structures, see also [Dazord et al. 1991; Dazord and
Sondaz 1991; Urbariski 1994]. To define affine (p, g)-tensors on a Lie groupoid G,
we consider the tangent and cotangent groupoids of G. A (p, g)-tensor on G can
be viewed as a function on the Lie groupoid GC:=®ITGRPT*G = ®ITM B A*.
Then a (p, g)-tensor is said to be affine if it is an affine function (0-form) on the
Lie groupoid G. This definition coincides with the previous definitions for affine
k-vector fields and affine k-forms.

We shall first make clear the relations between affine and multiplicative structures.
For Lie groups, Lu [1990] obtained two multiplicative bivector fields from an affine
bivector field by using the right and left translations. We generalize this result to the
case of Lie groupoids and obtain two multiplicative k-vector fields (k-forms, (p, g)-
tensors) from an affine k-vector field (k-form, (p, q)-tensor). Furthermore, we show
that the space of affine structures is a 2-vector space over the vector space of mul-
tiplicative structures. Thus affine structures can be viewed as the categorification of
multiplicative structures and affine structures define an equivalence relation on mul-
tiplicative structures. For some cases, multiplicative structures are functors, as mor-
phisms of Lie groupoids; then affine structures are natural transformations between
these multiplicative structures. Moreover, for affine multivector fields, the Schouten
bracket gives rise to a graded strict Lie 2-algebra structure on the aforementioned
2-vector space. This recovers the strict Lie 2-algebra structure on 1-vector fields in
[Berwick-Evans and Lerman 2016] and is equivalent to the graded Lie 2-algebra in
[Bonechi et al. 2018]; see also [Ortiz and Waldron 2019]. We give the geometric sup-
port of this graded Lie 2-algebra structure. We also prove that affine vector-valued
forms are closed under the Frolicher—Nijenhuis bracket and thus constitute a graded
strict Lie 2-algebra. For affine (1, 1)-tensors, the composition of affine (1, 1)-tensors
defines a strict monoidal category structure on the aforementioned 2-vector space.
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We remark that on Lie groups, affine (p, g)-tensors and multiplicative (p, g)-
tensors are the same when g # 0. In particular, the affine k-forms and multiplicative
k-forms are the same. An affine k-vector field differs from a multiplicative k-vector
field by an element in A*g, where g is the Lie algebra of the Lie group. Affine
k-vector fields, k-forms and (1, 1)-tensors on pair groupoids are also analyzed in
detail.

The organization of this paper is as follows. In Section 2, we recall Lie 2-algebras,
monoidal categories, tangent and cotangent Lie groupoids. In Section 3, we intro-
duce the notion of affine k-vector fields and clarify the relation with multiplicative
k-vector fields. We show that the space of affine k-vector fields is a 2-vector space.
Moreover, affine multivector fields are closed under the Schouten bracket; we thus
get a graded strict Lie 2-algebra structure on this 2-vector space. In Section 4, we
introduce the notion of affine k-forms and study their properties analogously. In
Section 5, affine tensors on a Lie groupoid are introduced. We obtain a graded strict
Lie 2-algebra structure on the space of vector-valued forms and a strict monoidal
category structure on the space of affine (1, 1)-tensors.

2. Preliminary

2A. Strict Lie 2-algebras. Lie 2-algebras are the categorification of Lie algebras,
whose underlying spaces are 2-vector spaces. See [Baez and Crans 2004] for more
details. Let Vect be the category of vector spaces.

Definition 2.1 [Baez and Crans 2004]. A 2-vector space is a category in Vect.

Explicitly, a 2-vector space is a category V| = V whose spaces of objects and
arrows are both vector spaces, such that the source and target maps s, ¢ : Vi — Vj,
the identity-assigning map ¢ : Vp < V1, and the composition o : V| xy, V1 — V|
are all linear.

A 2-vector space is completely determined by the vector spaces Vj, V| with the
source, target and the identity-assigning map. Actually, given f € Vi, define its
arrow part by f = f —u(s(f)). Then s(j?) =0and t(j?) =t(f)—s(f). So we
can identify f : x — y with the pair (x, f ). With this notation, the composition of
f:x—>yandg:y—>zisdeﬁnedasgof:(x,f+§’). Any arrow (x,f) has
an inverse (x + 7 ( ]? ), — f ), so a 2-vector space is always a Lie groupoid.

A 2-vector space is equivalent to a 2-term chain complex of vector spaces. On
the one hand, given a 2-vector space V1 = V), the corresponding 2-term complex
is ¢ : kers — V. On the other hand, given a chain complex C; — Cy, the 2-vector
space is Co @ C; — Cy. We refer to [Baez and Crans 2004] for the details.

Definition 2.2 [Baez and Crans 2004]. A strict Lie 2-algebra is a 2-vector space V
together with a skew-symmetric bilinear functor, the bracket, [-,-]: V xV = V
satisfying the Jacobi identity.



356 HONGLEI LANG, ZHANGJU LIU AND YUNHE SHENG

A strict Lie 2-algebra is equivalent to a strict 2-term Lo-algebra. Namely, a
2-term complex d : C; — Cg with skew-symmetric brackets [ -, -] : Co x Co — Cop
and [-,-]: Cop x C; — C| satisfying the Jacobi identity and [da, b] = [a, dD] and
d[x,a] =[x,da] for x € Cy and a, b € C;. See [Baez and Crans 2004] for details.

When the spaces of objects and morphisms are graded vector spaces and the Lie
bracket is a graded Lie bracket, we call it a graded strict Lie 2-algebra. We refer to
[Bonechi et al. 2018] for the explicit definition.

2B. Strict monoidal categories. A monoidal category is a category C with a bi-
functor o : C x C — C, its product, which is associative up to a natural isomorphism,
and with an object which is a left unit and a right unit for the product up to natural
isomorphisms. For our purpose, we only consider the category with a product which
is strict associative and has a strict two-sided identity object.

Definition 2.3 [Mac Lane 1971]. A strict monoidal category (C, o, e) is a category C
with a bifunctor o : C x C — C, which is associative:

olox1)=o0o(lx0):CxCxC—C,
and with an object e which is a left and right unit for o:
olex1)=id¢ =o(1 xe):C— C.

The bifunctor o here assigns to each pair of objects x, y an object x o y and to
each pair of arrows f:x — x’, g:y— y anarrow fog:xoy— x'oy. Thus o
being a bifunctor means that

Lioly=1liwy, (flog) (fo®)=(f"flo(g g,

whenever f/, f and g’, g are composable. Here - is the multiplication in the
category C. The associative law and the unit law in the definition hold both for
objects and arrows.

2C. Tangent and cotangent Lie groupoids. We recall the definition of the tangent
and cotangent Lie groupoids of a Lie groupoid.

Denote the source and target maps for a Lie groupoid G = M by s,t: G — M.
Two elements g, & € G are multiplicable or composable if and only if s(g) =7 (h) and
their product is written as g - & or simply as gh. Such a pair is called a multiplicable
pair. We denote the space of multiplicable pairs by G®. Let A be the Lie algebroid
of G. For u € I'(A), the right and left translations i, iz € X(G) are defined by

U () =dRg(ury), W () =—dLy(dinv(usy)),

where R, and L, are the right and left multiplications on G and inv : G — G is the
inverse map in G.
Throughout this paper, by abuse of notation, we use the same notations s and ¢
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to denote the source and target of any Lie groupoid and we adopt the same notation
to denote a map and its tangent map.

Given a Lie groupoid G =2 M, its tangent bundle 7G — 7'M with the differentials
of the structure maps of G is again a Lie groupoid.

Its cotangent bundle 7*G is also equipped with a Lie groupoid structure which
is over A*, written as T*G = A* First we have the inclusion A* < T*G since
T*Gly = T*M @ A*. The source and target maps of an element & € Tg*g with
g €G are

(s(€),u) = (&, W), (1(5),v)=(E, V) forallue Ay, v e A,
So for any u € I'(A), seen as a function on the base manifold A*, we get the formulas
(1) sfu=w, tu=Tu.
For a multiplicable pair (g, ) € G2, if £ € T;G and n € T;7G are multiplicable,
the product is the element £ - n € T;‘hg such that
E - MX-Y)=EX)+n() forall (X,Y)eTG?,

where X -Y € T,,,G is the product of X € T,G and Y € T;,G in the Lie groupoid T'G.
See, for example, [Kosmann-Schwarzbach 2016; Lang and Liu 2018] for more
explanation of the cotangent groupoid.

3. Affine k-vector fields on a Lie groupoid

An affinoid structure on a space X is a subset of X* whose elements are seen as
parallelograms, with axioms modeled on the properties of the quaternary relation
{(g,h,1,k)| hg~' =kI~'} on a group or a groupoid [Weinstein 1990]. In particular,
a groupoid has an affinoid structure with parallelograms given by the relation

{(g, h, 1, hg™ ') 1 5(g) =s(h), 1(g) =t()}.

A k-vector field on a Lie groupoid is called affine when it is compatible with the
affinoid structure in the sense that the submanifold of parallelograms is coisotropic.
While a k-vector field is multiplicative when the graph {(g, i, gh) : s(g) =t(h)} of
the multiplication, or space of triangles, is coisotropic.
Let V be a vector space and IT € A¥V. A subspace W C V is coisotropic with
respect to IT if
(&, ....&5)=0 forall&,..., &e WP,

where WY is the annihilator space of W, namely,
Wo={teV*: &w)=0forall we W}.

More generally, for a manifold M and IT € X¥(M), a submanifold S of M is
coisotropic with respect to IT if 7S is coisotropic with respect to I, for all x € S.
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The following definition is motivated by Weinstein’s [1990] definition for affine
Poisson structures on a Lie groupoid.

Definition 3.1. A k-vector field IT € X*(G) on a Lie groupoid G is called affine if
the submanifold

S:={(g. h,1,hg7'):5(8) =s(h),1(g) =t (D} CGxGxGxG
is coisotropic with respect to IT @ (—D*T!'TT @ (= * ' T @ IT.

Comparatively, a k-vector field on a Lie groupoid G is multiplicative [Iglesias-
Ponte et al. 2012; Mackenzie and Xu 2000; Xu 1995] if it satisfies that the
submanifold {(g, h, gh) : s(g) = t(h)} C G x G x G is coisotropic relative to
Do (-

It is shown in [Chen et al. 2013; Iglesias-Ponte et al. 2012; Weinstein 1990] that
a k-vector field IT € X*(G) is multiplicative if and only if it is affine and the base
manifold M is coisotropic with respect to I1. We refer the readers to [Chen et al.
2013, Lemma 2.3], where the authors pointed out that some of the conditions listed
in [Iglesias-Ponte et al. 2012, Theorem 2.19] are redundant.

As shown in [Iglesias-Ponte et al. 2012] for the k = 2 case, for any u € Tg*hg , the
covector (—u, Ly pt, Ry, —L% Rj,1) is conormal to S, that is, an element in the
annihilator space of TS at (gh, h, g, s(g)), where X and ) are bisections passing
through g and /. Another two classes of vectors conormal to S are (—t*n, t*7, 0, 0)
and (—s*&,s5%€,0,0) for nn € Tt*(‘g)M and & € Ts*(g)M. We thus get an explicit
description of affine k-vector fields:

Lemma 3.2 [Chen et al. 2013, Lemma 2.3]. A k-vector field T1 € X*(G) on a Lie

groupoid G is affine if and only if the following two conditions hold:
(i) Forany (g, h) € G®,
2) I1(gh) = LxI1(h) + RyI1(g) — Lx o Ry(I1(s(g))),
where X and ) are any two local bisections passing through g and h respec-
tively.
(i) Foranyé& € Q'(M), ¢ I is right-invariant.

An equivalent description of (2) is that [IT, X ] is right-invariant for X € I'(A)
[Mackenzie and Xu 2000].

Remark 3.3. We emphasize that our definition of affine multivector fields is differ-
ent from that in [Iglesias-Ponte et al. 2012; Xu 1995], where they call multivector
fields satisfying (2) affine multivector fields. We have an extra condition.

On the other hand, we shall see that one affine k-vector field defines two multi-
plicative k-vector fields.
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The restriction on M for a k-vector field IT € X(G) has k + 1 components:
Oy eCATG ) ZTANNTMBA)) =T (MNTMONT'TMRA)®- - -dAFA).

We denote by 7 the A*¥ A-component:
m =prua 0|y € T(AFA).
So the base manifold M is coisotropic with respect to IT € X¥(G) if = = 0.

Proposition 3.4. Let I1 be a k-vector field on the Lie groupoid G with T =pr i 4 I1| .
Define

(3) ,=N-7, ;=I0-7%.

Then I is affine if and only if T1; or I1, is a multiplicative k-vector field on G. Here
the right and left translations are

T(g) = Ry(Mi(g)), T(8):=—Ly(inv(myy))  forallgeg.

Proof. 1t is known from [Mackenzie and Xu 2000] that a k-vector field IT on G
satisfying I[T(gh) = LxI1(h)+ RyTl(g) —Lx o Ry(I1(s(g))) is equivalent to saying
that [IT, X ] is right-invariant for any X € I'(A).

For any X € I'(A), [IT,, )_f] is right-invariant if and only if [IT, }_f] is right-
invariant. So IT satisfies (2) if and only if IT, satisfies (2). Besides, since 1 o R, =1,
it is clear that (;+¢7 is right-invariant for & € Q'(M). Also it is obvious that M is
coisotropic with respect to I1,. We conclude that IT, is multiplicative if and only if
I is affine.

For I, since [I1;, )_f] = [IT, )_f], =7 =0 and M is coisotropic with respect
to I';, we obtain the conclusion that IT is affine if and only if I1; is multiplicative. [J

Example 3.5. Multiplicative k-vector fields on R” are linear k-vector fields. An
affine k-vector field is of the form

. 0 0 . .0 0
E: i1seenik E:n ..... i
f *) dxii A dxik T2 dxi A dxix’

where fiU++#(x) is a linear function on R” and ¢/~ is a constant. Namely, an
affine k-vector field is a sum of a linear k-vector field and a constant k-vector field.

Example 3.6. Multiplicative k-vector fields on the pair groupoid M x M = M all
have the form (I1, —I1) for IT € X¥(M) and affine k-vector fields on M x M are
of the form (IT, IT’) for two k-vector fields IT, IT" € X*(M).

Example 3.7. Let G be a Lie groupoid with Lie algebroid A. For any € T'(A%A),
the k-vector field IT = 77 is affine and the associated two multiplicative k-vector
fieldsare I1, =0and I, =7 — 7.

The space xﬁff(g) of affine k-vector fields is a vector space with the space
x’l;uh(g) of multiplicative k-vector fields as a linear subspace.
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Theorem 3.8. We have a 2-vector space

¥ = 2k (G,

where the groupoid structure is as follows: the source and target maps are given by
s(IT) = I, and t (IT) = I1; as defined in (3), and the multiplication * is
<«
O«M'=MN+n’,
for a pair T1, IT" of affine k-vector fields such that T1, = I1). Here w" = pr ., I1'|
is the N* A-component of TT'| .

Proof. We ﬁrsE_ verify the groupoid structure. It follows from II, = II; that
[1—7 =II'"—n’. Then

/ (_/ - _>/ l _)/ / /
s« =MN+n -7 —a" =II"-n =1II, =s(T'),
<~

and . <
tMxM)=MN4+n" -7 —a’ =I; =t(I1).

Here we have used the fact that

e

pruat |y = (=DXprinv(m’) = pro,(r' — p()) =7/,
where if 7/ = X A -+ A Xi, we have
(—DMinv(r) = —inv(X 1) A+ - A (=inv(Xp)) = (X1 — p(XD) A+ -+ (X — p(X).
For the associativity of this multiplication, let IT” be another affine k-vector field
such that IT,, = IT/". We see
<~ <«
MM« =MN+7n"+7" ==« 11").

Also, it is immediate that all the groupoid structures are linear. This gives a 2-vector
space structure on x’gff(g). ([l

The inverse of IT € ngf(g) in this 2-vector space is
4) N'=n—(7+%), T =pra |y

Remark 3.9. Lu [1990] considered the case when IT € X2(G) is an affine Poisson
vector field on a Lie group. This affine vector field IT~! is also Poisson and is
called the opposite affine Poisson structure of T1. We see here that it is actually the
inverse of IT in the 2-vector space given above.

Corollary 3.10. The associated 2-term chain complex of vector spaces for the
2-vector space in the above theorem is

F(AfA) - x5 (), 7T -7
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In addition to this, since affine multivector fields are closed under the Schouten
bracket [Iglesias-Ponte et al. 2012], we further obtain a graded strict Lie 2-algebra
on this 2-vector space. See [Baez and Crans 2004] for the details of Lie 2-algebras.

Theorem 3.11. We have a graded strict Lie 2-algebra structure on
D XE(0) = X (9),
where the bracket is the Schouten bracket.

Proof. The Schouten bracket defines a graded Lie algebra structure on @kx{;ff(g).
It suffices to check that it is a functor. Let ITy, IT) € 3€§ff(g) and Iy, IT), € %fo(g)
be two multiplicable pairs, that is (IT;), = (IT}); and (IT,), = (IT});. The Schouten
bracket [-, - ]: %gff(g) X i{éﬁ(g) — :{1;;1—1 (G) being a functor means

4) [(ITy, TTa) * (T1}, TT3)] = [I1y, Ta] % [IT}, IT5].
Actually, by Theorem 3.8, the left-hand side of (5) is equal to

A < s SV
[ITy + my, o + ] = [Ty, Ip] +[I1y, 7y ] + [y, T1a] — [y, 7051,
where [ = pr« I} |y and 7} = pr,I15|y. And the right-hand side of (5)
amounts to

[Ty, To] + pres-1 4 [T}, T .
By straightforward calculation, we have
! r1_ / / <_/ / ’ (_/ (_/ <_/
(T}, T ] = [(IT));, (Xp)e] + [y, (Xp)e] + [T}, o] + [y, 751
<~ <~ <~ <«
= [(TT))s, (T15);] + [, (o), ]+ [(Th), 7]+ [y, 5]
<«

/ / s / =
= [(Hl)l’ (Hz)l] + [7717 I ] + 11y, 772] - [7717 712]’

where we have u§gd the fact that [)? , Y 1=0 f((g any X, Y € I'(A). Moreover, I,
is affine so [ITy, 7} ] is left-invariant and so is [}, IT,]. From this and the fact that
(IT}); ((IT});) has no component in AKA (AA), we see

<~ —
praksi—i4 [T, T = [y, TIo] 4+ [Ty, 5] — [y, 5],

Thus we get (5). This finishes the proof. U

Remark 3.12. In [Berwick-Evans and Lerman 2016; Ortiz and Waldron 2019], the
authors constructed a strict Lie 2-algebra on the multiplicative 1-vector fields and
their natural transformations. They proved the Morita invariance of this construction
and obtained a strict Lie 2-algebra structure on the differentiable stack. Actually, this
is our case for k = 1 when writing the strict Lie 2-algebra as a Lie algebra crossed
module. Another remark is that our graded Lie 2-algebra is actually the same as
the one in [Bonechi et al. 2018], where they wrote it in the 2-term L ,-algebra
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form '(A*A) — X; ,,(G). Moreover, this Lie 2-algebra is Morita invariant and is
used to define multivector fields on a differentiable stack in [Bonechi et al. 2018].
Here we see affine multivector fields as the geometric support of this graded Lie

2-algebra structure.

Now we move to consider the infinitesimal of affine k-vector fields.
For an affine k-vector field IT € xﬁff(g), by Lemma 3.2, define 6y f € [(ATA)
and 8p X € I'(AKA) for any f € C*(M) and X € I'(A), such that

©6) Suf =1 fl, dnX=I[I, X1

Recall that a k-differential [Iglesias-Ponte et al. 2012] on a Lie algebroid A is a
pair of maps

80: C® (M) — T'(AF1A), 8, :T(A) > I'(AFA),
satisfying
S0(fg) =3d0(f)g+ fdo(g), &1(fX)=380(f)X+ f81(X)

forall f,g € C*®°(M), X €I'(A), and
X, Y]=[01(X), Y]+I[X,6(Y)], X,Y eI(A).

Denote by eakae’;ff(g) (resp. eakae’;nuh(g)) and @A, the spaces of affine (resp.
multiplicative) vector fields on G and k-differentials on A. It is straightforward
to check that they are graded Lie algebras with the Schouten bracket and the
commutator Lie bracket.

With these notions, by (6), we have a map

@) 8 & X500 —» O, T 8p.
The universal lifting theorem says that
) k
8lext,0) * Dk Xmun(9) = SrAx

is an isomorphism of graded Lie algebras when G is s-connected and s-simply
connected [Iglesias-Ponte et al. 2012].

As a direct consequence of Proposition 3.4, we have the following isomorphism
of graded Lie algebras.

Proposition 3.13. We have an isomorphism
BeXyp(9) — Sk X () > BT (A*A), M (=7, 1), 7 =pryu,Mlu,

of graded Lie algebras, where the brackets on @kae’;ff(g) and eakae{;uh(g) are the
Schouten bracket, the bracket on ®; ' (AXA) is the graded Lie bracket induced by
the Lie bracket on A, and the mixed bracket is

[[, 7] =8r(r) e D(A*T71A), T exk (G), 7 el(AA).
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Proof. By Proposition 3.4, this map is an isomorphism of graded vector spaces
whose inverse is (I', 7) + I' + 7. Identifying an element 7 € I'(AKA) with the
affine k-vector field 77, we see that the Lie bracket on the right-hand side is actually
induced by the Schouten bracket on the left-hand side under the isomorphism.
Hence the right-hand side is a graded Lie algebra and this map is an isomorphism
of graded Lie algebras.

We could also check directly that this map is a morphism of graded Lie algebras.
The key point is

(8)  pracs-14 [T, |y
=) = =DV Vs (0) — [, 7], T e Xp(9), ' € Xy (G).
The proof of this is similar to the proof of Theorem 3.11 for the right translation. [J
The map & defined in (7) is not a bijection on @kae’;ff(g). In fact, for IT € ngf(g),
we have
) Sz =dén—Im, -], dp_g=98n, m=prusllim.

Proposition 3.13 together with the universal lifting theorem for multiplicative
multivector fields tells us that the kernel of the map § is @ [(A*A) and we obtain
the universal lifting theorem for affine multivector fields.

Theorem 3.14. Let G be an s-simply connected and s-connected Lie groupoid with
Lie algebroid A. We have a graded Lie algebra isomorphism
DX (D) = DA > @D (AFA)), T Gn—[m, 1 7), 7w =pro, M,

where the brackets on @kae{;ff(g) and ®; Ay are the Schouten bracket and the
commutator bracket, the bracket on ®; T (AXA) is the graded Lie bracket induced
by the Lie bracket on A and the mixed bracket is

(8, 7] =8(r) e T(ANFT1A),  §e A, m e T(AA).
Here § acts on w as a degree k — 1 derivation.

Proof. This follows from (9), Proposition 3.13 and the universal lifting theorem for
multiplicative multivector fields [Iglesias-Ponte et al. 2012]. O

Next, we consider the case when an affine bivector field IT on a Lie groupoid G
is also Poisson. We shall generalize Lu’s results for Lie groups [1990].

Proposition 3.15. Let I be an affine bivector field on a Lie groupoid G, and I1,, T1;
be the multiplicative bivector fields given by (3). Then

(1) I, (resp. 1)) is Poisson if and only if [I1, 1] is right (resp. left)-invariant;

(i1) if I, is Poisson, then T1 is Poisson if and only if 261, w + [, w] = 0, where
T =proyy.
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Proof. For (i), direct calculation shows that
M, M,]=[M-7,0-7]=[I,1-2[,7]+[7, 7]
— —
=[I1, I1] = 26pm + [, 7].
Therefore if I1, is Poisson, [I1, IT] is right-invariant. Conversely, by (8), we have
praalIT, ]|y = 28nm — [, w]. If [IT, I1] is right-invariant, we must have
—_>
[I1, 1] = 28pm — [, 7]
and hence [I1,, I1,] =0.
For (ii), following from
—_— —
[, ] =M, + 7, I, + 7 ] = [T, ]+ 28,7 + [, 7],
we get the result. U

As a corollary, if an affine bivector field IT is Poisson, the associated two multi-
plicative vector fields IT, and I1; are also Poisson.

Corollary 3.16. Let I1 be an affine Poisson structure on a Lie groupoid G with
7 =pr2 4|y Then its inverse as introduced in (4),

Nn'=n—(7+ %),
is also an affine Poisson structure on G.

Proof. TI™! is obviously affine. To see that it is Poisson, we have
M~ 07 =0~ +7), I—(7 +7)]
=—2[T, 7 |-2[1, ¥ [+[ %, & [+[7, 7 1=, T, ]+[T1;, T1,].
Therefore, by Proposition 3.15, IT~! is Poisson. ]

Example 3.17. Let G be a Lie groupoid with Lie algebroid A. For w € T'(A%A),
the bivector field [T =77 is affine. It is Poisson if and only if 7 satisfies the classical
Yang-Baxter equation [, 7] = 0. Moreover, we have I1, =0, 1, =7 — 7 and
n'=-x.

Besides, given any y € I'(A%A), define [T=7 +%. Thenwe getI1, =y — ¥
and IT; =7 — 7 and [1~! = —% — ¥ . Furthermore, direct calculation shows that

[T is Poisson if and only if
% e__

7,7l =1y, ]
which implies that [, 7] = [y, y] € Akerp and both of them are Ad-invariant.

Affine Poisson structures give rise to a natural equivalence relation between
multiplicative Poisson structures on a Lie groupoid (Poisson groupoids), which
further give an equivalence relation on Lie bialgebroids.
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4. Affine k-forms on a Lie groupoid

A k-form © € QX(G) on a Lie groupoid G is multiplicative if the graph of multipli-
cation {(g, h, gh) : s(g) = t(h)}, or space of triangles, is an isotropic submanifold
of G x G x G with respect to ® & © @ —0. Algebraically, a k-form ® on G = M
is multiplicative [Bursztyn and Cabrera 2012; Bursztyn et al. 2009; Crainic et al.
2015] if it satisfies
m*® = pr;® + pr;0,

where m and pry, pr, : G® — G are the groupoid multiplication and the projections
to the first and second components, respectively.

One consequence of the multiplicativity condition is that ® is isotropic on M,
namely, (*® = 0, where ¢ : M < G is the natural inclusion. In other words, the
restriction of ® on M has no component in AT *M. Relaxing this condition, we
shall get the notion of affine k-forms.

The restriction of a k-form © € Q(G) on M has k + 1 components:

Oly € TN T*Glu) = T (A(A* @ T*M))
=T(NA* D (ATA*QT* MY ® - - © A T*M).

Denote by @ the AKT*M-component: 6 = pr iz, |y In other words, § = 1*®
fort: M — G.
Definition 4.1. A k-form ® € QF (G) on a Lie groupoid G is affine if it satisfies
(10) m*® = pr;© + pr;® — pr,;*s*0,
where 0 := pr 7Oy

Since s opr; =t opr, : G® — G, the affine condition has another expression:
(11) m*® = pri® + pr;® — pr,“1*6.

One direct consequence of the definition is that the de Rham differential of an affine
k-form on G is an affine (k41)-form.

Unlike the multiplicative case, it is not obvious from (10) that a k-form is affine
if the submanifold of parallelograms is isotropic in G X G X G x G.

Proposition 4.2. A k-form © on G is affine if and only if the space of parallelograms

T'={(g h 1, hg 1) :s(8) =s(h),t(g) =t()}

is an isotropic submanifold of G X G X G X G with respectto @ @ —O d —O H O,
that is,

(12) F(prj® — pr;® — pr3® + pr;©) =0,

where pr; : G X G X G x G — G is the projection to the i-th component and
1: N — G xGxGxgGis the inclusion.
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Proof. The tangent space of I" at (g, h, 1, hg~'l) consists of 4-tuples
(X, Yn, Z1, Yy -1V (X) g1 - Zy)

of tangent vectors, where Yj, -inv(X) -1 - Z; means the multiplication of three tangent
vectors in TG. Applying (12) to k such vectors, we have

(13) O, - inv(X)y - Z), ..., Yy - inv (O - Z))
=—0Xy. ... XD +OW,.....Y)+0(Z].....Z)),

where inv(X)("g,1 :=inv(X}). In particular, we choose (%, 1) €GP and g=1,¢)=1,n).
Moreover, each (X}, Y}, Z}) is chosen to satisfy #(Z}) = s(Y;) = X}. Then the
equation becomes

(14) ez}, ....vf-zhH
=0, ....s)+er), ... YHh+ew!, ..., zhH.

This is exactly (10).
Conversely, if © is affine, by setting / = 2~! and Zf =inv(Y )f in (14), we get

(15) O(nv(Y)/,...,inv(Y)5)
=06, ..., s(Y) -0, ..., YH+0auw),. ... t(xN)).
Applying (14) twice to the left-hand side of (13), we obtain
O, inv(X),1-Z] ..., Yy inv(X)s 1 -Z])
=0, ... YD+OGV(X), - Z], ..., inv(X)E - Z))=O(s (X, ..., (X))
=0, ... YD+OGV(X), 1., iv(X); )+O(Z], ..., Z})
1 k 1 k
—O (X, 1 (X)) =O(s(Xy), ..., 5(X))
=0(,,....Y)—-0(X;.....X)+0(Z]..... Z}),
where we have used (15) in the last step. Hence, we get (12). O

Regarding the relation between multiplicative and affine k-forms, we have already
seen that a multiplicative k-form is an affine k-form which is isotropic on M. On
the other hand, an affine k-form is associated with two multiplicative k-forms.

Proposition 4.3. Let © € Q¥(G) be a k-form on G with 0 = pr g+, Oy € QE(M).
Define two k-forms on G:

(16) Q=0 —s5%0, O, =0 —1"0.

Then © is affine if and only if ©; (resp. ©,.) is a multiplicative k-form.
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Proof. By straightforward calculation, we have
m*®; =m*® —m*s*0, pri®; =prj® —pris*6, pr;O; = pr;O — prys*6.

Following from s o pr, = s om : G® — G, we see that the equation m*®; =
pr;©; +pr;©; holds if and only if (10) holds. Similarly, noticing that t opr; =tom,
we get that ®, is multiplicative if and only if ® satisfies (11), that is, ® is affine. [

Denote by Qﬁﬁ(g) and anuh(g) the spaces of affine and multiplicative k-forms,
respectively. It is immediate that Q{;ﬁ(g) is a vector space with Q’;nuh(g) being a
linear subspace.

Theorem 4.4. We have a 2-vector space

Q(9) = QD).
where the groupoid structure is given as follows: the source and target maps are
s(©)=0,, (@) =0, forall®cQ(9),
where ©, and ®; are defined in (16), and the multiplication is
Ox0 =0+, 0 =prury®ln
for a pair ®, ® € QK.(G) such that ©, = ©)|.
Proof. The proof is similar to that for Theorem 3.8. (]

Corollary 4.5. The 2-term chain complex of vector spaces associated to the above
2-vector space Qﬁff(g) = anult(g) is

Qf (M) — QF (G), 0> t¥0 —s576.

It is seen from the definition that the affine and multiplicative forms are closed
under the de Rham differential. So we get two subcomplexes of the de Rham
complex on G:

(Quu(9), d) C (Q3(9), d) C (2°(9), d).
Proposition 4.6. The map
D:Q(0) > QL (@ BQLM), O (O©—1760,0), 0 =prryOlm,

is an isomorphism of cochain complexes, where the differentials are the de Rham
differential. Thus we get an isomorphism on the cohomology

Hy(G) = Hpy(9) © H* (M),

Proof. The inverse of ® can be defined by (A, 1) — A +¢*A forany A € anuh(g)
and A € QK(M). So @ is an isomorphism. Next, we check that it is a cochain map,
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namely, d o ® = ® od. Since 6 = 1*O for 1 : M < G, we have d6 = pri+174,dO.

Then we have
do®(®)=(dO® —t*df, df) = ®od(0O).

Thus it induces an isomorphism on the cohomology. (]

Now we discuss the infinitesimal of affine k-forms. It is known from [Bursztyn
and Cabrera 2012; Crainic et al. 2015] that there is a one-to-one correspondence
between multiplicative k-forms on G and IM k-forms on its Lie algebroid A when G
is s-connected and s-simply connected.

A pair (i, v) of bundle maps

wiA—=> ATITM v A ARTIM, k> 1,

is called an IM k-form on A if

Loxym(Y) = —tpryn(X),

(X, YD) =Loxyn(Y) —tprydu(X) — tpryv(X),

V([X, Y]) = Ep(X)U(Y) — Lp(y)dU(X) for all X,Y € F(A)
The pair (i, v) determines a linear k-form on the vector bundle A. These conditions
are described in such a way that the induced map EB’; T A — Ris aLie algebroid mor-
phism with the tangent Lie algebroid structure on @’;TA — @*T M and the trivial
Lie algebroid structure on R — {x}. See [Bursztyn and Cabrera 2012] for details.

By Proposition 4.6, the infinitesimals of affine k-forms on a Lie groupoid G are
clear.

Proposition 4.7. If G is an s-connected and s-simply connected Lie groupoid, there
is a one-to-one correspondence between affine k-forms © on G and triples (i, v, )
of IM k-forms (., v) and 0 € QXK(M). That is

Qo) = ok (6 @ QM) = QA @ (M),
O (0, :=0 =10, 0 :=pr gy Olu) = (1, ,0).

Example 4.8. For a Lie groupoid G = M, given any 6 € Q¥(M), then s*# and t*6
are affine k-forms on G and s*6 — £*6 is a multiplicative k-form on G.

Example 4.9. On a Lie group G, affine k-forms are multiplicative k-forms. They
are nonzero only when & is 0 and 1. This is because for any k > 2,

O(X1,0,X3,...,Xp)-(0,Y2,Y3,..., Y1)
=0(X1,0,X3,...,Xp)+00,Y2,...,Y)=0

for X; €Ty, G, Y;€Ty; G. So multiplicative 1-forms on a Lie group are always closed.
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On the abelian group R", multiplicative 1-forms are constant 1-forms. They have
the form ® =), c;dx', where c; is a constant.

Example 4.10. For the pair Lie groupoid M x M = M, multiplicative k-forms
all have the form prfa — pria for o € Q¥(M), where pr; : M x M — M is the
projection to the i-th component. Affine k-forms are of the form prj o + prj 8 for
any two k-forms a, 8 € QK(M).

5. Affine tensors on a Lie groupoid

5A. Definition of affine tensors. A tensor on a Lie groupoid is said to be affine if
it is affine as a function on a more complicated Lie groupoid. This is motivated by
the notion of multiplicative tensors on a Lie groupoid introduced in [Bursztyn and
Drummond 2019].

Affine functions on a Lie groupoid G = M are naturally defined as affine O-forms
ong.

Definition 5.1. A function F' € C*°(G) is affine if it satisfies
(17) F(gh)=F(g)+ F(h) — F(s(g)) forall (g,h) € g®
or F(gh)=F(g)+ F(h) — F(t(h)) as s(g) =t (h).

In particular, if an affine function F satisfies F'|j; =0, it is called a multiplicative
function. By the definition, the space of affine functions is a vector space with the
space of multiplicative functions as a subspace.

As a corollary of Proposition 4.3 for O-forms, we have:

Lemma 5.2. Let F € C*°(G) be a function on a Lie groupoid G = M and f =1*F €
C°(M) be the restriction of F on M, where 1 : M — G is the natural inclusion.
Define

Fi=F—s*f, F,=F—t*f
Then F is affine if and only if F; or F, is a multiplicative function on G.

Example 5.3. For any function f € C*°(M), we see that s* f —t* f € C*°(G) is a
multiplicative function on G and s* f and ¢* f are affine functions on G.

Consider the Lie groupoid
G:@ITGD' T*G = @ITM &” A*.
A (p, g)-tensor F € T'(APTG ® A1T*G) on G can be viewed as a function on G.

Definition 5.4. A (p, g)-tensor F € ['(APTG ® A1T*G) on a Lie groupoid G is
called affine if it is an affine function on G.

The following proposition ensures the consistence of this definition with Defini-
tions 3.1 and 4.1 for the cases of affine k-vector fields and affine k-forms.
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Proposition 5.5. (i) An affine (p, 0)-tensor is an affine p-vector field as defined
in Definition 3.1.

(1) An affine (0, q)-tensor is an affine q-form as defined in Definition 4.1.
Proof. Let F € I'(APTG) be an affine (p, 0)-tensor. Namely,

FEg oo 60 ) = F g 8D+ F o) = F(s(6), o, s(ED)),

for 5;, € T;g and nfz € T,7G such that s(&‘é) = f(ﬂ;,)’ where s, t are the source and
target maps in the Lie groupoid T*G = A*.

Let f equal pr,, 4 F |y, the projection of F restricting on M to A¥A. We claim
that F is an affine (p, 0)-tensor if and only if F' — ]? is a multiplicative (p, 0)-tensor,
that is,

(F=F)E nh o 600y = (F = )EL . €D+ (F = b ).

By (1), we have t* f = ]?, where ¢ is the target map in 7*G = A* The assertion
holds by Lemma 5.2.

By [Iglesias-Ponte et al. 2012, Proposition 2.7], F — ]7 is a multiplicative function
if and only if it is a multiplicative p-vector field on G, which is further equivalent to
F being an affine p-vector field by Proposition 3.4. So F' is an affine (p, 0)-tensor
if and only if F is an affine p-vector field.

If F e '(AYT*G) is an affine (0, g)-tensor, then

FX-Y)=FX)+F{)—F(s(X)),
where X € AYT,G, Y € AT),G, (g, h) € GP and s(X) = (Y), which implies that
m*F =pr{F +pr5s F —pris*F
So F is an affine g-form as defined in Definition 4.1. (]

Regarding the relation between affine and multiplicative (p, g)-tensors, we also
have the assertion as for affine k-vector fields and affine k-forms.
Let f e '(ANPAQ® AYT*M). View it as a function on the base manifold of the
Lie groupoid
G: TG’ T*G = DITM & A™.
By Example 5.3, sg f and té f are affine functions on G and hence affine (p, g)-

tensors on G, where s and 7 are the source and target maps of the Lie groupoid G.

Lemma 5.6. Let f € ['(APAQ AIT*M). We denote f =% f andf tgf,
wheref f eTINPTG QR NIT*G). We have

_—
(18) f X1, X)) = F(sX1,....5Xy), f (X1,..., X)) = fX1,....,tX,),
for X; e TG.
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Proof. This follows from the definition and (1). O
If assuming f =u ® B foru e I'(APA) and B € Q4(M), we get
T = osB F=u0rB
The following result is a direct consequence of Lemma 5.2.
Proposition 5.7. Let F e '(APTGQ NIT*G) and [ = prpagnar<m F |u. Define
<~ —
Fl:F_f5 FF=F_fa
where 7and f are defined in (18). Then F is an affine (p, q)-tensor on G if and
only if Fy or F, is a multiplicative (p, q)-tensor.

Denote by Ta?f’q (G) and T21(G) the spaces of affine and multiplicative (p, g)-

mult
tensors on G, respectively. It is immediate that Ta%iq (G) is a vector space with

Tnfl’li]t(g) being a linear subspace.

Theorem 5.8. With the above notation, we have a 2-vector space
TG = T)G),
where the source and target maps of the groupoid structure are
s(F)=F,, t((F)=F  foral FeTR(Q),

and for a pair Fy, F, € Ta?f’q (G) such that (F1), = (Fy);, the multiplication is

<«
FixF,=F+ f, fa=plwagnrar-mf2lm-
Proof. The proof is similar to that for Theorem 3.8. U

Corollary 5.9. The 2-term complex of vector spaces of the above 2-vector space is

TANPAQANIT*M) — TP (G), f— —f> - <J7

mult

An IM (p, g)-tensor ([Bursztyn and Drummond 2019]) on a Lie algebroid A is
atriple (D, [, r), where

[:A— APAQANIT*M

and
riT*M — APTTAQAIT*M

are bundle maps covering the identity, and
D:T(A) > T(ANWPAQANIT*M)
is an R-linear map satisfying

D(fX) = fDX)+df Al(X)— X Ar(df), feC®M), XeT(A).
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The following equations hold:
D[X,Y]=X-D(Y)—-Y -D(X),
X, Y]=X-1(Y)—t,r)D(X),
r(Loxyo) =X -r(a) — tpa)D(X),
Lol (Y) = =1, (X)),
Lot (B) = —tprpyr (@),
Loyt (@) = Lpx (X)),
for X,Y € T'(A) and «, B € Q'(M). Here - denotes the action of I'(A) on
C(ANPAQANIT*M)

by
X (Zoy)=[X.Z1®y +Z®Lox)y. v €QIM), ZeT(APA).

Denote by TI{{’A the space of IM (p, g)-tensors on A.

The universal lifting theorem for multiplicative (p, g)-tensors is given in [Bursz-
tyn and Drummond 2019] as follows: If G is an s-simply connected and s-connected
Lie groupoid, then there is a one-to-one correspondence between multiplicative
(p, g)-tensors on G and IM (p, g)-tensors on the Lie algebroid A of G.

Based on this result and Proposition 5.7, we have the universal lifting theorem
for affine (p, q)-tensors.

Proposition 5.10. If G is an s-simply connected and s-connected Lie groupoid,
then we have the following isomorphisms of vector spaces:

TRUG =ZTH (G @T(ANAQN T M) ZTHI AT (N AQ AT M),
Fis (F=f, ) (D, L1, f),
where [ =pr, pagrarsmFlm andf)is defined in (18).

5B. The Frolicher—Nijenhuis bracket on affine vector-valued forms. A vector-
valued form on a manifold M is an element in Q* (M, TM) =T'(TM Q A\*T*M).
So a vector-valued g-form on M is actually a (1, g)-tensor. The space of vector-
valued forms relative to the Frolicher—Nijenhuis bracket is a graded Lie algebra
[Frolicher and Nijenhuis 1956].

In [Bursztyn and Drummond 2013], the authors proved that the multiplicative
vector-valued forms on a Lie groupoid are closed under the Frolicher—Nijenhuis
bracket. Thus they form a graded Lie algebra. We shall prove that affine vector-
valued forms are also closed under the Frolicher—Nijenhuis bracket. Moreover, the
space of affine vector-valued forms is a graded strict Lie 2-algebra over the space
of multiplicative vector-valued forms.
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One formula for the Frolicher—Nijenhuis bracket
[, Ienc: Q5(M, TM) x QU(M, TM) — Q9 (M, TM)
is as follows:

(19) [XQd,YQVIN=I[X.YIQOANY+YQPNLxY —XQLydpNY
+(EDY ®@do Ay + X ®yp Adi),
where X, Y € X(M), ¢ € QX(M) and y € Q4 (M), and the bracket [ -, -] and d on
the right-hand side are the Schouten bracket and the de Rham differential. When
k = g = 0, this bracket agrees with the Schouten bracket on vector fields. We refer
to [Bursztyn and Drummond 2013; 2019] for an intrinsic definition of this bracket.
Now we discuss the vector-valued forms on a Lie groupoid G. Recall that Talf’fq (9]

and Trifh(g) are spaces of affine and multiplicative (1, g)-tensors, respectively.

Theorem 5.11. Let F € Talf’fk (G)and N € Talf;cq (G) be affine tensors. Then [F, N gN
is an affine (1, k 4+ q)-tensor on G.

Proof. By Proposition 5.7, from F and N, we get two multiplicative tensors:
FF=F—f, N,=N-T,

where f =prygry Fly andn=pr g a7+ p Ny and f and 7 are defined in (18).
Based on this, we have

2 —
[F,Nlen=I[F-+ f.N,+ 1 ]pn

20)
— [F Ny lin - [F T+ L s Nolin [ 7 T

By [Bursztyn and Drummond 2013, Theorem 4.3], we have [F,, N,]px € Tn]l;ﬁ:r Pg),
a multiplicative (1, k4 p)-tensor. By [Bursztyn and Drummond 2019, Lemma 5.3],
we have

— —_
[ f, N e =Dn(f),

where Dy : T(AQ AKT*M) — T'(A @ AKT4T* M) is determined by the IM (1, g)-
tensor (D, [, r) of the multiplicative (1, g)-tensor N,. We refer to [Bursztyn and
Drummond 2019] for details. Now it suffices to check that

1) 7. 7ln=7,

for some s € T'(A® AKTIT*M). Assume f =u®a, n=vQ B for u, v € '(A)
and o € QX(M), B € Q4(M). Then by (19),

[7), HWleNn =1 ®t*a, Vv ®1*]
F— * —> * —> *
=[u,v]@" (@AB)+ U Qt (@ ANLywB) — U " (Lowya AP)
+ (=DNV @ (da A tywyB) + U 1 (Lywya AdB)),
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where we have used the relations ¢;;1*8 =t*1,,)8 and d ot* = 1* od. Write

s=[u,v]QaANB+VRaAANLyw)B—u®Lowya AP
+ (—l)k(v Qda Ny +u® Ly Adp).
We get (21). Following (20), we have shown that

[F, Nlex = [Fy, N.Jen — (= D* Dp(n) + Dy () + 5,

where Dr :T(A® AIT*M) — T'(A ® AY4T*M) is determined by the IM (1, k)-
tensor (D', [’, r") of the multiplicative (1, k)-tensor F,. Thus [F, N]gx is affine. (J

Proposition 5.12. We have a graded strict Lie 2-algebra structure on
BT (G) = DT (O),
where the bracket is the Frolicher—Nijenhuis bracket.

Proof. By Theorems 5.8 and 5.11, we only need to show that the Frolicher—Nijenhuis
bracket is a functor. This is similar to the proof in Theorem 3.11. We omit the
detail. (]

5C. The strict monoidal category of affine (1, 1)-tensors. Another important case
is affine (1, 1)-tensors, which can be used to define affine Nijenhuis operators on
a Lie groupoid. On the space of affine (1, 1)-tensors, in addition to the 2-vector
space structure proposed in Theorem 5.8, we shall also construct a strict monoidal
category structure in this subsection.

A (1, 1)-tensor on a Lie groupoid G is multiplicative if the induced bundle map
TG — TG is a Lie groupoid morphism [Laurent-Gengoux et al. 2009], which
amounts to saying that the corresponding function on 7*G & TG = A* S TM
is multiplicative by [Bursztyn and Drummond 2019, Proposition 3.9]. Thus the
composition of two multiplicative (1, 1)-tensors is still a multiplicative (1, 1)-tensor.
We shall show that the composition of two affine (1, 1)-tensors is also an affine
(1, 1)-tensor.

By (17),a (1, 1)-tensor N € I'(TG ® T*G) is affine if it satisfies

N(X-Y,§-n)=NX,8§)+ N, n) —n(srgX,sr+g§), n=pragr-yNlu,

where (X, Y) € TG6® and &,n) € T*G@ are multiplicable pairs in 7G and T*G
covering the same pair (g, 1) € G. Here s7g and s7+¢ are the source maps of the
tangent and cotangent groupoids, respectively.

A multiplicative (1, 1)-tensor N corresponds to a Lie groupoid morphism

(N,nrm):TG— TG,

where nry : TM — T M is the map on the base manifold. Since N preserves the
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s-fibers, it induces a bundle map n4 : A — A. Then we have N|y =nry +na.
For an affine (1, 1)-tensor N, from the difference of affine and multiplicative (1, 1)-
tensors, we have that the restriction of N on M is

Niy = <”TM 0):TM@A—> TM® A,
n na

where nry : TM — TM andny : A — A and n =prygrep Nly.

Lemma 5.13. The composition N o N’ of two affine (1, 1)-tensors N and N' is still
an affine (1, 1)-tensor with

(NoN')y=NjoN/, (NoN'),=N,oN, forall N,N' €T ().
Moreover, the A ® T*M-component of N o N'| is
PragrsmNoN' |y =npon’+nonpy +nopon’,

where

/
N|M=<”TM 0), N’|M=(”T{W 9) TMOA—>TM® A
n nj n.oony

are the decompositions of N and N’ restricting on M and p : A — TM is the
anchor map.

—
Proof. Write N = N, +i and N’ = N[+ n’, where n and n’ are the A ® T*M-
components of N|y and N’|yy, respectively, and 77, n’ are defined in (18). Then

— —
NoN' =N,oN 4+ N,on' + T oN + T on.

By Proposition 5.7, (N,, nru), (N,’,n/TM) : TG — TG are morphisms of Lie
groupoids. So we have the formulas

N _—
N (u)=ns(u) foralluel'(A)

and o N] =n’,, ot. Applying this to X € T,G, we get

N, o 7(X) =N (tX)=na(n'(tX)) =nson'(X),

7 oN(X)=n(N/ (X)) =n(nlyy, (tX) =nonk, (X),

7o 7(X) =T7n'(tX)=n(p(n' (X)) =nopon'(X).

Thus we proved that

NoN' =N,oN +npon'+nony,+nopon’.

Notice that the composition N, o N, of two multiplicative (1, 1)-tensors is still
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multiplicative. Then by Proposition 5.7, we obtain that N o N’ is an affine (1, 1)-
tensor with the properties as desired. U

Actually, the 2-vector space Ta]f’f1 G = Tnllil]lt(g) from Theorem 5.8 with the
composition is a strict monoidal category.

Theorem 5.14. We have a strict monoidal category structure on the 2-vector space
1,1 1,1
Taff (g) = Tmult(g)’

with the product being the composition of two affine (1, 1)-tensors and the unit
given by the identity I : TG — TG.

Proof. 1t is obvious that the identity / : TG — TG, as a multiplicative (1, 1)-tensor,
is a left and right unit for the composition.

It suffices to verify that the composition o : Talf’f1 (G) x Talf’f1 G) — Talf:f1 (G)isa
bifunctor. Let Ny, N2, N3, N4 be four affine (1, 1)-tensors such that (N;), = (N3);
and (N;), = (Ny);. That is,

Ni—n1 =Ns—i3 and Ny—7n5 = Ny—ig.
By Lemma 5.13, we see (N1 o N2), = (N3 o Ng);. Then we prove
(22) (N1% N3) o (Na* Ng) = (NioNy)x(N3oNy).
The left-hand side of (22) is equal to
(N1 +113) 0 (Ny+ i13) = Ny o Ny + Ny o itg + it3 o Ny + 713 o g,

and by Lemma 5.13, the right-hand side of (22) amounts to

NioNy+ (n34 ong+nzongry +n3opony).

By the same calculation in Lemma 5.13 for the left translation instead of the right

translation, we get
<~ Tt T D e I D
Nyong =(N3—n3+ni)ong =nzpong+njong =nzyony,

which follows from
— T =
i o g (X) =1l (na(sX) = ni (tng(s X)) =0, X € T,G.
Similarly, we have
< <~
n3 o Ny, =nzongry.

Observe that

— e
Nn3 ong =n30 00Ny

for the same reason as for the right translation proved in Lemma 5.13. This
proves (22). (]
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Remark 5.15. This strict monoidal category from affine (1, 1)-tensors is related
to the 2-vector spaces constructed from affine 2-vector fields and 2-forms as in
Theorems 3.8 and 4.4 if we take into consideration the generalized tangent bundle
TGHT*G = TM & A* Identify an affine 2-vector field IT € x¥2 (G) with a matrix

((I) 1;) TGHT*G—->TGHT*G.
Then the addition in the vector space %ﬁff(g) is actually the composition of two
affine 2-vector fields as matrices. Likewise, viewing an affine 2-form © € Q2(6)
as a matrix

10 % %
(® I>.TQ€BT Gg—>TgeT g,

we get that the addition in ngf(g) is the composition of two affine 2-forms as
matrices.

Remark 5.16. As a multiplicative (1, 1)-tensor can be characterized as a Lie
groupoid morphism from 7'G to TG, a multiplicative p-vector field defines a mor-
phism of Lie groupoids from @”~!T*G to TG and a multiplicative p-form defines
a morphism of Lie groupoids from @”~!TG to T*G [Bursztyn and Drummond
2019]. In these cases, viewing multiplicative structures as functors, we see that
affine structures are actually natural transformations between these multiplicative
structures.

Example 5.17. One example of multiplicative (1, 1)-tensors on a Lie groupoid G
isn—nforany n € '(A® T*M). And 7’ and 7 are both affine (1, 1)-tensors on G.

Example 5.18. An affine (1, 1)-tensor on a Lie group G is a multiplicative (1, 1)-
tensor on G, which is a G-equivariant linear map from g := Lie(G) to g. Namely,

T+ (G) = (N € End(g) | N(Adgu) = Adg N(u), g € G, u € g).

The product of two affine (1, 1)-tensors in the strict monoidal category structure
is the composition of linear maps and the groupoid multiplication is trivial, i.e.,
N x N = N, meaning that an affine (1, 1)-tensor can only multiply itself, which
results in itself.

Example 5.19. For the pair groupoid G = M x M = M, a multiplicative (1, 1)-
tensor on G is always of the form N — N for a bundle map N : TM — T M, where
by definition,

— <« —
(N - N)X,Y)=NX)—-NT)=(N(X),0)+ (0, N¥)) =(N(X), NY)),

for all (X,Y) € TyM x TyM. In fact, for any u € X(M), we get w(x,y) =
%l,zo(gb,”(x), x)(x,y) = (u, 0), where ¢/ (x) is a flow of u such that ¢ (x) = x.
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And it(x, y) = —%h:o(X, W, ¢/ (y)) = —(0, u), where the minus sign comes
from the convention that i(-) = —L.yinv(u).

By the relation between affine and multiplicative (1, 1)-tensors, an affine (1, 1)-
tensor is of the form N + N N’ for two bundle maps N, N" € End(T M). For simplicity,
we write an affine (1, 1)-tensor as (N, N'). The product in the strict monoidal
category structure is the composition of two (1, 1)-tensors:

(N1, Ny) o (N3, Ngy) = (N1 oN3, —NyoN4) forall N; e End(TM),
which follows from
— <« — o« — o«
(N1 + N2)o(N3+ Ng)(X,Y) = (Ny + N2)(N3(X), =Ny(Y))
= (N1 0 N3(X), Ny o Nu(Y)).

For the groupoid multiplication, two affine (1, 1)-tensors (N1, N2) and (N3, N4)
are multiplicable if and only if N, = —N3 and the multiplication is

T e S
(N1, N2) % (N3, Ng) = Ni + N2 + N3+ Ngy = Ny + Ny = (N, Na).

The next example we are interested in is the direct sum of the pair groupoid and
a Lie group: M x M x G = M. The following proposition tells us that this case
is just the direct sum of Examples 5.18 and 5.19. So the strict monoidal category
structure for this case is also clear.

Proposition 5.20. An affine (1, 1)-tensor N on M x M x G = M is of the form
NX,Y, g, u)=(N1(X),No(Y),g,L(u)) forall Ni, N€End(T M), LeEnd(g)C,
forX e TM,Y e TyM, g € G and u € g. It is multiplicative if and only if N1 =
Proof. A multiplicable (1, 1)-tensor field on G is a bundle map
N=(N{,N,N3) : TMxTMxTG—>TMxTM xTG

over the base manifold M x M x G and also a groupoid morphism over 7'M to
itself. We claim that a multiplicative (1, 1)-tensor field can only be of the form

NX,Y, g, u)=(N(X),N(Y),g,L(w)) foral XeTM,YecTM,gecG,ucg,

for some N € End(T M) and a G-equivariant linear map L € End(g)G. In fact, since
N preserves the s and ¢-fibers, the first and second components Nj, N, have to be
the same. Then N being a groupoid morphism requires that

N3 (X, Y, g, u)+Adg N3(Y, Z,h,v) = N3(X, Z, gh, u + Adgy v).

Since N3 is a bundle map, it follows that N3(X, Y, g, u) is independent of X and Y
and it is determined by a G-equivariant linear map L € End(g). We thus easily get
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that an affine (1, 1)-tensor field N on M x M x G = M is of the form
N(X,Y,g,u)=(N{(X),No(Y),g,L(u)) forall Ny, NeEnd(TM), L<End(g).

Hence the strict monoidal structure for this case is clear. O

At the end of this section, we provide a class of affine (1, 1)-tensors coming
from the composition of affine 2-vector fields and affine 2-forms.

Proposition 5.21. The composition [1o © : TG — TG of an affine 2-vector field
I1 € X%(G) and an affine 2-form © € Q2(G) is an affine (1, 1)-tensor with

Pragruy(I1o®) |y =mas00 +m0bry +m0p" 00,

where 1 € T(A2A), o € T(AQTM) and Oy € T(T*M @ A*) and 6 € Q*(M)
are the corresponding components of Il and O restricting on M, respectively.
Moreover, the associated two multiplicative (1, 1)-tensors are

(MTo®);=IT;00;, ([To®), =II,00,.

Proof. Denote IT =11, +7 and ® = ®, +1*0, where I, and O, are the associated
multiplicative 2-vector field and 2-form. Then

(23) Mo®=1TI1,00,4+T7 00, +1II,0t*0 + 7 ot*6.

Acting on X € T,G and pairing with § € TG, we find

7 - - = (7 0 (1X)
7 0©,(X), §) = (1. 10,(X) A1§) = (. 6ry (1X) A1§) = (T 0 07sy (1), ),

where we have used (1) and the fact that (®,, 87,/) is a Lie groupoid morphism
from TG to T*G. This implies that

% %
T O@r IJTOQTM.

On the other hand, using (1) again and the fact that (IT,, w4+) : T*G — TG is a Lie
groupoid morphism, we have

(T, 01*0(X), §) = —(0, tX A tT1,(§)) = —(0(tX), ast (§)) = (wa- 00(X), §).

Thus,
—_
I, 00 =m+06.

At the end, observe that 177 (§) = pm(t€) since
(T(E), o) = (7 (tE), t*a) = (w(t§), p*a) forall @ € Q' (M).
We obtain

= % _ = _ T oo
(7 0170(X), &) = —(0(tX), 17 (§)) = —(0(tX), pr(1§)) = (w0 p" 0 0(1X), §).
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Hence,

—_—
?ot*éznop*oe.

Coupled with (23), we get

Ho®=1I1,00,+(molry+ma00+mo0p oh).

Since [1,00, : TG — TG is a Lie groupoid morphism and thus gives a multiplicative
(1, 1)-tensor, we have proved that IT1 o ® is an affine (1, 1)-tensor. The other
assertions are also clear. ([l

Acknowledgments

We would like to thank the referee for very helpful suggestions and comments.

References

[Baez and Crans 2004] J. C. Baez and A. S. Crans, “Higher-dimensional algebra, VI: Lie 2-algebras”,
Theory Appl. Categ. 12 (2004), 492-538. MR Zbl

[Berwick-Evans and Lerman 2016] D. Berwick-Evans and E. Lerman, “Lie 2-algebras of vector
fields”, preprint, 2016. arXiv
[Bonechi et al. 2018] F. Bonechi, N. Ciccoli, C. Laurent-Gengoux, and P. Xu, “Shifted Poisson

structures on differentiable stacks”, preprint, 2018. arXiv

[Bursztyn and Cabrera 2012] H. Bursztyn and A. Cabrera, “Multiplicative forms at the infinitesimal
level”, Math. Ann. 353:3 (2012), 663-705. MR Zbl

[Bursztyn and Drummond 2013] H. Bursztyn and T. Drummond, “Lie groupoids and the Frolicher—
Nijenhuis bracket”, Bull. Braz. Math. Soc. (N.S.) 44:4 (2013), 709-730. MR Zbl

[Bursztyn and Drummond 2019] H. Bursztyn and T. Drummond, “Lie theory of multiplicative
tensors”, Math. Ann. 375:3-4 (2019), 1489-1554. MR Zbl

[Bursztyn et al. 2009] H. Bursztyn, A. Cabrera, and C. Ortiz, “Linear and multiplicative 2-forms”,
Lett. Math. Phys. 90:1-3 (2009), 59-83. MR Zbl

[Chen et al. 2013] Z. Chen, M. Stiénon, and P. Xu, “Poisson 2-groups”, J. Differential Geom. 94:2
(2013), 209-240. MR Zbl

[Crainic and Salazar 2015] M. Crainic and M. A. Salazar, “Jacobi structures and Spencer operators”,
J. Math. Pures Appl. (9) 103:2 (2015), 504-521. MR Zbl

[Crainic and Zhu 2007] M. Crainic and C. Zhu, “Integrability of Jacobi and Poisson structures”, Ann.
Inst. Fourier (Grenoble) 57:4 (2007), 1181-1216. MR Zbl

[Crainic et al. 2015] M. Crainic, M. A. Salazar, and I. Struchiner, “Multiplicative forms and Spencer
operators”, Math. Z. 279:3-4 (2015), 939-979. MR Zbl

[Dazord and Sondaz 1991] P. Dazord and D. Sondaz, “Groupes de Poisson affines”, pp. 99-128 in
Symplectic geometry, groupoids, and integrable systems (Berkeley, 1989), edited by P. Dazord and A.
Weinstein, Math. Sci. Res. Inst. Publ. 20, Springer, 1991. MR Zbl

[Dazord et al. 1991] P. Dazord, J.-H. Lu, D. Sondaz, and A. Weinstein, “Affinoides de Poisson”, C. R.
Acad. Sci. Paris Sér. I Math. 312:7 (1991), 523-527. MR Zbl


http://www.tac.mta.ca/tac/volumes/12/15/12-15abs.html
http://msp.org/idx/mr/2068522
http://msp.org/idx/zbl/1057.17011
http://msp.org/idx/arx/1609.03944
http://msp.org/idx/arx/1803.06685
http://dx.doi.org/10.1007/s00208-011-0697-5
http://dx.doi.org/10.1007/s00208-011-0697-5
http://msp.org/idx/mr/2923945
http://msp.org/idx/zbl/1247.58014
http://dx.doi.org/10.1007/s00574-013-0031-9
http://dx.doi.org/10.1007/s00574-013-0031-9
http://msp.org/idx/mr/3167129
http://msp.org/idx/zbl/1296.22004
http://dx.doi.org/10.1007/s00208-019-01881-w
http://dx.doi.org/10.1007/s00208-019-01881-w
http://msp.org/idx/mr/4023383
http://msp.org/idx/zbl/07126538
http://dx.doi.org/10.1007/s11005-009-0349-9
http://msp.org/idx/mr/2565034
http://msp.org/idx/zbl/1206.58005
http://dx.doi.org/10.4310/jdg/1367438648
http://msp.org/idx/mr/3080481
http://msp.org/idx/zbl/1271.22021
http://dx.doi.org/10.1016/j.matpur.2014.04.012
http://msp.org/idx/mr/3298367
http://msp.org/idx/zbl/1316.58014
http://dx.doi.org/10.5802/aif.2291
http://msp.org/idx/mr/2339329
http://msp.org/idx/zbl/1146.53055
http://dx.doi.org/10.1007/s00209-014-1398-z
http://dx.doi.org/10.1007/s00209-014-1398-z
http://msp.org/idx/mr/3318255
http://msp.org/idx/zbl/1408.58015
http://dx.doi.org/10.1007/978-1-4613-9719-9_6
http://msp.org/idx/mr/1104921
http://msp.org/idx/zbl/0732.58015
http://msp.org/idx/mr/1099685
http://msp.org/idx/zbl/0728.58013

AFFINE STRUCTURES ON LIE GROUPOIDS 381

[Frolicher and Nijenhuis 1956] A. Frolicher and A. Nijenhuis, “Theory of vector-valued differential
forms, I: Derivations of the graded ring of differential forms”, Indag. Math. 18 (1956), 338-359.
MR Zbl

[Iglesias-Ponte and Marrero 2003] D. Iglesias-Ponte and J. C. Marrero, “Jacobi groupoids and
generalized Lie bialgebroids”, J. Geom. Phys. 48:2-3 (2003), 385-425. MR Zbl

[Iglesias-Ponte et al. 2012] D. Iglesias-Ponte, C. Laurent-Gengoux, and P. Xu, “Universal lifting
theorem and quasi-Poisson groupoids”, J. Eur. Math. Soc. 14:3 (2012), 681-731. MR Zbl

[Jotz Lean 2019] M. Jotz Lean, “Dirac groupoids and Dirac bialgebroids”, J. Symplectic Geom. 17:1
(2019), 179-238. MR Zbl

[Jotz Lean and Ortiz 2014] M. Jotz Lean and C. Ortiz, “Foliated groupoids and infinitesimal ideal
systems”, Indag. Math. (N.S.) 25:5 (2014), 1019-1053. MR Zbl

[Jotz Lean et al. 2016] M. Jotz Lean, M. Stiénon, and P. Xu, “Glanon groupoids”, Math. Ann. 364:1-2
(2016), 485-518. MR Zbl

[Kosmann-Schwarzbach 2016] Y. Kosmann-Schwarzbach, “Multiplicativity, from Lie groups to
generalized geometry”, pp. 131-166 in Geometry of jets and fields (Bgdlewo, Poland, 2015), edited
by K. Grabowska et al., Banach Center Publ. 110, Polish Acad. Sci. Inst. Math., Warsaw, 2016. MR
Zbl

[Lang and Liu 2018] H. Lang and Z. Liu, “Coadjoint orbits of Lie groupoids”, J. Geom. Phys. 129
(2018), 217-232. MR Zbl

[Laurent-Gengoux et al. 2009] C. Laurent-Gengoux, M. Stiénon, and P. Xu, “Integration of holomor-
phic Lie algebroids”, Math. Ann. 345:4 (2009), 895-923. MR Zbl

[Li-Bland and Severa 2011] D. Li-Bland and P. Severa, “Quasi-Hamiltonian groupoids and multi-
plicative Manin pairs”, Int. Math. Res. Not. 2011:10 (2011), 2295-2350. MR Zbl

[Lu 1990] J.-H. Lu, Multiplicative and affine Poisson structures on Lie groups, Ph.D. thesis, University
of California, Berkeley, 1990, Available at https:/tinyurl.com/jhuthesis.

[Mac Lane 1971] S. Mac Lane, Categories for the working mathematician, Grad. Texts in Math. §,
Springer, 1971. MR Zbl

[Mackenzie 1992] K. C. H. Mackenzie, “Double Lie algebroids and second-order geometry, I”’, Adv.
Math. 94:2 (1992), 180-239. MR Zbl

[Mackenzie 2000] K. C. H. Mackenzie, “Affinoid structures and connections”, pp. 175-186 in Poisson
geometry (Warsaw, 1998), edited by J. Grabowski and P. Urbariski, Banach Center Publ. 51, Polish
Acad. Sci. Inst. Math., Warsaw, 2000. MR Zbl

[Mackenzie and Xu 2000] K. C. H. Mackenzie and P. Xu, “Integration of Lie bialgebroids”, Topology
39:3 (2000), 445-467. MR Zbl

[Ortiz 2013] C. Ortiz, “Multiplicative Dirac structures”, Pacific J. Math. 266:2 (2013), 329-365. MR
Zbl

[Ortiz and Waldron 2019] C. Ortiz and J. Waldron, “On the Lie 2-algebra of sections of an -
groupoid”, J. Geom. Phys. 145 (2019), art. id. 103474. MR Zbl

[Urbanski 1994] P. Urbarnski, “Affine Poisson structures in analytical mechanics”, pp. 123-129 in
Quantization and infinite-dimensional systems (Bialowieza, Poland, 1993), edited by J.-P. Antoine
et al., Plenum, New York, 1994. MR Zbl

[Weinstein 1990] A. Weinstein, “Affine Poisson structures”, Int. J. Math. 1:3 (1990), 343-360. MR
Zbl

[Xu 1995] P. Xu, “On Poisson groupoids”, Int. J. Math. 6:1 (1995), 101-124. MR Zbl


http://dx.doi.org/10.1016/S1385-7258(56)50046-7
http://dx.doi.org/10.1016/S1385-7258(56)50046-7
http://msp.org/idx/mr/0082554
http://msp.org/idx/zbl/0079.37502
http://dx.doi.org/10.1016/S0393-0440(03)00050-0
http://dx.doi.org/10.1016/S0393-0440(03)00050-0
http://msp.org/idx/mr/2007602
http://msp.org/idx/zbl/1037.17023
http://dx.doi.org/10.4171/JEMS/315
http://dx.doi.org/10.4171/JEMS/315
http://msp.org/idx/mr/2911881
http://msp.org/idx/zbl/1256.17010
http://dx.doi.org/10.4310/JSG.2019.v17.n1.a4
http://msp.org/idx/mr/3956373
http://msp.org/idx/zbl/1428.22003
http://dx.doi.org/10.1016/j.indag.2014.07.009
http://dx.doi.org/10.1016/j.indag.2014.07.009
http://msp.org/idx/mr/3264786
http://msp.org/idx/zbl/1393.58014
http://dx.doi.org/10.1007/s00208-015-1222-z
http://msp.org/idx/mr/3451395
http://msp.org/idx/zbl/1337.32035
http://dx.doi.org/10.4064/bc110-0-10
http://dx.doi.org/10.4064/bc110-0-10
http://msp.org/idx/mr/3642395
http://msp.org/idx/zbl/1361.53069
http://dx.doi.org/10.1016/j.geomphys.2018.03.011
http://msp.org/idx/mr/3789248
http://msp.org/idx/zbl/1388.58013
http://dx.doi.org/10.1007/s00208-009-0388-7
http://dx.doi.org/10.1007/s00208-009-0388-7
http://msp.org/idx/mr/2545872
http://msp.org/idx/zbl/1177.53075
http://dx.doi.org/10.1093/imrn/rnq170
http://dx.doi.org/10.1093/imrn/rnq170
http://msp.org/idx/mr/2806566
http://msp.org/idx/zbl/1218.53083
https://tinyurl.com/jhuthesis
http://dx.doi.org/10.1007/978-1-4612-9839-7
http://msp.org/idx/mr/0354798
http://msp.org/idx/zbl/0232.18001
http://dx.doi.org/10.1016/0001-8708(92)90036-K
http://msp.org/idx/mr/1174393
http://msp.org/idx/zbl/0765.57025
http://eudml.org/doc/209029
http://msp.org/idx/mr/1764444
http://msp.org/idx/zbl/1028.58023
http://dx.doi.org/10.1016/S0040-9383(98)00069-X
http://msp.org/idx/mr/1746902
http://msp.org/idx/zbl/0961.58009
http://dx.doi.org/10.2140/pjm.2013.266.329
http://msp.org/idx/mr/3130627
http://msp.org/idx/zbl/1283.53076
http://dx.doi.org/10.1016/j.geomphys.2019.07.005
http://dx.doi.org/10.1016/j.geomphys.2019.07.005
http://msp.org/idx/mr/3985597
http://msp.org/idx/zbl/07123928
http://dx.doi.org/10.1007/978-1-4615-2564-6_15
http://msp.org/idx/mr/1377981
http://msp.org/idx/zbl/0980.37511
http://dx.doi.org/10.1142/S0129167X90000186
http://msp.org/idx/mr/1078517
http://msp.org/idx/zbl/0725.58014
http://dx.doi.org/10.1142/S0129167X95000080
http://msp.org/idx/mr/1307306
http://msp.org/idx/zbl/0836.58019

382 HONGLEI LANG, ZHANGJU LIU AND YUNHE SHENG

Received March 18, 2019. Revised February 21, 2020.

HONGLEI LANG

DEPARTMENT OF APPLIED MATHEMATICS
CHINA AGRICULTURAL UNIVERSITY
BEIJING

CHINA

hllang@cau.edu.cn

ZHANGJU LIU

SCHOOL OF MATHEMATICAL SCIENCES
PEKING UNIVERSITY

BEIJING

CHINA

liuzj@pku.edu.cn

YUNHE SHENG

DEPARTMENT OF MATHEMATICS
JILIN UNIVERSITY

CHANGCHUN

CHINA

shengyh@jlu.edu.cn


mailto:hllang@cau.edu.cn
mailto:liuzj@pku.edu.cn
mailto:shengyh@jlu.edu.cn

PACIFIC JOURNAL OF MATHEMATICS
Vol. 307, No. 2, 2020

https://doi.org/10.2140/pjm.2020.307.383

STRONG NEGATIVE TYPE IN SPHERES

RUSSELL LYONS

It is known that spheres have negative type, but only subsets with at most
one pair of antipodal points have strict negative type. These are conditions
on the (angular) distances within any finite subset of points. We show that
subsets with at most one pair of antipodal points have strong negative type,
a condition on every probability distribution of points. This implies that the
function of expected distances to points determines uniquely the probabil-
ity measure on such a set. It also implies that the distance covariance test
for stochastic independence, introduced by Székely, Rizzo and Bakirov, is
consistent against all alternatives in such sets. Similarly, it allows tests of
goodness of fit, equality of distributions, and hierarchical clustering with
angular distances. We prove this by showing an analogue of the Cramér-
Wold theorem.

1. Introduction

We introduce the topic by borrowing from [Lyons 2014].

Let (X, d) be a metric space. One says that (X, d) has negative type if foralln > 1
and all lists of n red points x; and n blue points x; in X, the sum 2 Zi’j d(x;, x})
of the distances between the 2n? ordered pairs of points of opposite color is at
least the sum ) ;. jdxi,xj)+d (x], x;)) of the distances between the 2n? ordered
pairs of points of the same color. It is not obvious that euclidean space has this
property, but it is well known. By considering repetitions of x; and taking limits,

we arrive at a superficially more general property: For alln > 1, xp,...,x, € X,
and oy, ..., o, € Rwith 37| o; =0, we have
(1-1) Z aioajd(xi,xj) <0.

i,j<n

We say that (X, d) has strict negative type if, for every n and all n-tuples of distinct
points xy, ..., x,, equality holds in (1-1) only when o; =0 for all i. Again, euclidean
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spaces have strict negative type. A simple example of a metric space of nonstrict
negative type is £! on a 2-point space, i.e., R? with the £!-metric.

We say that a (Borel) probability measure © on X has finite first moment if
f d(o, x)du(x) < oo for some (hence all) o € X; we write P;(X, d) for the set of
such probability measures. Suppose that w1, 4y € P1(X, d). By approximating ju;
by probability measures of finite support, we obtain a yet more general property,
namely, that when X has negative type,

(1-2) / d(x1, x2) d(p1 — p2)?(x1, x2) < 0.

We say that (X, d) has strong negative type if it has negative type and equality holds
in (1-2) only when @ = uy. See [Lyons 2018] for an example of a (countable)
metric space of strict but not strong negative type. The notion of strong negative
type was first defined by Zinger, Kakosyan and Klebanov [1992]. Lyons [2013]
used it to show that a metric space X has strong negative type if and only if the
theory of distance covariance holds in X just as in euclidean spaces, as introduced
by Székely, Rizzo and Bakirov [2007]. Similarly, it allows tests of goodness of fit,
equality of distributions, and hierarchical clustering with angular distances: see the
review in [Székely and Rizzo 2017]. Lyons [2013] noted that if (X, d) has negative
type, then (X, d”) has strong negative type when 0 < r < 1.
Define

a,(x) ::/d(x,x/) du(x")

for x € X and nu € Pi(X, d). Lyons [2013] remarked that if (X, d) has negative
type, then the map «: > a,, is injective on u € Py (X) if and only if X has strong
negative type. (There are also metric spaces not of negative type for which « is
injective.)

A list of metric spaces of negative type appears as Theorem 3.6 of [Meckes 2013].
All euclidean spaces have strong negative type; see [Lyons 2013] for a discussion
of various proofs.

That real and complex hyperbolic spaces H" have negative type was shown
in [Gangolli 1967, Section 4], and was made explicit in [Faraut and Harzallah
1974, Corollary 7.4]; that they have strict negative type was shown by Hjorth,
Kokkendorff and Markvorsen [Hjorth et al. 2002]. Lyons [2014] showed that real
hyperbolic spaces have strong negative type. The remaining constant-curvature,
simply connected spaces are spheres.

Let S denote the unit-radius sphere centered at the origin of R"*!. Although
spheres have negative type (in their intrinsic metric), not even circles have strict
negative type. For example, in S', take two red points {(1, 0), (—1, 0)} and two blue
points {(0, 1), (0, —1)}. Nevertheless, antipodal symmetry is the only obstruction
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to strict negative type: the main result, Theorem 9.1, of [Hjorth et al. 1998] is that
a subset of a sphere has strict negative type if and only if that subset contains at
most one pair of antipodal points. We strengthen this to strong negative type:

Theorem 1.1. If B C S" contains at most one pair of antipodal points, then B has
strong negative type.

We begin by proving a special case:
Theorem 1.2. If H C S" is an open hemisphere, then H has strong negative type.

We may parametrize open hemispheres as
H={xeS:t-x>0)

for t € $". A crucial ingredient in the proof of Theorem 1.2 is an analogue of the
Cramér—Wold theorem:

Theorem 1.3. Let H be an open hemisphere in an n-dimensional sphere, S". For
a finite signed measure . on H and t € S", define b, (t) := w(H N H;). The map
w > by, is injective. Moreover, if D is a dense subset of S", then p v b, [D is
injective.

Let R: x — —x be the reflection in the origin. If K is a Borel subset of S”
such that K and its image under R partition S” and such that the interior of K is a
hemisphere, then call K a partitioning hemisphere. Given a probability measure
on S”, let ur denote the maximal measure that is invariant under R and such that
Ur < . Note that if w is a probability measure on S” that is invariant under R, then
w(K) = 1/2 for every partitioning hemisphere, K. Therefore, for every probability
measure @ on §" with ug # 0, there is a probability measure v # p such that
w(K) = v(K) for every partitioning hemisphere, K. Moreover, if ug # 0 but
ur(A) =0 for every (n—1)-dimensional great sphere A in S”, then there is another
probability measure v # u such that u(H) = v(H) for every open hemisphere, H.
We extend Theorem 1.3 to show the converse, which we use to prove Theorem 1.1:

Theorem 1.4. Let y be a probability measure on S" such that ug = 0. If visa
probability on S" such that u(K) = v(K) for every partitioning hemisphere, K,
then v = . Similarly, if v is a probability on S" such that u(H;) = v(H,) for
every t belonging to a dense subset D of S", then v = .

The last assertion of Theorem 1.4 is essentially known: see, e.g., Lemmas 2.3
and 2.4 of [Rubin 1999].
We also have the following fact:

Proposition 1.5. If u is a probability measure on S such that u(K)=1/2 for every
partitioning hemisphere, K, then [ is R-invariant. Similarly, if u is a probability
measure on S" such that w(H;) = w(H—;) for a dense set of t, then | is R-invariant.
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The last assertion is again essentially known: see [Schneider 1970, Korollar 3.2].
The work of [Rubin 1999] and [Schneider 1970], as well as other authors who study
related questions, uses spherical harmonics. This is a powerful tool that leads to
more general results, although those extensions do not seem relevant to negative
type. We give elementary proofs that rely only on the Cramér—Wold theorem for
euclidean spaces:

Theorem 1.6. If w is a complex Borel measure on R" such that w(H) = 0 for every
open halfspace in R", then = 0.
Proof. For t € $"~!, define 11; on R by

wi(—o0o,a) =pu{xeR": t-x <a} (aeR).

Then u; = 0, whence its Fourier transform 71, satisfies 1t;(b) = 0 for all b € R.
Because 1;(b) = 1u(bt), it follows that the Fourier transform of u also vanishes,
whence so does L. [l

Even this theorem can be proved without Fourier analysis — see [Walther 1997]
or [Lyons and Zumbrun 2018].

2. Proofs

Proof of Theorem 1.3. By the bounded convergence theorem, b, [ D determines
b,(t) for all ¢ such that w(d(H N H;)) = 0, and therefore b, [ D determines all
of b, by continuity from below: for every ¢t € §”, there are s € S" such that
w(0(H N Hy,)) =0and H N Hjy, increase to H N H;.

We may take H to be the upper open hemisphere, {(t1, 2, ..., t;,+1) € S" :
tny1 > 0}. Define ¢: H — R"*! by

¢(t19 ceey tn—l—l) = (tl/tn-i-l, ) tn/tn—l—l» 1)
Then ¢ is a homeomorphism from H to the affine hyperplane
H :={(t1,t2, ..., thy1) €R™ 1 1,0 =1},

namely, ¢ (¢) is the intersection of H’ with the line through the origin and ¢. Fur-
thermore, ¢ maps H N H, to an open halfspace in H' and every open halfspace
in H' is the image under ¢ of some H N H;. Therefore, b, determines the measures
of all open halfspaces with respect to the pushforward ¢, on H'. The classical
theorem of Cramér and Wold applied to H' shows that this determines ¢, i, which
in turn determines f. U

Proof of Theorem 1.2. Write o for the volume measure on S” normalized to have
mass 7. Then for all x;, x, € ", we have

d(xy, x2) :/|1H,(xl)_1H,(x2)|2 do (7).
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This well-known fact is easy to see: By rotation-invariance of o, the right-hand
side depends only on d(xy, x2). By considering three points on a great circle, we
find that the dependence is linear. Finally, by taking antipodal points, we verify that
the constant of linearity is 1.

Therefore, if ;) and pu; are probabilities on S”, we may write

fd(xl, x2) d(iy — p2)?(x1, x2)

= / 1La, (x1) — 1, (x2) [ d (g — p2)?(x1, x2) dor (2).

Expanding the square in the integrand and using the facts that

/ 1, (¥) dv>(x, y) = v(H)(S™)

and
f 11, 0L, () dv2(x, y) = v(H))?

for any finite signed measure, v, we obtain that

/ d(x1, x2) d(py — p2)?(x1, x2) = —2 f (11 (Hy) — pa(Hy))? do (1),

It is evident from this that (S”, d) has negative type. In order to prove (H, d) has
strong negative type, it suffices to show that if ;1 and p, are concentrated on H
and satisfy w1 (H;) = u2(H,) for o-a.e. t, then ;| = wo. But this is immediate from
Theorem 1.3. U

Given any signed measure 6, define the antisymmetric measure 6 := 6 — R,6,
where R.6 is the pushforward of 6 by R. For positive 6 with 8g = 0, we have
6 =67, the positive part of 6. For positive & without assuming that Oz = 0, we have

2-1) 20(8™) > 10|(S™), with equality if and only if Oz = 0.

Lemma 2.1. Let u and v be probability measures on S". If w(K) =v(K) for every
partitioning hemisphere, K, then (i = v. Similarly, if w(H;) = v(H,) for every
t € D, where D is a dense subset of S", then . = v.

Proof. We claim that there is an (n—1)-dimensional great sphere A in §" with
nw(A) =v(A) =0. To see this, we build A inductively by dimension. First, because
only countably many points have positive mass, there is a pair Ay of antipodal
points with (Ag) = v(Ag) = 0. Second, all uncountably many 1-dimensional
great spheres in S” that contain Ay have pairwise intersections exactly Ag, whence
there is a 1-dimensional great sphere A} D Ag with (A1) =v(A;) = 0. We may
continue this procedure recursively, finding a k-dimensional great sphere Ay D Ax_1
for 1 <k <n—1 with u(Ax) = v(Ax) =0. Finally, take A :== A,_;.
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Let H be one of the two open hemispheres comprising S” \ A. Note that
w(H) = v(H) under either assumption (in the second case, we use a continuity
argument like that at the start of the proof of Theorem 1.3).

Let K be a partitioning hemisphere. Because (1(A) =0 and u(S") = 1, we have

AHNK)=uw(HNK)+p(HNRK) —pn(HNRK) —w(RHNRK)
=u(H)— u(RK)=pu(H)+ u(K) —1.

A similar equation holds for v. Hence, the assumption that u(K) = v(K) for every
partitioning hemisphere, K, yields

A(HNK)=b(HNK)

for every such K.
Now every set H N H; is of the form H N K for some partitioning hemisphere, K.
It follows that

pn(H N H) =v(HNH,)

for every ¢, whence by Theorem 1.3, it follows that jt = v.

We now prove the second assertion of the lemma. Note that in the preceding
proof, we did not use the full strength of the assumption that ©(K) = v(K) for
every partitioning hemisphere, K, but only that u(K;) = v(K;) for partitioning
hemispheres K; satisfying K; N H = H, N H for t € D; we may also require that
K,NRH = H, N RH. Let u be such that H, = H, and let s;, be on the geodesic
segment from u to ¢ with s; ¢ {u, t}, sy — ¢, and w(0H,,) =v(dH,) = 0. (Such
si exist because u(A) = v(A) = 0.) Let 1, ; € D converge to s; as j — 00.
By the bounded convergence theorem, lim; ., 1 (Hy, ;) = n(Hy,) and similarly
for v, whence w(Hy, ) = v(Hy,). In addition, we have limy_, oo (Hy,) = p(K;) and
similarly for v. Hence, u(K;) = v(K;) for every t € D, whence it = V. O

Proof of Theorem 1.4. By Lemma 2.1, either assumption implies that u© = v. We
may conclude from (2-1) that 2 =2 v(S") > |v|(§") = |x|(S") =2 u(S™) =2, and
hence, again from (2-1), that vg = 0. Since also ur = 0, we obtain the desired
conclusion, u =gt =vT =v. O

Proof of Theorem 1.1. If B contains no antipodal points, then every p concentrated
on B has ug =0, whence the proof that B has strong negative type is exactly as
for Theorem 1.2, using Theorem 1.4 in place of Theorem 1.3.

If B contains one antipodal pair, {x, Rx}, then it still suffices to show that for
probabilities u and v concentrated on B, the assumption w(H,;) = v(H;) for a dense
set of ¢ implies u = v. By Lemma 2.1, such an assumption yields it = v. Because
it = — g and u — g is a positive measure with (u — wg)g = 0, and similarly

. + +
forv,weobtain u —ug=v—vgand yu —up =L — g =V —VR =V — R.
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Therefore, wgr(H;) = vg(H,) for a dense set of f. Because wg and vg are supported
by {x, Rx}, it follows that ug = vg, and so u = v, as desired. U

Proof of Proposition 1.5. For both assertions, we may apply Lemma 2.1 to the
pair of measures u and R, u, getting u = —u, whence & = 0. Thus, u = R, u, as
desired. ([
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EXCEPTIONAL GROUPS OF RELATIVE RANK ONE
AND GALOIS INVOLUTIONS OF TITS QUADRANGLES

BERNHARD MUHLHERR AND RICHARD M. WEISS

2E29

We show that every Moufang set associated with one of the Tits indices “E¢’},
EZ*, Eg!, or F} in arbitrary characteristic can be obtained as the fixed point
building of a Galois involution acting on a Tits quadrangle parametrized by
a quadrangular algebra. This result is used to calculate an explicit formula
for the structure map of an arbitrary Moufang set in this class.
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1. Introduction

Let G(K) be the group of rational points of an absolutely simple algebraic group
G defined over K and of relative rank 1. Let X be the set of parabolic subgroups
P of G defined over K and for each P € X, let Up be the group of K-rational
points of the unipotent radical of P. For each P € X, the group Up acts sharply
transitively on X\{P}. Thus the triple (G(K), X, {Up}pcx) is a Moufang set as
defined in Definition 4.1.

Let T denote the following set of Tits indices:

—= el ol

@—c:.—o

where the circled vertex in the last case corresponds to a short root. These are the
Tits indices called ZEg?l, E;‘?l, Eg,ll and F42,11 in [Tits 1966a]. The groups G(K) that
correspond to the Tits indices in T are precisely the groups of exceptional absolute
type and relative rank 1 such that for each parabolic subgroup P defined over K,
the unipotent radical of P is nonabelian but has a center of dimension greater than 1.
We denote the class of Moufang sets associated with these groups by M.

In this paper, we use the theory of Tits polygons introduced in [Miihlherr and
Weiss > 2020] to investigate the structure of the Moufang sets in M. A Tits polygon
is a bipartite graph I" such that for each vertex v, the set of vertices adjacent to v is
endowed with an “opposition relation” subject to certain axioms; see Section 3 for
details. Moufang polygons (which were classified in [Tits and Weiss 2002]) are
precisely the Tits polygons in which the opposition relations are all trivial.

Let T be a spherical Tits index of relative rank 2. The relative Coxeter group
associated with T (as defined in [Miihlherr et al. 2015, 20.32 and 20.34]; cf. [Tits
1966a, 2.5.2]) is a dihedral group of order 2n for n = 3,4, 6 or 8. We call n the
polygon type of T.

We say that a Tits index T is linked to a building A if the absolute type of T is
also the Coxeter diagram of A.

Suppose that A is a spherical building of type (W, §) and that T is a Tits index
of relative rank 2 linked to A. Let V be the set of residues of A whose type is the
complement in S of either one of the two circles in 7" and let I" be the bipartite
graph with vertex set V, where two residues are adjacent whenever they have a
nonempty intersection. If A is assumed to be Moufang as defined in Definition 6.5
(which is always the case if A is the spherical building associated to the group of
rational points of an absolutely simple algebraic group of relative rank at least 2),
then the graph I' is endowed canonically with the structure of a Tits n-gon Xa 7,
where n is the polygon type of T'.
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We say that a building is exceptional if it is the spherical building associated to
the group of rational points of an algebraic group of exceptional absolute type and
relative rank at least 2. Let € be the set of pairs (A, T'), where A is an exceptional
building and 7 is a Tits index of relative rank 2 linked to A. An exceptional Tits
polygon is a Tits polygon isomorphic to X A 7 for some pair (A, T) in €. For each
n=73,4, 6 and 8, let £, be the subset consisting of all (A, T') in € such that n is
the polygon type of T.

We have &4 = {(A,T) € | T € T,}, where T, denotes the following set of Tits
indices:

=0 o= &0

—f & I ® | ®

Note that the Tits index in T, of absolute type F4 does not appear in [Tits 1966a];
it is, however, a Tits index as defined in [Miihlherr et al. 2015, 20.1]. Let

0= {Xar|(A,T)eey).

Quadrangular algebras are a class of algebras that arose in the classification of
Moufang quadrangles in [Tits and Weiss 2002]. They were classified in [Miihlherr
and Weiss 2019; Weiss 2006b]. In [Miihlherr and Weiss 2020], we showed that the
Tits quadrangles in Q are classified by quadrangular algebras. More precisely, each
Tits quadrangle in Q can be coordinatized by commutator relations parameterized
by the corresponding quadrangular algebra and theses parametrizations give rise to
a one-to-one correspondence between the Tits quadrangles in Q (up to isomorphism)
and nondegenerate quadrangular algebras whose associated quadratic form is of
dimension at least 5 (up to isotopy).

In Theorem 8.14, the main result of this paper, we show that every Moufang set
in the class M defined above arises as the fixed point building of a Galois involution
acting on a Tits quadrangle in Q. We then use the corresponding quadrangular
algebra to calculate explicitly the structure of a root group U and the structure map
7 (as defined in Definition 10.8) of the fixed point building of a Galois involution
acting on a Tits quadrangle in Q (modulo Conjecture 19.14). The product of these
calculations can be found in Notation 9.18, (9.21) and Theorem 19.7.

Our result and our calculations are valid over arbitrary fields. In particular, we
do not make any restriction on the characteristic of K.

In [Boelaert et al. 2019, 2.3.5 and 6.5.3], the structure maps for the Moufang sets
in M were described in terms of the structurable division algebras attached to forms
of tensor products of two composition algebras. The theory of structurable algebras
requires, however, that char(K) # 2 or 3. In [De Medts and Van Maldeghem
2010, 2.1; Callens and De Medts 2014, 5.3], the structure maps for the Moufang
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sets associated with the Tits indices F, 42 , and 2E§1 over an arbitrary field are
given in terms of an octonion division algebras by exploiting a connection to the
corresponding projective plane, but this method does not extend to the cases E;‘ 81
and Eg 11

Let 7, denote the following set of Tits indices:

e I ® © I =

These are the Tits indices called zEg’s], E?61, Eg 133 and 3 6D9 41 in [Tits 1966a] Let
M denote the class of Moufang sets assomated w1th the Tits indices in T1. These
are the Moufang sets arising from an exceptional group of relative rank 1 such that
the unipotent radical of a parabolic subgroup defined over K has a 1-dimensional

center. We have

(A, T)e&|T eT,) C &,

where ‘IATZ denotes the following set of Tits indices:

(ﬁ)@@—@:'—*

and the circled vertices in the last case corresponds to long roots. Note that the Tits
index in ‘j'z of absolute type F4 does not appear in [Tits 1966a]; it is, however, a
Tits index as defined in [Miihlherr et al. 2015, 20.1]. See also [Miihlherr and Weiss
> 2020, 2.4.6]. Let

H={(Xa1 €& |T T}

In [Miihlherr and Weiss > 2020, 3.8.13], we showed that every Moufang set in M
arises as the fixed point building of a Galois involution acting on a Tits hexagon
in H. As in the previous case, we then calculated U and 7 for an arbitrary fixed
point building of this kind. In this case, the role of quadrangular algebras was
played by cubic norm structures; see [Miihlherr and Weiss > 2020, 3.4.7 and 3.7.1].
The class M is also treated in [Boelaert et al. 2019], but again with the restriction
that the characteristic of K is not 2 or 3.

The only exceptional Tits index of relative rank 1 in [Tits 1966a] that is not in
T1 or ‘j'l is E;fg]:

N

The Moufang sets associated with this index have abelian root groups. They are
classified by Albert division algebras and the structure map of one of them is the
simply the inverse map of the corresponding Albert algebra. See also Remark 6.14.
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We mention, too, that the set €3 consists of the pairs (A, T) in € such that T is

the Tits index

and the set Eg consists of the pairs (A, T') in € such that T is

P

(a Tits index in the sense of [Miihlherr et al. 2015, 20.1]).

Organization 1.1. This paper is organized as follows. In Sections 2-5 we introduce
quadrangular algebras, Tits polygons, Moufang sets and Tits indices and describe
the construction of the Tits polygon X A 7. In Section 6 we assemble material about
descent, Galois groups and the construction of Moufang sets as fixed point buildings.
In Section 7 we describe the connection between the exceptional quadrangles and
quadrangular algebras and we prove our main theorem about Moufang sets in
Theorem 8.14. This is the result that says that every Moufang set in M can be found
as the fixed point building of a Galois involution of an exceptional Tits quadrangle.

In Section 9 we introduce an arbitrary Galois involution w of an exceptional Tits
quadrangle A and choose suitable coordinates for A. In Section 10 we introduce
the structure map of the Moufang set A associated with . In Sections 11-19
we calculate. These calculations result in the formula for t in Proposition 19.6 and
Theorem 19.7; see also Conjecture 19.14 and Proposition 19.15.

Conventions 1.2. Let G be a group. As in [Tits and Weiss 2002], we set a” =b~'ab
and
[a, b] = a ‘b lab

for all a, b € G. We compose permutations from left to right. Other functions will
be written on the left and composed from right to left.
2. Quadrangular algebras

The notion of an anisotropic quadrangular algebra was introduced in [Weiss 2006b]
and the following more general notion was introduced in [Miihlherr and Weiss
2019].

Definition 2.1. A quadrangular algebra is an ordered set
E=(K’L’q’f’8’x"’h?0)’

where K is a field, L is a vector space over K, g is a nondegenerate quadratic
form on L, f is the bilinear form associated with ¢, € is an element of L such that
q(e) =1, X is a nontrivial vector space over K, (a, v) — a-v is a map from X x L
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to X (usually denoted simply by juxtaposition), 4 is a map from X x X to L and 0
a map from X x L to L satisfying the following axioms:

(A1) The map - is bilinear (over K).

(A2) a-e =aforalla e X.

(A3) (av)v=g¢g(v)a forall a € X and all v € L, where v = f (v, &) — v.
(B1) h is bilinear (over K).

B2) h(a, bv) =h(b,av)+ f(h(a,b),e)vforalla,be X andallv e L.
B3) f(h(av,b),e) = f(h(a,b),v) foralla,be X and all v € L.

(C1) For each a € X, the map v — 6(a, v) is linear (over K).

(C2) O(ta,v) =t*0(a,v) forallt e K,allae X andall v e L.

(C3) There exists a function g from X x X to K such that

6(a+b,v)=0(a,v)+6(b,v)+h(a, bv)—g(a, b)v

foralla,be X and all v e L.
(C4) There exists a function ¢ from X x L to K such that

0(av, w) = gq(v)f(a, w) — f(w,v)0(a, v)+ f(@(a, v), W)v+¢(a, v)w
for all a € X and v, w € L, where u for u € L is as in (A3).

(D1) Let w(a) =6(a, ¢) for all a € X. Then
af(a,v) = (am(a))v
forallae X and allv e L.

Notation 2.2. Let E = (K, L, q, f,&,X, -, h,0) be a quadrangular algebra. We
say that E is a quadrangular algebra over K if we want to specify the field K. The
map h is nondegenerate if for each nonzero a € X there exists b € X such that
h(a, b) #0. We say that E is §-standard for some § € L if f(w(a), ) =0 for all
a € X and either char(K) #2 and § = %8 or char(K) =2, f(e,86)=1and g(§) #0.
We say that E is anisotropic if the quadratic form ¢ is anisotropic and

m(a) =te for some t € K only if a =0,
where 7 is as in (D1). If either of these conditions fails to hold, we say that E is
isotropic.

The classification of §-standard nondegenerate quadrangular algebras is given
in [Miihlherr and Weiss 2019]. This classification extended the classification of
anisotropic quadrangular algebras given in [Weiss 2006b]. We will say more about
this in Remark 7.10
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Notation 2.3. Let E = (K, L, q, f,&, X, -, h,0) be a quadrangular algebra. We
set

Q(a) = f(m(a), e)
for all a € X.

Almost all of the results in [Weiss 2006b, Chapters 3 and 4] (where it is assumed
that E is anisotropic) remain valid under the assumptions that E is §-standard for
some § € L and |K | > 2. This is shown in [Miihlherr and Weiss 2019, Section 7,
see, in particular, Conclusion 7.5]; We note that the hypothesis | K| > 2 is required
for the result [Weiss 2006b, 3.22].

We will assume that the reader has access to [Weiss 2006b, Chapters 3 and 4]
and will frequently cite results from these two chapters (keeping the caveats in
[Miihlherr and Weiss 2019, Conclusion 7.5] in mind). Note that the map v — v in
(A3) is called o in [Weiss 2006b]. We refer to reader also to the remarks (i)—(viii)
on page 7 of [Weiss 2006b], especially the remark (iv).

If a € X and u, v € L, we will write auv in place of (au)v. Since we are not
assuming the existence of a multiplication on L, this convention should not cause
any confusion.

By [Weiss 2006b, 4.1 and 4.5(iii)], the functions ¢ in (C4) and Q in Notation 2.2
are both identically zero if char(K) # 2. We draw the reader’s attention also to
[Weiss 2006b, 1.4 and 3.6-3.8]. We will make particularly frequent use of these
identities.

We have assembled a few additional identities, which are not in [Weiss 2006b],
in the Appendix; see, in particular, Remark A.S.

We close this section with a definition which will not be used until Theorem 7.4.

Notation 2.4. Let Rz denote the set X x K endowed with the multiplication given
by
(a,t)-(b,r)y=(a+b,t+r+gb, a))
for all (a, t), (b, r). By [Weiss 2006b, 4.4], g is bilinear. It follows that Rz is a
group in which
(a,n) ' = (—a, —t+g(a, a))
for all (a, t).

3. Tits polygons

The notion of a Tits polygon was introduced in [Miihlherr and Weiss > 2020]. In
this section we give the definition and assemble just a few of their basic properties.

Definition 3.1. A dewolla is a triple
X = (F’ A? {Ev}vev)’
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where:

(1) I is a bipartite graph with vertex set V and |I'y| > 3 for each v € V, where I,
denotes the set of vertices adjacent to v.

(i) For each v € V, =, is an antireflexive symmetric relation on I',. We say
that vertices u, w € V are opposite at v if u, w € I', and u =, w and a path
(wo, w1, ..., Wy) in I' is called straight if w;_; and w;; are opposite at w;
foralli e [1,m —1].

(iii) A is a set of connected subgraphs y containing 2n vertices for some n > 3
such that for each vertex v on y, I', contains exactly two vertices in y and
these two vertices are opposite at v.

The parameter n is called the level of X. The automorphism group Aut(X) is the
subgroup of Aut(I") consisting of all g € Aut(I") such that y8 € A forall y € A
and for all 4, v, w € V such that ¥ and w are opposite at v, ué and w# are opposite
at v8. A root of X is a straight path of length n.

Definition 3.2. A Tits n-gon is a dewolla
X =T A {=v}ev)
of level n for some n > 3 such that I" is connected and the following axioms hold:

(i) Forall ve V and all u, w € I'y, there exists z € I',, that is opposite both # and
w at v.

(i1) For each straight path § = (wy, ..., wy) of length k <n — 1, § is the unique
straight path of length at most k£ from wq to wy.

(iii)) For G = Aut(X) and for each root ¢ = (wy, ..., w,) of X, the group U,
acts transitively on the set of vertices opposite w,_; at w,, where Uy, is the
pointwise stabilizer of

[y, Uy, U---Uly, |
in Aut(X). The group U, is called the root group associated with the root «.

A Tits polygon is a Tits n-gon for some n > 3. A Tits n-gon is called a Tits triangle
if n =3, a Tits quadrangle if n = 4, etc.

Definition 3.3. A Moufang n-gon is a Tits n-gon X = (I, A, {=,},cv) for some
n > 3 in which for all vertices v, the relation =, is trivial, i.e., every two vertices
adjacent to v are opposite at v. In this case, A is the set of all circuits of I" of
length 2n, so X is uniquely determined by I" alone (and it is usual to refer to
the Moufang n-gon as I' rather than X). See [Miihlherr and Weiss > 2020, 1.2.2
and 1.2.3]. Moufang polygons were classified in [Tits and Weiss 2002, 17.1-17.8].
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Notation 3.4. Let X = (I', A, {=,},ev) be a Tits n-gon. A coordinate system for
X is a pair (y,i — w;) where y is an element of A and i — w; is a surjection
from Z to the vertex set of ¢ such that w;_; is adjacent to w; for each i. For each
coordinate system (y, i — w;), we denote by U; the root group associated with the
root (w;, W41, ..., W;+,) for each i € Z and call the map i + U; the associated
root group labeling. Thus w; = w; and U; = U; whenever i and j have the same
image in Z,,. If i — w; is a coordinate system, then so is i — w;,+1—;. These two
coordinate systems are called opposite.

For the rest of this section, we fix a Tits n-gon X = (I', A, {=,}ev) and a
coordinate system (y, i — w;) of X and leti — U; be the corresponding root group
labeling.

Proposition 3.5. The following hold:
() [U;, Uj] CUjigr,j—ny foralli, j such thati < j <i+n, where
UUpyr - Uy ifk <m, and
Uk,m) = .
1 otherwise.
In particular, [U;, Uis1] =1 forall i.
(i1) The product map Uy x Uy X - - - x Uy, = Up 1 is bijective.
Proof. This holds by [Miihlherr and Weiss > 2020, 1.3.38]. O

Proposition 3.6. For each i, U; acts sharply transitively on the set of vertices that
are opposite w; 1 at w; and on the set of vertices that are opposite W;y,—1 at Wjyp.

Proof. This holds by [Miihlherr and Weiss > 2020, 1.3.25]. U
Notation 3.7. Let

UiII = {a e U; | wy,, . is opposite w;,1 at wi+n}
for each i. By [Miihlherr and Weiss > 2020, 1.4.8], we have

Ul.ﬁ = {a € U; | wi_, is opposite w;_; at wi}
for each i.

Proposition 3.8. For each i € Z, there exist unique maps «, and A, from UitI to
Uitt+n such that for each a € Uin, the product

3.9 wy(a) :=ky(a)-a-r,(a)

interchanges the vertices Wj+,—1 and Wi,+1. For each a € Ul.n, the element |1, (a)
fixes the vertices w; and w;, and interchanges the vertices w;y ; and w;_; for all
j €Z and

(3.10) UMY = Ui
forallk e Z.
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Proof. This holds by [Miihlherr and Weiss > 2020, 1.4.4]. O

4. Moufang sets

The notion of a Moufang set was introduced in [Tits 1992].

Definition 4.1. A Moufang set is a triple M = (G, X, {U,}rex), where X is a set
such that | X| > 3, G is a group acting on X and {U,},cx is a conjugacy class of
subgroups of G such that for each x € X, U, fixes x and acts sharply transitively
on X\{x}. The groups U, for x € X are called the root groups of the Moufang set.
We call X the underlying set of M. The action of G on X is not necessarily faithful;
see Definition 4.8 below. If in an example X and the root groups of M are clear
from the context, we sometimes refer to G itself as a Moufang set.

Example 4.2. The group G = PGL,(D) is a Moufang set for each skew field D.
In this example, the underlying set is the projective line PG(D), i.e., the set of
1-dimensional subspaces of a 2-dimensional right vector space V over D. Choose
a basis vy, v of V and use it to identify V with D @ D and G with the group of
2 x 2 invertible matrices over D acting on V' on the left. Then Uy,,) is the subgroup
of G consisting of all matrices with 1s on the diagonal and 0 below the diagonal.

Example 4.3. Let A be a Moufang quadrangle or hexagon. If p is a polarity of A
(i.e., a non-type-preserving involution), then the set of edges of A fixed by p has
the structure of a Moufang set. See [De Medts et al. 2017; Tits 1966b] for explicit
examples.

Example 4.4. Let I' be a Moufang polygon, let D = Aut(I") and let v be a vertex
of I'. Let X be the set I',, of vertices adjacent to v, let G be subgroup of Sym(X)
induced by the stabilizer D, and for each x € X, let U, be the subgroup of G
induced by the root group U,, where « is a path (zg, z1, ..., z,) of length n in
I such that zg = v and z; = x. By [Tits and Weiss 2002, 4.6 and 4.8], the triple
(G, X, {Uy}rex) is a Moufang set.

Example 4.5. Let G(K) be the group of rational points of an absolutely simple
algebraic group G defined over K and of relative rank 1. Let X be the set of
parabolic subgroups of G defined over K and for each P in X, let Up be the group
of K-rational points of the unipotent radical of P. As already observed in the
introduction, the triple (G(K), X, {Up}pcx) is a Moufang set.

A fifth source of Moufang sets will be described in Theorem 6.11(v) below. See
[De Medts and Segev 2009] for more information about Moufang sets.

Remark 4.6. A building of rank 1 is simply a set of chambers without any additional
structure. See, for example, [Weiss 2003, 1.4 and 7.1]. The buildings of rank 1 that
arise “in nature”, however, always arise in conjunction with a permutation group
with respect to which the building has the structure of a Moufang set.
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Definition 4.7. Let M = (G, X, {U,}rex) and M’ = (G', X, {U,, }xeX/) be two
Moufang sets. We call a bijection 7 from X to X’ such that 7 U, 7~ U;T(x) for

all x € X an equivalence map from M to M’. An equivalence map that carries G to
G’ is called an isomorphism. We say that M and M’ are equivalent if there exists

an equivalence map from M to M'.

Definition 4.8. Let M = (G, X, {U,}xcx) be a Moufang set. We say that M is
faithful if G acts faithfully on X. Let G' = (U, | x € X). Then G acts transitively
on X, hence {U,},cx is a single conjugacy class of G" and thus (G, X, {Uy}xex)
is also a Moufang set.

Observation 4.9. Every Moufang set M is equivalent to a unique faithful Moufang
set Mo = (G, X, {Uy}xex) such that G = G

5. Tits indices

In this section, we explain how Tits polygons arise “in nature.”

Notation 5.1. Let IT be a Coxeter diagram with vertex set S and let (W, S) denote
the corresponding Coxeter system. For each subset J C S, we denote by W the
subgroup of W generated by J. A subset J is spherical if Wy is finite. If J is a
spherical subset of S, we denote by w; the longest element in the Coxeter system
(Wy, J). For each spherical subset J of S, s — wyswy is an automorphism of the
subdiagram IT; spanned by J; see, for example, [Miihlherr et al. 2015, 19.6].

Definition 5.2. A Tits index is a triple
Tr=(I1,0,A),

where IT is a Coxeter diagram with vertex set S, ® is a subgroup of Aut(IT) and A
is a ®-invariant subset of S such that for each s € S\ A, the subset J; := A U s®
1s spherlcal and A is stabilized by the automorphism s — w; sw, of I1; , where

? is the ©-orbit containing s. The Coxeter diagram IT is called the absolute type
of T and |S] is called the absolute rank of T. For each s € S\ A, we denote by §
the product w,w; . There is one element s for each @ orbit disjoint from A. Let
S denote the set of all these elements and let W = (S ) By [Miihlherr et al. 2015,
20.4, 20.32 and 20.34], (W, S) is also a Coxeter system. It is called the relative
Coxeter system of T and |S| is called the relative rank of T. The relative type I of
T is the Coxeter diagram corresponding to its relative Coxeter system.

Definition 5.3. A Tits index (I1, ®, A) is split if ® is trivial and A = &.

Basic Construction 5.4. Let T = (I, ®, A) be a Tits index as in Definition 5.2
whose absolute type IT is an irreducible spherical Coxeter diagram and whose
relative rank is 2. Thus W is a dihedral group, where W is as in Definition 5.2. Let
n= |W| /2andlet J; =AU s for i =1 and 2, where s and s, are representatives
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of the two ®-orbits disjoint from A. By [Miihlherr et al. 2015, 20.39-20.40],
n > 3. Let A be a building of type I1. We assume that A is Moufang as defined
in [Miihlherr and Weiss 2017, 2.7]. (This is automatic if the rank of T is greater
than 2.) Let V; be the set of J;-residues of A for i = 1 and 2 and let I" be the
bipartite graph whose vertex set is V := V| U V,, where a residue in V) is adjacent
to a residue in V> whenever their intersection is an A-residue of A. We declare
that two residues u = Ry and w = R, in V are opposite at a residue v = Ry in V
(and we write u =, w) if ¥ and w are adjacent to v and Ry N Ry and Ry N R, are
opposite residues of Ry. Let A be the set of 2n circuits y in I" such that for some
apartment X of A, every vertex of ¢ contains chambers of ¥ and for every vertex
v of y, the two vertices of y adjacent to v are opposite at v. By [Miihlherr and
Weiss > 2020, 1.2.12 and 1.2.28(i)], the triple (I, A, {=,}yev) is a Tits polygon.
We denote this Tits polygon by XA r and we call the Tits polygons that arise in
this way Tits polygons of index type.

Remark 5.5. Let A be a Moufang n-gon for some n > 3. In other words, A
is a building of type " satisfying the Moufang condition defined in [Weiss
2003, 11.2]. By [Miihlherr and Weiss > 2020, 1.2.2], A is naturally endowed
with the structure of a Tits n-gon and, in fact, we have A = X 7 as defined in
Basic Construction 5.4, where T is the Tits index

n

©&—®

Remark 5.6. Tits indices are often represented figures drawn according to the
conventions described in [Miihlherr et al. 2015, 34.2]. Drawn according to these
conventions, the Tits indices of relative type B, (which is the same as relative
type C,) whose absolute type is an exceptional Coxeter diagram are

=0 = &0

®—<::©o-1-ﬂ-©--l@

The indices of absolute type C, and C3 are included here because of the existence
of the exceptional Moufang quadrangles (which are buildings of type C; whose
automorphism groups are forms of groups of type Eg, E7, Eg and F) and because
of the existence of a family of buildings of type C3 associated with a form of E-.
These are the buildings that appear in Definition 7.1(i) and (ii) below.

The following result should have been included in [Miihlherr and Weiss > 2020].

Theorem 5.7. Let A, T = (I, ®,A) and Xpo1 = (I', A, {=,}vev) be as in
Basic Construction 5.4. Then every automorphism of X has a unique extension to
an automorphism of A.
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Proof. Let X = XA r and let Ji, J; and R be as in Basic Construction 5.4. Thus
A=J;NJ,and R is an A-residue. Let G be stabilizer of the set {J;, J>} in Aut(A),
let Go = Aut(X), let G' denote the subgroup of G generated by all the root groups
of A, let Gg denote the subgroup of G generated by all the root groups of X as
defined in Definition 3.2(iii) and let x denote the restriction map from G to Gg. By
[Miihlherr and Weiss > 2020, 1.2.10], x is injective. It will suffice, therefore, to
show that x is surjective.

Let P; be the set stabilizers in G of all the J;-residues of A fori =1 and 2. Let
N denote stabilizer of the set {P;, P>} in Aut(G"). Since G is normal in Aut(A),
there is a canonical map from Aut(A) to Aut(G"). By [Tits 1974, 5.8-5.10, 6.6,
6.13, 8.6, 9.3 and 10.4] (i.e., the solution to “Problem B’ as described in [Tits 1974,
Introduction]), this map is an isomorphism. Its restriction to G is an isomorphism
from G to N. By [Miihlherr and Weiss > 2020, 1.5.3], x(G) = G(T). The group
Gg is normal in G and G stabilizes the subset x ({1, P»}) of conjugacy classes
of G{. It follows that Go = E - x(G), where E = Cg,(G}).

Let D denote the stabilizer of the A-residue R in G, let Y denote the set of
A-residues that are fixed by D and let M denote the stabilizer of ¥ in G'. Then
M acts transitively on Y (since G' acts transitively on the set of A-residues of A)
and D C M. By [Weiss 2003, 11.16], it follows that M is the stabilizer in G' of
a residue R’ of A containing R. Suppose |Y| > 1. Then R # R’. Hence we can
choose j-adjacent chambers ¢ € R and d € R'\R for some j ¢ A. Let ¥ be an
apartment containing ¢ and d and let o be the unique root of ¥ containing ¢ but
not d. Choose g € U and let R be the A-residue containing d. Then g € D. By
[Weiss 2003, 11.4], d and d¥ are unequal but j-adjacent. Thus by [Weiss 2003,
7.21], Rg # Ry. Thus the residues Ry and Rg both lie in R’ and hence are in the
same M -orbit as R. Thus Ry and Rg both lie in Y. This contradicts the fact that D
acts trivially on Y. We conclude that |Y| = 1. Thus x (D) fixes only one edge of I'.
We have x (D) = x(D)® for all g € E. Since E C Gy, the elements of E map edges
to edges. It follows that E fixes the unique edge fixed by x (D). Since Gg acts
transitively on the edge set I (by [Miihlherr and Weiss > 2020, 1.3.6 and 1.3.40]),
it follows that E fixes every edge of I'. Hence E = 1. Thus Go = x (G). ([

6. Descent

In this section we assemble the results in [Miihlherr et al. 2015] on descent in
buildings that we will require.

Definition 6.1. Let A be a building and let G be a subgroup of Aut(A). A G-
residue is a residue of A stabilized by Gg. A Go-chamber is a Gy-residue which is
minimal with respect to inclusion. A Go-panel is a Go-residue P such that for some
Go-chamber C, P is minimal in the set of all Gg-residues containing C properly.
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Definition 6.2. Let A and G be as in Definition 6.1. The group Gy is anisotropic
if A itself is the unique Go-chamber and isotropic if this is not the case. Thus G is
isotropic if and only if there exist Go-panels (equivalently, if there exist Go-residues
other than A itself).

Notation 6.3. Let A be a building and let G be an isotropic subgroup of Aut(A).
We denote by A% the graph with vertex set the set of all Go-chambers, where
two Go-chambers are joined by an edge of A®0 if and only if there is a Go-panel
containing them both.

Definition 6.4. Let A be a building. A descent group of A is an isotropic subgroup
Gy of Aut(A) such that each Gg-panel contains at least three Go-chambers.

Definition 6.5. Let A be a building (assumed to be thick). As in [Weiss 2003, 11.7]
and [Miihlherr and Weiss 2017, 2.7], we say that A is Moufang if A is spherical,
irreducible of rank at least 2 and for each root « of A, the root group U, acts
transitively on the set of apartments of A containing «. The spherical building
associated with the group of rational points of an absolutely simple algebraic group
of relative rank at least 2 is always Moufang, but there are a few other families as
well. For a summary of the classification of Moufang buildings, see [Weiss 2009,
3.14-3.15].

Remark 6.6. A building of rank 1 is simply a set with no further structure. Thus
the notion of a Moufang set is an extension of the notion of a Moufang building to
buildings rank 1. (Buildings of rank 1 are automatically spherical and irreducible.)

Theorem 6.7. Let A be a spherical building which is Moufang and let Gy be a
Galois subgroup of Aut(A) as defined in [Miihlherr and Weiss 2017, 4.5]. Suppose
that G acts with finite orbits on the chamber set of A. Then G is a descent group
of A.

Proof. This holds by [Miihlherr and Weiss 2017, 12.2(ii)]. O
Definition 6.8. Let A be as in Theorem 6.11. A Galois involution of A is an

element w of Aut(A) of order 2 such that (@) is a Galois group as defined in
[Miihlherr and Weiss 2017, 4.5].

Proposition 6.9. Suppose that R is a residue of a Moufang building A. Let ¥ be an
apartment containing chambers of R and let Ug denote the subgroup generated by
the root groups U, for all roots a of X containing RN X. Then Uy is independent
of the choice of X.

Proof. This holds by [Miihlherr et al. 2015, 24.17]. U

Definition 6.10. The group Uy in Proposition 6.9 is called the unipotent radical of
the residue R.
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The following is a special case of the main results of [Miihlherr et al. 2015,
Part 3].

Theorem 6.11. Let G be a descent group of a spherical building A. Let 1 be
the Coxeter diagram of A, let S denote the vertex set of Il and let ® denote the
subgroup of Aut(I) induced by G. Then the following hold:

(i) The graph A°° is a building with respect to a canonical coloring of its edges.

(i) All Go-chambers are residues of A of the same type A C S, the set A is
®-invariant and the rank k of A®° is the number of ®-orbits in S disjoint
from A.

(ili) The triple T := (I1, ©, A) is a Tits index and A°° is a building of type m,
where I1 is the relative Coxeter diagram of T

(iv) If A is Moufang and k > 2, then A%° is also Moufang.

(v) Suppose that A is Moufang and that k = 1 and let X denote the set of all
Go-chambers. Let G be the subgroup of Sym(X) induced by Caua)(Go) and
foreach R € X, let ﬁR denote the subgroup of Sym(X) induced by Cy,(Gy),
where U is as in Proposition 6.9. Then

(G, X. {U}rex)
is a Moufang set as defined in Definition 4.1.

Proof. Assertions (i) and (ii) hold by [Miihlherr et al. 2015, 22.20(v) and (viii)],
assertion (iii) holds by [Miihlherr et al. 2015, 22.20(iv) and (viii)] and the remaining
two assertions hold by [Miihlherr et al. 2015, 24.31]. O

Definition 6.12. Let Gy and A be as in Theorem 6.11. We refer to the triple T
in Theorem 6.11(iii) as the Tits index of Go. (In fact, the Tits index of a descent

group Gy is defined also when A is not assumed to be spherical; see [Miihlherr
et al. 2015, 22.20 and 22.22].)

Definition 6.13. A fixed point building is a building of the form A®° for some pair
(A, Gy) as in Theorem 6.11. If the rank of A®0 is 1 and A is Moufang, we interpret
A0 to mean the Moufang set described in Theorem 6.11(v).

Remark 6.14. Apart from the Moufang sets described in Examples 4.2 and 4.3
and the Moufang sets described in Example 4.4 in the case that I" is an indifferent
quadrangle as defined in [Tits and Weiss 2002, 16.4], all other Moufang sets known
to us (including those described in Example 4.5) arise (up to equivalence as defined
in Definition 4.7) as the fixed point buildings A%° for some Moufang building A
and some descent group with finite orbits Gy whose Tits index is of relative rank 1.
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7. The exceptional Tits quadrangles

In the following definition, we refer the reader to Remark 5.5 for (i) and we
make use of the notation for spherical buildings described in [Weiss 2009, 30.15]
(corresponding to the cases (vi), (xii) and (xiii) of [Weiss 2009, 30.14]) in (ii), (iii)
and (iv).

Definition 7.1. We will say that a Tits quadrangle is exceptional if it is isomorphic
to XA 7, where

(i) A is a Moufang quadrangle of type Eg, E7, Eg or Fy4 as defined in [Tits and
Weiss 2002, 16.6 and 16.7] and T is the split Tits index of absolute type C,, or

(i1) A is the building C3I (C, K, 0) for some octonion division algebra C with
center K and standard involution o and T is the Tits index of absolute type C3
displayed in Remark 5.6, or

(iii) A is the building E,(K) for some field K and £ =6, 7 or 8 and T is the Tits
index of absolute type E, displayed in Remark 5.6, or

(iv) A is the building F4(C, K) for some composition division algebra (C, K) and
T is the Tits index of absolute type F, displayed in Remark 5.6.

We will call a building exceptional if it is isomorphic to one of the buildings in
»-(v).

Notation 7.2. Let the pair (A, T') be as Definition 7.1 and let IT denote the Coxeter
diagram associated with A. Thus I1 = C,, C3, Ey, Fy in cases (i), (ii), (iii), (iv),
respectively. If [T = F4 but C/K is not a field extension in characteristic 2, we
number the vertices of I1 from left to right with the integers 1, 2, 3, 4 and choose
the map Typ defined in [Mithlherr and Weiss > 2020, 1.2.13] so that the {2, 3, 4}-
residues are isomorphic to B3Q(K , C, q), where ¢ is the norm of the composition
algebra (C, K). If [1 =C; and X is a Moufang quadrangle of type E¢, E7 or Eg, we
number the vertices of IT from left to right with the integers 1, 2 and choose Typ so
that a root group U,, is nonabelian if and only if the root « starts and ends at a vertex
of type 2. Note that if [1 = F4 and C/K is a field extension in characteristic 2, then
(C, K) is not necessarily an invariant of X and our choice of Typ is not uniquely
determined. If [T = C, and X is a Moufang quadrangle of type Fy or IT = F, and
C/K is a field extension in characteristic 2 or [1 = E¢, we choose Typ (between
the two possible choices) arbitrarily. In the remaining cases, 1 has no nontrivial
symmetry and there is only one choice for Typ.

Remark 7.3. Since the Tits indices in Remark 5.6 are all invariant under Aut(I1),
the Tits quadrangles in Definition 7.1 do not depend on the choice of Typ in
Notation 7.2; see [Miihlherr and Weiss > 2020, 1.2.13].
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The exceptional Tits quadrangles were investigated in [Miihlherr and Weiss
2020]. Here is a reformulation of some of the results in that paper; we will cite
others in Proposition 7.12 below.

Theorem 7.4. Let X be an exceptional Tits quadrangle, let (y,i — w;) be a
coordinate system of X and let i — U; be the corresponding root group labeling.
Let K be the field that appears in [Tits and Weiss 2002, 16.6 or 16.7] in the case
that X is as in Definition 7.1(1); in the other cases, let K be as in Definition 7.1. If

X is in case Definition 7.1(iii) or (iv), suppose that |K| > 4. Then the following
hold:

(1) After replacing (y,i — w;) by its opposite if necessary, there exists a -
standard quadrangular algebra

EI(K,L,C],]C,S,:X:, '7h79)

over K and isomorphisms x; from the group Rg defined in Notation 2.4 to U;
fori =1 and 3 and from the additive group of L to U; for i =2 and 4 such
that

[x1(a, 1), x4(v) "1 = x2(0(a, v) + tv)x3(av, tq (V) + ¢ (a, v)),
(7.5) [x1(a, 1), x3(b, s) '] =x2(h(a, b)), and
[x2(u), x4 ()™ = x3(0, £ (u, v))
forall (a,t), (b,s) e Rand all u, v € L, where ¢ is as in (C4).

(i1) If X is a Moufang polygon of type E, for £ = 6,7 or 8, then q is a quadratic
form of type E; as defined in [Weiss 2006b, 2.13].

(ii1) If X is a Moufang polygon of type Fy, then q is a quadratic form of type Fy4 as
defined in [Weiss 2006b, 2.15].

(iv) If X and C are as in Definition 7.1(i1), then q is the reduced norm of C.
) If X and € are as in Definition 7.1(iii), then q is a split quadratic form of
dimension 4 + 27,
(vi) If X and (C, K) are as in Definition 7.1(iv), then q is the orthogonal sum of
the reduced norm of (C, K) and a hyperbolic quadratic form of dimension 4.
(vil) X satisfies the hypothesis [Miihlherr and Weiss 2020, 8.2(b)].
Proof. This holds by [Miihlherr and Weiss 2020, 7.4, 8.2, 10.4]. ([

Remark 7.6. The quadratic forms in Theorem 7.4(ii)—(vi) are all of dimension at
least 5.

Remark 7.7. If X and ¢ are as in Definition 7.1(iii), let (C, K) denote the split
composition algebra of dimension 2¢>. Thus ¢ = gc if ¢ is as in Theorem 7.4(v)
or (vi), where gc¢ is as defined in [Miihlherr and Weiss 2020, 7.3].
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Remark 7.8. The quadratic forms in Theorem 7.4(ii)—(iv) are anisotropic. Over a
finite field, there are no anisotropic quadratic forms of dimension greater than 2;
see, for example, [Tits and Weiss 2002, 34.3]. By Remark 7.6, therefore, the field
K must be infinite in cases Definition 7.1(i) and (ii).

Remark 7.9. The quadrangular algebra E in Theorem 7.4 is anisotropic when X
is as in Definition 7.1(i) but not when X is as in one of the other cases.

Remark 7.10. The quadrangular algebras that appear in Theorem 7.4 are, up
to isotopy as defined in [Miihlherr and Weiss 2019, 5.3], the only §-standard
nondegenerate quadrangular algebras (as defined in Notation 2.2) satisfying |K | > 4
and dimg L > 4. This holds by [Weiss 2006b, 6.42 and 7.57] in the anisotropic
case and by [Miihlherr and Weiss 2019, 8.16, 9.8 and 10.16] in the isotropic case.

Hypothesis 7.11. For the rest of this section, let X, (v, i — w;), i — U;, E and
X1, ...,Xx4 be as in Theorem 7.4.

Proposition 7.12. Let Y; = {x;(0,t) | t € K} for all odd i and let B; denote the root
(Wi, Wit1, ..., Wita) foralli. There exists a Tits quadrangle X = (I, A, {év}ve‘;)
such that the following hold:

(@) Lisa subgraph of T containing y and y € A.

(ii) For all even i, I is normalized by U; and the natural embedding of U; into
Aut(X) is an injective isomorphism from Uj; to the root group U; of X corre-
sponding to the root f;.

(ii1) For all odd i, I is normalized by Y; and the natural embedding of Y; into
Aut(X) is an injective isomorphism from Y; to the root group U; of X corre-
sponding to the root ;.

(iv) The isomorphisms in (ii) and (iii) extend to an lsomorphlsm from the subgroup
YUy Y3Uy of Aut(X) to the subgroup Ull 4] U1 U2U3U4 ofAut(X)

Proof. This holds by [Miihlherr and Weiss 2020, 5.1 and 10.4(iii)]. |

Proposition 7.13. Let G,, denote the pointwise stabilizer of y in G := Aut(X) and
let § be as in Notation 2.2 and Theorem 7.4. Then the following hold:

(i) Let ¢ € G,. Then there exists o -linear automorphisms & and \ of L, respec-
tively X, for some o € Aut(K) and an element 1 € K* such that the following
hold.:

(@) q(€()) =q)q(v)?, where A :=§(¢),

(b) Y (av)r =Y (a)§(v),

(©) h(¥(a), ¥ (D)X) = n&(h(a, b)) and

(d) 0(¢(a), E(v)) =néO(a,v)) + M(a)s(v), where

0 if char(K) # 2,

M(a) = { -1 .
f(0( (@), 1), £(8))g (V) if char(K) =
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foralla,be X andallv € L and
xi(a, ) =x1(Y(a), nt” + M(a)),
12 (v)? = x2(né(v)),
x3(a, )? = x3(Y (@i, 17 + M(@)q() + ¢ ¥ (a), 1)),
x4(v)? = x4(§(v))
forall (a,t) e Sandallv € L. If dimg L > 1, then n is uniquely determined
by ¥ and &.
(i1) Suppose that dimg L > 4. Let 0 € Aut(K), let & and  be o -linear automor-

phisms of L, respectively X, and let n be an element of K* such that (a)—(d)
hold. Then there exists ¢ € G,, satisfying the identities (7.14).

Proof. This holds by [Miihlherr and Weiss 2020, 13.1]. ([

Notation 7.15. By [Miihlherr and Weiss 2020, 6.4(i) and (ii)], x;(0, 1) e U lti and
x4(e) € Uﬁ, where ¢ is as in Definition 2.1 and Uf and Uf as in Notation 3.7; see also
[Miihlherr and Weiss 2020, 5.1(iii) and 10.4(iii)]. We can thus setm =, (x1(0, 1))
and m4 = p,, (x4(¢)), where p,, is as in (3.9).

(7.14)

Proposition 7.16. Let m| and my be as in Notation 7.15. Then the following hold:
(i) (x1(a, Dx2@)x3(b, $))™ = x1(b, )x2(—h(b, a) — i)x3(—a,t), and

(i) (2@x3(b, )xa())" = x2()x3(b, 5 — f (u, v))xa(—10)

forall (a,t), (b,s)eRandu,v € L.

Proof. Choose (a,t), (b,s) € R and u,v € L. By [Miihlherr and Weiss 2020,
6.4(iv), 8.19, 8.25 and the first display in 8.59], we have x;(a, t)"* = x3(—a, t)
and xp(#)™ = xp(—u) and x3(b, s)™* = x1(b, s) and by [loc. cit., 6.4(v) and 8.31],
we have xo (1) = x4(—u), x3(a, )™ = x3(a, t) and x4(v)™ = x,(v). The claims
hold, therefore, by Conventions 1.2 and (7.5). O

8. Galois groups

The main result of this section is Theorem 8.14, in which we show that the Moufang
sets described in Example 4.5 associated with one of the Tits indices displayed in
Hypothesis 8.4 can all be obtained as the fixed point building of a Galois involution
acting on one of the Tits quadrangles described in Notation 7.2.

Let A, T, X = (I', A, {=v}vev),

E:(K9L’qaf789x9 '7h79)

and xi, ..., x4 be as in Theorem 7.4. Thus the pair (A, X) is as in one of the
four cases of Definition 7.1. Let (C, K) be as in Definition 7.1(ii) or (iv) if X is
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in one of these two cases and let (C, K) be as in Remark 7.7 if X is in the case
Definition 7.1(iii).

Proposition 8.1. If K is separably closed, then X is as in Definition 7.1(iii) or (iv)
and one of the following holds:

(1) (C,K) issplitand A = F4(K, K), E¢(K), E7(K) or Eg(K).

(i) C/K is an inseparable field extension, char(K) = 2, C*> C K and A =
F4(C, K).

Proof. A quadratic form of type Eg, E7, Eg or F4 has a subform that is similar to
the norm of a separable quadratic extension. Since the only composition algebras
over a separably closed fields are those that appear in (i) and (ii), the claims hold. [J

Notation 8.2. Let X be as in Proposition 7.12, let Q be the orthogonal sum of ¢
with a hyperbolic quadratlc form of dimension 4, let V = K* @ L be the underlylng
vector space. Let A= B(Q) as defined in [Miihlherr et al. 2015, 35.5] if Q is
not hyperbolic and let A = D(Q) as defined in [loc. cit., 35.9] if O is hyperbolic.
Thus A is a building of type M= B2 or Dy,4o, where m is the Witt index of g.
By [loc. cit., 35.10], we can identify Aut(A) with PTO(Q). Let T be the Tits
index (I1, A, ©), where A is the unique subset of the vertex set of I1 that spans a
subdiagram of type B,, or D,, and O=1. By [Miihlherr and Weiss 2020, 6.1, 6.3
and 6.10], X is isomorphic to the Tits quadrangle X ; ;. By Theorem 5.7, therefore,
we can identify Aut()A( ) with Aut(A). Let ¢ denote the map from Aut(f( ) to
Aut(K) such that ¥(g) = p whenever g lifts to a p-linear element of FO(Q).

Proposition 8.3. Let s be as in Notation 8.2, let G, G, and o, = o € Aut(K) for
each ¢ € G, be as Proposition 7.13. Then the following hold.:

() ¥ (p)=oy forallp € G,.

(i1) A subgroup Gq of G is Galois as defined in [Miihlherr and Weiss 2017, 4.5] if
and only if the restriction of ¥ to Gy is injective.

Proof. In [Miihlherr et al. 2015, 3.20], a description of the Moufang quadrangle
Bg (K, L, q) and its root groups associated to a fixed apartment is given. If we
assume in this description that g is merely nondegenerate rather than anisotropic, the
calculations in [loc. cit., 3.20] yield a description of X, a coordinate system (y, i —
w;) (where y is the circuit called ¥ in [loc. cit., 3.20]), root groups Uy, ..., Us and
isomorphisms xy, ..., x4 (called 5, ,B y, « in [loc. cit., 3.20]). In this description,
the vertices of X are the 1- and 2-dimensional totally isotropic subspaces of the
quadratic space (K, v, Q) described in Notation 8.2 and two 2-dimensional totally
isotropic subspaces Wy, Wj of V that intersect in a 1-dimensional subspace Y are
opposite at Y if and only if the subspace spanned by W; and W is not totally
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isotropic. Given this description of the isomorphisms x1, ..., x4, we can observe
that (i) holds.

Let g € G. The root groups of A are all in the kernel of Y. Let W be a 3-
dimensional totally isotropic subgroup of V, let ey, e», e3 be a basis of W, and let &
be an element in the subgroup of Aut(X) generated by all its root groups such that
the product gh fixes the three 1-dimensional subspaces spanned by e, e, and e3.
Let Xy, , Xa,, Xo; be as in [Miihlherr and Weiss 2016, §7] with W in place of V. The
projective plane associated with W is a residue of A which we denote by R and
there exist A1, A2, A3 € E* such that x, (1)8" = Xg; (A;t%) fori =1, 2 and 3 and all
t € E. By [Miihlherr et al. 2015, 29.15], it follows that i is a Galois map of A as
defined in [loc. cit., 29.25]. Thus (ii) holds. [l

Hypothesis 8.4. Let G be an arbitrary Galois group of A (as defined in [Miihlherr
and Weiss 2017, 4.5]) that acts on the chamber set of A with finite orbits. By
Theorem 6.7, G is a descent group of A. Let Ty = (I, Ag, ®p) be its Tits index
and let S be the vertex set of I1. The Coxeter diagram IT is as in Notation 7.2. If
[T = C, or Fy4, we assume that the type function of A is chosen as described in
Notation 7.2. We also suppose that Ty is one of the diagrams

— el ]l

Remark 8.5. The group Gp acts on X = X 7. Let Ry and Ri be two Ag-residues
stabilized by Go. By [Miihlherr et al. 2015, 22.10(i)], R and R are opposite
in A. By [Miihlherr et al. 2015, 24.21], Aut(A) acts transitively on ordered pairs
of opposite Ag-residues. Replacing G by a conjugate subgroup of Aut(A), we
can assume from now on that R and R) are the Ay-residues corresponding to the
vertices wy4 and wg of T'.

Proposition 8.6. The group G stabilizes X, where X is as in Proposition 7.12.

Proof. Since G fixes wg and wy, it normalizes E := (Z(Uy,), Z(Uy,)), where U,,
denotes the maximal unipotent subgroup of the stabilizer of the residue w; in Aut(A).
By (7.5) and [Miihlherr and Weiss > 2020, 1.2.25], we have Z(U,,,) = Y3U4Y5 and
Z(Uy,) =Y7UpY;. By Proposition 7.12(ii)—(iii), £ stabilizes X. By [Miihlherr and
Weiss > 2020, 1.3.4], the group (Up, Uy) acts transitively on ﬁm =TIy, and by
[Miihlherr and Weiss 2020, 8.2(b) and 10.4(ii)], the group (Y1, Ys) acts transitively
on f‘ws. By [Miihlherr and Weiss > 2020, 1.2.21], [" is connected. It follows that
E acts transitively on the set of edges of X. Since G normalizes E and fixes the
edge {wq4, ws}, we conclude that G stabilizes X. O

Remark 8.7. We have X = X A.7» Where A and T are as in Notation 8.2. By

Theorem 5.7 and Proposition 8.6, Gg acts on A. Let GO denote its image in Aut(A).
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We now want to apply [Miihlherr et al. 2015, 35.13] with Ain place of A and Gy in
place of I'. By Proposition 8.3(ii), G is a Galois group of A. It is not necessarily
finite. In the proof of [loc. cit., 35.13], however, the finiteness of the Galois group
is used only in the proof of [loc. cit., 2.41] which is, in turn, a corollary of [loc. cit.,
2.40] and thus of [Springer 1998, 11.1.6]. For this result to apply, it suffices to
know that Go acts with finite orbits on the chamber set of A. This follows from
our assumption in Hypothesis 8.4 that G acts with finite orbits on the chamber set
of A.

Notation 8.8. For each subgroup G; of Gy, G is also a Galois group of A and
hence, by Theorem 6.7, has a Tits index as defined in Definition 6.12. We denote
this Tits index by T, .

Proposition 8.9. Suppose that K is separably closed. Then there exists a subgroup
G of index 2 in G such that the Tits index T, defined in Notation 8.8 has relative
rank at least 2.

Proof. Let ¢ be as in Notation 8.2 and let Gy be as in Remark 8.7. By [Miihlherr
et al. 2015, 35.13] and Remark 8.7, AGo = BIQ(F, M, Qp) for some anisotropic
quadratic space (F, M, Qp), where ¥ (Go) = Gal(K /F). Since the bilinear form
associated with the quadratic form 0 in Notation 8.2 is not identically zero, the
same holds for Q. Since K is separably closed, there exists a subfield E of K over
which Qg is not anisotropic such that £/ F is a separable quadratic extension. Let
Gi = ¢~ !(Gal(K/E)) and let G be the image of G in Go. By [Miihlherr et al.
2015, 35.13], we have AG = BH?(E, My, Q) forsomem > 1, where M| =M QrE
and Q is the anisotropic part of Q®r E. Thus dimg Q| <dimpg Qp. By [Miihlherr
et al. 2015, 35.13(1)—(ii)], it follows that m > 1. Thus él acts isotropically (as
defined in Definition 6.2) on the residue R 1 of A that corresponds to the vertex wjy.
Let R be as in Remark 8.5. If I1 # E7, then R| = R 1 and hence Gj acts isotropically
on Ry. If I1 £ E7, then R| = ﬁo X ﬁl, where ﬁo is a building of type A;. Since él
acts isotropically on ﬁl, it follows by [Miihlherr et al. 2015, 21.37(iii)] that G; acts
isotropically on R; also in this case. Thus the relative rank of 7, is at least 2. [J

Proposition 8.10. Let G, be as in Proposition 8.9 and let T) := Tg, be as in
Notation 8.8. Then T\ is one of the Tits indices

@—CC)@—I-Q—®-—-I-@

(©O—a=——0—9)

or

of relative rank 2 or the Tits index

@—@—‘—I—‘—@
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of relative rank 3 or one of the Tits indices

@‘@i®:© ® loo C | ®

of relative rank 4 or T is split as defined in Definition 5.3.

Proof. The Tits index T is as in Hypothesis 8.4 with at least one more circle. The
only such Tits indices are those indicated. U

Proposition 8.11. Suppose K is separably closed, let G be as in Proposition 8.9
and let Ay = A, Then the following hold:

(1) If the relative rank of Ty is 2, then A is an exceptional Moufang quadrangle.

(ii) If the relative rank of Ty is 3, then A1 = C;‘r (C, K, 0) for some octonion
division algebra (C, K) with standard involution o.

(iii) If the relative rank of Ty is 4 and T1 = E; for £ =6, 7 or 8, then A} = Fy(D, E)
for some composition division algebra (D, E) of dimension 2= with nonzero
trace.

(iv) If Ty is split and 1 = Fy, then either A is the split building of type F4 over
E or A\ = Fy(D, E) for some inseparable field extension D/E such that
char(E) =2 and D* C E.

(v) If Ty is split and T1 = Eg, E7 or Eg, then A\ is the split building of type I1
over E.

Proof. The assertion (i) holds by [Tits and Weiss 2002, 42.6], (ii) holds by [Tits
1974, 9.1-9.2], (iii) and (iv) hold by [Tits 1974, 10.2-10.3] and (v) holds by [Tits
1974, 6.13]. [l

Proposition 8.12. Suppose K is separably closed and A is as in Proposition 8.11.
Then there is a Galois group G of Ay of order 2 such the fixed point building Af is
isomorphic to AS.

Proof. Let G denote the image of G in Aut(A). Then G is a Galois group and
hence, by Theorem 6.7, G is a descent group of A;. The claim holds, therefore, by
[Miihlherr et al. 2015, 22.47(i)]. O

Remark 8.13. Suppose that K is separably closed and let A; and G be as in
Proposition 8.12 and let I1; be the Coxeter diagram of A;. If [1; = C, or Fy, we
assume that the type function of A is chosen as in Notation 7.2. Let T = (I, A, ®)
be the Tits index of G as defined in Definition 6.12. Then T is the unique Tits index
of absolute type IT; in Hypothesis 8.4. To see this we observe that in each case
the A-residues of A stabilized by G are precisely the A-residues of A; stabilized
by G.
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Theorem 8.14. Let M be an arbitrary Moufang set associated with one of the Tits
indices ZE(%?], E;‘fg], Egyll or F42711 as described in [Tits 1966a]. Then there exists an
exceptional building A as defined in Definition 7.1 of type I1 with type function
chosen as in Notation 7.2 and a Galois group Gg of order 2 of A whose Tits index
is the unique Tits index of absolute type I1 among the following:

—® _—  ®

— ® I I ®

such that A%° is isomorphic to M.

Proof. The Tits indices ZEg?l, E;‘?l, Egﬁll or F, 4211 are precisely the indices that appear
in Hypothesis 8.4. Thus the claims are simply restatements of Proposition 8.12 and
Remark 8.13. (|

Remark 8.15. Note that Proposition 8.12 and Remark 8.13 are actually slightly
more general than Theorem 8.14 since they include the case Proposition 8.1(ii)
which is not considered in [Tits 1966a].

9. The Galois involution @

In light of Theorem 8.14, we now make once and for all the following assumptions.

Hypothesis 9.1. We assume that A, T, X = ([, A, {=,}vev), (¥, i = w;), i — U;,
X1, ..., x4 and
E:(K,L,q,f,&X, '7h79)

are as in Notation 7.2 and Theorem 7.4. Let v — v, ¢, g and 7 be as in (A3), (C3),
(C4) and (D1), let Q be as in Notation 2.3, let G and G,, be as in Proposition 7.13
and let G and Ty be as in Hypothesis 8.4. We assume that |Go| = 2 and let w
be the nontrivial element in G¢. Thus w is a Galois involution of A as defined in
Definition 6.8. Since the relative rank of Ty is 1, the fixed point building A° is the
Moufang set described in Theorem 6.11(v). We denote this Moufang set by

M(A, w).

Its underlying set (as defined in Definition 4.1) is the set of vertices of I" fixed by w.
We also assume that | K| > 4.

Proposition 9.2. The coordinate system (y,i — w;) of X can be chosen so that
w = my@ for some ¢ € G,,, where my is as in Notation 7.15.

Proof. The fixed points of w are all vertices of I" at even distance from wy. Let
v, v1 be two of them. By [Miihlherr et al. 2015, 25.2; Miihlherr and Weiss > 2020,
1.2.12], u and u® are opposite at v for all u € I'y. By [Miihlherr et al. 2015, 22.10(1)],
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v and v; are opposite residues of A. Therefore there exist # € I' and u; € I'y, such
that the edges {u, v} and {u, v;} are opposite residues of A. By [Miihlherr and
Weiss > 2020, 1.2.19], it follows that there exists a straight 4-path from u to v. We
conclude that (y, i — w;) can be chosen so that wy and w4 are fixed by w and w
interchanges w3z and ws. By Definition 3.2(ii), it follows that w maps w; to w_;
for all i. By Proposition 3.8, m4 also maps w; to w_; for all i. Thus w = m4¢ for
some ¢ € G. ]

Notation 9.3. Let ¢ be as in Proposition 9.2 and let £ € Autg (L), ¢ € Autg (X),
o €Aut(K),ne K*, »e L and M: X — K be as in Proposition 7.13 applied to ¢.
Note that since £ is a bijection, it follows from Proposition 7.13(a) that g (1) # 0.

Proposition 9.4. fEwW),EW)=q) f(u,v)’ forall u,velL.
Proof. This is a consequence of Proposition 7.13(a). ([l

Proposition 9.5. Let w, A, o, & and M be as in Notation 9.3. Then the following
hold:

() v*(a)r = —a foralla € X.
(i1) o has order 2.
(iii) n°t' = B, where B~ = g(1).
(v) MY (a)) =nM(a)° +¢(a, ™Y forall a € X.
) é(é(_ll)) =qgM)u forallu € L.
Proof. By Proposition 7.16(i), we have x3(a, t)™ = xi(a,t) and x;(a, t)™ =
x3(—a,t) for all (a,t) € R. Thus
9.6) x3(a.t) =x3(a,)”
= x3(—=¥ @2, (M1 +M(@)°+M W (@))g W)+ (¥ (@), 1))

for all (a, t) € R by (7.14). Comparing first coordinates, we obtain (i). Since ¥ is
o -linear, it follows that 2 = 1. By Proposition 8.3 and Hypothesis 9.1, on the other
hand, o is nontrivial. Thus (ii) holds. Comparing second coordinates, we have

e+ M (@) + M (@) = B(p (W (a), A) +1)

for all (a, t) € R, where B is as in (iii). Setting @ =0 and ¢ = 1 in this equation, we
obtain (iii) and thus

9.7 nM(a)’ + MY () = B (Y (a), 1),

By Proposition 7.13(d) and [Weiss 2006b, 4.5(iii)], M and ¢ are both identically
zero if char(K) # 2. If char(K) = 2, then by [Miihlherr and Weiss 2019, (7.10)]
and (i), we have

9.8) ¢ (@), A) =p(—ar™", 1) =g (ar, VB> =p(a, VB = p(a, 2" Hg()
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for all a € X. By (9.7), therefore, (iv) holds. By [Weiss 2006b, 6.4(iv)], we have
xp(u)™ = xp(—u) for all u € L and by Proposition 7.13(i), £ is o-linear. Thus

(9.9) X2(u) = x2w)” = xa(n”H'EE@)))
for all u by (7.14). By (iii), therefore, (v) holds. O

Proposition 9.10. Let ¢ (1) = n&(u) for all u € L. Then ¢ is a o -linear automor-
phism of L of order 2 and q (¢ (u)) =n'"°q(u)° forallu € L.

Proof. Since £ is o-linear, so is ¢. By Proposition 9.5(ii), (iii) and (v), ¢ is of
order 2. We have g(u) = g(u) for all u € L. Thus the second claim holds by
Propositions 7.13(a) and 9.5(iii). O

Proposition 9.11. Let v € L and let ¢ be as in Proposition 9.10. Then v is fixed by
¢ ifand only if v =u + ¢ (u) for some u € L.

Proof. Since ¢ is of order 2, v = u + ¢ (u) implies ¢ (v) = v. Suppose, conversely,
that ¢ (v) = v. Since o is of order 2, we can choose &y € K such that §p + 5 = 1.
Then u + ¢ (u) = (8o + 85)v = v for u = §opv. O

Remark 9.12. Let F=K° :={tc€ K [t° =t} andlet L, ={ve L |{(v) =—v}.
Then L, is a vector space over F' and by [Miihlherr et al. 2015, 2.40] applied to
the group generated by v — —¢(v), dimg L; = dimg L.

Remark 9.13. By Proposition 9.10, g(u) € nF for all u € L, where F and L, are
as in Remark 9.12. Thus n~'¢ is a quadratic form on L; as a vector space over F.

Proposition 9.14. For each b € X, there exists u € L such that

u+&w) =hyb),b),
where ¢ is as in Proposition 9.10.

Proof. Let b € X. Then

¢ (h((b), b)) = nE(h(Y (b), b)) = —n§ (h(b, ¥ (b)) = —h(Y (b), ¥ (b))

by Proposition 7.13(c). By Proposition 9.5(i), it follows that A (i (b), b) is fixed
by ¢. The claim holds, therefore, by Proposition 9.11. ]

Proposition 9.15. Let (a,t), (b,s) € Rand u € L. Then x1(a, t)x2(u)x3(b, s) is
centralized by w if and only if a = Y (b), t = ns® + M (b) and u + ¢ (u) = h(a, b).

Proof. By Proposition 7.16(i), we have

(x1(a, Hx2(u)x3(b, 5))™* = x1(b, $)x2(—ii — h(b, a))x3(—a, 1)
=x1(b, s)xp(h(a, b) —u)xz(—a,t).
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By (7.14) and Propositions 9.2 and 9.10, therefore,
(x1(a, Dx2(w)x3(b, 5))” = x1 (¥ (b), ns” + M(b))x2(¢ (h(a, b) — u))
(=@, 7 +M(@)g(h) + ¢ (W (a), 1))
Thus x(a, t)x2(u)x3(b, s) is centralized by w if and only if
(9.16) Yv(b)=a, t=ns°+M®) and u+¢(u)=h(a,b)
as well as
9.17) —Y(@i=>b and s= " +M(a)g)+o{(a),r).
By Proposition 9.5(i)—(iv) and [Miihlherr and Weiss 2019, (7.10)], (9.16) implies
that —y(a)A = b and
1 + M(@)gn) = (n"+'s + nM(B)’ + MY (b)) g (L)
=s+¢b.A"Hg()
=s+ oW @i, Ngn)™!
=s+¢W(a),1).
Therefore (9.16) implies (9.17). U
Notation 9.18. Let
U={[b,s,ul| (b,s,u) e Rx L and u+¢(u)=hy(b),b)},
where
[b, 5, ul = x1 (¥ (b), ns” + M (b)) x2(u)x3(b, 5).
Thus U = Cyy, ;,(w) by Proposition 9.15.

Remark 9.19. By Definition 6.10 and [Miihlherr and Weiss > 2020, 1.2.25], Uy 3
is the unipotent radical of the residue of A corresponding to w4. Hence the group
U is the root group Uy, of the Moufang set M (A, w) defined in Hypothesis 9.1.

Remark 9.20. Let [by, u1, 511, [b2, ua, so] € U. Then
(b1, 51, u1] - [b2, 52, uz] = x1 (¥ (b1), ns] + M (bD))x1 (¥ (b2), ns3 + M(b2))
cx2 (1 +ua +h(Y (ba), b1))x3(b1, 51)x3(b2, 52)
by (7.5). By Notation 2.4, we have
x1 (¥ (b1), ns7 + M®B)xi (v (b2), ns3 + M(by))
=x1(V (b1 +b2), n(s1+52)7 + M(b1) + M(b) + g (b2), ¥ (b1)))

and
x3(b1, s1)x3(ba, 52) = x3(b1 + b2, 51452+ g(b2, by)).
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Since U = Cy, 4, is closed under multiplication, we conclude by Notation 9.18 that

(9.21)  [b1, s1,u1] - [b2, 52, us]
=[b1+ba, s1 452482, b1), ur +us+h((by), by)]

and
9.22) M (b1 +b2) +ng(ba, b1)7 = M (b1) + M(b2) + g(¥ (b2), ¥ (b1)).
for all [by, s1, u1], [b2, s, uz] € W. It follows from (9.21) that

(9.23) [b,s,ul™" = [=b, —s+g(b,b), —u+h((b),b)]

for all [b, s, u] € U.

10. The structure map t

The goal of this section is to introduce the structure map of the Moufang set
M (A, w) defined in Hypothesis 9.1. See Notation 10.7 and Definition 10.8.

Proposition 10.1. Let m| and m4 be as in Notation 7.15, let w and ¢ be as in
Proposition 9.2, let ry = (mima4)? and let ho € G. Then

[w, roho]l =1
if and only if

hy*@ = ¢"hy.
Proof. By [Miihlherr and Weiss > 2020, 1.4.15], ro = mammam; and hence
marg = mamymamms4 = romq. Thus [, roho] = 1 if and only if

romy - ho @ = rohg - mag
= ma@ - rohg = myrg - " ho = romg - 9" hy. O
Proposition 10.2. Let w = my¢ be as in Proposition 9.2, let &, Y, o, n and A be as
Notation 9.3 and let ro be as Proposition 10.1. Then conjugation by ¢" induces the
maps
x2(u) > x2(n% & (u))

and

x3(b, s) = x3(n” Y (D)1, s + 0" MB) + 0P (W (b), 1))

on Uy and Us.
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Proof. By (7.14) and Proposition 7.16(ii), conjugation by ¢™' induces the maps
x2(u) = x2(8(u))
x3(b, $) k> x3 (Y (D)x, (157 + M (B)g(R) + ¢ W (), 1))
x4(v) = x4(n§ (v))

on U,, Uz and Uy. We apply now the notation in [Tits and Weiss 2002, 5.10].
Conjugating both sides of the identity

(10.3) [x1(a, 1), xa(e) "' I3 = x3(a, 1)
by k| := ¢™!, we thus obtain
x3(W@r, it +M(@)gM) +¢ W (@), 1) = [xi(ar, 1), xa(A) '3
= x3(a1-n, ig(MA) +¢ (a1, nh)),

where x| (aj, t;) = x1(a, t)"'. By Proposition 9.5(iii), n° ! = ¢(1)~!. Solving for
a; and then for ¢, we conclude that /; induces the map

xi(a, t) = xi ('Y (@), 7't + 1 M(a))

on U;. By Proposition 7.16(i), it follows that conjugation by ¢"'"* induces the
maps
xi@a, 1) = xi (Y@, (1 +M@)g() + o (a), 1))
xo(u) > x2(& (i)
x3(b,s) > x3 (7 W (), 71T+ 0P M (b))

on Uj, U; and Us. Conjugating both sides of the identity
10, 1), x4 ()™ 2 = x2(v)
by h; := @™, we obtain
10, ng (W), x4(w) ™' = x2(6 (V)
where x4(v;) = x4(v)"2. It follows that @14 induces the map
x4(v) = x4(n"E(D))
on Uy. By Proposition 7.16(i), therefore, conjugation by ¢4 induces the maps
X2 (u) = x2(n7& (@)
x3(b,s) > x3 (7 W 0), nT'sT + 0P M (D))

x4(v) > x4(£ (D))
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on U, Uz and Us. By [Miihlherr and Weiss 2019, (7.10)], we have ¢ (bv, v) =
¢ (b, v)g(v) for all (b, v) € R. Using (10.3) again, we can thus conclude that
conjugation by ¢4 induces the map

xi(a, 1) = xi (1Y @, 1°t7 + 177 M(@) + 0% § (¥ (a), )
on U;. The claims follow now by one more application of Proposition 7.16(1). [J

Notation 10.4. Let  be as in Notation 9.3, let ¥9(a) = na for all a € X, let
£(v) =n~lv forall v e L, let oy be the identity automorphism of K and let ny = n’.
Then ¥, &, 0o and ng fulfill the identities Proposition 7.13(a)—(d) with A = n
note that by [Weiss 2006b, 4.1], M (a) = 0 in (d). Let Ao be the element of G,
obtained by applying Proposition 7.13(ii) to v, &, oo and ng. By [Weiss 2006b,
(4.13)], ¢(a, &) =0 for all a € X. Thus conjugation by h¢ induces the maps

xi(a, 1) ~ xi(na, n°t) on U\,

x2(v) > x2(nv) on U, and

x3(b, s) — x3(b, s) on Us.

Let v = rohg, where ry is as in Proposition 10.1.

Proposition 10.5. Let hy and n be as in Notation 10.4. Then conjugation by hy*
induces the maps
x2(u) > x2(qu) - and - x3(b, 5) > x3(1b, n’s)
on Uy and Us.
Proof. This holds by Proposition 7.16(i). O

Proposition 10.6. [w, v] = 1, where w is as in Proposition 9.2 and v is as in
Notation 10.4.

Proof. Note that by Proposition 7.13(d), M (tb) = t>* M(b) for all b € X and all
t € K. By (7.14), Propositions 10.2, 10.5 and Notation 10.4, therefore, conjugation
by hg”‘(p and conjugation by ¢"°hg both induce the maps

x2(u) > x2 (7”1 E () on Uy, and
x3(b, 5) > x3(n7Y D)x, 1757 +n° "M (B) +n* ¢ (Y (b), 1)) on Us.
By [Miihlherr and Weiss > 2020, 1.4.17(ii)], it follows that h0m4<p = ¢"%hg. By
Proposition 10.1, therefore, [w, v] = 1. O

Notation 10.7. Let U be as in Notation 9.18 and let v = (m;m4)*ho be as in
Notation 10.4. Thus v interchanges w4 and wg and by Proposition 10.6, v com-
mutes with . By [Miihlherr et al. 2015, 24.10(1)], the proper residues fixed by w
are pairwise opposite in A and by [Miihlherr et al. 2015, 24.21], U acts sharply
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transitively on the set of vertices fixed by w that are distinct from w4. Choose
g € U*. Then w(‘; is opposite both w4 and wy. Hence wgv is also opposite both wy

and wq. Thus

gv _  1(9)
Wy = Wy

for a unique element 7(g) of U*. Since v stabilizes the set w(lf*, the map 7 is a
permutation of U*.

Definition 10.8. The map t defined in Notation 10.7 is the map called f in [Thomp-
son 1972, (3.1)], which Thompson called the structure equation of the Moufang set
he was investigating. For this reason, we call the permutation t the structure map
of the Moufang set M (A, w). By [De Medts and Weiss 2006, 3.1], the Moufang
set M (A, w) is uniquely determined by the pair (U, 7).

11. The subgraph A

We have described the group U in Notation 9.18 and (9.21) and defined 7 in
Notation 10.7. Our goal in the remainder of this paper is to determine t explicitly.
In this section we begin to investigate how the product mm4 operates on I".

Notation 11.1. We continue with all the notation and assumptions in Hypothesis 9.1.
Let Rz as in Notation 2.4. We set R = Rz and

R ={(a,1) € R | g(m(a) +te) # 0}.
Observations 11.2. By Conventions 1.2 and (7.5),
xa(V)x1(a, 1) = x1(a, )x2(0(a, v) +1v)x3(av, 1 (v) + P (a, v))x4(v)

for all (a, r) € R and all v € L. Replacing v by —v in this identity and applying (C1)
and [Weiss 2006b, 4.14], we thus conclude that

x1(a, Hxa(v) = xa(V)x1(a, Nx2(=6(a, v) — tv)x3(—av, 1q (V) + ¢ (a, v))
for all (a, t) € R and all v € L. By Conventions 1.2 and (7.5), we also have

x3(b, s)x1(a,t) = x1(a, )x3(b, s)x2(h(a, b))
and
xi(a, t)x3(b, s) = x3(b, s)x1(a, )x2(—h(a, b))

for all (a, t), (b, s) € R and

x4(V)x2 (1) = x2(u)x4(v)x3(0, f(u, v))
and
X2 (1) x4(v) = x4(v)x2(u)x3(0, — f (u, v))

forall u,v e L.
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Using these observations, we now calculate that

(11.3)  x1(a, Dx2(u)x3(b, s)x4(v)
=x4(W)x1(a, t)x(—60(a, v) —tv+u)
-x3(b—av, tq(v) +¢(a, v) +s— f(u,v) —g(b, av))
and
(11.4)  x4(v)xi(a, t)x2(u)x3(D, s)
=x1(a, )x2(@(a, v) +tv+u)
-X3(b+av, tgv)+¢a,v)+ f(u,v)+s+ g, av))x4(v)
for all (a, t), (b, s) € R and for all u, v € L.

Notation 11.5. Let I" and A be as in Hypothesis 9.1, let A be the subgraph of I"
defined in [Miihlherr and Weiss > 2020, 1.5.4] and let U = Uy 47 as defined in
Proposition 3.5(i). Thus A is the subgraph consisting of all the vertices and edges
of I" that lie on an element of A containing the vertices w4 and ws.

Let W be the graph whose vertex set is the disjoint union of the set {wy4, ws}, the
set of right cosets in U, of the subgroups Uy, U3 41 and Upp 47 and the set of right
cosets in U of the subgroups Uy, Uy 2) and Uy 3 and whose edge set consists of
the unordered pairs {w4, ws} as well as {U;g, Usg},

{ws, Upn g}, {Un3g. Un2igl, {Un2ig. Uigl
and {ws, Up41g}, {(Upag. Upagl, {Upag. Usgl

for all g € U,. By [Miihlherr and Weiss > 2020, 1.5.8], there is a unique isomor-
phism from W to A that sends w4 to w4, ws to ws, wf to Uy 18 and ws_; to Upi4i.418
fori =1,2,3 and for all g € U;. We identify A with W via this isomorphism.
Note that with this identification, the set w})l that appears in Notation 10.7 is now

{Usg | g € U}.
Proposition 11.6. Let g € Uy. The following hold:
(i) Forall (b,s) e Rand all u, v € L, the vertex
Ui xa(u)x3 (D, s)x4(v)

of A is adjacent to the vertex Usg if and only if Usg equals
Usxi(a, t)xz(—O(a, v) —IU+M)X3 (b—av, tq)+¢(a,v)+s— f(u,v)—g(b, av))
for some (a,t) € R.

(ii) Forall (a,t), (b,s) € Rand all u € L, the vertex

Usxi(a, t)xa(u)x3(b, s)
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of A is adjacent to the vertex U, g if and only if U, g equals
Urxz(0(a, v) +1v +u)xs (b +av, 1g(v) +d(a, v) + f(u, v) +5 +g(b, av))xs(v)
for some v € L.

Proof. Let e € U.. The vertices of A adjacent to Uje are Uy 21e and Usx1(a, t)e
for all (a, t) € R and the vertices of A adjacent to Use are U3 41¢ and U;x4(v)e for
all v € L. The two claims hold, therefore, by (11.3) and (11.4). U

Proposition 11.7. Let z be a vertex of I'. There exists a root (vy, vy, V2, V3, Vg)
such that vy = wy, v1 = ws and v4 = 7 if and only if 7 is a vertex of A of the form
Usg for some g € Uy 3.

Proof. It suffices to observe that if z = Usg for some g € Uy 3}, then
(w4, ws, Up,418, U418, Usg)
is a root. U
Proposition 11.8. Let R* be as in Notation 11.1, let
O = {Usxi(a, )xa(u)x3(b, s) | (a,1), (b,s) €R, ue L},
B ={Usxi(a, Nx2(w)x3(b,s) € O | (a,1) € R*},
and let p = Usxi(a, t)x2(u)x3(b, s) € O. Then p™"™* € O if and only if p € B.

Proof. Let a denote the sequence of vertices
(Up.a1, ws, Upapxi(a, 1), Upgxi(a, )xa(u), Usxi(a, Dx2(u)x3(b, 5)).

The sequence « is a root (i.e., a straight path of length 4 in I') if and only if the
vertices Upp 41 and Up 41x1(a, t) are opposite at ws. By [Miihlherr and Weiss 2020,
9.12], Upz.4) and Uz 41x1(a, t) are opposite at ws if and only if p € B. Thus the
sequence o™+ (which starts at wy and ends at p™!™4) is a root if and only if p € B.
Every root starting at w4 ends at a vertex in O. Thus if p € B, then p”1" € O. By
[Miihlherr and Weiss > 2020, 1.2.28(ii) and 1.3.18], every path of length at most 4
from wy to a vertex in O is a root. Thus if p”'" € O, then p € B. (|

12. The action of mim4 on the set B

The main result of this section is Proposition 12.15.

Proposition 12.1. Let (a,t) € R*, u € L and (b, s) € R. Then the image of the
vertex
p = Usxi(a, t)x2(u)x3(b, s)

of A under m is the vertex

Usxi(ao, to)x2(u0)x3(bo, o),
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where

(i) ao =q(m(a)+1e)a(n(a) + (Q(a) — 1)),
(i) 10 =q(m(a) +1e)~ ' (Qa) — 1),
(iii) uo=q(m(a) +1te)'0(a, u) + tou,
@iv) bg = b+ apu, and
(V) so =1t0q(u) + ¢(ao, u) + g(b, apu) +s.

Proof. By Proposition 11.8, there exist elements (ag, to), (bg, so) € R and ug € L
such that p™t = Uyx (ag, to)x2(ug)x3(bg, so). By Proposition 11.6(ii), p is adjacent
to the vertex

qv := U1x2(2y)x3(b + av, §,)x4(v)

for all v € L, where
Zy=0(a,v)+tv+u and §,=1tq()+d(a,v)+ f(u,v)+s+gb,av).

By Proposition 7.16(ii), the identity f(6(a, v), v) = Q(a)gq(v) and the fact that Q
is identically zero if char(K') # 2 (by [Weiss 2006b, 4.1(i)]), the element m| maps
gy 1o

U1x2(0)x3(b +av, f,)x4(—Zy)

for all v € L, where
fy=—tqg(v) +¢(a,v)+s+g(b,av) + Q(a)q(v).

Since p and g, are adjacent for all v, so are their images under m . Therefore, by
Proposition 11.6(1),

(12.2) ug = 0(ao, Zy) + 102y + v

as well as

(12.3) bo=b+av+apZ,

and

(12.4) 50 = t0q(Zo) + ¢ (a0, 20) +1v + f (2, v) + g(b +av, aoty)

for all v € L. Setting v =0 in (12.3) and (12.4), we conclude that (iv) and (v) hold.
Setting v = ¢ in (12.3), it follows from (iv) that

a+ap(m(a) +1te) =0.
Thus (i) holds.
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We have g (rr(a) + (Q(a) —t)e) = g(m(a) +te) and hence
0(ao, 2,) = q(m(a) +te) 20 (am(a) + (Q(a) — t)a, 2,)
=q(w(a)+1)7'0(a, %))
for all v € L by (i) and Proposition A.4(i). By (12.2), therefore,
(12.5) ug = q(m(a)+1te)"'0(a, 2,) + 102y +v

for all v € L. Setting v = 0 in (12.5), we conclude that (iii) holds. Setting v = ¢ in
(12.5), we obtain

up=q(m(a)+ ts)_lé(a, w(a)+te+u)+ty(mw(a)+te+u)+e.

By [Weiss 2006b, 4.21], we have 6(a, n(a)) = Q(a)rm(a) — g(w(a))e. By (iii),
therefore,

—q(m(a)+te)tp(m(a)+te) =0(a, n(a)) +tm(a)+q(m(a)+te)e
=(t+ Q(a))(m(a)+te).

Since m(a) +te # 0, we conclude that (ii) holds. U
Corollary 12.6. Let (a,t) € R*,u € L and (b, s) € R. Then the image of the vertex
p = Usxi(a, )x2(u)x3(b, 5)

of A under mymy is the vertex
Usxi(ai, t)x2(u1)x3(by, s1),

where

(i) a; = b+ apu,

(i) 11 = —q(w(a) +16)7'(t + Qa))q ) + P (ao, u) + g(b, apu) + s,
(iii) uy = —h(b+aou, ap) +q(m(a) + 1)~ ((t + Q@) — 6(a, w)),
(iv) by = —ao,

V) s1=—q(m(a)+1e)" (t + Q(a)),
and ap = q(7(a) +te) " 'a(m(a) + (Q(a) — 1)¢).
Proof. First apply Proposition 12.1 and then apply Proposition 7.16(i). U
Notation 12.7. Let (a,t), (b,s) € R and u € L. We set

P=mn(a)+re and p=gq(P), where r=Q(a)—t.
Note that P = — (7 (a) + t¢) and hence

(12.8) p=q(r(a)+re) =q(mn(a)+te).
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We then set
(12.9) v=~0(a,u)+ru.
Thus av =aPu by (D1) and
(12.10) O(a,v)=06(a,0(a,u))+rb(a,u)
= —q(m(@)u+(Q(a)+r)b(a,u)
= —q(w(a))u —t6(a, u)
by (12.9) and [Weiss 2006b, 4.1(i) and 4.21].
Proposition 12.11. Let (a, t), u, P be as in Notation 12.7. Then
h(aP,au) = (Q(a)t +2q(w(a))u + (Q(a) — 21)6(a, u).
Proof. We have
h(aP,au) =h(a,aPu)+ f(h(aP,a), e)u
=h(a,av)+ f(h(a,a), P)u,
where v is as in Notation 12.7. Thus
h(aP,au) =2(0(a,v) + f(n(a), P)u)
=2(—q(m(a))u —10(a, u) +2q(w(a))u)
=2(q(w(a))u —16(a, u))
by [Weiss 2006b, 4.1(i) and (iii) and 4.5(1)] if char(K) # 2 and
h(aP,au) = Q(a)(v+ Q(a)u)
= Q(a)(O(a, u) +1u)
by [Weiss 2006b, 3.15 and 3.16] if char(K) = 2. O
Proposition 12.12. Let (a, t), u, P, v be as in Notation 12.7. Then
h(aP,av) = p(Q(a)u+26(a,u)) = ph(a, au).

Proof. Replacing u by v in Proposition 12.11, we obtain the first equality. The
second equality follows by [Weiss 2006b, 3.15, 3.16 and 4.5(1)]. ([

Lemma 12.13. Let (a, t), u, b, uy be as in Corollary 12.6. Then
Uy = ,ofl(h(aP, b)+tu+06(a, u)),

where P is as in Notation 12.7.
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Proof. By Corollary 12.6(iii), we have
iy = p~*h@P, pb+av) +p~ ' ((t + Q(@)u —6(a, w)),

where v is as in Notation 12.7. The claim holds, therefore, by Proposition 12.12. [J

Lemma 12.14. ¢@aP,u)=¢(a,v)=pp(a,u).
Proof. This holds by Proposition A.4(ii) and the last display on page 119 of [Tits
and Weiss 2002]. O

Proposition 12.15. Let (a, t), u, (b, s), (a1, t1), uy, (by, s1) be as in Corollary 12.6
and letr = Q(a) —t, P=m(a)+re, p=q(P)and v =0(a,u) +ru as in
Notation 12.7. Then the following hold:

(i) a1 = p~ ' (pb+av).

(i) 1 =p N (rqw) +¢(a, u) +gb, av) + ps).
(iii) iy = p~ ' (h(aP, b) +tu+6(a, w)).

(iv) by =—plaP.

W) s1= p‘lr.
Proof. This holds by Lemma 12.13 and Lemma 12.14. ([

13. Some more identities

In this section, we suppose that (a, t), u, (b, s), r, P, p, v are as in Notation 12.7
and Proposition 12.15 and assemble a number of identities we will need in the next
few sections.

Proposition 13.1. O(a,v)+tv=—pu.
Proof. This holds by (12.9) and (12.10). O
Proposition 13.2. q(h(b, av)) = pq(h(a, bu)) = pq(h(b, au)).

Proof. By Proposition A.4(iii), we have
ph(a,bu) =0(a, h(aP,bu))+rh(aP, bu).
We have p = q(P). Hence
p*q(h(a, bu)) = q(0(a, h(aP, bu))) +rf(0(a, h(aP,bu)), h(aP, bu))
+r2q(h(aP, bu))
=q((a))q(h(@P, bu)) +rQ(a)q(h(aP, bu)) + r’q(h(aP, bu))
= pq(h(aP, bu))

by [Weiss 2006b, 4.9(1) and 4.22]. Thus g(h(a P, bu)) = pq(h(a, bu)). By (D1),
therefore, g (h(b, av)) = q(h(b,aPu) = q(h(aP, bu)) = pq(h(a, bu)). The other
equality holds by Proposition A.7. (]
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Proposition 13.3. ¢(a, P)=0.
Proof. By Proposition A.4(ii) and [Weiss 2006b, (4.14)], ¢ (a, P) = ¢ (aP, &) and
by [Weiss 2006b, 4.5(iii) and (4.13)], ¢ (aP, ) = 0. U
Proposition 13.4. q(v) = pg(u).
Proof. This holds by Proposition A.3(i). ]
Proposition 13.5. Q(au) = Q(a)q(u).
Proof. By [Weiss 2006b, 4.1(1)], Q is identically zero if char(K) # 2. The claim
holds, therefore, by [Weiss 2006b, 3.21]. O
Proposition 13.6. O(av) = pQ(a)q(u).
Proof. This holds by Propositions 13.4 and 13.5. O
Lemma 13.7.
£, v), wyv— f(w, v)6(a,v) = p(fO@a, 1), wu— f(w,wba,u)

forall welL.
Proof. This holds by (12.9) and (12.10). O

Lemma 13.8. 0(av, w) = pf(au, w) forall w € L.
Proof. By (C4), Lemma 12.14, Proposition 13.4 and Lemma 13.7, we have
6(av, w) = p(q)6(a, w) +¢(a, w)w) + f(6(a, v), w)v — f (v, W)6(a, v)
= p(q)8(a, ) +¢(a, ) + f (@ (a, u), W)u — f (v, 0)0(a, u))
= pb(au, w)
forall w € L. U
Proposition 13.9. Let w = f(h(b, av), w(au)) + f(h(b, av), e)$(a, u). Then
w=q)(f(h(a,b),0(a,v))+ Q(a) f(h(a,b), v)).
Proof. By [Weiss 2006b, 3.6] and Proposition A.1, we have

f(h(b, av), w(aw)) = — f (h(av, b), 7 (au))

=—/(h@v.b). @@ — f(w. )0, u)
+ F(0(a, 1), £)v+ ¢ (a, u)s)
and thus
(13.10) @ = —q () f(h(av, b), 7(a)) + f(u, &) f (h(av, b), 6(a, u))
— f(@(a,u),¢) f(h(av, b), u)
= —q(u) f(h(avm(a),b), )+ f(u,¢) f(h(avl(a,u),b), ¢)
— £(6(a, u), &) f (h(avu, b), €).
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By (A3), (D1) and [Weiss 2006b, 3.8 and 4.9(i)], we have
(13.11) avr(a) =a(f (v, &)e — v)m(a)
= f(v, &)an(a) —avn(a)
= f(v, &)an(a) +an(a)v — f(n(a), v)a
= f(v,e)an(a) —an(a)v+ Qa)av — f(w(a),v)a
= f(v, &)an(a) —ab(a,v)+ Q(a)av — f(n(a), v)a

and
(13.12) avu = —avu + f(u, €)av
=—qw)aP + f(u, e)av
as well as
avl(a,u) = f(@(a, u), e)av —avl(a,u)
= f(0(a, u), e)av+ab(a, u)v — f(0(a,u), v)a
= f(@(a u),e)av+a9(a, u)(@(a—,u)—i-rﬁ) — f(@(a, u), v)a
= f(@(a, u), e)av +q(0(a,u))a+rab(a, u)u — f(@(a, u), v)a
= f(@(a u), e)av—i-q(n(a))q(u)a+rq(u)a7‘[(a) — f(@(a, u), v)a.
Since

f(0a, w),v) = f(0a,u),0a, uw)+rf(0a, u),u)
=2q(0(a, u)) + Q(@)qw)r = q)(2q(w(a)) + Q(a)),
it follows that
(13.13) avf(a,u) = f(0(a,u), e)av —q(w(a))qWw)a —ran(a).

By (13.10)—(13.13) and some calculation, we conclude that

w=q)(f(h(ab(a,v),b), &)+ Q) f(h(av, b), ¢)).
The claim follows now by (B3). O
Lemma 13.14. bb(a, v)v = pbb(a, u)u.
Proof. We have
bb(a, v)v
= —b(q(w(@)u+10(a,u))(0(a, u) +rit)
= —(q)rq(m(a)) +tq©(a, u)))b —q(m(a))bud(a, u) — rtbd(a, u)i
= Q(a)q(w)q(7(a))b + (q (7w (a)) — rt)bb(a, Wi — q(n(a)) f (6(a, u), u)b
= (q( (@) —rt)bb(a, wyi = pb(a, u)i
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by (12.9) and (12.10). O
Lemma 13.15. The following holds:
avh(av, b) = p(qw)ah(a, b) + q(w)br (a) — bb(a, u)i).
Proof. By [Weiss 2006b, 3.22], we have

avh(av, b) = —ah(av, b)v + f(h(av, b), v)a
=ah(b, av)v — f(h(b, av), v)a
=ah(a, bv)v+ f(h(b,a), e)avv — f(h(b, avv), &)a
=ah(a, bv)v
= ah(a, b)vv + (b (a)v — b6 (a, v))v
=q)ah(a, b)+q(v)br(a) —bb(a, v)v.
The claim holds, therefore, by Proposition 13.4 and Lemma 13.14. ([
Lemma 13.16. f(0(a, u), h(aP, b)) = f(h(a, b),0(a,v)).
Proof. By [Weiss 2006b, 4.20], we have
aPbB(a,u) =an(a)f(a,u)+rab(a,u)
= —an(a)0(a, u) —tab(a, u)
= —q(m(a))au —tab(a,u) =ab(a,v).
The claim follows by (B3). O

14. The form ®
In this section, we prove the following result:

Proposition 14.1. Let (a,t), u, (b, s), (a1, t1), p, r, v be as in Proposition 12.15
and let

(14.2) ©(a,t,u,b,s) = pq(m(a)+te).

Then

(14.3) O(a,t,u,b,s)=pq(a(b)+se)+q(h(a, bu)) +qu)?
—q(u) f(h(a,b),u)+ (sQ(a) +1Q(b))q(u)
+ f(u, &) f (0@, u), w(b)) — f(O(a,u), &) f (u, 7 (b))
— f(h(a,b),0(b, D)+ sv)
—q) f(7(@), 7 (b)) — 2stq (w).
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Proof. Let

z=m(pb+ av)+ p(rq(u) +¢(a,u)+ g, av) + ps)a.
Thus
p*O(a, t,u, b, s) = p*q(r(a) +te) =q2)
by Proposition 12.15. By (C3) and Lemma 13.8, we have

2= p*n(b) + ph(b, av) +w(av) + p(¢(a, u) + ps +rq))e
= p(pm(b) +h(b, av) + 7 (au) + (¢ (a, u) + ps +rqw))e).

By Proposition A.3(ii), we have

q(m(au) +rqw) + ¢(a, u)e) = pq ).

By [Weiss 2006b, 4.5(iii)], Proposition 13.2 and Proposition 13.6, it follows that

(144) p72q(2) = p’q(w (b)) + pq (h(b, aw)) + pq(u)* + p*s*
+psQ(a)q(u) +2prsq(u)
+p*Qb)s + pf (), h(b, av))
+ pf (7 (b), w(au)) + p Q(b)(¢p(a, u) +rq(u))
—|—f(h(b, av), J'r(au)) + f(h(b, av), e)¢>(a, u)
+ (,os —I—rq(u))f(h(b, av), s).

By Propositions 13.1 and 13.9, we have

f(h(b, av), n(au)) + f(h(b, av), s)qb(a, u) +rq(u)f(h(b, av), 8)
=q)(f(h(a,b),6(a, v))+ Q(a) f(h(a, b), v) —rf (h(a, b), v))
= —pq() f (h(a, b), u).

Replacing 2prsq(u) by —2pstq(u) in (14.4), we thus conclude that

(14.5)  © =pq(2) = pq(m(b) + s&) + q(h(a, bu)) + rqu) Q(b) + Q(a)q (u)s
—2stqu)+ (7 (b), h(b, av)) +sf (h(b, av), ¢)
+ f((b), w(aw)) + ¢ (a, u) Q(b)
+q)® —q) f(h(a, b), u).

By (B3), (D1) and [Weiss 2006b, 3.6 and 3.7], we have

F(x(®), kb, av)) +sf (h(b. av). &) = £ (h(bGx(B) +5£)7. a). )
= —f(h(a, b), 8(b, D) +sv)
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and by (C4), we have

f (b)), w(aw)) + Q(b)¢(a, u)
= f(7®B), gw)m(a)— f(u,e)0(a, u)+ f(6(a,u), &)u)
=—q) f(m(a), 7)) +qw) Q@) QD)+ f(u,e) f(m(b),0(a,u))

—f0(a,u), &) f (), u).
By (14.5), therefore, ®(a, ¢, u, b, s) is as in (14.3). |
Remark 14.6. Note that a; and ¢, are only defined under the assumption that p is

nonzero. In particular, we cannot conclude from (14.2) that p = 0 implies that the
expression @ (a, t, u, b, s) in (14.3) is zero (and, in fact, this is clearly not true).

15. The smallest F4-cases

We interrupt our calculations to make a few remarks about the case that A =
F4(C, K) and either char(K) # 2 and C = K or char(K) =2 and C/K is a field
extension such that C2> ¢ K. By Theorem 7.4(vi), dimg L = 5 if char(K) # 2
and f is degenerate if char(K) = 2. If char(K) # 2, then by [Miihlherr and Weiss
2019, 5.10], E is isotopic to the quadrangular algebra Q4(C, K) defined in [loc. cit,
4.12] and hence by [loc. cit, 4.13 and 10.5], g(;r(a)) = 0 and an(a) = O for all
a € X. (If the composition of ¢ and = is identically zero in one isotope of E,
then by [Miihlherr and Weiss 2019, 5.3; Weiss 2006b, 8.7], it is identically zero
in all isotopes of E.) By [Miihlherr and Weiss 2019, 8.1(i), 8.5 and 9.2], we have
Q(a)=0and f(h(a,b),u) =0forall a,b € X and all u € L if char(K) = 2.

Proposition 15.1. Suppose that char(K) # 2 and am(a) = 0 for all a € X and let
®=0(a,t,u,b,s) beasin(14.3). Then
2
® = (st+ 4 f(h(a, b),u) — qu))
forall (a,t) e R*,u €L and (b,s) € R.

Proof. Choose (a,t) € R, u € L and (b, s) € R. By (14.2), we have © = (11;)2,
where

t1 =1t (st — g(b, au) — q(u)).
The claim holds, therefore, since
gb,au)y= % f(h(b,au),s) by [Weiss 2006b, 4.1(i) and (4.3)]
2 f(h(, au),g) by [Weiss 2006b, 1.4]
= —1 f(h(au,b), &) by [Weiss 2006b, 3.6]
Lf(h(a,b),u) by (B3). a

=72
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Remark 15.2. Suppose that char(K) # 2 and that aw(a) = 0 for all a € X. By
(A3), we have g(r(a)) =0 for all a € X. By (B3), we have f(n(b), h(b, av)) =
F((h(bm(b), av), £) = 0. Similarly, we have

f (7 (aw), h(au, b)) = f(h(aum(au),b),s) =0

and f (7 (b), h(au, b)) =— f(h(au, b (b), €) =0. By [Weiss 2006b, 4.1(i) and 4.3],
we have

glau, b) = 5 f(h(a, b), u)
and by Proposition A.7, g(h(au, b)) = q(h(a, bu)). Applying (C3) to w(au + b)
and then applying g to both sides of this equation, we find thus that
2
q(h(a, bw)) + f(w(aw), 7 (b)) = } f (h(a, b), u)".
With these observations, Proposition 15.1 can be confirmed directly from (14.5).

Proposition 15.3. Suppose that f(h(a,b), X) =0 and Q(a) =0 foralla,b e X
and that char(K) =2 and let ® = O(a, t, u, b, s) be as in (14.3). Then

® = q((a) +te)q((b) + s&) + q(h(a, bu)) + f (7 (au), 7 (b)) + g (u)?
forall (a,t) e R*,u € L and (b,s) e R.
Proof. This holds by (14.5). ([

16. The element (m1m4)>

Let (a, 1), (a;, 1) € R*, u € L and (b, s) € R be as in Proposition 12.15 and let
® =0(a,t,u,b,s) be as in Proposition 14.1.

Notation 16.1. Suppose that ® # 0. Thus by (14.2), g(w(a;) + t1e) # 0. By
Proposition 12.15 applied to the image of the vertex p under mmy, it follows that
there exist (az, 1), (b2, s2) € R and u, € L such that

Usxi(az, 12)x2(u2)x3(b2, 52)
is the image of the vertex

p = Usxi(a, t)x2(u)x3(D, s)
of A under (mm4)?.

The expressions we obtain for ay, ..., s» by applying Proposition 12.15 have
'@ in the denominator and, in various places, negative powers of p appear in the
numerator. Our goal for the rest of this section is to obtain expressions for s, and
b> in which all the negative powers of p have been eliminated. In the following
two sections, we do the same for u5.



434 BERNHARD MUHLHERR AND RICHARD M. WEISS

Notation 16.2. Letr = Q(a)—t, P=n(a)+re, p=q(P)and v==0(a, u) +ru
as in Notation 12.7.

Proposition 16.3. Let s, be as in Notation 16.1. Then
. tq(u) —ps+glav,b)+¢(a, u)+pQ0)
2 o .
Proof. By Proposition 12.15 and (14.2), we have s, = z/®, where

z=—rq(u)+¢(a,u)—g(b,av) — ps+p ' Q(ob +av).

If char(K) # 2, then ¢ and Q are identically zero and by [Weiss 2006b, 4.4
and 4.5(i1)], g is alternating, so the claim holds. We can assume, therefore, that
char(K) = 2. Then

P~ Q(pb+av) = pQ(b)+p~' Q(av) + f (h(b, av), &)
=pQ(b)+ Q(a)g(u) + f(h(b, av), €)
by (C3) and Proposition 13.6. By Notation 2.2 and [Weiss 2006b, 4.3], we have
g, av)+ f(h(b,av), &) = f(h(b,av),s+¢)
= f(h(b, av),$)
= f(h(av, b), §) = g(av, b),
where § is as in Theorem 7.4(i). Thus the claim holds also in this case. U

Proposition 16.4. Let b, be as in Notation 16.1. Then

y
by = —,
G
where
y= q(u)a(u —h(a, b)) + (pb—i—av)(z?b) —i—ss) —bub(a,u)—bh(av,b) —tq(u)b
Proof. By Proposition 12.15 and (14.2), we have

(16.5) py= —PPH AV
JoRdC)

where
z=mn(pb+av)+ (Q(pb +av) — prq) + pp(a,u) — pg(b, av) — pzs)s.
By (C3), we have
7(pb+av) = p*7(b) + m(av) + ,O(h(b, av) — g(b, av)e).
If char(K) # 2, then Q is identically zero and
2g(b,av) = f(h(b,av), )
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by [Weiss 2006b, 4.1(iii) and 4.3]. If char(K) = 2, then

Q(pb +av) = p*Q(b) + Q(av) + pf (h(b, av), &).
Thus

w(pb+ av)+ Q(pb+av)e — pg(b, av)e
= p?(b) + 7 (av) + ph(b, av) + (,OZQ(b) + Q(av) — pf (h(b, av), s))s
= p*n(b) + 7 (av) — ph(b, av) + (p* Q(b) + Q(av))e
= pm(b) +m(av) + ph(av, b) + (0> Q(b) + Q(av))e

in all characteristics. By Proposition 13.6, we have

Q(av) — prq(u) = p(Q(a) —r)q(u) = ptq(u).
Thus

(16.6) z=pm(b)+7(av) +ph(av, b)+(p* Q(b) + ptq )+ pp (a, u) — p*s)e.

Hence
b b b
(16.7) phz _ bz | bmlav)
PeCNC) PO
where

z1 = pr(b) + h(av, b) + (p Q(b) + tq(u) + P (a, u) — ps)e.
By Lemma 12.14, and Propositions 13.4 and A.2, we have
avrm(av) = qg(v)ab(a, v) + ¢(a, v)av
= p(g(wad(a, v) +p(a, uyav)
and by Proposition 13.1, we have
af(a, v)+tav = —pau.
By (16.6), therefore,

avz  avr(b)+(Q(b) —s)av —q(u)au n avh(av, b)

16.8
(16.8) 020 C) 0O

By Lemma 13.8, we have br(av) = pbm(au). By Lemma 13.15, and Equa-
tions (16.5), (16.7) and (16.8), it follows that

2

by = o’
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where

y1 = pbr(b) + bh(av, b) + (pQ(b) +tqgu)+¢a,u)— ,os)b + b (au)
+avr(b) 4+ (Q () — s)av — q(u)au + q(u)ah(a, b)
+g(u)bm(a) — b (a, u)u.

Next note that
br(au) + ¢ (a, u)b = qu)bm(a) — f(u, &)b(a, u) + f(0(a, u), &)bit
by Proposition A.1 and

—fu, e)bf(a,u)+ f(0(a,u), e)bi —bb(a, u)i
=—f(u,e)bb(a,u)+bb(a,u)u

= —bO(a, u)u.
Hence
br(au)+ ¢(a, u)b —bb(a, u)u+ qu)bm(a) =qu)Q(a)b —bb(a, u)u
= bub(a, u)

by [Weiss 2006b, 4.9(1)]. Therefore

where

Yo = q(u)a(h(a, b) — u) + avma(b) + (Q(b) — s)av + bub(a, u)
+ pbr (b) + bh(av, b) + (p(Qb) —s) +1q(u))b

Since
b (b) + Q(b)b — sb = —b(7 (b) + s¢)
and
avm(b) + Q(b)av — sav = —av(w(b) + s¢),
the claim holds. U

17. The element u;, part I

Our next goal is to prove Proposition 18.8. In this section, we begin the proof. We
continue to assume that (a, t), (b, s), (a1, t1), u, r = Q(a) —t, P =n(a) +re,
p=¢q(P)and v=20(a, u)+ru are as in Proposition 12.15, that ® = (a, t, u, b, 5)
is as in Proposition 14.1, that ® # 0 and that u» is as in Notation 16.1.
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Proposition 17.1. The following holds:

h(aP, bh(av, b)) = p(h(b, ah(au, b)) + f(h(a, b), e)h(au, b))
+ f(h(a, b), v)h(am(a), b)
+ (f(h(a, b),6(a, v)) + Q(a) f (h(a, b), v))h(a, b).

Proof. We have
h(aP, bh(av, b))

= h(b,aPh(av, b))+ f(h(aP,b), )h(av, b)
= h(b, ab(a, h(av, b)) + rh(b, ah(av, b)) + f(h(a, b), P)h(av, b)

and by Proposition A.6(iii), we have

h(b,ab(a, h(av,b))) =—f(h(a, b), &)h(b, ab(a, v))— f (h(b, a), 7 (a))h(b, av)
+ Q(a)h(b, ah(av, b)) + h(b. ah(ab(a, v), b))
+ f(h(a, b), v)h(b, am(a)).

Thus by (12.9) and (12.10), we have

h(b,ab(a, h(av, b)))
=q(m(a)) f(h(a,b), e)h(b,au) +1f (h(a,b), )h(b,ab(a, u))
— f(h(®, a), w(@)h(b, ab(a,uw)) —rf (h(b,a), w(a))h(b, au)
+ Q(@h(b, ah(ab(a, u), b)) + Q(@)rh(b, ah(au, b))
— q(n(a))h(b, ah(T,b)) — th(b, am) + f(h(a, b), v)h(b, an(a))

as well as

rh(b, ah(av, b)) = rh(b, ah(ab(a, u), b)) +r*h(b, ah(au, b))

and

f(h(a,b), P)h(av, b)
= N(h(ab(a, u), b) +rh(au, b))
= N(h(b, ab(a,u)) + f(h(a@(a, u), b), 8)6‘ +rh(b, au) +rf (h(au, b), e)s)
= N(h(b,ab(a, )+ f(h(a,b), v)e +rh(b, au)),

where

N := f(h(a,b), m(a)) +rf(h(a,b),e).
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Next we observe that

Q(a)h(b, aim) — th(b, am) + rh(b, ah(af(a, u), b))
=rf(h(ab(a,u), b), e)h(b, a)
=rf(h(a,b),0(a, u))h(b,a)
=rf(h(a,b),6(a, u)(h(a,b)— f(h(a,b),e)e)

and

(q(m(@) f(h(a,b), &) —rf(h(b,a), 7(a))+ Nr)h(b, au)
= (q((@)) f(h(a,b), &) +rf(h(a,b), n(a)) + Nr)h(b, au)
= (¢(x(@) +rQ(@) +7r?) f(h(a, b), )h(b, au)
= pf (h(a,b), e)h(b, au)
= pf(h(a,b), ¢)(h(au, b) — f(h(au,b), £)¢)

as well as

Q(a)rh(b, ah(au, b)) — q(x(a)h(b, ah(au, b)) +r*h(b, ah(au, b))
= (Q(@)r +q(w(@) +7r*)h(b, ah(au, b))
+(Q(a)r —q((a))) f (h(au, b), e)h(b, a)
= ph(b, ah(au, b)) + (Q(a)r —q(w(a))) f (h(a, b), u)h(a, b)
—(Q(a)r —q(m(@))) f(h(a, b), u) f(h(a,b), ¢)e.

We also have

(tf(h(a,b), &) — f(h(b,a), m(a)) + N)h(b,ab(a, u))
= (tf(h(a,b), &) + f(h(a,b), 7 (@)) + N)h(b, ab(a, u))
= (t+r+ Q) f(h(a,b),&)h(b,ab(a,u)) =0

and

f(h(a, b),v)h(b,an (@) + f(h(a, b),v) f(h(a,b), w(a))e
= f(h(a, b), v)(h(b, arr(a)) — f(h(b, am(a)), 8)8)
= f(h(a,b),v)h(an(a),b).

Finally, we observe that

rv—ré(a. u) + (Q(@)r +q(w(@))u = pu
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by (12.9) and (12.10) and hence

rf(h(a,b),v) f(h(a,b), &) —rf(h(a,b),0(a,u)f(h(a,b),e)
+ (Q(a)r +q(w (@) f(h(a, b), u) f(h(a, b), €)
= pf(h(a,b),u) f(h(a,b),¢).

Assembling all these calculations, we obtain the desired formula. ([
Proposition 17.2. The following holds:

h(aP, bh(b, av)) = ,o(h(b, ah(b, au)) + f(h(a, b), e)h(b, au)).
Proof. We have

h(aP, bh(b, av)) = h(aP, bh(av, b)) + f(h(b, av), s)h(aP, b)
(aP,bh(av, b)) — f(h(a,b),v)h(aP,b)
(aP,bh(av,b)) — f(h(a,b),v)(h(an(a), b) +rh(a, b))

h
h

and thus

h(aP, bh(b, av)) = ,o(h(b, ah(au, b)) + f(h(a, b), 8)h(au, b))
+ (f(h(a, b),6(a,v)) +1tf(h(a, b), v))h(a, b).

by Proposition 17.1. By Proposition 13.1, we have

f(h(a,b),6(a,v))+1f (h(a, b), v) = —pf (h(a, b), u).

Hence

h(aP,bh(b,av))

(h(b, ah(au, b)) + f(h(a, b), e)h(au,b) — f(h(a,b), u)h(a, b))
(h(b, ah(au, b)) + f(h(a, b), e)h(b, au) — f(h(au, b), €)h(b, a))
= p(f (h(a, b), &)h(b, au) — h(b, ah(au, b)))

=p
=p

and so the claim holds. |

Proposition 17.3. The following holds:

h(aP,bub(a,u)) = —q(w(a))qw)h(a,b) — f(h(a,b),0(a, v))u
—tqwh(an(a), b)+ f(h(a, b), v)0(a, u).
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Proof. We have
h(aP,bub(a,u)) = h(bi,aP6(a,u)) + f(h(aP, bi), £)0(a, u)
=h(bit,a(0(a,0(a,u) +rb(a,u))+ f(h(a,b),v)0(a,u)
=h(bi, a((Q@)+r)0(a, u)—q(m(@)u))+f (h(a,b),v)0(a, u)
= (Q(a) +r)h(ar(a), buu) + (Q(a) +r) f (h(bi, an(a)), &)u
—q(m(a))h(a, buu) — q(7(a)) f (h(bu, a), &)u
+ f(h(a, b),v)0(a, u)
= —tqwh(am(a), b) +tf (h(am(a), b), u)u
—qu)q(m(a))h(a, b) +q(w(a)) f(h(a, b), u)u
+ f(h(a, b),v)0(a, u)
= —tq(u)h(am(a), b) — f(h(a,b),0(a, v))u
—q)q(m(a)h(a, b)+ f(h(a,b),v)6(a, u).
O
Proposition 17.4. The following holds:
h(aP,ah(a, b)) = (Q(a) +2t)h(an(a), b) + (Q(a)r +2q((a)))h(a, b).
Proof. Set u = h(a, b) in Proposition 12.11 and then apply Proposition A.6(i). [J
Proposition 17.5. The following holds:
h(aP,bh(b, aP)u) = ph(bit, ah(a, b)).
Proof. We have
h(av, bu) =h(aPu, bu) = h(b,aPuu) + f(h(aPu, b), &)u
=qw)h(b,aP)+ f(h(a,b),v)i
and thus
qu)h(b, aP) = h(av, bi) — f(h(a, b), v)i.
Hence
q)h(aP,bh(b,aP)u) = h(aP,bh(av, bi)u) —qu) f (h(a, b), v)h(aP, b)
= —h(aP, bith(av, b)) + f (h(av, bit), i)h(aP, b)
— q(u)f(h(a, b), v)h(aP, b).
Since
f(h(av, bu), l/_t) = f(h(av, bu -u), 8) = q(u}f(h(a, b), v),
it follows that

qwh(aP,bh(b,aP)u) =h(aP,bih(bi,av)).
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Replacing b by bu in Proposition 17.2, we thus obtain
q)h(aP, bh(b,aP)u) = p(h(bit, ah(bi, au)) + f(h(a, bi), €)h(bii, au))
= p(h(ba, ah(bit, aw)) + f(h(a,b), u)h(bi, au)).

Since
h(bit, au) = h(a, buu) + f(h(bb_t, a), s)u

=q(u)h(a,b) — f(h(a, b), u)u,
it follows that
h(bit, ah(bii, au)) = q(w)h(bii, ah(a, b)) — f(h(a,b), u)h(bi, au).
Hence

q)h(aP,bh(b,aP)u) = pq(u)h(bi,ah(a,b)).

Thus the claim holds for all u such that g(u) # 0. Since every element of L can be
written as a sum u + up with g (u1) and g (u2) nonzero, it follows that the claim
holds in general. (]

Proposition 17.6. The following holds:
h(aP, av;Tb)) = ,o(h(a, ad (b, L_t)) +h(b, ah(b, au)) — h(bi, ah(a, b))

+ f (h(a. b), &) (b, an)).
Proof. We have

h(aP,awa))
=h(aP,aPu77b))
= —h(aP, aPinb)) + f(u, s)h(aP, aPJTb))
= h(aP, aPrr(b)u) — f(u, %)h(aP, aP)+ f(u, e)h(aP, aPz?b))
=h(aP,aPr(b)u)+ f(u,w(b))h(@P,aP)— f(u,e)h(aP,aPr(b))
By [Weiss 2006b, 3.22], it follows that

h(aP, awa)) = h(aP, aPo(b, u)) + h(aP, bh(b, av)) — h(aP, bh(b, aP)u)
+ f(u, w(b))h(aP,aP) — f(u,e)h(aP,aPr(b)).

Let N =60(b,u) — f(u, e)m(b) + f(u, w(b))e, so that

h(aP,aPN)=h(aP,aPO(b,u))+ f(u,7(b))h(aP,aP)— f(u,e)h(aP,aPr(b)).
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Since
N =—0b,u)+ f(u,7b))e
=—0(b, i)+ f (i1, w(b))e
=—0(b,it) — f (&, (b)) + Q(b) f (u, €)¢
=—0(b,u)+ f(6(b, ), e)e by [Weiss 2006b, 4.9(iii)]
=6(b, i),
it follows by Proposition 12.12 that
h(aP,aPN) = ph(a, a@(b—,ll)).
The claim holds, therefore, by Proposition 17.2 and Proposition 17.5. U
Proposition 17.7. The following holds:
h(b, ah(au, b)) — h(b, ah(b, au)) + f(h(a, b), e)h(au, b)
— f(h(a, b), &)h(b, au, b) = f(h(a, b), u)h(a,b).
Proof. The expression on the left-hand side equals
h(b, ah(au, b) +ah(au, b)) + f(h(a, b), &)(h(au, b) + h(au, b))
= f(h(au,b), e)h(b,a) + f(h(a,b), ) f(h(au, b), &)e
= f(h(a,b),u)(f(h(a,b),e)e —h(a,b))
= f(h(a,b),u))h(a,b).

Proposition 17.8. We have h(by, by) = &(w+ p~'€), where

w = h(bii, ah(a, b)) —h(a,ab(b, 0)) + f(h(a,b), u)h(a, b)
—s(20(a, u) + Q(@u+h(aP, b)) —h(aP, br (b))
and
§= (q(u)q(n(a)) —q)r*+ f(h(a,b),0(a, v))+ Q(a) f (h(a, b), v))h(a, b)
+ (qw)Q(a) +2qw)t + f(h(a, b), v))h(am(a), b)
+ (g () Q(a)t —2q(w)q (m(a)) — f(h(a, b),6(a, v)))u

+ (q()Q(a) +2tqu) + f(h(a, b), v))0(a, u).
Proof. We have

1
h(by, by) = —5p—1h<aP, »),

where y is as in Proposition 16.4. The claim holds, therefore, by Propositions 12.11,
12.12, 17.1, 17.3, 17.4, 17.6, 17.7 and some calculation. O
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18. The element u;, part 11

We continue with all the notation and assumptions of the previous two sections.

Proposition 18.1. We have ptiit; = a + p~' B, where

a=s(h(@P,b)+tu+6(a,u)),
and B =(rq@)+¢a u)+g(b.av))(h@P.b) +tu+6(a. u)).

Proof. This holds by Proposition 12.15(ii) and (iii). O

Lemma 18.2. The following holds:

6(av, u) = (¢(a, )t + Q(a)tq(u) + q(x(a))qw) + f(h(a, b), 6(a, v)))u
+ (¢(@, u) —qu)t — f(h(a,b),v))0(a,u)
+ (¢ (a, u) — q(u)r)h(am(a), b)
+ (¢ (a, wyr —q)r* + pg(u))h(a, b).

Proof. By (C4), and Lemmas 12.13 and 13.8, we have

O(av,u;) = pb(au, uy)
=0(au, m+tﬁ+9(a—,u))
= q(u)@(a, h(aP,b)+tu+0(a, u))
— f(u, h(@P,b)+tu+6(a,u))0(a, u)
+ f(0(a, u), h(aP,b)+tu+6(a, u))u
+¢(a,u)(h(@P,b) +tu+06(a,u)).

By Proposition A.4(iii),
0(a, h(aP,b)) = ph(a,b) —rh(aP,b).

By Lemma 13.16 and [Weiss 2006b, 4.9(i), 4.21 and 4.22], therefore, the claim
follows. u

Proposition 18.3. The following hold:

() h(b, avii) = q(u)h(b, aP).

(i) h(b, avd(a,u) =qu)((g((@)+ Q@)r)h(b,a) —rh(b, an(a))).
(iii) avh(b,aP) = pah(a,b)i — f(h(a,b),v)aP.

(iv) h(b, avh(b, aP)) = ph(b, ah(a,b)i) — f(h(a,b), v)h(b,aP).
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Proof. Since avit = aPuu = g(u)a P, (i) holds. By [Weiss 2006b, 4.9(i) and 4.20],
we have

av@(a—,u) :aPuG(a—,u)
=—aPO(a,u)u+ f(@(a,u),u)aP
=a(m(a)+1te)0(a, wi+ f(O(a,u), u)aP
=gq(m(a))auu + tarw(a)uu + Q(a)q(u)aP

=qu)(q((a))a+tan(a)+ Q(a)a(n(a) +re)).
Thus (ii) holds.
Next note that

(18.4) avh(b,aP)=aPuh(b,aP)
=—aPh(b,aP)i+ f(h(TaP), u)aP
=aPh(@aP,b)i— f(h(aP,b),u)aP
=aPh(aP,byiu— f(h(a,b),v)aP.
By Proposition A.4(i) and two applications of [Weiss 2006b, 3.22], we have
(18.5) aPh(aP,b)u=aPh(aP,bu)+bo(aP,u)—br(aP)u
=aPh(aP,bi)+ p(b0(a, ) —br(a)i)
=aPh(aP,bi)+ p(ah(a, b)ii —ah(a, bir))
and by Proposition A.4(iii), we have
aPh(aP,bu) =a(m(a)+re)h(aP, bu)
=ab(a, h(aP, bi)) +rah(aP, bu)
= pah(a, bu).
By (18.4) and (18.5), therefore,
avh(b,aP) = pah(a, b)i — f(h(a,b),v)aP.
Thus (iii) holds. The assertion (iv) follows immediately. O
Corollary 18.6. The following holds:

ph(b, avur) = ph(ah(a, by, b) + ((r — Hgw) — f(h(a, b), v))h(an (@), b)

+ (r’q(u) — q(x(@)qw) — rf (h(a, b), v))h(a, b).
Proof. This holds by Lemma 12.13 and Proposition 18.3. ([
Proposition 18.7. We have pf(ay, u1) = v+ p~'¢, where

v=—0(b,h(b,aP))+10(b,u)+0(b,0(a,u)) +qu)h(a,b)+ h(ah(a, by, b)



EXCEPTIONAL GROUPS OF RELATIVE RANK ONE 445

and
¢ =(p(@, uit+ Q@iq)+qm(a)qw) + f(h(a, b), 0(a, v)))u
+ (¢(a, u) —q(u)t — f(h(a, b),v))0(a, u)
+ (r¢(a, u) —q(w(a)q @) —rf (h(a, b), v))h(a, b)
+ (¢ (@, u) —qu)t — f(h(a, b), v))h(az(a), b)
—g(b, av)(h(aP, b)+tu+6(a, u)).

Proof. This follows from (C3), Proposition 12.15(i) and (iii), Lemma 18.2 and
Corollary 18.6. U

Proposition 18.8. Let uy be as in Notation 16.1. Then
)
Uy = 67
where
8 = 10(b. @) — g — h(a, a0, @) + (b, O(a, ) +q(W)h(a. b)
+2h(bit, ah(a, b)) +2q(h(a, b))u — sv

Proof. By Proposition 12.15 and (14.2), we have
_ p _ —_
ur =h(=b, b1) + 6(&“1 +0(ar, u1))
o) _ _
=h(by, b2) + 6(“”1 +6(ar, uy)).

The sum of the elements £ in Proposition 17.8, § in Proposition 18.1 and ¢ in
Proposition 18.7 is

= f(h(a, b),0(a, v) +tv)h(a, b) — pg(u)u.
By Proposition 13.1, we have

,0_1L = —f(h(a, b), u)h(a, b) —qgu)u

and thus the sum of p~ !¢ with the elements w in Proposition 17.8, « in Proposition 18.1

and v in Proposition 18.7 is

t0(b, ) —0(b, h(b, aP)) — quwu — h(a, ad (b, i)
+0(b. 9(a. u) + q(u)h(a. b) + h(ah(a. b)i. b)
+ h(bit, ah(a, b)) — sv —h(aP, br(b)).
By Proposition A.6(i), we have
0(b. h(b.aP)) = —h(br(b), aP)+ Q(b)h(b, aP)
=h(aP, br(b)) + Q(b)h(aP,b) = —h(aP, br (b))
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and by (B2) and [Weiss 2006b, 3.6], we have
h(ah(a, b)ii, b) = —h(b, ah(a, b)i)
— —h(ah(a, b), bi) — f(h(b, ah(a, b)), &)u
= h(bu,ah(a, b))+ f(h(a,b), h(a,b))u
= h(bit, ah(a, b)) +2q(h(a, b))u.
Hence the claim holds. (]

19. A formula for

We are now in a position to determine a formula for the structure map of the
Moufang set M (A, w) defined in Definition 10.8 (modulo Conjecture 19.14). Our
main result is Theorem 19.7.

We continue with all the notation and assumptions in Hypothesis 9.1. Let w
be as in Proposition 9.2, let £, ¥, o, n and A be as in Notation 9.3, let v be as in
Notation 10.4 and let t be as in Notation 10.7.

Proposition 19.1. e =n"TE).
Proof. By Proposition 9.5(v), £(1) = £(E(g)) = £(€(F)) = g(M)e. Hence by
Proposition 9.5(iii), the claim holds. (]

Proposition 19.2. Let xi(a, t)x2(u)x3(b, s) € Cy,, 5/ (w). Then
() m(@) =n"*2EO 0, 1) + M (b)e.

(i) 7t f(EO D, 1), &) = Qb)°.

(iii) g (m(a) +1e) =nq(w(b) +s6)°.

(iv) Q(a) =nQ®)°.

Proof. By Proposition 9.15, we have a = ¢ (b) and

(19.3) q((a) +18) = q(r (Y (b)) + (ns® + M(b))e)

and by Propositions 7.13(d) and 19.1, we have

(Y (b)) =0 (D), )
=n"T oW ), £())
=n"T2E(0(b, 1)) + M(b)e.
Thus (i) holds. Since M (b) = 0 if char(K) # 2, it follows that
(19.4) g(m (W b))+ (ns° + M (b))e)
=q(n" OB, 1) +ns7¢)
=g EO b, 1) + 0757 F(EO D, X)), &) + s
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By Propositions 9.4, 9.5(iii) and 19.1, we have

FEO DB, 1), &) =n"" f(EO®B, L), ER)
= f(ODb, 1), 1)°.
By [Weiss 2006b, 4.9], we have f(6(b, 1), A) = Q(b)q(A). Therefore (ii) holds
and thus
(19.5) 757 f(5BB. 1), £) = n’s” Q(b)°.
By Propositions 7.13(i), 9.5(iii) and [Weiss 2006b, 4.22], we have

Mg (E@ B, 1) = g (Mg @b, 1)°
=" Mg g (b)) = n*q((b))°.
By (19.3), (19.4) and (19.5), therefore, (iii) holds. By (i), we have

Q(a) = f(m(a), &) =" f (5B, 1)), ¢).
By (ii), therefore, (iv) holds. U
Proposition 19.6. Let © be as in (14.3), let ¥, n, 0 and M be as in Notation 9.3,
let ¢ be as in Proposition 9.10 and let U be as in Notation 9.18. Let

®o(b, s, u) =O(¥(b), ns” +M(b), u, b, s)
forall [b,s,u] € U. Then

Oo(b, s, u) = n*q(r(b) +s5¢) ' +q (A (b), b)) — g)* — qu) f (u, ¢ w))
—q@) f (TP 1)), w(B)) + f(0(b, 1), O (b), w))
+f(u, ) f(OB), u), (b)) — f(b), u) f(OW D)., u), ¢)
— £ (&), 0, 0 (b), u)) + 50 (b), u))
+ (n(Q®) +9)7 +M®D)) f (¢ (w), (b, i) + su)
forall [b,s,u] € U

Proof. Recall that the map M in Proposition 7.13(d) is identically zero when
char(K) # 2 and that by Notation 9.18, h(y(b), b) = ¢ (u) +u for all [b, s, u] € U.
The claim holds, therefore, by Proposition 19.2 and a bit of calculation. ([

Here, at last, is our formula:

Theorem 19.7. Let w be as in Proposition 9.2, let ¥, n, o and M be as in
Notation 9.3, let ¢ be as in Proposition 9.10, let U be as in Notation 9.18 and
let T be as in Notation 10.7. Let [b, s, u] € U* and let ®y = O(b, s, u) be as in
Proposition 19.6. Suppose that

(19.8) q(m(b) +58)O0(b, s, u) £ 0.
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Then

(19.9) t([b, s u])—[i s ]
. k) k) - @07 @05 @0 k)

where

§= (15" +M(b))q () +n°q(x(b) +58)° (Q(b) — 5) + ¢ (Y (b), u)
+g(V O (b), u), b) + (n(Q(b) — ) + M(b))g (¥ (b)u, b),

b=—q)y b))+ n*q(m(b) +s¢) b (b) + s¢)
+ (n(Q) — )7 + M D)) (¥ D)u(w (D) + s&) — bh(yr(b)u, b))
+ U B0 (b), u) (T (D) + s8) — bh (W (BYO W (b), u), b)
— b (Y (b), u) — (ns” + M(b))q(u)b.
and
i =n(ns” +M®b))0(b. )
—nh(y B), Y D)0, ) + 1o (b, 6 (b), u))
+3ng W) () + 20> qu)’u
+ 2nh(bi, ¥ (b)¢ (u))
— nsO( (b), u) + n(n(QB) + )7 + M(b))su.

Proof. By Proposition 19.2(iii), g(w(a) + te) # 0, where a = {(b) and t =
ns® + M (b) and by Notation 9.18, h(yr(b), b) = ¢ (u) +u for all [b, s, u] € U. By
Proposition 9.10, we have ¢ (¢ (1)) = nlfaq(u)". The claim holds, therefore, by
Notation 10.4, 16.1, and Propositions 16.3, 16.4, 18.8. O

Proposition 19.10. Let U be as in Notation 9.18 and ® as in Proposition 19.6.
Let (b, s, u) € U and suppose that either q( (b) + se¢) # 0 or (b, s) = (0, 0) but
u #0. Then Oy(b, s, u) #0.

Proof. Letv = (m1ma4)?ho be as in Notation 10.4, let
p =Usxi(a, )x2(u)x3(b, s),

where a = ¥ (b) and t = ns® 4+ M(b), and let O and B be as in Proposition 11.8.
By Notation 10.7,

p'=Ust(b, s, u).
Since hg stabilizes the set U4U, we conclude that

(19.11) pmm)’ ¢ gL c O,
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Suppose now that g (7 (b) + se¢) # 0. By Proposition 19.2(iii), g (w(a) +te) # 0.
By Proposition 11.8, therefore, p™'"* € O. By (19.11) and a second application of
Proposition 11.8, it follows that p™'"4 € B. Thus g (7w (a;)+t1€) #0, where a; and #;
are as in Proposition 12.15. By (14.2), therefore, ®y(b, s, u) =O(a, t,u, b, s) # 0.
Suppose, instead, that (b, s) = (0, 0) but u # 0. Thus p = Usx,(u) and

a = (Usxa(u), Uiz 41%2(w), Upp,4), Upz 41, Us)

is a path of length 4 from p to Us. By Theorem 6.11(v), the pair (p, Uy) is in the
same G-orbit as the pair (w4, Us), where G is as in Hypothesis 9.1. Since

(wa, ws, Upz,41, Up3 41, Us)

is a straight 4-path (i.e., a root) from w4 to Uy, it follows that there exists a root
from (w4, Us). By [Miihlherr and Weiss > 2020, 1.2.28(ii) and 1.3.18], every path
of length at most 4 from wy to Uy is a root. Hence « is a root. In particular, «
is straight and thus the vertices Uz 41x2(u) and Uy 47 are opposite at Upp 47. By
[Miihlherr and Weiss 2020, 6.4(ii)], therefore, g(u) # 0. By (14.3), we have
©(0,0,u,0,0) =g (u)> # 0 and hence O (b, s, u) # 0 also in this case. O

Corollary 19.12. Let F be as in Remark 9.12, let V ={[b, s, u]l € U | b =0} and let

q0(0, s, u) = q(u) — s

for all (0,s,u) € V. Then qq is an anisotropic quadratic form on V as a vector
space over F.

Proof. By Proposition 9.15, [0, s,u] € U for s € K and u € L if and only if
C(u) = —u. Thus if [0, s, u] € V, then f(u, {(u)) = —2¢q(u). By Remark 9.13, gq
is a quadratic form on 'V as a vector space over F' and by Proposition 19.6,

O (0, s, u) = (q(u) —ns”*')?
for all (0, s, u) € V. By Proposition 19.10, therefore, ¢ is anisotropic. O

Corollary 19.13. The field K is infinite.

Proof. By Remarks 7.6 and 9.12, dimp go > 7 and K/ F is a quadratic extension.
Over a finite field, there are no anisotropic quadratic forms of dimension greater
than 2; see, for example, [Tits and Weiss 2002, 34.3]. By Corollary 19.12, therefore,
F is infinite. Hence K is infinite. ([

Conjecture 19.14. We conjecture that O (b, s, t) # 0 for all [b, s, u] € U such that
(b, s) # 0 but g(;w (b) + se) = 0. This holds vacuously if the quadrangular algebra
E is anisotropic; see Notation 2.2. By Proposition 19.10, this conjecture would
imply that ® is anisotropic.
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Proposition 19.15. Suppose that Conjecture 19.14 holds. Then the hypothesis
(19.8) in Theorem 19.7 is superfluous.

Proof. Exactly as at the end of [Miihlherr and Weiss > 2020, Section 3.7], we
observe that the function t defined in Notation 10.7 is a regular map from U* to
itself. Since © is anisotropic, we can let T denote the map from U* to Uy 37 defined
by the expression on the right-hand side of (19.9). The map 7 is also regular and by
Theorem 19.7, T and 7 agree on a Zariski dense subset of U*. By Corollary 19.13,
K is infinite. It follows that T = 7. O

Conjecture 19.16. Suppose only that w is as Proposition 9.2. We conjecture, but
with less confidence, that the hypothesis that Gy := (w) is as in Hypothesis 8.4
is, in fact, equivalent with the assumption that the restriction of ® to Cy,, , (w) is
anisotropic.

Conjecture 19.17. We conjecture that the form ®y is, up to similarity, an invariant
of the Moufang set M (A, w).

Appendix

In this appendix we assemble a few elementary properties of quadrangular algebras
that cannot be found in [Weiss 2006b].

Let 2 =(K,L,q, f,e,X, -, h,0) be a quadrangular algebra as defined in
Definition 2.1. Let v — v, ¢ and 7 be as in (A1), (C4) and (D1).

Proposition A.1. Leta € X andu € L. Then
7 (au) = q(u)m(a) — f (. &)0(a, 1) + f(@(a, 1), )i+ (a, we.
Proof. Set w = ¢ in (C4). U
Proposition A.2. Foralla e X andallu e L,
aur(au) = q(u)ab(a, u) + ¢(a, u)au.

Proof. This holds by [Weiss 2006a, 3.18]. (In [Weiss 2006a], it is assumed that
the quadrangular algebra is anisotropic, but given [Miihlherr and Weiss 2019,
Conclusion 7.5], it is straightforward to check that the proof remains valid in the
present context.) U

Proposition A.3. Leta € X, t € K and u € L. Then the following hold.:
@) qO(a,u)+1tu) =q(w(a)+re)qu).
(ii) q (7 (au) +1q) +d(a, w)) = g(x(a) + 1e)q (w)*.

Proof. These assertions hold by [Weiss 2009, 21.10]. (In [Weiss 2009], it is assumed
that the quadrangular algebra is anisotropic, but given [Miihlherr and Weiss 2019,
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Conclusion 7.5], it is straightforward to check that the proof remains valid in the
present context.) U

Proposition Ad. Leta € X,r € K andu € L and let P = 7 (a) + re. Then the
following hold:
(i) O(aP,u) =q(P)b(a,u).

(i) ¢(a,0(a, u)+ru)=¢@P,u).
(i) q(P)h(a,b) =6(a, h(aP,b))+rh(aP,b).

Proof. These assertions hold by [Tits and Weiss 2002, 13.67(i)—(iii)]. (Given
[Miihlherr and Weiss 2019, Conclusion 7.5], it is straightforward to check that the
proofs in [Tits and Weiss 2002] remain valid in the present context.) (]

Remark A.5. The notion of a quadrangular algebra had not yet been formulated
when [Tits and Weiss 2002] was written. The axioms defining a quadrangular
algebra, however, can all be found in [Tits and Weiss 2002, Chapter 13] with the
same notion as in Definition 2.1 with one small exception: If we call the function
g introduced in [Tits and Weiss 2002, 13.26] for the moment g’ and let g be as
in (C3), then g'(a, b) = g(b, a) for all a, b € X. See, in particular, [Tits and Weiss
2002, 13.37] and the remark (viii) on page 7 of [Weiss 2006b].

Proposition A.6. The following hold for all a, b € X and all u € L, where Q is as
in Notation 2.3.

() 6(a, h(a, b)) = Q(a)h(a, b) — h(aw(a), b).
(ii) 0(a, h(am(a), b)) = q(w(a))h(a, b).
(iii) O(a, h(au, b)) = —f(h(a, b), )b (a,u) — f(h(b, a, Jr(a))u

+ Q(a)h(au, b) + h(ab(a, u), b) + f(h(a, b), u)w(a).

Proof. The assertions (i) and (ii) hold by (e) and (f) at the bottom of page 120 of
[Tits and Weiss 2002] (in the proof of [Tits and Weiss 2002, 13.67](iii)). Choose
a,b e X and u € L. First note that by [Weiss 2006b, 4.9(i)],
f(6a,u), h(b, au)) = f(h(b, aub(a, u)), ¢)
=—f(h(,ab(a,w), &) + f(h(b,a), e) f(0(a, u), u)
= —f(h(b, an(@)un), ) + Q(a@)qgw) f (h(b, a), €)
= —q) f(h(b, an(a)), £) + Q(a)q(u) f (h(b, a), )
=q) f(h(b,a), —m(a) + Q(a)e)
=q@) f(h(b, a), 7(@)).
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By (C4), therefore, we have

0(au, h(au, b)) = q)0 (a, hau, b)) — f(h(au, b), @)6 (@, u)
+ f(6(a, w), h(au, b))u +¢(a, wh(au, b)
=qw)0(a, h(au, b)) — f(h(auii, b), &) (a, u)
— f(0(a, u), h(b, au))u+ ¢ (a, u)h(au, b)
=q(u) f(h(au,b), &)m(a) — qw)b(a, h(au, b))
—q) f(h(a,b),e)0(a,u) —qu) f(hb,a),n(a))u
+ ¢ (a,u)h(au, b).

By Propositions 13.5, A.2 and (i), on the other hand, we have

0(au, h(au, b)) = q(u) Q(a)h(au, b) — h(auw (au), b)
=qw)Q(a)h(au,b) —q(u)h(ab(a,u), b) + ¢(a, u)h(au,b).

We set these two expressions equal and delete the term ¢ (a, u)h(au, b) that appears
on both sides. All the remaining terms have g (u) as a factor. If we assume that
q(u) # 0 and delete all these factors, we obtain (iii). Thus (iii) holds under the
assumption that g (1) # 0. Since every term in (iii) is linear in # and every element
of L can be written as a sum u; + u, with ¢(u) and g (u;) nonzero, we conclude
that (iii) holds in general. (This is the same argument we used at the end of the
proof of Proposition 17.5.) O

We leave it to the reader to confirm that if we set u = ¢ and u = 7 (a) in
Proposition A.6(iii), we obtain Proposition A.6(i) and (ii), respectively.

Proposition A.7. Leta, b € X and u € L. Then q(h(a, bu)) = q(h(b, au)).
Proof. By (B2), we have
q(h(b,au)) = q(h(a, bu)) + f(h(b, a), &) f (h(a, bu), u) + f (h(b, a), £)*q(u).
By (A3) and [Weiss 2006b, 3.7],
f(h(a,bu), u) = f(h(a, buin), &) = f(h(a, b), &)q(u)
and by [Weiss 2006b, 3.6],
f(h(a,b), &)= f(h(a,b), &) =—f(hb,a),e).

Hence f(h(b,a), ¢) f (h(a, bu), u) + f(h(b,a), £)*q(u) = 0. ]
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GLOBALLY ANALYTIC
PRINCIPAL SERIES REPRESENTATION
AND LANGLANDS BASE CHANGE

JISHNU RAY

S. Orlik and M. Strauch have studied locally analytic principal series repre-
sentation for general p-adic reductive groups generalizing an earlier work
of P. Schneider for GL(2) and related the condition of irreducibility of such
locally analytic representation with that of a suitable Verma module. We take
the case of GL(n) and study the globally analytic principal series representa-
tion under the action of the pro-p Iwahori subgroup of GL(n, Z,), following
the notion of globally analytic representations introduced by M. Emerton.
Furthermore, we relate the condition of irreducibility of our globally analytic
principal series to that of a Verma module. Finally, using the Steinberg tensor
product theorem, we construct the Langlands base change of our globally
analytic principal series to a finite unramified extension of Q.

1. Introduction

In this paper we construct a globally analytic (also called rigid analytic) principal
series representation of the pro-p Iwahori subgroups of GL,(Z,) and determine
when it is irreducible. Furthermore, we construct base change of our rigid analytic
representation to a finite unramified extension of @ . This extends earlier works of
Robert [1984; 1985] for SL, and Clozel [2018] for GL,.

Denote by G the pro-p Iwahori subgroup of GL,,(Z,) (the group of matrices in
GL,(Z)) that are lower unipotent modulo pZ,) and by B the subgroup of matrices
in GL,(Z,) which are lower triangular modulo pZ,. Let Py and T be the set of
upper triangular and diagonal matrices in B, respectively. Let Qg = PyN G. Let
P be the Borel subgroup of upper triangular matrices in GL,(Z,), and let W be
the Weyl group (isomorphic to the permutation group S,) of GL,(Q),) with respect
to its maximal torus. Define

Pr=BnwPtw™!, weWw.
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Let K be a finite extension of Q,, let x : Tp — K~ be a locally analytic character

with x (t1, ..., 1) = x1(t1) - - - xu(tn), and x; (t) =t = 198" where ¢; € K, for

t sufficiently close to 1 in Z,, and where e is the exponential function.
Throughout this article, we use the following definitions.

(1) Let Ajoc(B, K) be the space of locally analytic functions on B with values in K.
These are functions from B to K such that for any x € B we can find a ball B, (x)
of radius r, (depending on x) around x such that f can be written as a power series
with coefficients in K which converges on B, (x) [Schneider 2011].

(2) Letindf (X)ioe = {f € Aoc(B, K) : f(gh) = x(b™") f(g), b€ Py, g € B

(3) Let indg (X)ioe = {f € Aloc(G. K) 1 f(gb) = x(b~") f(8). b € Qo. g € G}
Note that B = U Py and G = U Q, where U is the lower unipotent subgroup of B
(or G). Therefore, we can obviously see that, as a vector space,

ind, (O1oe = Aloe (U, K) = ind (0toc-

(4) Let d be the dimension of the p-adic Lie group U. Let A(U, K) be the space of
globally analytic functions inside Ajoc (B, K). Any element f € A(U, K) is of the
form f = ZveN" cya’ with lim,|, o |c,| = 0. The space A(U, K) is a K-Banach
space with the sup norm on f defined by

| f1 = suplc,|

(see [Bosch 2014, Chapter 2]). This is also known as the Tate algebra of globally
analytic (sometimes called “rigid analytic”) functions on U (see [Bosch 2014]).
By (2) above, the vector space of globally analytic functions inside indlg0 (X)10c (or
indgo(x)loc) is isomorphic to A(U, K).

(5) The action of G on the globally analytic vectors A(U, K) of indfg0 (X)10c 18 given
by the left translation /2 - f(g) — f(h~'g), h e G.

(6) Recall that for any K-Banach space V with norm | - |, a representation & of G
on V is called a globally analytic representation if the map

g g-v=m(gv

is globally analytic on G for all v € V. Therefore, in coordinates (xi, ..., x;)
with [ = dim(G),
g-v= Z xFuy,
k

where vy € V and |vg| — 0. Here k = (ky, ..., k) and x* =xfl ---xlkl, ki e N
(see [Emerton 2017; Clozel 2018, Section 2]). For a detailed discussion on globally
analytic representation, see [Emerton 2017].
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(7) Write x = (X1, ..., xn), xi(1+ pu;) =ei1°20+ru) for ¢; € K, u; close to 0,
i € [1,n]. The exponential is analytic (in K) in the domain v,(z) > ¢/(p — 1)
where e = e(K) is the ramification index of K and v, is the normalized valuation,
v,(p) = 1. Now,

vp(cilog(l + pu;)) = v,(ci) +1+v,(u;).

So we say that y is analytic if and only if v, (¢;) > e/(p — 1) — 1 (see (3-10)).
Then, we show in Lemmas 3.2, 3.3 and 3.7 that the action of G on the globally

analytic vectors A(U, K) of indﬁo( X)loc 1S a globally analytic action of G, that is,

it gives a globally analytic representation of G, in the sense of Emerton [2017].
Let u be the linear form from the Lie algebra of the torus 7y to K given by

n
= (=ci,...,c) : Diag(ti, ... ta) = »_ —citi,
i=1

where t = (t;) € Lie(Tp) and ¢; € K. For negative root « = (i, j), i > J, let
Hi jy=E;; — Ej ;j where E;; is the standard elementary matrix.
Using Theorems 3.8 and 3.9, we will show the following:

Theorem. Assume p > n+1 and x is analytic. Then the space of globally analytic
vectors of indﬁ’;0 (X)10c is an admissible and globally analytic representation of G.
Furthermore, the space of globally analytic vectors of indfg0 (X)1oc Is irreducible if
andonly if —u(Hy) +i—j ¢1{1,2,3,...} foralla = (i, j) € .

Here, the admissibility is in the sense of [Emerton 2017] (see also [Clozel 2018,
Section 2.3]).

For global analyticity, we compute explicitly the action of G on the Tate algebra
of globally analytic functions of indf,o( X)loc and show that the action map is a
globally analytic function on G seen as a rigid analytic space. For this, we have to
do a lot of new technical computations, which were not necessary for the GL(2)
case by Clozel [2018]. In particular, see Lemmas 3.4-3.7. For the irreducibility
we first use the action of the Lie algebra of G to show that any nonzero closed
G-invariant subspace of the globally analytic vectors of indg0 (X)10c contains the
constant function 1. Unlike the GL(2) case, the remaining part of the argument for
the proof of irreducibility uses the notion of Verma modules and its condition of
irreducibility, a result of Bernstein, Gelfand and Gelfand.

Strikingly, one can check easily that the condition that we obtain for irreducibility
of the globally analytic principal series is the same condition as the irreducibility
of the locally analytic principal series ind,‘io( X)loc, deduced by Schneider and
Teitelbaum [2002, Theorems 5.4 and 5.6, Corollary 5.7] for GL(2) and Orlik and
Strauch for GL(n) [Orlik and Strauch 2010, Theorems 3.4.12 and 4.1.1] although our
style of proof is completely different from their proof. Note that in Theorem 4.1.1
of [Orlik and Strauch 2010], there is a typo where the authors quote the result
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in [Dixmier 1977] of the irreducibility of a Verma module due to Bernstein, Gelfand
and Gelfand. For the correct result of irreducibility one should look at [Dixmier
1977, Theorem 7.6.24].

The preliminaries are included in Section 2. The main result is discussed in
Section 3A. In Section 3B, we extend these results to the pro-p Iwahori group of
GL, (L) where L is an unramified finite extension of Q. Then, in Theorem 3.19,
we use the Steinberg tensor product [1963] to construct base change in the context
of Langlands functoriality.

In Section 4, we deal with the globally analytic vectors induced from the Weyl
orbit of the upper triangular Borel subgroup of the Iwahori subgroup B, i.e., the
globally analytic vectors of indjzw+ (X™)10e, Where xu(h) = x (w™'hw).

Our work is just the tip of an iceberg in the domain of globally analytic repre-
sentations and it leads to a plethora of future questions; some of them are discussed
at the end of Section 4.

2. Base change maps for analytic functions

We introduce the basic notions of rigid analytic geometry, including a brief dis-
cussion on the restriction of scalars. Then we briefly recall (following [Clozel
2018]) the notions of holomorphic and Langlands base change functors from a
globally analytic representation over @, to a representation over L. The Langlands
base change is related to the “Steinberg tensor product” described at the end of
Section 1.1 of [Clozel 2017] for GL(2).

2A. Let L be a finite unramified extension of @, of degree N, with ring of in-
tegers Or. Given a formal scheme Xp, over Or, Bertapelle [2000] constructs a
Weil restriction functor which associates to Xp, another formal scheme over Z,,.
Let X, be the rigid analytic space associated to the formal scheme Xp, . Bertapelle’s
construction gives a Weil restriction functor (we will call it as restriction of scalars)
which associates to X, another rigid analytic space Resy;q, (X.) over Q,. Although
we will not recall the construction of this functor for general rigid analytic spaces
and formal schemes, we do recall how this functor behaves with respect to affinoid
rigid analytic spaces which is what we will need in this article. An interested
reader should consult [Bertapelle 2000] for the most general construction of this
restriction functor. Let (B! /L) be the (rigid analytic affinoid) closed unit ball over L
with its Tate algebra of analytic functions 7;, = L{x) and G, be a rigid analytic
group isomorphic as a rigid analytic space to (B'/L)? which is a rigid analytic
space with affinoid algebra A(Gp) := @dTL :=Ta(L) = L{xy, ..., xq), the Tate
algebra of analytic functions in d variables with coefficients in L. The restriction of
scalars functor [Bertapelle 2000] associates to G, a rigid analytic space Resy/q,GL
over Q,. In general, this functor does not behave trivially, but L being unramified,



THE PRO-p IWAHORI SUBGROUP OF GL(n) AND BASE CHANGE 459

we obtain
Res.ja,(B'/L) = (B'/Q,)",

[Clozel 2018, Lemma 1.1] which is canonically obtained by the choice of a basis (e;)
of Or over Z,. This is defined in the following way. For an affinoid Q,-algebra B
and for f € Homy (L(x), B®q, L) with f(x) = Y bie; (b; € B), we canonically
define a function ¢ € Homg, (Qp(x1, ..., xn), B) with g(x;) = b; which is given by

2-1) glxr, ..., xy) = f(Zw)

([Clozel 2018, Section 1.1]; see also [Bertapelle 2000, Proposition 1.8]). Since
e; is integral and |x;| < 1 it is easy to see that the series on the right converges.
As the restriction of scalars is compatible with direct products [Bertapelle 2000,
Proposition 1.8], Resy /g, GL = (Bl/@p)dN. Henceforth, we write Res Gy, to denote
Res L/Q, GL .

2B. Assume now that G; = (B'/L)? is obtained by extension of scalars from Q -
Then, the Tate algebra A(G) is equal to A(Gq,) ® L. The comultiplication map m”,
defined by a morphism

m* : A(G) — A(GL)RA(GL)

with image inside the completed tensor product, is obtained by extension of scalars
from
my 1 A(Gg,) — A(Gq,)®A(Gq,).

Note that (2-1) associates to f € A(Gp) (with L-coefficients, i.e., in T;(L)) a
function g € A(Res G1) ® L (the function g given in (2-1) will have coefficients
in L). In particular, we get a map A(Gg,) — A(Res G1) ® L in composing with
the “tautological map”

A(Ga,) — A(GL).
This gives us the map
(2-2) by : A(Gg,) > AResGL)® L,
and we call it as a “holomorphic base change” map. The Galois group
¥ =Gal(L/Q))

naturally acts on L which induces a natural action of ¥ on the pro-p Iwahori
with coefficients in L. This action is Q,-linear. Therefore X acts naturally on G,
with a Q,-linear action. Note also that the action of ¥ on Res G, is Q,-linear.
Recall from (2-2) that b; sends A(Gg p) to the functions that are L-holomorphic
(given by power series Y anx™, a, € L, with x = (x1, ..., x4) being the variable).
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Let o € X. Then the action associated to o sends a power series in A(Gg,) to
> amx™)’ :=3" o (a,)x™. This gives rise to a map

(2-3) b: A(G@p) — ARes G1) Q L,
(2-4) b(f)=[]bi(h) .
oEX

We now consider all Tate algebras to have coefficients in L and we denote them by
Apr. Thatis, A7 (Res Gr) = A(Res G1) ® L and A7 (Gr) := A(Gr). Clozel [2018,
Proposition 1.5] has shown that the map b constructed in (2-3) is actually a tensor
product and gives rise to an isomorphism .4; (Res Gr) = @UAL(GL).

Fix a finite extension K of Q, and an injectioni : L C K. If 0 € Gal(L/Q,),

we then have the injection
ioo:L— K.

Denote by V a (globally) analytic representation of Gg, on a K- Banach space.
Then V naturally extends to an analytic representation of Gy ; this is called the
holomorphic base change of V in [Clozel 2018]. For o € Gal(L/Q),), write V the
representation of Gy associated to i o o. Then, the full (Langlands) base change of
V' is defined to be the globally analytic representation of Resy g, (GL) on RV
(see [Clozel 2018, Definition 3.2]).

3. Globally analytic principal series for GL(n)

We first recall the notion of locally analytic principal series representation induced
from the Borel to the Iwahori subgroup of GL(n, Z,). Then we treat the action of the
pro-p Iwahori on the subspace of rigid analytic functions within the locally analytic
principal series and show that this action is a globally analytic action (Theorem 3.8).
This gives us the globally analytic induced principal series representation under the
pro-p Iwahori subgroup G. Furthermore, we treat the condition of irreducibility of
the globally analytic principal series by translating an irreducibility condition of a
suitable Verma module (Theorem 3.9). Finally in Section 3B we base change our
globally analytic representation to a finite unramified extension L of Q.

3A. We consider the case of principal series for GL,(Z,). Denote by G the pro-p
Iwahori subgroup of GL,(Z,), i.e., the group of matrices in GL,(Z,) that are
lower unipotent modulo pZ, and by B the subgroup of matrices in GL, (Z,) which
are lower triangular modulo pZ,. Let Py D Tj be the set of upper triangular and
diagonal matrices in B, and let x : Tp — K be a locally analytic character with

X(tlv ---7tn) =X1(tl)' "Xn(tn),

and x; () =t“. Here t“ is the exponential e“ log(*) where ¢; € K for t sufficiently
closeto 1in Z,.
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We first consider the locally analytic induced representation of B,

Jioc = indgo(X)loc = {f € Aloc(B’ K) : f(gb) = X(b_l)f(g), be Py, PSS B}»

where yx is naturally extended to Py and Ajoc(B, K) is the space of locally analytic
functions on B. With U the lower unipotent subgroup of B with entries in Z, in
the lower triangular part, 1 in the diagonal entries and O elsewhere, we have the
natural decomposition

B=UP,.

Since x is fixed and G is an open normal subgroup of B, the restriction of the
functions of Jioc to G C B is injective [Clozel 2018, Section 3.3]. With Qg = PyNG,
we deduce that the vector space of Jio is

(3-D hoe = {f € Aoc(G, K) : f(gb) = x(b~") f(g), b€ Qo, g €G}.

With the decomposition G = U Qg, we see that [joc = .A]oc(Zg,"("_l))/z, K) =
Aioc(U, K). Here, Z,, is seen as the rigid analytic (additive) group B! (Zp). The
group G acts on i by the left translation

(3-2) h-f(g)— f(h'g).

Let E; ; be the elementary matrices with 1 in the (i, j)-th place and 0 elsewhere.
From now on, we assume

p>n+1;

then G is p-saturated in the sense of [Lazard 1965, III, 3.2.7.5] and thus, it is
the ordered product (as a rigid analytic group) of the following one-parameter
subgroups:

(1) First, for y € Z,, take the one-parameter lower unipotent matrices by the
following lexicographic order: the one-parameter group of matrices (1+yE; ;)
comes before the one-parameter group of matrices(1 + yEy ;) if and only if
i <kori=kand j <I. Notethat (I1+ yE;;) and (1 + yEy ) are lower
unipotent, and hence i > j and k > [.

(2) Then, for #, = 1[p] and k € [1, n], take the one-parameter diagonal subgroups
& Exx + Z?:Li ~h E; ;) starting from the top left extreme to the low right
extreme.

(3) Finally, for y € pZ,, take the upper unipotent matrices in the following
order: the one-parameter group of matrices (1 + yE; ;) comes before the
one-parameter group of matrices (1 4+ yEy ;) if and only if i > k or i =k and
J > 1. Note that (1 + yE; ;) and (1 + yEy ;) are upper unipotent, and hence
i<jandk <.
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That is, for the lower unipotent matrices, we start with the top and left extreme and
then fill the lines from the left, going down and for the upper unipotent matrices we
start with the low and right extreme and then fill the lines from the right, going up.
(See [Lazard 1965, III, 3.3.2] for the rigid analyticity and see Theorem 2.2.1 and
Remark 2.2.2 of [Ray 2020] for the order of the product, i.e., an ordered Lazard
basis of G, although in [Ray 2020] we have taken G to be upper unipotent matrices
modulo p but this does not matter).
Let now

A=AU, K)=A@Zy"D? K)
be the subspace of globally analytic functions of
Loe = Aloc(U» K)

Thus f € Ais a globally analytic function in the variables g; ; on U, that is,

fA) = Z cva’

veNd

such that ¢, € K and |c,| = 0 as |[v| > oo. Here d =n(n—1))/2, a =
(@2,1,a3,1,a32,...,0n,0-1) € Zf, with the lexicographic ordering of a; ; as in (1),
V=(V21,V31,..., AUy pn—1) € NY, a¥ :a;fi‘ .. .a::’h”:'l and [v|=vy 14 -+ Vyp-1.

We now seek conditions such that if f is a globally analytic function on G and

the action of G is defined as above, then the map

hish-f(g)=fh™'g)
is globally analytic.

Lemma 3.1. With the above notation, for p > n+1, the action of G on f € A(U, K),
i.e.,the map h+— h- f,is a globally analytic function on G if and only if it is so for
all one-parameter (rigid analytic) subgroups and the diagonal subgroup of which
G is the product.

Proof. This follows from the same argument as in the discussion after Lemma 3.4
of [Clozel 2018]. O

Thus, our goal is to verify the analyticity of the action of the diagonal subgroup,
the one-parameter lower unipotent subgroups and the one-parameter upper unipotent
subgroups of G which are treated in Lemmas 3.2, 3.3 and 3.7, respectively.

Let A = (a; j);,; be any matrix in U (i.e.,a;; =1 and q; ; =0 for i < j) and

n
T =Diag(ti,....t) = Y _ tcExs
k=1

be any element in the diagonal To N G, where t; € 1 + pZ,,. Assume f € Ijoc, then
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the action of T on f, given by (3-2), is

T- f(A) = f(Diag(t; ', ..., 1, A)

((Zm)(Z )

i,j=1

f( W ak]EkJ>
Jj.k=1

=f Z l‘k tjakjEkj><ZtJ'_lEj,j))
k,j=1 =1

:f( Z
k,j=1

Interchanging indices k — i, we obtain

(3-3) (ZtiEi,i) : f( Z fli,jEi,j> = f< Z f,-_ltjai,jEi,j>X(f1, e bn)
i=1

ij=1 ij=1

fk_ltjak,jEk,j>x(n, ceesty) (from (3-1)).

witha;; =1, a; j=0fori < jandt; =1 (mod p).

Taking f =1 we see that x(¢1, ..., t,) must be an analytic function. By (3-3),
for fixed k € [1, n] considering the action of the matrix (1 Exx + Dtk Ei;)
on f we obtain

(3-4) (zkEkk+ Z ) (A)

i=1,i#k
k—1 n
-1
= f< Z au,vEu,v +ak,kEk,k+Ztk ak,jEk’j + Z tkai,kEi,k>
u, vk j=1 i=k+1
u>v

) x(L, .oty 1)
= FOx(1, .ty 1)

where C is the matrix
k—1

( Z aquuv+akkEkk+Ztk akJEkj+ Z tkél,kE,k)

u,v£k j=1 i=k+1

u>v

Assume now that f is globally analytic in the variables a; ; on U, that is,

(3-5) fA)=Y ca’,

veNd
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such that ¢, € K and |c,| — 0. Then with ty =1+ p&;, & € Z,,

(3-6) FO= ¢, <a,§k,j I L)(l_[(tk a ) ,)( I (tkai’k)w.k)
v u,v#k

i=k+1
u>v

k—1 "
-7 =Zcu(ai‘k Ha””)<ﬂ<1+psk> a)( []+pt )”w«a”w)
v j=1

u, vk i=k+1

u>v

Recall that for [v| < 1, m € N, we have (1 —v)™ =}, (m+(j_1)vq. Now,
inserting the expressions

(Vi gk —1
(+pg) = Y ( It )(_pgk)qk,j
qr,j=0 9k j

and

Vi k
i Vik\ u i
(14 p&)"t = Z (ul~k)p gk
i

ui =0

into (3-7) we obtain, with |g| :=qx.1 + - + qrk—1, |t| = Upsr1k + -+ ty and
Umax = ]—[7:k+1 vi,kv

k—1 00
-l [ (i)

u,v#k j=1 qr.j =0 »J
u>v
Vi k v
ik Uik uzk Vi k
(T X ()maar)
i=k+1 u;x=0
Vi, j+4k, o
Vk, v j i~ .
=yeati Ta)(Se( S TI( 5 epads
v u,v#£k N>0 lg|=N j=1
u>v )
max
M Vik u,k Vi k
(Xa( I a}y
Uik
M=0 lu|=M i=k+1

Let fn and gjs be defined by

(3-8) fn= ( Z 1—[ (Uk gt ak— )(_p)q&ja:fﬁjj>’

lg|=N j=1

(3-9) gMz( Z l_[ (v,k> ”’kav’kk)

lul=M i=k+1
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Then,

FO=> calf an'y (Z &k fN) ( > fifng>
u, vk NZ0 M=0

v
u>v

—ka (ch(am ar) Y ngM)-

m>0 u,v#k N+M=m
u>v

Recall from the introduction that any element f € A(U, K) is of the form
=Y e
veNd

with lim,|— oo |cy| = 0. The space A(U, K) is a K-Banach space with the sup norm
on f defined by

| f1 = suplcy|

(see [Bosch 2014, Chapter 2]). Recall that for any K -Banach space V with norm | - |,
a representation 7 of G on V is called a globally analytic representation if the map

g g-v=m(gv

is globally analytic on G for all v € V. Thus, in coordinates (xi, ..., x;) with
I =dim(G),
g-v= Zxkvk
k
where v € V and |vi| — 0. Here k = (kq, ..., k;) and xk =fo xl ' ki € N (see

[Emerton 2017; Clozel 2018, Section 2]).

Now, with #x = 1+ pé&, & € Z,, in order to show that the action of the one-
parameter diagonal subgroup f# (Ex x) + Z;’#k’izl E;;on f e AU, K) is analytic
we have to show that the map

Z,— AU, K),

ékH((l+p§k)Ek,k+ Z El,l)f:f(C)X(l’vl+p§k’vl)

i=1,i#k

is a globally analytic map on Z,,. The norm of the coefficient of ", in (3-10), is

(e [Lei) 32 mow)]
v uﬁv;zé)k N+M=m

Notice that, since N, M <m and fn, gu € Z), from (3-8) and (3-9), the quantity

Vu,v

(a,‘:kk" Tlvstk. umv Qs 2Nt pi—m SN &w) has finite sum and product and hence lies



466 JISHNU RAY

in Z,. Hence,

(o TTai) X svew)| o0
v u,v#k N+M=m
u>v

as |c,| — 0 with v — oo. This gives the analyticity of the action f — f(C).
We treat the analyticity of the character y in general. Write x = (X1, ..., Xn)»
xi (14 pu;) = ei1°20+rud) for ¢; € K, u;j closeto 0, i €[1,n]. The exponential is
analytic (in K) in the domain v,(z) > e/(p — 1) where e = e(K) is the verification
index and v, is the normalized valuation, v,(p) = 1. Now,

vp(cilog(l+ pu;)) =v,(ci) +1+v,(u;).

So we must have
e
v, (c; 1> ——;
p(ci) + —1

that is,

e

(3-10) vp(ci) > o1

-1

We say that x is “analytic” if and only if the ¢;’s verify the condition (3-10) and in
the rest of this text we assume that our character x is analytic. It is easy to see that

if x is analytic, then x (1, ..., 1+ p&, ..., 1) is an analytic function on &. The
character
o0
x(, ..., 14+p&, ..., 1) = (14 pé&) = ch(1+pf;‘k)” (since xi is analytic)
n=0

£

-2 (r2e()

n>u
The norm of the coefficient of & is

o0

Py (Z)

n=>u

which goes to 0 as |c,| — 0 with n — oo. Thus, we have shown:

Lemma 3.2. Under the hypothesis (3-10), for each k € [1, n], the action of the one-

parameter diagonal subgroup (tkEk r+ Zl Lidkk E; ,) of G on A(Z("(" 072 , K)

given by (3-4) is an analytic action.
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Fory e Z, andi > j, with i, j fixed between 1, ..., n, the action of the one-
parameter (rigid analytic) subgroup (1 + yE; ;) on f(A), given by (3-2) is

G-11)  (I4+yEi ) f(A) = f(A+yE )~ A) = f((1 —yEi j)A)

= f((l - yEi,j)( Z ak,lEk,l>>

k>1
k,le[1,n]
= f( > aiEei— Y yaj,in,l) = f(B),
k=1 I=1,....j
k,1€01,n]

where B is the matrix
J
Z ag Eg — Z yajiEij.
k=1, k.l€[1,n] I=1
One can easily see that the matrix B = (b,,) is lower unipotent and differs from
matrix A only in the first j entries of its i-th row. In particular,
bi,v =dijy—Ydjy

forall v € [1, j], aj; =1, and all other b, , are the same as a, , (recall that A is
lower unipotent).
Now, let f be a globally analytic function on U as in (3-5). That is

f@=>Y ca’

veNd

. 1% V, —
with a" =a,' ---a,"""| and |c,| — 0. Then, we have to show that

(I+yEi ;) f = f(B)
gives an analytic map
Z,— AU, K),
y—=> (+yEij)f=f(B).
The power series f(B) is equal to

J
Z cy (( 1_[ a:f,'&f) ( l—[(ai,k - yaj,k)vi’k>)-
k=1

v u>v
U=1=v>]j

For each k € [1, j], inserting the expansion
Vik
; Vik ik ik o Vik—Mik
(i — yaj)"™ = Z ( )ym (a0 ay

m;
mix=0 ik
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into f(B) we obtain, for M = ]_[]{:1 Viks Iml=mi1+-+mj,

J Vi k .
f(B):ZCu (( 1_[ a;‘:i}’) (H( Z r::ji)ymi‘k(_aj’k)m;,/{a;)’i],(kmi,k)))

u=v k=1 “m; ;=0
H(U’k>( aj0)"a ’")))
k=1

2N

u=i=v>j

Sl 1

u=v N=0 |m|=N
"= l:>U>j mi,re[ovvi,r]
M
v Vi k Vi —m
:ZCU(Z yN (( 1_[ au?i)v> 1_[< 1 >( a k)m‘ka i,k lk))
v N=0 _u>v Im|=N k=1
U=1=v>]j mi v €[0,vi.4]

:%yN(ZC"(( [1 “x“v”> |Z H(V”‘)( aj )"l m))

N=0 v _u>v ml=N k=1
U=1=v>]j mi+€[0,v7.4]
M
N
=2 " fv.
N=0
where .
J
pe=e(( T a) X TT( )aoma ).
v u>v m=N k=1 mik
U=1=v>]j m,,e[O il
Define
v k v
o= (T ) XTIt )camomar™)
kv |m|l=N k=1
U=1=—=v>j m,g*E[O,vi,*]

such that fy =) c,s(N, v). Notice that since m; x < v; for all k € [1, j], the
sum in s(N, v) is a finite sum and thus s(N, v) lies in Z,. Therefore, the norm of
the coefficient of yV is | fy| = |, cus(N, v)| which goes to 0 as |c,| — 0 with
|[v| — oo. This gives the analyticity of the map y — (1+ E; ;) f = f(B).
Therefore, we have shown:
Lemma 3.3. Fory € Z, and i > j, the action of the lower unipotent (rigid analytic)
one-parameter subgroup (I+yE;j)ofGon f € A(Z(n(" /2 , K) given by (3-11)
is an analytic action.
It remains to check the analyticity of the action (3-2) by triangular superior
matrices of the form (1+ yE; ;) fori < j, i, j €[l,n], y € pZ,. Recall that the
action of (1 4+ yE; ;) on f € ljoc given by (3-2) is

(I+YEi j) f(A) = f((L+yEi )" A) = f((1 = yE; )A).
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Recall the action of Qg given by (3-1), that is, f(gbh) = x (b~ f(g) with b € Q,.
Hence, our objective is to write the matrix (1 — yE; ;)A as the product of two
matrices X and Z with X € U and Z € Qy, that is,

(1—yEi )A=XZ,

where X is a lower unipotent matrix with entries in Z, and Z is an upper triangular
matrix with diagonal elements in 1 + pZ, and such that the elements above the
diagonal have entries in pZ,.

Lemma 3.4. Fori < jandy € pZ,, there exists a unique matrix decomposition
(1=yE; )A=XZwith X = (x )k € U and Z = (z,5),5s € Qo. Also,

(1) all the diagonal elements z,, of Z are of the form
1- yhr,r(y, a)
1—yg ., (y,a)
(1) all the elements z, 5, forr <s, of Z are of the form
yhys(y, a)
1—ygrs(y,a)

(iii) all the elements xi,; with k > [ of the lower triangular unipotent matrix X are

of the form
hii(y, a)

1= ygii(y,a)’
where h, .(y, a) and g. .(y, a) are polynomial functions with integral coefficients

inyandasi,as,asz2, ..., ann—1 (entries of the lower unipotent matrix A).

Proof. We prove the lemma by an easy inductive argument. The base case n =2 is
clear from the matrix equation

1 —y 1 0\ (l—ya1 —y\_ (1 0)\{(z11 212
0 1 azy 1 N a1 1) x21 1 0 z22
=( 11 ) )

Z1,1X2,1 22,2+ 21,2%2,1

withxo 1 =az 1 /(1 —yaz1), zin=1—yay1, zip=—y, 222=1/(1—yax ).
Assume, by induction hypothesis that our lemma is true for GL(n — 1). We show it
for GL(n). Let us first suppose that i > 1, that is, with some elementary matrix E’,
where 1 — yE’ € GL(n — 1), we have

(I-yEij)=
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The matrix A, being lower unipotent, can be written in the following block form:

with A € GL(n — 1). Setting a to be the column vector

as, 1
as i

_( 1 0 )
A |\ =yENa[(—yENA" )

211212 2

1| o0 0
(1—yE)a|(1—yE)A’ : z
0
withxp 1, ..., X1 €Zp, 211 €1+ pZ,and 212, ..., 21,0 € pZ,. Denote z to be
the row vector [z 2, ..., 21,,], X to be the column vector
X2,1
X3,1
Xn,1

Hence, we want to solve

1 0 (7| z
(1—yENa|(1—yENA" )~ \ z11x[x 2+ X'Z" )’
So we must have
(D zii=1,
(2) z=0,
(3) ziux=x=(1—yE’a (using z;,; =1 from (1)),
@ xz+X'Z =X'7Z =(1—-yENA (as z=0 from (2)).
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By the induction hypothesis, we can find X’ and Z’ satisfying (4) with entries as in
Lemma 3.4. Also, (3) is of the form

1 a1 X2,1
-y as1 X3,1
1 ap,1 Xn,1
Clearly, we can solve x3 1, ..., X, 1 from the above matrix equation satisfying

Lemma 3.4 and in fact the solutions do not have any denominators.
So by induction we are reduced to the case i = 1, that is, when

‘0..._y...()

1
0
(I—=yE j)=1| . .

0
Our goal is to solve, for X and Z, the matrix equation
(3-12) (I1-yE\ )A=XZ.

Expanding right-hand side of (3-12), we obtain

B = (buv)uy=XZ= (1 + Z xk,lEk,l>< Z zr,sEr’S)

ke[l,n] re[l,n]
le[1,k—1] s€[r,n]
= Z Zr,s Er,s + Z xk,rzr,sEk,s-
re(l,n] ke[l,n]
s€lr,n] re(l,k—1]
s€lr,n]
Therefore,
v
qu,rZr,v ifu>wv,
=1
(3-13) byuy=1" u—l

Zup T qu,rzr,v ifu<v.

r=I1

Recall that our matrix

A= Z a1 Ex

k>1

is lower unipotent, that is, ay y =1 for all k € [1, n] and a; ; =0 for k <[. Expanding
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the left-hand side of (3-12), we obtain
J

(I-yE )A= (- yEl,j)<Zak,lEk,l) = Zak,lEk,l - Zyaj,lEl,l

k>l k>l =1

J
= Y @B+ Y (=yaj)Er + (1 —ya; )E.
ke[1,n] 1=2
le[1,k]
k1

Note that the first row of the matrix (1 — yE; j)A is

J
> (=yaj)Er+ (1 —yaj)En.
=2

From (3-12), the matrices (1 —yE ;)A and B = (by,y)u,» are equal. Thus, equating
by, from (3-13) with the above expression of the matrix (1 — yE} ;)A, we obtain
the following equations (with the convention that x;; =0 for k </ and z,;, =0
for r > s):

(1) Foru#landu > v, byy =D ,_| XurZrv = dup-

(2) Foru#1and u=v, byy=Zuu+ "2} XurZrp =y = 1.

(3) Foru#1and u < v, by =2Zuv+ Y 2! XurZry =y, =0.

@4) Foru=v=1, bjy=z11=1-ya;,.

(5) Foru=1landu <v, b1y, =21y=—yaj,.

Note that in (5), for v > j, b1, = —yaj, =0 (as A is lower unipotent). Setting
v=11n (1), for u € [2, n], we obtain
ay,1 ay,1

(3-14) Xy 1= =]
211 l—yaj,

(as zi,1 = 1 — yaj, from (4)).

Now, let C = (ck,)k, = (1 — yE;j)A and B = (b,,»)u,» as above. We proceed by
equating, in stage 1, the first row of the matrix B with the first row of the matrix C,
starting from the leftmost entry (i.e., given by (4) and (5) above) and solve for z, ,.
Then in the next stage (say, stage 1 + %) we equate the first column of the matrix B
with the first column of the matrix C starting from the uppermost entry (b2 1 =¢2,1)
and solve for x, , (i.e., those given by (3-14)). In stage 2, we do the same with the
second row and in the stage 2 + % we equate the second column of the matrix B
with C (given by (1), (2) and (3)) and proceed like this until the last (n-th) stage.
Our objective is to solve x, , and z, , while equating the matrix B with C and to
show (i), (ii) and (iii) of Lemma 3.4. We prove this by induction.

Assume, by induction hypothesis, at stages m and m + %, 1 <m < n, that we have
found xx; fork € [2,n], l €[l,m], k>land z,; forr €[1,m], s e€[l,n], r <s,
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having the forms (i), (ii) and (iii), respectively. Then, at stage (m + 1), we have
to equate by 41,y = Cm+1,0 for v € [m + 1, n]. Equating by, 41,m+1 = Cn+t1.m+1, W€
deduce, by (2), that
m
Im+1,m+1 = 1—- me+l,rzr,m+1
r=1

yhi(y,a)  1—y(hi+g1)

I—ygi(y,a)  1—yg
where the second equality is by induction hypothesis, for some polynomial functions
hi(y, a) and g1 (y, a) with integral coefficients in y and a1, a3.1,a32, ..., Gn.n—1.

Similarly, equating by, 41,y = cm+1,0 for v € [m 42, n], we obtain, by (3), that

m
Im+lo = — th11+l,rzr,v
r=1
_ —ym(y,a)

= - 7 (again by induction hypothesis).
1—ygxy,a)

At stage (m + 1) + % we have to equate by, j,+1 = ¢y m+1 for all u € [m 42, n]. So,
by (1), we get
m
Xu,m+1Zm+1,m+1 = dum+1 — Z Xu,rZr,m+1
r=1
hi(y, a . . . .
=dym+1 — _Yhs(v.a) (again by induction hypothesis)
1—ygs(y,a)
_ ha(y,a)
1—ygs(y,a)

for some /4 and g3 with integral coefficients. Therefore,

ha(y,@) 1 hy(y,a) I—=ye1 _ hs(y,a)
1-yg3(y,a) Zmpim+1  1=yg3(y,a) 1—y(hi+g1) 1—ygs(y.a)’

Xu,m+1=
with polynomials /5 and gs having integral coefficients. This completes our induc-
tion argument and finishes the proof of Lemma 3.4. (]

Now, let f € lioc. Then, by Lemma 3.4, and with X and z, , as contained therein,
the action of (1+ yE; ;) on f is given by

(3-15) (4+yEi ) f(A) = FOOXE 10 Zn)-

Recall that for |v| < 1, we have

(1—v)—m=2(’"+"_1>vq.

q=0 1
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Assume now that f € A(Z""=1)/2 K) is a globally analytic function. Thus, f is
an element in the Tate algebra of U with %n(n — 1) variables. In order to show that
the action of (1 + yE; ;) on f € AU, K), given by (3-15), is globally analytic we
have to show that
n

[[xGhreo

r=1
is a globally analytic function in y.
Lemma 3.5. If the action f — g, g(A) = f(X), where A = XZ, is globally
analytic, then f — [1'_, xr(z;})g is globally analytic.
Proof. With (3-10), our character yx is analytic. Hence,

1_ r,r )
it = (L))

(from Lemma 3.4)

1_yhr,r(ya a)
00 n
1_ r,r )
= ch <M) (for |c, | — 0).
n=0 l_yhr,r(y’ a)

We are reduced to showing that (y,a) — (1 — yg,,(y,a))/(1 — yh,.(y,a)) is
analytic in y and this is true because

l—ygr,r(y,a)

1= yh,,(y,a) = (=8, a))(nX:(:)(yhr,r(ya a)) ) O

Therefore, with Lemma 3.5, to prove that the action of (1 + yE; ;) on f €
A(U, K), given by (3-15), is globally analytic, we only need to show that the action
f—g, g(A)= f(X), where A = XZ, is globally analytic.

Lemma 3.6. The action f — g, g(A)= f(X), where A= XZ, is globally analytic.
Proof. Recall that the lower unipotent matrix X is ((xg ) ;) with
hii(y, a)
Xl =7 <
1 —ygii(y,a)
given by Lemma 3.4. Write

o0 o0
Xeg =hia(y, @) YY" @i (v, @) =YY" gnii(y, @),
n=0 n=0

Since f is analytic, f = Yy fxx" with N = (Ni) € Z" 72, xN =TT x5
The norm | fx| — 0 as N — oo. Then,

o0 Niy
FOO = fle) =) fn H(Z Y gk (3, a)) .
N

kI “n=0
k>1
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00 M
(Zy”gn> =39 D) gu &
n=0

v>0  Uvittuy=v
we obtain that

fO= > le_[Zy< > gvl,k,z---gv,vk_l,k,l)

N=(Ng1) k,. v>0 U1+"'+UNkyl=U

Define ai;(v) = (Zv1+...+ka =v 8kl ngk_I,k,l)Q then,

o= W[y aw

N= (Nk,[) k,. v>0

Z fNZyv Z l_[ak,l(vk,l)

N=(N,1) v20 Y wu=y ki
o
v
2 w2 Il X sk gy
N=(N.1) V=0 Y wmy kI VIHFUN =0k
The coefficient of y is

oo Yo T > Buikl By, kil = > fusw.

N=(Nk,) D Vri=p kI Vit UN =k N=(Ny1)

Z H Z vkl 8oy okl

Y k= kI VIt tUN =k

where

Here Ny is finite and v; < v and hence the sum sy is a finite sum in Z,. As,

with N — oo, |fy| — 0, we obtain that |ZN stN| — 0 and this completes the
proof. (]

This shows the analyticity of the action given by (3-15). So we have shown:

Lemma 3.7. For y € pZ, and i < j, the action of the upper unipotent (rigid
analytic) one-parameter subgroup (1+ yE; ;) of G on f € A(Z"(n b2 , K), given
by (3-15) is an analytic action.

Note that, by Section 3A, the vector space of locally analytic functions of principal
series

ind3, (Xt = {f € Aoc(B. K) : f(gh) = x (b~ ") f(g). b € Py, g € B}
is isomorphic to the vector space of the locally analytic functions

Iloc = Aloc(zr;y(n_l)/za K)
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Denote by indlylf.0 (x) the space of globally analytic vectors of indf;o (X)10c, Which is
— (n—=1)/2
A= A" , K).

Also, the representation on 4 is admissible: indeed, A is a subspace of A(G)
defined by the conditions f(gh) = x (b= f(g) (f is then analytic on G since y is)
and this is a closed subspace. Thus by Lemmas 3.1-3.3 and Lemma 3.7 we have
shown the following theorem.

Theorem 3.8. Assume p > n+1. Let x be an analytic character of Ty (see (3-10)).
The action of G on the induced principal series indﬁo (x) is a globally analytic action.
Moreover, the globally analytic representation of G on indllz0 (x) is admissible in
the sense of [Emerton 2017].

Recall that x = (x1,..., xa) Where xi(1 + pu;) = e“'°20+Pu) for ¢; € K,
with u; close to 0, i € [1,n]. Also, recall from (3-5) that f € A implies that
fA) =) cnacva” with [e,| > 0as [v|=vy 1 +v31 4+ v, -1 = 00.

In the following, we will have conditions on the character x such that the globally
analytic representation of G on A is irreducible.

Let 1 be the linear form from the Lie algebra of the torus Ty to K given by

n
p=(=ci,....cy) : Diag(ti, ... ta) = »_ —citi,
i=1

where 1 = (t;) € Lie(Ty). For negative root a = (i, j), i > j, let H; ;) be the matrix
E;; — E; ; where E;; is the standard elementary matrix.

Theorem 3.9. Let the c;’s satisfy (3-10) and p > n + 1, then the globally ana-
lytic representation A = ind,lio( x) of G is topologically irreducible if and only if
—u(Hy=q jy) +i—j¢{1,2,3,...} foralla = (i, j) € O

Assume X C A is a closed nontrivial G-invariant subspace. Let ®, ®~, ®*, I1
be the roots, negative roots, positive roots and simple roots, respectively, associated
to G. Consider f € A. Then, from (3-5),

f= Z cya’

where d =n(n—1)/2, ¢, €K, |cy,] > 0as [v]:=), p Vo — 0O.

Here, v = (vy, ¢ € ®) e N and a, = [4co- are. In some arguments we will
have to order the exponents v,. We use the following lexicographic order. Let
a=(i, j)and o' = (k, [). Then v, comes before v, if and only if i < k or i =k and
j<lie,v=(21,931,V32,...,Vnn—1) (see also the discussion before (3-5)).
For N > 0, let Ty be the natural truncation

A— Klaly :=®pj<nKa".
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The latter space is the space of polynomials in several variables with total degree < N.
As 1y is equivariant under the action of the diagonal subgroup of G given by
formulas (3-3) and (3-4) and the associated characters of the diagonal torus of G
are linearly independent, Ty (X)) is a direct sum of monomials given by

Xy =1y (X) = { Z cua”},
veEMy
where My is the set of exponents of all the elements in Xy. If N < N and v € My,
then as Xy is the image of the degree N truncation operator Ty on X, the surjectivity
Klaly — Klaly
implies that My C M. This is because supposing
a’" € Xy C Klaln

(i.e., v € My), then there exists a pullback a” 4+ g € Xy of a under the surjection
Xn» — Xy (this map is a surjection by definition of X and Xx') such that g is a
power series with the total degree of all its monomials strictly higher than N but
less than or equal to N'. As a” + g € Xy we see that v € M.

This shows that if N < N’, then My C M. Conversely, v € My and |[v| < N
implies v € M. Therefore, the multisets M and My are compatible and by letting
N — oo we see that, as X is closed, there exists M (the exponents of elements
of X') such that

1) feX=c,=0forallv¢ M and
2) ifve M, a’ € ty(X) for all N > |v|; thus there exists
fi=a"+ Z ca €X,
|r|>N
where r = (ry, 0 € ®7) e N4, |¢,| — 0.

For o € @7, let Y,, € g = Lie(G) be the infinitesimal generator associated to the
unipotent subgroup 1+ yE,, y € Z,, E, being the standard elementary matrix
at .

Lemma 3.10. The multi-index 0 is in M.

Proof- M # &, because if so, then X = 0, which is not true as, by assumption, X’ is
nontrivial. Now if v = (v, @ € ®7) € M, then by (2) above,

f=a"+ Z cra” e X,

r|>N

where N > |v| and r € N¢. By (3-11), the action of Yg = Y(; ;) on f (where
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B=C(,j) e d is fixed) is given by

d ! |
n=2| (T a)(TT@tan™)
Y y=0 a=(u,v) k=1
Uu=i=v>j
J
e Yo T a)(TTesvan))
|r|>N a=(u,v) k=1
U=i=v>j
i 1 ik
- 1 (Sl T1 )
a=(u,v) kell, ]
u=i=>v>j k#l
J
i—1 i,
<o 1 ar(Xnaa T1 a)
|r|>N a=(u,v) =1 kell,j]
u=i=v>j k#l

=A+ Z ¢ B

|r|>N

The first term in the right-hand side of the above equation is

J
1 vj+1 1
A= 1_[ a;a( E vi,[aj,lal}}llj 1_[ Vz k) § V, 1Cl /[ Vzl 1_[ a Vo
=1

a=(u,v) kell,j] a#(@i,l)
U=i=>v>j k£l a#(j.0)
and
/ 1 +1 1
rig— rl rj r,
pe 1 (Do T i)=Yt s T o
a=(u,v) =1 kell,j] a#(i,])
u=i=v>j k#l a#(j,0)

Notice that the monomials in B have total degree |r| except, when [ = j, the term
-1 . .
[laxq j) a5 (note that a; ; = 1 by convention) which has total degree

As Y jH(f) € X, we see that (vy,v; j — 1,0 € 7, a # (i, j)) € M; these are
the exponents when we take / = j in A. This shows that if M # &, then 0 € M
because we can descend the v; ;’s successively for every negative root (i, j) and
this completes the proof of Lemma 3.10. ]

Lemma 3.11. The constants a° are in X.

Proof. Let T € g be the infinitesimal generator associated to the diagonal subgroup
Diag(1,...,#%,..., 1), where p € 1 + pZ, and 1 is at the (k, k)-th place. By
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Lemma 3.10, 0 € M. This implies there exists ¢, for |r| > 0 such that

f:co—{—Zc,areX

|r|>0

(where ¢y # 0). By (3-6), from the action of Diag(1,...,#%,...,1) on f, the
function obtained from T ( f) gives that

(3-16) e (Z rs— Zrﬂ)a’ € X,

|r|>0

where ) rs is Zie[k+1,n],3=(i,k) r(giand Y rgis Zje[l,k_l]’ﬁ:(k,j) rg.
The function obtained from 7}”~" (f) gives that

Y a(Sn-n) wex

|r|>0

This implies that

Ef =co+ ) _ c,<1 —~ (Zm —~ Zrﬁ>p_l)a’ €X.

|r|>0

If p| Y rs — Y rg, then

e R R
If pt (X rs — X rp), then

(1 - <Zr5 —Zrﬁ)pl)l —0 asl— co.

Then
Ara1fi=co+ Z ca eX.
|r|>0
pI(E rs=Xrp)

Similar to (3-16), applying now the transformation 7} on Ay f, dividing by p, and
iterating all the above steps, we see that

Apa(f)i=co+ Z ca eX.
|r|>0
P rs=Xrp)

Repeating this s times, for s € N, we obtain
Aps(f) i=co+ Z ca eX.

|r|>0
P2 rp)
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This implies, for s € N,
(3-17) (]_[ Ak,s)(f) =co+ Os(f) € X,
k=1

where Q;(f) =) _ c,a” where the sum runs over all r = (ry, « € ®7) with |r| >0
such that for all k € [1, n],

PI( X ne 3 n)
8=(i,k) B=(k.j)
ielk+1,n] jell,k—1]

We need to show that Q;(f) — 0 as s — 00, i.e., we have to show that

(3-18) VN, 3S, such that Vs > S, v,(c,) > N, Vr € N? such that |r| > 0,

whenever

(3-19) p5|< Z re — Z rﬁ) for all k € [1, n].
8=(i,k) B=(k,j)
i€lk+1,n] jellk—1]

But as f is globally analytic, |c,| = O as |[r| =), e 7« — 00, Which means that

(3-20) VN, 38" such that v,(c,) > N, whenever |r| > S’

Choose an S such that p5 > §'.

For k =1, (3-19) implies p® | ro.1 +r3.1 +r41 + - 4+ ry,1 which means that
ra1+ra1+rante 41 > pf > 8 exceptwhenry =131 =rq1=---=r,1 =0.
If this happens, then consider (3-19) with k =2, i.e., p* | r320+ra2+---+rn2—ra1
(where rp1 =0),i.e.,m30+r42+---+ry2>p* > S except when ryp =ryp =
-+ =ry,2 = 0. Repeating this process, since we have started with an r such that
|r| > 0, we see that any r as in (3-19), with |r| > 0, satisfies |r| > S’ for all s > S and
by (3-20) this implies that v, (c,) > N., which was the desired condition in (3-18).
This shows that Q;(f) — 0 as s — oo which gives that ¢g is in X (see (3-17)).
This completes the proof of Lemma 3.11. (]

In the following, we complete the proof of Theorem 3.9 which was to find
conditions such that the globally analytic representation .4 of G is topologically
irreducible. It uses an argument concerning Verma modules and the condition
of irreducibility of A comes from a result of Bernstein, Gelfand and Gelfand
determining the condition of irreducibility of that Verma module.

Let g = Lie(G), let h = Lie(Tp), and let b (resp. b™) be the upper (resp. lower)
triangular Borel subalgebra containing h. Let u™ = Lie(U). Therefore g = gl,, the
set of all n x n matrices with coefficients in Z,,. So b and b are the subalgebras of
gl,, consisting of diagonal and upper triangular matrices, respectively.
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Recall that here ¢;’s € K are such that y;(¢) =, for t — 1. Let
Vo =U(@)Quwp-) K

be the Verma module where U(b™) acts on K via the action of b~ = u~ @ b,
u~ acting trivially, and § via —u € h* = Hom(h, K) given by

n
(3-21) p=(=cr,...,—cy) : Diag(tr, ... ta) > Y _ —citi,
i=1

where t = (t;) € b, U (g) is the universal enveloping algebra of g. (Note that Dixmier
[1977, Section 7.1.14] has a different normalization for the Verma module).

Let Ag, be the set of polynomials within the rigid analytic functions .A. For
k € [1, n], let T € h be the infinitesimal generator associated to the one parameter
diagonal subgroup Diag(l, ..., %, ..., 1), &y € 14+ pZ,, where 1; is at the (k, k)-th
place and f =a" € Ag,. The elements Ty form a basis of h. By (3-4) and (3-6),
the action of Diag(1, ..., %, ..., 1) on f is given by

Diag(l, ..., t% ..., D(f)

=(< 1_[ a,f;")( l—[ a?t/:a)( 1_[ a,rsﬁlkrﬂ»()(k(lk))-
8=(i,k) B=(k,J)

oa=(u,v)
u,v#k ielk+1,n] jell,k—1]

As () = 1, so the action of Ty on f is

Tk.f:cka’+( Z rs — Z r,3>a’

3=(i,k) B=(k.J)
i€lk+1,n] jellk=1]

d
= (ck—{— Z rs — Z m)ar: <—M—Zaira,-)(Tk)ar-
8=(i,k) B=(k, ) i=1
ielk+1,n] jellk=1]

Here the «;’s are the negative roots.
Thus if H € b, then

d
(3-22) H-a" = (—u -3 a,-rc,,.) (H)a".
i=l1

Decomposing
-Aﬁn = EBSEh*Aﬁn (é)

in the form of h-eigenspaces, we see from (3-22) that the monomials a” are h-finite
and the dimensions of eigenspaces of Ag, under § are finite: The eigenvectors are
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of the form & € —u — Z?:l No; € h* and the multiplicity mult(¢§) = dim A(&) of
& is equal to

(3-23) dim A(§)=mult(§)= {number of families (ry;) € N9

EZ_M_Zraiai},
i=1
which is finite.
With fo =1 € Aqn, H - fo = —u(H) fo and the action u™ - fy is equal to 0
because the action of any element of u™ on fj is given by derivation (see proof of
Lemma 3.10). So, the map u — u - fy for u € g induces a g-homomorphism

(3-24) oV, — A,

where V_,, :=U(g) Qup-) K.

Moreover, v € V_,, implies v is h-finite (see [Dixmier 1977, Chapter 7]). This
gives ¢ (v) € A is bh-finite which means that ¢ (v) € Ag,. This is because (3-22)
gives, by continuity, that f € A; hence f = Zr:(ra,.) cra” implies

d

H f= Z (—M—Zraiai>(H)c,ar.

r:(roci) i=1

Then H - f = Af implies A = (—u — Y, ro,; ) (H) if ¢, # 0. Therefore the
cardinality of the set {c¢, # 0} is finite and the h-finite vectors of .4 are just Agp.
The map ¢ : V_,, — Agn in (3-24) is clearly nonzero because the vector 1 € V_,

goes to fy.

Lemma 3.12. If the Verma module V_,, is irreducible then the globally analytic G-
representation A is irreducible.

Proof. Suppose the Verma module V_, is irreducible. Then the map ¢ : V_,, — Agn
is injective. Also by (3-23), under the action of b, since the eigenvectors of V_, and
Afin and their multiplicities match, that is dim A(§) = dim Ag,(§) = dim V_,(§),
we deduce that ¢ is an isomorphism.

The dimension of dim .A(£) is given by (3-23). On the other hand, using that our
Verma module V_,, is defined by b~ and —u (rather than A — p™ as in Dixmier’s
parametrization [1977, 7.1.4]), Dixmier’s formula [1977, 7.1.6] yields

d

i‘_:)‘_p__zraiai}a

dim V_, (§) =mult(§) = {number of families (ry;) € N9
i=1

where p~ = % Y wco- @ is half the sum of negative roots (since we have used b~
to define the Verma module instead of Dixmier’s b*). We easily see that the above
dimension dim V_,,(§) is equivalent to dim A(§) (3-23) with A — p~ = —p.
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So V_, = Agn. Suppose X is a nonzero closed subspace of A. Then by
Lemma 3.11, we have 1 € X'. Thus Ay =U(g)-1 C X. Since X is closed, ¥ =A4. [

Now we prove the converse of Lemma 3.12.

Recall that a closed subspace of A is G-invariant if and only if it is invariant by g
[Clozel 2018, Proposition 2.4]. Moreover it follows from the definition of globally
analytic representations (compare [Clozel 2018, Section 2.2]) that the action of g
on A is continuous. If V C Ag, is invariant by g, it follows that its closure V is
G-invariant.

Recall that Ag, is the set of h-finite vectors in 4. In particular, if X C A is
closed, the space &j.fn of h-finite vectors in A" is X' N Agp.

Lemma 3.13. Assume V C Agqy is invariant by g. Then V = V N Afn = Vh_ﬁn.

Proof. By (3-23), A(£) is the subspace of the Tate algebra spanned by a finite number
of monomials a”. In particular, the obvious projection pg : A — A(§) is continuous.
Assume v € V N Ag,. Thus v e ®¢ A(§) (finite sum of finite-dimensional subspaces)
and v =limv,,, v, € V. If P is the projection on ¢ A(§), v = Pv =1im Pv,,.
But Pv' € VNP A(§) for any v’ € V. Thus v € V, as a limit in a finite-dimensional
space. U

Lemma 3.13 obviously gives the following Corollary.

Corollary 3.14. Suppose V is a nonzero proper subspace of Agy stable by g. Then
V is a nonzero proper closed G-invariant subspace of A.

Lemma 3.15. Ifthe globally analytic G- representation A is irreducible then the
Verma module V_,, is irreducible.

Proof. Let W C Ag, be the image of V_,, by ¢. Then W #0. If A is an irreducible G-
module, W = Ag, by Corollary 3.14. Thus we have a surjective map ¢ : V_,, — Agpn.
But, as we noticed, the dimensions of V_, (§) and of A, (&) coincide. This implies
that ¢ is an isomorphism. On the other hand (again by the Corollary 3.14), W is
irreducible. Thus V_,, is irreducible. U

Now we determine the condition when the Verma module V_,, is irreducible.
Recall that

n
= (—ci.....—cy) : Diag(ty, ... t) > Y _ —cit;,
i=1

where t = (#;) € . For negative root & = (i, j), i > j, let Hy—(;, j) be the matrix
E;; — E; ; where E;; is the standard elementary matrix.

Lemma 3.16. The Verma module V_,, is irreducible if and only if

(=) (Ho=,jy) +i—j ¢{1,2,3,.. .}
forallo = (i, j) € @
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Proof. Let p~ =33 co-. Fora =(i,j) € ®7, Hy=Hiy1;+-- +Hj
and p~ (Hyy1,4) = 1. This gives that o~ (Hy—, j)) =i — j. By Theorem 7.6.24 of
[Dixmier 1977], the condition of irreducibility of our V_, is (—u + p~)(Hy) ¢
{1,2,3, ...} for all negative roots & € ®~. (This is because Dixmier’s b™ is our
b~ and so we have to work with negative roots.) This gives the condition

(_M)(Ha)+l_J¢{17253’} 0

Lemmas 3.16, 3.15, and 3.12 together prove Theorem 3.9.

3B. With L an unramified finite extension of Q,,, suppose V is a globally analytic
representation of G(Q,) on a K-Banach space where L C K. Then Clozel showed
the following proposition for holomorphic base change.

Proposition 3.17 (Clozel). V extends naturally to a globally analytic representation
of G(L).

Proof. See [Clozel 2018, Proposition 3.1]. O

All the arguments of Section 3A extend automatically to the group G(L).
As L is unramified, the conditions for the character x to be analytic, that is,
those given by (3-10), remain unchanged. Moreover, note that the representation
A(Bi’("fl)/z, K) (where now Bf("fl)/z is seen as a product of 1n(n — 1) closed
rigid balls of radius 1 as an L-analytic space) given by Lemmas 3.2, 3.3 and 3.7
is L-analytic. The restriction of .A(B'f("_l)/z, K) to G(Q,) is simply the previous
representation. Indeed, the representation of G(L) is obtained from the repre-
sentation of G(Q,) by holomorphic base change (see Proposition 3.17). Denote
by Ig,(x) and I.(x), respectively, the two globally analytic representations (the
character x is defined by the parameters (cy, ..., c,), we agree to identify the
characters for the two fields). Then we have:

Theorem 3.18. For a given embedding L — K, with u as in (3-21), if
—u(Hy)+i—j¢{1,2,3,...} foralla=(,j)ed,

then I (x) is an admissible, irreducible (under both G(L) and G(Q))) globally
analytic representation and it is the holomorphic base change of 1g,(X).

I1,(x) is admissible, as holomorphic base change respects admissibility [Clozel
2018, Proposition 3.1]. With the notation of Section 2B, define the full (Langlands)
base change of I, to be the representation of Res. g, G(Q,) on ®q (I1.( x))? =
I(xoNL,) where N, /Q, is the norm map from L to @, and ® is the completed
tensor product (see also [Clozel 2018, Definition 3.8]) and o € Gal(L/Q,). Note
that, for each factor, the embedding i : L — K must be replaced by i o 0. Finally,
we then have:
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Theorem 3.19. Let u be as in (3-21). Assume —u(Hy) +i—j ¢ {1,2,3,...} for
alla = (i, j) € ®~. Then the completed tensor product Qo (I (x))? is irreducible,
and is the representation of G(L) on the space of globally analytic vectors, induced
from x o Nrja,

Proof. Notice that by assumption, each factor in the completed tensor product is
irreducible and admits the same description as in Theorem 3.18. The space of the
representation /(x o Np/q,) is R, AU, K) = A(Reszq,U, K), which is a space
of globally analytic vectors (by Theorem 3.18) in the locally analytic representation
lioc(X ©Nrja,) of Resy g, (G). The proof of irreducibility of Qo (I1.(x))? follows
from Theorem 3.9 using a natural generalization of the argument in [Clozel 2018]. [J

4. Analyticity for the induction from the Weyl orbits of the upper triangular
Borel subgroup of B

In this section we treat the global analyticity of the principal series induced from
Weyl orbits of the Borel subgroup (Theorem 4.3). Then we base change our globally
analytic representation to L.

Denote by P the Borel subgroup of the upper triangular matrices in GL, (Q,),
by T the maximal torus of GL,(Q)), by P the Borel subgroup of the upper
triangular matrices in GL,(Z,), and by W the ordinary Weyl group of GL,(Q))
with respect to T which is isomorphic to the group of n x n permutation matrices.
Write P;f = BNwP w™!. Here B is the Iwahori subgroup in Section 3A. Denote

by indgL’l(QP ) (X)10c the locally analytic induction, that is,

inds" " GOt = (f € Aioe(GL1 (@), K) : [ (gb)

= x(b"")f(8). g € GLy(Q,). b e P}.
The Iwasawa decomposition [Orlik and Strauch 2010, Section 3.2.2] gives

. GL,(Q)) ~ : 1GLa(Zp)
indp " (Ooe = 1ndp+ " (X1oc

as a GL,,(Z)-equivariant topological isomorphism. By the Bruhat-Tits decompo-
sition [Orlik and Strauch 2010, Section 3.2.2; Cartier 1979, Section 3.5],

GL,(Zp) = | | BwP™.

weW
we obtain the decomposition
. 1GLa(Zp) ~ .
1ndp+ " (Oe = @ ll’ldg]j. (X"1ocs
weW

a B-equivariant decomposition of topological vector spaces, where the action of x*
is given by x*(h) = x (w™'hw). Let indf;r (x™) be the space of globally analytic
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functions of ind? Pt (X")10c. Our goal is to show that for all w € W, ind? P (x™)isa
globally analytlc representatlon of G. We have already showed, in Sect10n 3, that for

= Id and y analytic, the induction 1ndBo( x) is a globally analytic representation
of G. (Note that BN P* = P;.) Recall that U is the lower triangular unipotent
subgroup of GL,(Z,). Consider the decomposition (see Lemma 3.3.2 of [Orlik
and Strauch 2010])

= (wa_1 N B)(wPer_1 NB)
= wUw ' NnB)(P.

For GL3, and
001
w=|1001,
010
the above decomposition is
Z, pZ, pZp, 1 pZ, pZ, zZ; 0 0
B=\ 2, Z, pZ, |=|0 1 0 Z, Z; pZ,
Z, Z, Z, 0z, 1 Z, 0 7,

We extend a character x of TNGL,(Z,) to a character of P, by acting trivially
on the nondiagonal elements of P,". By definition,

indp: OOwoe = {f € Aloc(B, K) : f(gb) = x(b™ ") f(g), b€ P, g € B).

With the decomposition B = (wUw~'NB)(P,}), the vector space of locally analytic
functions 1ndP+ ()10 is the same as Ao (wUw ™ 'NB, K). Let AwUw™'NB, K)
be the subspace of globally analytic functions of Ajc(wUw ™' N B, K). Withi # j
fixed,yeZ,ifi > jand y € pZ,ifi < j, recall that the action of the one-parameter
subgroup on

feAwUw™'NB, K)

is given by
(4-1) (1+yE; ) f(C)= f((A1+yE; )~'C) (with C e wUw ™' N B)

= f((1=YyE;;)C)
= f((1—yE pwAw™") (with C = wAw™! for A € U).

Our goal is to show that this action is globally analytic.
Since w™!' € W, write w™! in the form of a permutation matrix, i.e.,

n
'=>"E.,
r=1
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with j, # js for r # s. Then,
n n
w 'l (1-yE; j) = <Z Er,j,>(1 —YEij) = (Z Er,j,.> — YEgj,
r=1 r=1

where k is such that jp = i. As the inverse of a permutation matrix is its transpose,
we obtain

n n
w (1= yEi jw = ((Z Er,j,) - yEk,j) (Z ij,s> =1—yEx,,
r=1 s=1

where [ is such that j; = j. So we have deduced that

(4-2) (I—=yE; jHw=w(l—yEy) (k, I such that j, =i, ji = j).
Inserting (4-2) into (4-1), we obtain

(4-3) (1+YE; ) f(C) = f(w(l —yEr)Aw™).

Now, the globally analytic function f on w(l — yEj ;) Aw~' equals some globally
analytic function g on (1 — yEj ;)A, because the conjugacy action of w on the
matrix (1 —yEj )A is just permuting the entries of (1 — yEy ;)A. So, (4-3) is

fw@=yE)Aw™") = g((1 — yEy)A)
={1+yEr1)g(A) (recall A e U)
and we know from Lemmas 3.3 and 3.7 that the action of (14 yE} ;) on g(A) is
globally analytic. Thus, we have shown that:

Lemma 4.1. The action of the lower and the upper unipotent one-parameter sub-
groups of G of the form (1+yE; ;) on f € A(w Uw~'NB, K) is a globally analytic
action.

A similar argument also shows that the action of the diagonal subgroup of G on
AwUw~'N B, K) is globally analytic. More precisely, we write

w™! Diag(ty, ..., t,)w = Diag(t], ..., )

’'n

with (¢{, ..., t;) a permutation of (t1, ..., t,). Then, with C € wUw™'NB,
Diag(t;, ..., ;1) f(C) = f(Diag(ty, ..., t)wAw™") (C=wAw™")
= f(w[Diag(t], ..., t)]JAw™")
= g(Diag(t}, .. ., t,/l)A) (for some analytic g)
= Diag(t; ', ..., 1, )g(A)

and by Lemmas 3.2 and 3.1, the action of the diagonal subgroup of G on g(A) is a
globally analytic action. Therefore, we have shown:
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Lemma 4.2. The action of the diagonal subgroup of G on AwUw™'N B, K) is
globally analytic.

Recall that the vector space A(wU w~'N B, K) is isomorphic to indff,+ (x™).
Thus, Lemmas 4.1 and 4.2 together give:

Theorem 4.3. Assume p > n+ 1. Then, for all w € W, the action of the pro-p
Iwahori group G on indgf (x™) is globally analytic.

Following the notation of Section 3B, we fix L a finite unramified extension of Q,,
inside K. For each w € W, consider the globally analytic admissible representation
Ing,(x) = AwUw™'N B, K) of G(Q,). By Section 2B, AwUw~'N B, K)
extends naturally to a globally analytic admissible representation of G (L) called
the “holomorphic base change” which we denote by 7, 1 (). With the notation
of Section 2B, define the full Langlands base change to be the representation of
Reszja,G(Qp) on @wew (S0 Ly, (x)7) (see [Clozel 2018, Section 3.5]). Finally,
as in Theorem 3.19, we will then have:

Theorem 4.4. The Langlands base change

Duew (®cLu,(x")7)
is a globally analytic admissible representation of G(L).

In conclusion, for p > n + 1, we have shown that for all w € W, indf,; x™)
is a globally analytic representation of the pro-p Iwahori G under the analyticity
assumption on the character x. Furthermore we have treated the case of irreducibility
of the principal series when w = Id. We hope that it is possible to adapt and
generalize the argument of our irreducibility proof to treat the case when w # Id.
Also it is an interesting future project to determine the globally analytic vectors of
more general p-adic representations of GL(2, Q,,), for example the “trianguline”
representation of [2008] (see also [Colmez 2014]), which corresponds to a quotient
of principal series. Also one can explore the connection with the globally analytic
vectors of p-adic representations (under the pro- p Iwahori or a suitable rigid analytic
subgroup of GL(2)) and (¢, I')-modules [Colmez 2010], similar to the existing
correspondence for locally analytic representations [Colmez and Dospinescu 2014,
Section VI.3].

There are other interesting questions that our work leads to. The most inter-
esting of them is to show Schur’s lemma for globally analytic representations.
Schur’s lemma for locally analytic representations is known by the works of Gabriel
Dospinescu and Benjamin Schraen. For our case of topologically irreducible
globally analytic principal series, Schur’s lemma easily follows from our proof of
irreducibility and Proposition 7.1.8(iv) of [Dixmier 1977]. The interesting question
is to show Schur’s lemma for general globally analytic representations.
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ZEROS OF p-ADIC HYPERGEOMETRIC FUNCTIONS,
p-ADIC ANALOGUES OF
KUMMER’S AND PFAFF’S IDENTITIES

NEELAM SAIKIA

We classify all the zeros and nonzero values of a family of hypergeometric
series in the p-adic setting. These values of hypergeometric series in the p-
adic setting lead to transformations of hypergeometric series in the p-adic
setting which can be described as p-adic analogues of Kummer’s and Pfaff’s
linear transformations on classical hypergeometric series. We also evaluate
certain summation identities for hypergeometric series in the p-adic setting
as well as Gaussian hypergeometric series.

1. Introduction and statement of results

The main goal of this paper is to study zeros of hypergeometric series in the p-adic
setting introduced by D. McCarthy [2012a; 2013]. We also establish analogues
of classical hypergeometric series transformations, particularly very special cases
of Kummer’s and Pfaff’s linear transformations, for hypergeometric series in the
p-adic setting. These types of questions were posed by McCarthy [2013]. We now
begin with the definition of classical hypergeometric series. For a complex number
a and a nonnegative integer k the rising factorial denoted by (a); is defined by
(@) :=ala+1)(a+2)---(a+k—1)fork >0and (a)y:=1. Then fora;, b;, .€C

with b; ¢ {..., =3, =2, —1, 0}, the classical hypergeometric series | F; is defined
by
o0 k
ap, az, ..., arq1 ‘ ) (@i (@4 A
F, A= AT S
s ( bi, ..., br ) 2 b))+ (b k!

k=0

This series converges for |A| < 1. Classical hypergeometric series play important role
in different areas of mathematics. For example, they have significant applications
in modular forms, elliptic curves, representation theory, differential equations etc.
[McCarthy 2012b; 2010; Mortenson 2005]. J. Greene [1987] introduced the notion
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of hypergeometric series over finite fields which are finite field analogues of classical
hypergeometric series. Let p be an odd prime and [, denote a finite field with
p elements. Let [f;< denote the group of all multiplicative characters of [ and x
denote the inverse of a multiplicative character x. We extend the domain of each
X € [E;; to [, by simply setting x (0) := 0 including the trivial character ¢. For
multiplicative characters x and  of [, the Jacobi sum is defined by

(1-1) JTOGY) =) x My —y),

yek,

and the normalized Jacobi sum known as binomial is defined by

y(=1) —
(1-2) (3)="——7C.
p
Let n be a nonnegative integer. For multiplicative characters A, Aj, ..., Ap+1,

and By, By, ..., B, of [, with t € [, Greene [1987] defined the 1 F;, (- - -) hyper-
geometric function over finite field [, by

Ay, Ay, oo, Ann ‘ P (A1X) (An+1X>
nt ”< By, ..., B, p—14=\ x B,x )X

XGEF;
This function is also known as Gaussian hypergeometric function. These functions
were developed to have a parallel study of character sums analogous to special
functions. Gaussian hypergeometric functions satisfy many identities which are
often analogues of classical hypergeometric series identities. For more details,
see [Greene 1987]. Since the entries of the Gaussian hypergeometric function are
multiplicative characters so results involving Gaussian hypergeometric functions
often be restricted to primes in certain congruence classes for the existence of
characters of specific orders, see for example [Evans and Greene 2009; Fuselier
2010; Lennon 2011a; 2011b]. To overcome these limitations, McCarthy [2012a;
2013] defined a function , G, [- - - ] in terms of quotients of p-adic gamma functions
which can be best described as an analogue of classical hypergeometric series in the
p-adic setting. Let Z, and Q, denote the ring of p-adic integers and the field of
p-adic numbers, respectively. Let I', () denote the Morita’s p-adic gamma function.
Let w denote the Teichmiiller character of [, satisfying w(a) =a (mod p), and ®
denote the character inverse of w. For x € (0 let | x| denote the greatest integer less
than or equal to x and (x) denote the fractional part of x, satisfying 0 < (x) < 1. We
now recall the McCarthy hypergeometric function ,G,[- - - ] in the p-adic setting.

Definition 1.1 [McCarthy 2013, Definition 5.1]. Let p be an odd prime and ¢ € [,.
For positive integer n and 1 <k <n, let ai, by € QNZ,. Then the function ,G,[- - - ]
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is defined as

al’ aZa R ] al’l
G
n n

by, by, ..., b,

=%
ti=—— ) (=D @%@
p_l a=0

y ﬁ(_p)—\.(ak>—a/(P—1)J—|_<_bk>+a/(P—1)J Cp(fa — 525) Do (= + Pil»,
I'p ((ak)) I ((=bk))

k=1

This function is also known as p-adic hypergeometric function. It is clear from the
Definition 1.1 that the value of the ,G,[- - - ] function depends only on the fractional
part of the parameters a; and b;. Therefore, we may assume that 0 < ay, by < 1.
Gaussian hypergeometric functions satisfy many powerful transformation formulas
that are often mirror symmetrical to their classical counterparts, for details see
[Greene 1987]. Note that these results can be converted into identities involving
2Gyul- - -] via the transformations [McCarthy 2013, Lemma 3.3; 2012c¢, Proposi-
tion 2.5] between finite field hypergeometric function and p-adic hypergeometric
series. However, the new identities involving , G, [- - - ] will be valid for the primes p,
where the original characters existed over [F,. Therefore, it will be interesting to
extend such results to almost all primes. Fuselier and McCarthy [2016] established
certain transformation identities for p-adic hypergeometric series in full generality.
In particular, they proved a transformation result analogous to a Whipple’s result
for 3 F»-classical hypergeometric series. These transformations eventually leaded to
settle one supercongruence conjecture of Rodriguez-Villegas between a truncated
4 F3-classical hypergeometric series and the Fourier coefficients of a certain weight
four modular form. This is one of the motivation to study transformation formulas
with the expectation that transformation formulas will lead to new identities. Let x4
be a multiplicative character of [, of order 4. Also, let ¢ be the quadratic character
of [,. Consider the classical hypergeometric series

1
2F1<4’ ‘l‘)

Then the finite field analogue of this series can be considered as ; F; ( X4 )(‘5 | t).
Using the transformations [McCarthy 2013, Lemma 3.3; 2012c, Proposition 2.5]
the function

1

!

can be described as the p-adic analogue of the classical hypergeometric series

1
2F1(4’ ‘l)

= W

1
Go| ¥
? 2[0,

D= AW

(T[S
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We know that classical hypergeometric series satisfy many powerful identities. For
example, Gauss [1812], Kummer [1836], Whipple [Lidl and Niederreiter 1983,
p- 54], Saalchiitz [Slater 1966, p. 49], Dixon [Slater 1966, p. 51], and Watson [Slater
1966, p. 54] studied special values of classical hypergeometric series. For instance,
the following evaluation of classical hypergeometric series in terms of quotients of
classical gamma function was due to Gauss [1812]. If R(c —a — b) > 0 then

(1-3) P (a, b ‘ 1) _'@'(c—a—b)
2 c T T(c—a)T(c=b)

Ifweputa:;i,b:f—tandc:l—l—%in(1-3)thenwehave
1 3 1+ Hr(i

(1-4) 2F1<4’ i ‘1>:M'
I+3 F(1+3)r(3)

Also, consider Kummer’s theorem [1836]:

a. b FA+b—a)(1+3%)
1- F 1) = .
() ’ 1( I+b—a ‘ ) F(1+br(1+4-a)

Putting a = zlt and b = 43'1 into (1-5) we have

1+1 r(1+3)r{+1)

Classical hypergeometric series with dihedral monodromy group can be expressed
as elementary functions as their hypergeometric equations can be reformulated to
Fuchsian equations with cyclic monodromy groups. For example, two interesting
cases that can be expressed as square roots inside powers are:

g afl 1+VT—2z\"
(1-7) m(z 2 ]Z)Z(T) ,
and
a atl 1— —a 4 (1 —a
(1-8) 2F1(2 % ‘Z)Z( V) ;( +v2) .
3

All these evaluations of Gauss, Kummer etc. motivate us to study the special values
of p-adic hypergeometric series 2G»[- - - ]. Indeed, we completely determine all the
possible zeros and nonzero values of a certain family of ,G;[- - - ]. We first discuss
a theorem that classify all the zeros and nonzero values of the function ,G,[- - - ].
For brevity we write a # [ if a is not square in [,.

Theorem 1.2. Let p > 3 be a prime and t € F}. Then we have the following values.
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(D
L3 L

(1-9) 2G| * ‘1 ={ I ifp=2l (mod8)
0. 3 —1 ifp=+3 (mod8).

(2) Lett #1 and % be a square in F} such that % = a? for some a € F}. Then
we have

= B

1
1-10 G|
( ) 2 2|: 0.

| r} =0 (p(l+a) +¢(1 - a).

(z}zo.

From Theorem 1.2 we obtain the following corollary which explicitly states
whenever the function
q

Corollary 1.3. Let p > 3 be a prime and t € F;. Then

-

P ) . _ =1 .
zftT—a for some a € F; with ¢(1 +a) = —¢(1 —a) orzf’T #UinF}. On
the other hand,

) If = #0in, then

1
1-11 G| #
( ) 2 2|:0’

D= AW

1

G,| ¥
2 2|:0,

N— W

18 zero and nonzero.

1
Go| #
2 2|:0,

NI— W

1
2G2|:4’

; H;éo

N — AW

ift=1orif % = a? for some a € F> with (1 +a) # —¢(1 —a).
As a consequence of the Theorem 1.2 we state the following corollary.

Corollary 1.4. Let p > 3 be a prime and t € [}. Then the only possible values the

Sfunction
1
q

G,| ¥
: 2[0,

= W

can take are 0, 1 and £2.
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Remark 1.5. Note that (1-9) can be described as a p-adic analogue of (1-4).
Theorem 1.2 provides a p-adic analogue of (1-6). The value of the function

ol 1]

0,
completely depends on the prime as if p = 43 (mod 8) then it will be equal to
zero. However, (1-6) cannot be equal to zero. Theorem 1.2 can also be described

as p-adic analogue of (1-7) and (1-8) for a = %

D= AW

Another purpose of this paper is to establish p-adic analogous of the Kummer’s
linear transformation [Bailey 1935, p.4 Equation (1)]:

a, b _Tl'c—a—>) a, b
(1-12) 2ﬂ< c‘z>_rwa—@ra—by2H< 1+a+b—c‘l_z>

F(C)F(a+b_6)(l—Z)C_a_h'ZFl(c_a, c—b b ‘1—Z)

T(a@)T(b) l4c—a—

The next theorem provides transformations of p-adic hypergeometric series which
can be described as p-adic analogue of a particular case of Kummer’s linear trans-
formation (1-12). This theorem is obtained as a consequence of Theorem 1.2.

Theorem 1.6. Let p > 3 be a prime and x € [, be such that x # 0, 1. Then we
have the following:

(1) If x and 1 — x are not squares in [, then

1
1] 1 1
sl ]

(2) If x = b? for some b € F, and 1 — x is not a square in [, then

. i
1] _ 4
T —2G2|:0’

rl

1-13 Go| ¥
( ) 2 2_0’

D= B
[SIEE N

1
1-14 Go|
( ) 2[0

’

N — W

D= AW

| ﬁ] — @)@ (1+b)+ (1 —b).

1

(3) If x, and 1 — x are both squares such that 1 — x = a* and x = b* for some
3
(1-15) (p(1+b)+e( —b))sz[ 8’ i
2 1

a,b €l, then
l]
X

=(p(1+a)+ (1 —Cl))sz[ S

’

El

[NSI N SN [O8]

1
1—x |°

| ﬁ] +@) (1 +a) +¢(1 - a).

’

@) If 1 —x =a? for some a € [, and x is not a square in ), then

1
1 4
I —,G

x] 2 2[0’

1

1-16 Gy| ¥
( ) 22[0’

= AW

B — W
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Note that the finite field analogue of Theorem 1.6 involving characters of order
4 follows from Greene’s evaluation [1987, Theorem 4.4(i)] and if we use this result
of Greene along with the relations [McCarthy 2013, Lemma 3.3; 2012c¢, Proposi-
tion 2.5] then we also obtain a similar transformation for the p-adic hypergeometric

series |
2G2[ 47 ‘ f:|

0,
under the condition that p =1 (mod 4). However, Theorem 1.6 has no congruence
condition on primes.
Fuselier and McCarthy [2016] evaluated certain summation identities for p-adic
hypergeometric series. This motivates us to study summation identities of p-adic
hypergeometric series.

= W

Theorem 1.7. Let p > 3 be a prime. Let x € F;. Then we have the following.
ey

1
4
0,

O Blw

(1-17) D e 1))262[

tef;

‘t]:—l—pwp(Z).
(2) If x # 1 and 1 — x is not a square in [, then we have

1 3
- — EAEE N I
(1-18) D 1>>sz[0, 0 ] L.

X
tel,

3) Ifx ;élandl—x:azforsomeae[Fp then
1

] _ 2
(1-19) > e 1>>2GZ[0’ 5

3
4

f?} =—1-peR)(p(l+a)+¢(—a)).

tefy

The following theorem gives a summation identity of Gaussian hypergeometric
functions involving characters of order 4.

Theorem 1.8. Let p > 3 be a prime such that p =1 (mod 4). Let x € [ and x4
be a multiplicative character of [, of order 4. Then we have the following.

ey
3
1-2 — =— .
(1-20) > e r)zFl( . r) 5t
refy
(2) If x # 1 and 1 — x is not a square in [, then we have

3
(1-21) Z(p(x—t)zFl(m’ ’24 ‘z):@.

X
tel,
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3) Ifx ;:é1andl—x=azf0rs0meaE[F;,< then

3
12 Lot -nar( 4 [1) = £ g0 +a ot o
€ p

tefy

Apart from Kummer’s transformation there are other interesting transformation
formulas exist in the literature. For example, Euler [Slater 1966, p. 10], Whipple
[1925], and Dixon [1903] studied transformation properties of classical hypergeo-
metric series. In this paper, we are interested in the Pfaff’s transformation [Slater

1966, p. 31]
Z )
z—1 ]

(1-23) 2F1<“’ b ‘z):(l—z)‘“m(“’ c-b
c C
In particular, if a = }l, b= %, and c = % then the above result gives

2
z—1 )

1
(1-24) 2F1( v

BN— AW

1 -1
)Z>=(1—Z)_1/42F1(4’ |
2

We know that p-adic analogue of

Then a p-adic analogue of Pfaff’s transformation (1-24) is described in the next
theorem.

Theorem 1.9. Let p > 3 be a prime and 1 # x € I]:;. Then we have the following.

1
1 4>
11 =,G

x] 2 2[0’

() If 1 —x =a® for some a € F) then

() If 1 —x #U then

1

1-25 G| ¥
( ) 2 2|:0,

= AW

N — W

1

(1-26) @(a)(@(a+1)+gla— 1>>2G2[ g

D= W

1

'] _

=@ +a)+ed —a))sz[ S

’

B — |

’
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The rest of this paper is organized as follows. We introduce some basic definitions
in Section 2 including Gauss sum and p-adic gamma function. In Section 2 we
state some results including the Hasse—Davenport result, and the Gross—Koblitz
formula. We give the proofs of the main theorems in Section 3.

2. Notation and preliminary results

Let @, be the algebraic closure of Q, and C,, be the completion of @,,. Since each
X € [ﬁ;j takes values from f,_1, the group of (p—1)-th roots of unity in C*, and
Z}; contains [ ,—1, so we may assume that the multiplicative characters of [} to be
rEapped X F; — Z,. Recall that w : |7 — Z is the Teichmiiller character. Also,
I]:; ={w’ :0 < j < p—2} and @ denotes the inverse of w.

Preliminary results on multiplicative characters and Gauss sums. The following
result gives the orthogonality relation of multiplicative characters.

Lemma 2.1 [Ireland and Rosen 2005, Chapter 8]. Let p be an odd prime. Then we
have

_Jp—=1 ifx=1,
@-1) Zx(x)-{o sl

xe[FIf

Let ¢, be a fixed primitive p-th root of unity in Q, p- For x € [ﬁ;f, the Gauss sum
is defined by

g0 =Y x(x) ;.

xel,

From the definition we can say that g(¢) = —1. For more details on Gauss sums,
see [Berndt et al. 1998]. We now introduce some properties of Gauss sums. Let
8. [F; — {0, 1} be defined by

1 if y =¢,
0 if x #e.

We start with a result that provides a formula for the multiplicative inverse of Gauss
sum.

(2-2) 5(x) = {

Lemma 2.2 [Greene 1987, Equation 1.12]. Let x € FX. Then

(2-3) g0)e(X) =px(=1)—(p—Dx).

Another important product formula for Gauss sums is the Hasse—-Davenport
formula.
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Theorem 2.3 [Berndt et al. 1998, Hasse—Davenport relation, Theorem 11.3.5]. Let
X be a character of order m of T, for some positive integer m. For a multiplicative
character  of F, we have

m—1
(2-4) H gy =gy " m) [ | e(x).
i=0 i=1

The following lemma relates Gauss and Jacobi sums.
Lemma 2.4 [Greene 1987, Equation 1.14]. Let x1, x2 € 5. Then

g(x1g(x2)
(2-5) J(x1, x2) = —————+ (p— Dx2(=Dd(x1x2)-
g(x1x2)
Let x, ¥ be multiplicative characters of [,. Then the following special values
of binomials are very useful to prove our main results, for more details we refer

[Greene 1987, Equations 2.12, 2.7]:

()= (1) =22 o,
()= e

p-adic preliminaries. We recall the p-adic gamma function, for further details
see [Koblitz 1980]. For a positive integer n, the p-adic gamma function I',(n) is
defined as

Ly :=-0" ] J

O<j<n, ptj

and one can extend it to all x € Z, by setting I',(0) := 1 and
[p(x) = x}?iinx I (xp)

for x # 0, where x, runs through any sequence of positive integers p-adically
approaching x. Two important product formulas of the p-adic gamma function
from [Gross and Koblitz 1979] are as follows. If x € Z, then

(2-8) T, ()T, (1 —x) = (= 1)),

where ag(x) = x (mod p) such that ag(x) € {1,2,..., p}. f m € Z*, ptm and
x = pr—l with0 <r < p — 1 then

(2-9) 1:[ <x+h> a)(m(l_x)(l P))F (x) 1_[ (m)

h=1
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Another interesting product formula of p-adic gamma function given in [McCarthy
2013] as a consequence of (2-9) described as follows. Let ¢ € Zt and ptr. Then
for0 < j < p—2 we have

(2-10) w<t’”fb(<;i71y)51 ( )= III*(<_'____T>>

Let # € C, be the fixed root of the polynomial xP~! 4 p, which satisfies the
congruence condition 7 = ¢, — 1 (mod (¢, — 1)?). The Gross—Koblitz formula
relates the Gauss sum and p-adic gamma function as follows.

Theorem 2.5 Gross—Koblitz formula [1979]. For j € Z,

2@ = —gr-D=mip ([T V),
P p— 1

The next two lemmas are helpful in the proof of our main results. These two
lemmas are direct applications of the Gross—Koblitz formula.

Lemma2.6. For1 <j<p-2

o ol el

Proof. Applying the Gross—Koblitz formula (Theorem 2.5) on the left-hand side of
(2-11) and then using (2-3) it is straightforward to verify the lemma. U

Lemma 2.7. For 1 < j < p —2 we have

s -5)
(2-12) r((L+—2=))r,({1-——
Fp(%) -1 ! p—1

=—Zw<wmwm

te[F,f

(b5 ) ((-55)
= r s+ —) | 1——)).
A E AN CR Y )\ W

Using the Gross—Koblitz formula (Theorem 2.5), (2-3), and (2-5) we obtain

pw’ (—1)

Proof. Let

U= J (o’ , p) = % Z & (=)t (t —1)).

ref;

This completes the proof of the lemma. (]
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3. Proof of the theorems

We begin with a proposition which explicitly determines the value of a character
sum. We use this proposition to prove Theorems 1.2 and 1.7.

Proposition 3.1. For x € [} we have

> slexs@nzn ()

xe[F;
0 ifl—x#0,
=1 2(p—De(=2) ifx=1,
p(p—Do(=2) (@ +a)+¢(1—a)) ifx#1and1—x=a’
Proof. Let

A= Z g(son)g(w"c)g(X)x(ﬁ)-

X
)(E[Fp

Multiplying both numerator and denominator by g(¢ x) we can write

glex®gX) o (x
3-1 ).
(3-1) X%:X o g((ﬂx)g(sox)x(4)
Applying (2-5) we have
2
(32) 8@WXIEI _ 1o %) — (p— Dx(=1S(gx).
glpx)

Also, applying (2-3) we have

(3-3) gex)glex) =pex(—=1) —(p—1)é(px).

Substituting (3-2) and (3-3) into (3-1) we obtain

(3-4) A=A+ A+ A3+ Ay,
where
(3-5) Av=pe(=1) 3 Jx® 0x(F):
e,
9 _ X
(3-6) Ar==(p=1) Y 800 wx® 0x (%)
Xe;
=—(p=De)J (¢, ),
X
(3-7) Ay ==p(p—De(=1) X[F:‘ swox(3)
x€lb;

=—p(p— De(—x),
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(3-8) Av=(p =12 ) st ()
xe[FpX
= (p— D*p(—x).
Using (1-2), and (2-6) in (3-6) we have
(3-9) Ar=—p(p—De(-)(})
= (p— Do(—x).

Adding (3-7), (3-8), and (3-9) we obtain
(3-10) Ary+ A3+ A4 =0.
Substituting (3-10) into (3-4) we have

A=Ar=pe-1) Y Jex® Dx(F)-

X
xE[Fp

s e L (N(3)

XEIFX

(1-2) gives

If we use (2-7) then we have (/) = x (~1)(%). This yields

G-11) a=re0 3 () (F)

X
x ek,

=pp(-1) > w(y)X(y))‘c(l—y)X(%)-

xe[ﬁ;x, yel,
Replacing x by x in (3-11) we obtain

4y(1 —
(3-12) A=pe(-D Y o) 3 x (y( )

yeb, XG[FX

503

Using the orthogonality relation (2-1) we can say that second sum present in (3-12)
is nonzero if and only if the equation 4y — 4y + x = 0 admits a solution. We know

that 4y% —4y+x =0 is solvable if and only if 1 —x is a square in Fp. Let 1
for some a € [,,. Then %(1 +a) are solutions of 4y?> —4y+x = 0. Hence, we obtain

p(p—De(=2) ifx=1,

A=1p(p—De(-2)(p(l+a)+¢(l—a)) ifx#1land1—x=a?
0 if 1 —x # 0.

This completes the proof.

2

—X=d
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In the next proposition, we again consider the same character sum as considered
in Proposition 3.1 and express the sum as a special value of p-adic hypergeometric
series. We use this proposition to prove Theorem 1.2.

Proposition 3.2. For x € [} we have

= W

==
| S—

l
> 2lexVs@ne@x(F) = P Pe@T, ()0 (%)ZGZ[ ;
)(G[F;<
Proof. Let
A=Y sexHewDe@x(3):

xeky

Since [f;( ={w/ :0<j < p—2}, replacing x by w/ and applying the Gross—Koblitz
formula we obtain

T e I Tk e

j=0
! 2j 1 J J
where £]—<2 p—1>+<2+p—l>+(p—1)'

Applying (2-9) with x = (3 — -2} and m =2 we obtain

n((3--25) Fp<%(<% 2N, - 2+ 4)

%)a)(z(l PA=(1/2=2j/(p=D)))

Taking j in the intervals [0, LPT_lﬂ (LPTJ L3(” I)J] and (L3(” I)J p—2] we
verify that

Fp(§<§ B m>)”(z<z e >+= . ((i B ﬁ»r((i - ﬁ»

and (U~ U=1/2=2j/(p=DDy = (2) @/ (4). Therefore, we can write

AN e L i)
(3-14) Lol ———) )= : — .

2 p-1 [y(3)e )@’ (4)
Substituting (3-14) into (3-13) we obtain

e ”Z‘z 1 3__J
_ - (p—1)t; 1 > J
G159 A= r,(1) 4 w0t Fp(<4 p_1>)1“,,<<4 p—1>>

Jj=0

NSTR

x I’

(G5l ()
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12 1, J J
bi=(z——— =
! <2 p—1>+<2+p—1>+<p—1>
i .
U R N A |
2 p-1 2 p-—1
By considering L%—%J:Zk%—s for some k € Z and s =0, 1 it is straight forward
to verify that
TN
2 p—1 4 p-1 4 p-1]
This gives

RN 5 S A D - A I B
(3-16) =1 L‘ p—lJ L‘ p_1J L2+p_1J.

Substituting (3-16) into (3-15) we obtain

Now,

A=p(l—pe@T,(3)T,(3) 2G2|: 47

= W

==
[

This completes the proof. U

Proof of Theorem 1.2. Comparing Propositions 3.1 and 3.2 for x = 1 we have

1
3-17 G| ¥
( ) 2 2[ 0.

= AW

‘ 1] = L‘l).
(1) (3)

Applying (2-9) (with x = 1 and m = 2) we obtain

(3-18) 00 (3) =e@n(3)" =—e(-2).

Note that the last equality is obtained by using (2-8) (with x = %) Substituting
(3-18) into (3-17) and using the fact that
1 if p =41 (mod 8),

v(2) = {—1 if p=+3 (mod8),

we prove (1-9). Now, letting x # 0, 1, and 1 — x = a? for some a € [ and then
comparing Propositions 3.1 and 3.2, we obtain

l:|= —p(=1)
1 n@0G)

Then substituting (3-18) into (3-19) we have

1
(3-19) sz[ . (p(1+a)+ ¢ —a)).

0,

D= AW

1

3-20 G| ¥
( ) 2 2|:0’

= KW

%] =92 - (p(1+a)+ ¢ —a)).
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Replacing x by % in (3-20) we obtain (1-10). Finally, if 1 — x is not a square in [,
then again, comparing Propositions 3.1 and 3.2 we obtain

1

Replacing x by % in (3-21) we derive (1-11). This completes the proof of the
theorem. (]

1
3-21 Gyl
( ) 2 2|: 0.

= L

Proof of Theorem 1.6. If t #0, 1 and 1 — 1 = =1 £ [J then from (1-11) we have

t

(t]:o.

Replacing ¢ by % in (3-22) we obtain that if 1 — x # [ then

%}:0.

Similarly, if t 20,1 and 1 — ﬁ = ﬁ # O then (1-11) gives

‘1—:}:0.

Replacing 1 — ¢ by ﬁ in (3-24) we can write that if x % [ then

1
|ﬁ]=0-

Combining (3-23) and (3-25) we obtain (1-13). Now, let x = b2 Putting 1 —x = %
we have 1 — % = b%. Applying (1-10) we have

1
Gy| ¥
2 2|:0’

1
3-22 G| ¥
( ) 2 2|: 0.

D= AW

1
3-23 Go|
( ) 2 2|: 0.

D= AW

1

3-24 G| ¥
( ) 2 2|:0’

= AW

1
3-25 G| ¥
( ) 2 2[ 0.

[NSI N N[8]

[STEE N (OS]

| t] =) (p(1+b)+¢(1—b)).

Therefore, if x = b* then

1

326 G| ¥
( ) 2 2|:0’

(Y[

ﬁ] =9(2) - (p(1+b) +¢(1 —b)).

Combining (3-23) and (3-26) we deduce (1-14). Let 1 —x = a?. Also, let x = %
Then 1 — % =a”. Using (1-10) we obtain that

1

G| ¥
2 2|:0’

(T[S

| r] =0 (p(l+a) +¢(1—a).
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Therefore, if 1 — x = a? then

13
(3-27) 2Gz[8’ 1 }C] =¢2)-(p(1+a)+ ¢l —a)).
)
Combining (3-26) and (3-27) we derive (1-15). Finally, comparing (3-25) and
(3-27) we obtain (1-16). This completes the proof of the theorem. O

Proof of Theorem 1.7. Again, consider the sum

A=Y gexgeng@x(3).
efy

Then from (3-15), and (3-16) we have
_ p(2) 2 i (p—1)¢; 1 J 3 J
a2 a=—F o on o (- (i -55)

1 J J
: Fp(<2 e 1>>Fp<p— 1)’
1 j 3 i 1 i
where (;=1-|3-35]-i-35]-12+575]
Now, the term for j = 0 present in (3-28) is equal to pe(2)T’, (JT) (%) Therefore,
we have

0(2) 3 j 3
_ (p—D¢; _ -__J
(29 A==y S tom” F(< (G p_1>)

1
2) j=1 4 p-
ol () e
Using (2-11) we can write

2 = 1
A=peQ)T, WE +_(,0 ! (—x)x P~ D4 (< >)
)+ S -4

R T (R )

P2 (p)CL2Hp-DDp (L i .
=—p<p(2)Za)J(—x) 1 »((3 7 1))Fp<<1— J >>
j=1 FP(E)

. 2 .
—py-ba=i/p=01=3/4—j/p-0ip (_J_\p (1 _J_
<o R

x T (<§ - ﬁ» +pe@T,(3)T,(3).
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Also, applying (2-12) we obtain

(3-30) A=—02) > ¢(t(t—1) Z‘”]< ) )~ LW/A=i/ (=D~ 13/4=j/(p=D)]

tely
. . . 2
1 3 J
<L <<4 p—1>)rp(<‘_‘_p—l>>r”<p—1>
+pp@T, (1)1 (3)-
The term under summation for j = 0 is equal to
—0) Y @(tt =T, (1T (3) = =0 (=T, (H)TH(3) /(0. 9)
tef,
=—pe@T ()N (5)
=T, (1) (3)-

Note that the last equality is obtained by applying (2-6). Using this value in (3-30)
we obtain

13
331)  A=(p— D@, (5, (3) (1+Z¢(’(t_1))2G2[8 0

teFy

Now, from Proposition 3.1 comparing the values of A and using (3-18) we deduce
(1-17), (1-18), and (1-19). This completes the proof of the theorem. O

Proof of Theorem 1.8. Applying the transformations [McCarthy 2013, Lemma 3.3;
2012c¢, Proposition 2.5] for x, t # 0 we obtain

X

/)

3.1 3
,%]:();4) zFl(X“’ X
&

3
_ X4a X4
()
Note that we obtain the last equality by using (2-6).

Let x = 1. Then substituting (3-32) into (1-17) we have

1 3
i 1
(3-32) QGQ[ o 0

3
(333 —p ) et —1)aF (X‘" a

X
tel,

%) =—1-po(2).

Replacing # by 1/t we derive (1-20). Similarly, if x # 1 and 1 — x is not a square
then substituting (3-32) into (1-18) and replacing ¢ by x /¢ we obtain (1-21). Finally,
if x # 1 and 1 — x = a? then substituting (3-32) into (1-19) and replacing ¢ by x /¢
we deduce (1-22). This completes the proof. (]
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Proof of Theorem 1.9. If 1 — x # [ then applying Propositions 3.1 and 3.2 we have

1 1
2G2|:4’ }C]=2Gz[8’ xx;l:|=0.

07
This proves (1-25). Now, let 1 —x = a? for some a € F. Let a~! denote the inverse
of a in F}. Then again applying Propositions 3.1 and 3.2 we have

T[S

= AW

(3-34) 2G2[%’ i l} ——ﬂ(q)(l—{—a)—}—(p(l—a))
1 |x|™ 1 3 ’
0, 2 FP(Z)FP(Z)
and
1 3
i 7 — p(—1) -1 -1
(3-35) 2G2[4 1 )‘Tl}=——(<p(1+a )+l —a)).
0, 3 ()T (3)
Comparing (3-34) and (3-35) we prove (1-26). This completes the proof. O

Concluding Remarks. Let [, be a finite field with ¢ elements, where g = p".
We note that all the transformations and special values of p-adic hypergeometric
series that are proved in this paper can also be extended to the g-version of the
p-adic hypergeometric series ,G,[---|t], with ¢ € F; using [McCarthy 2013,
Definition 5.1]. We avoid this case here for brevity. We also make the same
comment for Gaussian hypergeometric functions over F,. We believe that using this
method we can settle many other transformation formulas for p-adic hypergeometric
series that are analogous to classical hypergeometric series transformations. This is
considered as the subject of forthcoming work.
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