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The umbral moonshine module for the
unique unimodular Niemeier root system

John F. R. Duncan and Jeffrey A. Harvey

We use canonically twisted modules for a certain super vertex operator algebra
to construct the umbral moonshine module for the unique Niemeier lattice that
coincides with its root sublattice. In particular, we give explicit expressions for
the vector-valued mock modular forms attached to automorphisms of this lattice
by umbral moonshine. We also characterize the vector-valued mock modular
forms arising, in which four of Ramanujan’s fifth-order mock theta functions
appear as components.

1. Introduction

In his Ph.D thesis, Zwegers [2002] gave an intrinsic definition of mock theta
functions and provided new insight into three families of such functions, constructed

(1) in terms of Appell-Lerch sums,
(2) as the Fourier coefficients of meromorphic Jacobi forms, and
(3) via theta functions attached to cones in lattices of indefinite signature.

The first two constructions have played a central role in recently observed moonshine
connections between finite groups and mock theta functions. These started with
the observation in [Eguchi et al. 2011] that the elliptic genus of a K3 surface has
a decomposition into characters of the N = 4 superconformal algebra with multi-
plicities that at low levels are equal to the dimensions of irreducible representations
of the Mathieu group M»4. Appell-Lerch sums appear in this analysis in the so called
“massless” characters. This Mathieu moonshine connection was conjectured in
[Cheng et al. 2014a; 2014b] to be part of a much more general phenomenon, known
as umbral moonshine, which attaches a vector-valued mock modular form H¥,
a finite group G*, and an infinite-dimensional graded GX-module K* to the root
systems of each of the 23 Niemeier lattices. The analysis in [Cheng et al. 2014b]
relied heavily on the construction of mock modular forms in terms of meromorphic
Jacobi forms and built on the important work in [Dabholkar et al. 2012] extending
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the analysis of [Zwegers 2002] and characterizing special Jacobi forms in terms of
growth conditions.

Whilst the existence of the GX-modules KX has now been proven [Gannon 2016;
Duncan et al. 2015b] for all Niemeier root systems X, no explicit construction of
the modules K¥ is yet known.

In this paper we construct the GX-module K for the case that X = Eg’. To do
so we apply the third characterization of mock theta functions in terms of indefinite
theta functions. This enables us to employ the formalism of vertex operator algebras
[Borcherds 1986; Frenkel et al. 1988], which has been so fruitfully employed (in
[Frenkel et al. 1988; Borcherds 1992] to name just two) in the understanding of
monstrous moonshine [Conway and Norton 1979; Thompson 1979a; 1979b].

See [Duncan et al. 2015a] for a recent review of moonshine both monstrous and
umbral, and many more references on these subjects.

To explain the methods of this paper in more detail, we first recall the Pochammer
symbol

n—1

(@) =] [(1 = xg"), (1-1)

k=0

and the fifth-order mock theta functions

n

W@ == =Y —L a2

= @@ =@ D

from Ramanujan’s last letter to Hardy [Ramanujan 1988; 2000]. The conjectures
of [Cheng et al. 2014b] (see also [Cheng et al. > 2017]) imply the existence of
a bigraded super vector space K* = @, KX = D, 4 Kr{(d that is a module for
G* ~ §3 and satisfies

sdim, K{¥ = —2¢~1/120 4 Z dim K,y 120g" /1
n>0

=2¢"""(x0(q) - 2), (1-3)

sdim, K7X _ Z dim Kf,,_49/12061"_49/120 — 247120 (g).

n>0

Here sdim, V := ), (dim(Vj), — dim(V7),)q" for V a Q-graded super space with
even part Vg and odd part V7.

In this article we realize KX explicitly in terms of canonically twisted modules
for a super vertex operator algebra VX, and we show that the graded trace functions
for the resulting bigraded G* -module are exactly compatible with the predictions of
[Cheng et al. 2014b]. Thus we construct the analogue of the moonshine module V*
of Frenkel, Lepowsky and Meurman [Frenkel et al. 1984; 1985; 1988], for the
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X = Eé’ case of umbral moonshine (although it should be noted that the group for
us is GX ~ S3, which is of course much less complicated than the monster).

To prove that our construction is indeed the X = Eé’ counterpart to V¥, we
verify the X = Eg analogue of the Conway—Norton moonshine conjecture, proven
by Borcherds [1992] in the case of the monster, which predicts that the trace
functions arising are uniquely determined by their automorphy and their asymptotic
behavior near cusps. Thus we verify the X = Eg’ analogues of both of the two major
conjectures of monstrous moonshine.

The main motivation for our construction of KX stems from some g-series
identities for g (q) and x;(q) that were established by Zwegers [2009]. These are

2— xo(q) = ( Z > )(—1)““'"
m>0  k,l,m<0
% q(k2+12+m2)/2+2(k1+zm+mk)+(k+l+m)/z
(1-4)
X1(q) = ( Yoo+ ) )(—D"“*’"

k,l,m>0 k,I,m<0
« q(k2+l2+mz)/2+2(kl+lm+mk)+3(k+l+m)/2
9

where (x; ¢)oo :=[],~0(1 —x¢"). Upon regarding (1-4) we are led to consider a
certain indefinite lattice of rank 3 (see Section 2D), which furnishes most of the
vertex algebra structure that we use to define VX. It is a curious circumstance
that there seems to be no obvious relationship between the lattice we use and the
X = Eé’ structure which underpins the relevant case of umbral moonshine. For
this reason it is not yet clear how the construction of KX presented here should be
generalized to the other cases of umbral moonshine.

We now formulate precise statements of our results. To prepare for this, recall
that vector-valued functions Héf( (r) = (Héffr (r)) on the upper half plane H are
considered in [Cheng et al. 2014b], for g € GX ~ S5, where the components are
indexed by r € Z/60Z. Define o(g) to be the order of an element g € GX. The H, gx
are not uniquely determined in [Cheng et al. 2014b], except for the case that g = e
is the identity, o(g) = 1. But it is predicted that H;‘ is a mock modular form of
weight % for I'g(0(g)), with shadow given by a certain vector-valued unary theta
function ij (see (3-33)), and specified polar parts at the cusps of ['g(o(g)). In
more detail, H,* should have the same polar parts as H* := H)X at the infinite
cusp of I'g(o(g)), but should have vanishing polar parts at any noninfinite cusps. In
practice, this amounts to the statement that we should have

Hy (1)
29720+ 0120 if r = £1, £11, £19, £29 (mod 60),
“lom otherwise, (1-5)
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for ¢ = €?™'7, and all components of H;‘ (t) should remain bounded as T — 0, if
g #e. (If g #ethen o(g) =2 or o(g) = 3, and then I'g(o(g)) has only one cusp
other than the infinite one, and this is the cusp represented by 0.)

Our main result is the following, where the functions TgX are defined in Section 3C
(see (3-32)) in terms of traces of operators on canonically twisted modules for V¥,

Theorem 1.1. Let g € GX. If o(g) # 3 then 2TgX is the Fourier expansion of the
unique vector-valued mock modular form of weight % for T'o(o(g)) whose shadow
is S?, and whose polar parts coincide with those of H;(. If o(g) = 3 then 2TgX is
the Fourier expansion of the unique vector-valued modular form of weight % for
"o (3) which has the multiplier system ,03|30_X and polar parts coinciding with those
of H gx .

Here 0% : SL,(Z) — GLg(C) denotes the multiplier system of SX := §X
(see (3-34)), and p3j3 : I'g(3) — C* is defined in (3-38). The shadow function S;f
is defined in (3-33) and determines the multiplier system of 2TgX when o(g) # 3.

Armed with Theorem 1.1, we may now define the H, gX concretely and explicitly,
for g € GX, by setting

HJ (1) :=2T (1), (1-6)
where TgX (7) denotes the function obtained by substituting e>*** for ¢ in the series
expression (3-32) for TgX )

Expressions for the components of H ;‘ are given in §5.4 of [Cheng et al. 2014b],
in terms of fifth-order mock theta functions of Ramanujan, for the cases that o(g) =1
and o(g) =2, but it is not verified there that these prescriptions define mock modular
forms with the specified shadows. Our work confirms these statements, as the
following theorem demonstrates.

Theorem 1.2. We have the following identities:

X +2¢7120(x0(q) —2) ifr =+1, £11, +19, +29,
Hiy, (1) = 71/120 : (1-7)
’ +2¢q x1(q) ifr =47, 413, £17, £23,
2g 12044 (— ifr=-41,+11,+19, +29,
Hiy (1) = N q—49 12(?0( g zfr (1-8)
’ +2¢~90¢, (—q),  ifr =47, +13, £17, £23.

The fifth-order mock theta functions ¢ and ¢; were defined by Ramanujan (also
in his last letter to Hardy) by setting

$o@ =Y ¢"(~¢:P. @ =Y "V (~qigH. (19
n>0 n=0

The identities (1-7) follow immediately from Theorem 1.1, since the V X -modules
used to define the TgX have been constructed specifically so as to make Zwegers’
identity (1-4) manifest. By contrast, the o(g) = 2 case of Theorem 1.2 requires



Umbral moonshine module for the unique unimodular Niemeier root system 509

some work, since the expressions we obtain naturally from our construction of
TgX do not obviously coincide with (1-8). Thus the proof of Theorem 1.2 entails
nontrivial g-series identities which may be of independent interest.

Corollary 1.3. We have

(Z-%

k,m>0 k,m<0>k=m (mod 2)

:H(H_qn)( Z . Z )(_1)k+mq3k2+m2/2+4km+k+m/2, (1-10)

n>0 k,m>0  k,m<0

( Z _ Z ) (=)™ qk2/2+m2/2+4km+3k/2+5m/2

km>0 km<0/ k=m (mod2)

:1_[(1+qn)( Z . Z )(_1)k-‘rmq3k2+m2/2+4km+3k+3m/2‘ (1-11)

n>0 k,m>0  k,m<0

(—1)™ qu /24+m? [ 24+4km+k/2+3m /2

The reader who is familiar with modularity results on trace functions attached to
vertex operator algebras (see [Zhu 1996; Dong et al. 2000; Miyamoto 2004]) and
super vertex operator algebras (see [Dong and Zhao 2005]) may find it surprising
that the functions we construct are (generally) mock modular, rather than modular,
and have weight %, rather than weight 0. In light of Zwegers’ work [2002; 2009], it is
clear that we can obtain trace functions with mock modular behavior by considering
vertex algebras constructed according to the usual lattice vertex algebra construction,
but with a cone (see Section 2D) taking on the role usually played by a lattice. A
suitably chosen cone is the main ingredient for our construction of VX,

Note however that the cone vertex algebra construction does not, on its own,
naturally give rise to trace functions with weight % For this we introduce a single
“free fermion” to the cone vertex algebra that we use to construct VX, and we
insert the zero mode (i.e., L(0)-degree preserving component) of the canonically
twisted vertex operator attached to a generator when we compute graded traces on
canonically twisted modules for V¥, In practice, this has the effect of multiplying
the cone vertex algebra trace functions by n(r) := q'?* [Lo(l—g™.

We remark that this technique may be profitably applied to other situations.
For example, it is known (see, e.g., [Harada and Lang 1998]) that the moonshine
module V¥, when regarded as a module for the Virasoro algebra, is a direct sum of
modules L(h, 24), for h ranging over nonnegative integers, satisfying

trp o4 g~ O = (1 —q)g>n@)~" forh =0,
L(h.24) "2/ ()1 forh > 0,

where ¢ =24. Also, the multiplicity of L (0, 24) is 1, and the multiplicity of L(1, 24)
is 0. Consequently, the weight % modular form n(t)J(t), with J(t) = q_1 +0(q)

(1-12)
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the (so normalized) elliptic modular invariant, is almost the generating function
of the dimensions of the homogeneous spaces of Virasoro highest weight vectors
in V9. Indeed, the actual generating function is just ¢'/?*n(7)J(t) + 1.

Certainly n(t)J (t) has nicer modular properties than the Virasoro highest weight
generating function of V¥, and moreover, an even more striking connection to the
monster, as four of the dimensions of nontrivial irreducible representations for the
monster appear as coefficients:

NI (T) = - - - + 196883¢ %/ +21296876¢*/%*
+ 8426093269 */%* +19360062527¢°"/** 4. .. (1-13)

(see p. 220 of [Conway et al. 1985]). This function n(t)J(r) can be obtained
naturally as a trace function on a canonically twisted module for a super vertex
operator algebra. Indeed, if we take V to be the tensor product of V¥ with the
super vertex operator algebra obtained by applying the Clifford module construction
to a one-dimensional vector space (see Section 2C for details), then, choosing
an irreducible canonically twisted module Vi, for V, and denoting by p(0) the
coefficient of z~! in the canonically twisted vertex operator attached to a suitably
scaled element p € V with L(0)p = % p, we have

try,, p(0)g“ O~/ = (1) J (1), (1-14)

where now ¢ = %. (See Section 2C for more detail.)

The importance of trace functions such as (1-14) within the broader context of
modularity for super vertex operator algebras is analyzed in detail in [Van Ekeren
2013]; see also [Van Ekeren 2014].

The organization of the paper is as follows. In Section 2 we recall some familiar
constructions from the theory of vertex algebras and use these to construct the super
vertex operator algebra VX and its canonically twisted modules v@;jf, which play
the commanding role in this work. We recall the lattice construction of super vertex
algebras in Section 2A, modules for lattice super vertex algebras in Section 2B, and
the Clifford module super vertex algebra construction in Section 2C. We formulate
the construction of VX and the twisted modules th,(,:;t in Section 2D. We also
equip these spaces with GX-module structure in Section 2D, and compute explicit
expressions (see Proposition 2.2) for the graded traces of elements of G*.

In Section 3 our focus moves from representation theory to number theory, as we
seek to determine the properties of the graded traces arising from the action of GX
on the Vti +- We recall the relationship between mock modular forms and harmonic
Maass forms in Section 3A, and we recall some results on Zwegers’ indefinite theta
series in Section 3B. The proofs of our main results, Theorems 1.1 and 1.2, are the

content of Section 3C.
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We give tables with the first few coefficients of the H;‘ in the Appendix. We

frequently employ the notational convention e(x) := >/,

2. Vertex algebra

This section begins with a review of the lattice (super) vertex algebra construction
in Section 2A, and the natural generalization of this, which defines lattice vertex
algebra modules, in Section 2B. We review the special case of the Clifford module
super vertex algebra construction we require in Section 2C. We put all of this together
for the construction of V¥, and its canonically twisted modules, in Section 2D.

2A. Lattice vertex algebra. We briefly recall, following [Borcherds 1986; Frenkel
et al. 1988], the standard construction which associates a super vertex algebra V to
a central extension of an integral lattice L. We also employ [Frenkel and Ben-Zvi
2004] as a reference. Set h := L ®7 C, and extend the bilinear form on L to a
symmetric C-bilinear form on § in the natural way. Set 6 = h[t,t" 1@ Ce, for
t a formal variable, and define a Lie algebra structure on 6 by declaring that c is
central, and [u ®t", v®t"] =m(u, v)8ynoc foru,vebhand m, n € Z. We follow
tradition and write u (m) as a shorthand for u ®#™. The Lie algebra h has a triangular
decomposition f) h é bo é []+ where []i = p[rF! et and ho =hpCec.
We require a bilinear function b : L x L — Z /27 with the property that

b(h, ) +b(i, ) = (A, u) + (A, A){, u) +22.

If {¢;} is an ordered Z-basis for L then we may take b to be the unique such function
for which
0+27 wheni < j,

. (2-1)
(A, ) + (X, A){u, u)+2Z wheni > j.

b(ei,ej) = {
Set B(A, u) := (=1)P*1 and define Cg[L] to be the ring generated by symbols
v, for A € L subject to the relations v; v, = B(A, ) Vyy .

Remark 2.1. The algebra Cg[L] is isomorphic to the quotient C[f,] / (k +1), where
L is the unique (up to isomorphism) central extension of L by (k) >~ Z/27Z such
that

ad = k@O+@a@.a) g (2-2)

for a,a’ € L lying above a, @’ € L, respectively. See [Frenkel et al. 1988].

Now define an 60 ) 6+—m0dule structure on Cg[L] by setting cv; = v; and
u(m)vy = 8y 0{u, A)v, for u € h and A € L, and define V; to be the induced
h-module,

Vi = U0) ®y gogje) ColL]- (2-3)
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Then, according to §5.4.2 of [Frenkel and Ben-Zvi 2004], for example, V; admits a
unique super vertex algebra structure ¥ : V; — (End V;)[[z, z~!] such that 1 ® v
is the vacuum vector,
Yu(=1)®vo,2) =Y umz """ (2-4)
nez
for u € h, and

Y(1®u, z)=exp (— Z ?ZO exp (— Z ?ZO UAZMO) (2-5)

n<0 n>0

for A € L. Here v;, denotes the operator v®v,, > (A, Vs 1,, and 22O (v®wV,)
is (v®wv,)z"**. Note that we have

Vi~ S(Hh7)®CIL] (2-6)

as modules for 6_ &) 60.
Given that {;} is a basis for L, choose ¢; € L ®7 Q such that (¢], £;) = §; j, and
define

3
a):=%28§(—1)8i(—1)®vo. (2-7)
i=1

Then w is a conformal element for V; with central charge equal to the rank of
L. If we define L(n) € End Vy, so that Y(w,2) =), L(n)z~"~2, then we have
[L(0),v(n)] = —nv(n) and 1 ® v, is an eigenvector for L(0) with eigenvalue
%(A, A). Note that we do not assume that the bilinear form on L is positive-definite.
Vectors of nonpositive length in L give rise to infinite-dimensional eigenspaces
for L(0), so in general (Vi, Y, vy, w,) is a conformal super vertex algebra, but not
a super vertex operator algebra.

Automorphisms of L can be lifted to automorphisms of V. Indeed, suppose
given g € Aut(L) and a function « : L — {1} satisfying

a(A+w)BR, ) =a@a(u)p(gr, gn) (2-8)
for A, u € L. Then we obtain an automorphism g of Aut(Vy) by setting
g i=a)(g v) @, (2-9)

forveS (6_) and A € L, where g - v denotes the natural extension of the action of
Aut(L)on h =L ®z C to S(h7), determined by g - u(m) = (gu)(m) for u € b.

2B. Lattice vertex algebra modules. Let y be an element of the dual lattice

L*:={reL®zQ| (A, L)CZ).
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Define Cg[L + y] to be the complex vector space generated by symbols v, for
w € L, regarded as a Cg[L]-module according to the rule vy - vy, = B(A, W) Vyjpty-
Equip Cg[L +y] witha U (60 &) 6+) module structure much as before, by letting
€Uty =Vyqy and u(m) vy 4y =8y 0(u, M+y)vu+y foruebhandpuelL. Let Vi,
be the f) module defined by setting V4, := U(f)) v @i+ CglL + y]. Then we
have an isomorphism

Vi, ~S()@CIL+y] (2-10)

of modules for 6_. Define vertex operators Y, : Vi — (End Vi ,)lz, 7z~ using
the same formulas as before, but interpret the operator vy in (2-5) as v, (V®v, 1) 1=
B(A, )V ® )44y, according to the Cg[L]-module structure on Cg[L + y] pre-
scribed above. Note that the construction of V7, depends upon the choice of
coset representative y € L*, so that V;,, might be different from V7, as a
Cg[L]-module, for example, even when L +y = L + y’, but different choices of
coset representative are guaranteed to define isomorphic Vz-modules according to
[Dong 1993].

The construction just described may be generalized so as to realize certain twisted
modules for V. We give a brief description here, and refer to §3 of [Dong and
Mason 1994] for more details.

Choose a vector h € ). Then for v € S(G_) and A € L we have h(0)v Q vy =
(h, \yv @ vy. So if & is chosen to lie in L ®7 Q, then

g =e>""0 (2-11)

is a finite order automorphism of V;, which acts as multiplication by 27/ -*) o

the vector v ® v,. The kernel of the map L ®7 Q — Aut(Vy) given by h > gy, is
exactly L*, so (L ®7 Q)/L* is naturally a group of automorphisms of V;. We may
construct all the corresponding twisted modules for V; explicitly.

To do this choose an 4 in L ®7 Q@ and let C[L + h] be the complex vector space
generated by symbols v, for A € L. Just as before, we define a U (60 6*)
module structure on C[L + h] by settlng cv, =v, and u(m)vu = Om,0(u, n)v, for
u € b and u € L + h. Define also the h module Vi = U(b) Oy iomi C[L + h],
so that we have an isomorphism

Vien = S(h7) @ CIL +h] (2-12)

of modules for 6_. Taking M to be a positive integer such that Mh € L*, define
vertex operators Y, : Vp — (End Vpp)[[z 1M =1/M) using the same formulas as
before, but interpret the operator v, in (2-5) as v (V@ v, 14) = B(A, WV @ Vyj -
Then V4 = (Viyn, Yp) is an irreducible gj-twisted module for V;, and any g,-
twisted module for V, is of the form V for some i’ € L ®7 Q that is congruent
to A modulo L*.
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Note that the action of L ®7 Q on Vi, given by h +— g, extends to the g -twisted
module V., for b’ € L ®7 Q. For given h, h' € L ®7 Q, we may define

g ®viyy) =N (v @ vy ) (2-13)

for v e S(h™) and A € L. Then we have gnY (v, v =Yp(gpv, 2)gpv’ forve Vy
and v' € V.

2C. Clifford module vertex algebra. We also require the standard procedure which
attaches a Clifford module super vertex operator algebra to a vector space equipped
with a symmetric bilinear form; see [Feingold et al. 1991] for a general treatment,
and [Feingold et al. 1996] for the special, one-dimensional case we consider here.

So let p be a one-dimensional complex vector space equipped with a nondegen-
erate symmetric bilinear form (-, -). Set p = p[t, t~11¢'/% and write a(r) fora®1".
Extend the bilinear form from p to p by requiring that (a(r), b(s)) = (a, b)8,15.0-
Set pt = p[rF1]rF1/2, write (p*) for the subalgebra of Cliff(p) generated by p*, and
define a one-dimensional (p*)-module Cv by requiring that 1v = v and a(r)v =0
for a € p and r > 0. Here Cliff(p) denotes the Clifford algebra attached to p, which
we take to be the quotient of the tensor algebra 7(p) = C1 D p B p®> @ - - - by the
ideal generated by expressions of the form u @ u + %(u, u)1 for u € p.

Observe that the induced Cliff(p)-module, A(p) = Cliff(p) ® 5+ Cv, is isomor-
phic to A\(p~)v as a (p~)-module. We obtain a super vertex algebra structure on

A(p) by setting
Y(a(-3)v.2) =) a(n+3)z"" (2-14)

nez

for a € p, for the reconstruction theorem of [Frenkel and Ben-Zvi 2004] ensures that
this rule extends uniquely to a super vertex algebra structure Y : A(p) ® A(p) —
A(p)((z)) with Y (v, z) =1d.

Let p € p such that (p, p) = —2. We obtain a super vertex operator algebra
structure, with central charge ¢ = %, by taking

o=1p(-p(-Hs @15)

to be the conformal element.

To construct canonically twisted modules for A(p) set Py, = p[z, #~!] and extend
the bilinear form from p to Py, as before, by requiring that (a(r), b(s)) = (a, b)8,+.0.
Set p>7, = plt]t and P, = p[¢~'], and define a one-dimensional (p,)-module Cvyy,
by requiring, much as before, that 1vy, = vy and a(r)vy, =0 fora € p and r > 0.
Then for the induced Cliff(py)-module

A(P)w = Cliff(pry) ®pz) Corws (2-16)



Umbral moonshine module for the unique unimodular Niemeier root system 515
there is a unique linear map Yy, : A(p) ® A(P)w — AP)ww ((z'/?)) such that

Yoo(u(=3)v.2) =D umz "2 (2-17)

nez

for u € p, and (A(P)ww, Yiw) 1s a canonically twisted module for A(p). One may use
a suitably modified formulation of the reconstruction theorem of [Frenkel and Ben-
Zvi 2004] to see this; see [Frenkel and Szczesny 2004]. We refer to [Feingold et al.
1996] for a concrete and detailed description of Y. Note that A(p) is isomorphic
to /\(P5,)v as a (p;,)-module.

With p € p as above, such that (p, p) = —2, we have p(0)> =1 in Cliff(p). Set

v 1= (1% p(0) vy, (2-18)

so that p(O)vtjf,v = :I:vacv. Then A(P)w = A(p):(,v @ A(p), 1s a decomposition of
A(p)ww into irreducible canonically twisted A(p)-modules, where A(p)f; denotes
the submodule of A(p)qy generated by vt%v:

A(p)gy, = Cliff(Piw) ® 57 ) Cogy- (2-19)

From (2-17) we see that the L(0)-degree preserving component of Yy, ( p(—%)v, z)
is p(0). Computing the graded-trace of p(0) on A(p)tfv, we find

n>0

1/24

where the factor g appears because L (0) vtfv = 11—61)?@ and ¢ = %

2D. Main construction. We now take L = Z¢& + Z¢&y + Ze3 to be the rank 3 lattice
with bilinear form (-, - ) determined by

(6i,€j) =2—10; . (2-21)

This is an integral, noneven lattice with signature (1, 2). Set p := %(8 1+ée2+¢€3)
and observe that
A, p)=k+l+m (2-22)

for A = ke| +1ey + mes, so p belongs to the dual L* of L. In fact, L*/L is cyclic
of order 5, and p + L is a generator. If we set

Li:={1reL|(x p)=j (mod?2)}, (2-23)

then L = L°U L' is the decomposition of L into its even and odd parts, by which
we mean that (A, 1) is even or odd according as A lies in L° or L'.
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Let Vi be the super vertex operator algebra attached to L via the construction of
Section 2A, where the bilinear function b : L x L — Z /27 is determined by setting

0 wheni <j,

b(gi, ej) = { (2-24)

1 wheni > j.

There is an obvious action of the symmetric group S3 on L, by permutations of
the basis vectors ¢;. We lift this action to V, in the following way. Recall from
Section 2A that a lift ¢ € Aut(V,) of an automorphism g € Aut(L) is determined
by a choice of function « : L — {£1} satisfying (2-8). Taking u = kX in (2-8) we
have a((k + DA) = a(M)a(kr)B(r, MKB(gh, gh)X, since B is bimultiplicative. So
given (2-24) we see that (A, A) = ki1ky + koks + kak for A = k&1 + koeor + kaes,
which is invariant under the action of S3. So actually S(A, A) = B(gA, g)), and
thus we may assume o (kA) = a(M)*in (2-8) for L € L and k a positive integer,
when g acts by permuting the ¢;. Observe also that for A, u, v € L we have

aA+p+v)BQ, W, v)BV, 1)
=aM)a(a)p(gr, gu)Bgu, gv)Bgv, gr)  (2-25)

according to (2-8), which specializes to

a(M)B(e1, £2) 12 B (e, £3)°5 B (e3, £1)FN1

=a(e)Ma(e2)2a(e3) B (ger, ge2) "2 B(gea, g83) 2 B(ges, ge)™ 1 (2-26)

for A = ke + kogr + kies.

Consider the case that g = o is the cyclic permutation (123). From (2-26) we
see that we may lift o to Aut(V,) by taking a(e;) =1 for i € {1, 2, 3}, and more
generally o (k11 + koey + kzez) = (—1)keksthski i the construction of Section 2A.
We denote the corresponding automorphism of V;, by 6. In the notation of (2-9)
we have

A . koks+ksk
G(U ® vk1€1+k282+k383) = (_1) 2tk I(G : U) ® vk381+k182+k283~ (2_27)

Next consider g = t := (12). Applying (2-26) we see that we may lift T to Aut(Vy)
by taking «(¢;) =1 as before, and more generally o (k1&1 +ko&2 +kze3) = (=Dkikz,
We denote the corresponding automorphism of V; by 7, so that

f(‘U ® vk1£1+k262+k383) = (_l)klkz (T : U) ® vk2£1+k182+k383 . (2_28)

Using (2-27) and (2-28) one can check that 63 = 72 = (6)? =1d in Aut(V}), so
6 and T generate a group .
G:=(0,7T)>8; (2-29)
in Aut(Vy).
Note that V;, = V; 0@ V;1 is the decomposition of V; into its even and odd parity
subspaces, where L/ is defined by (2-23). Thus the canonical involution of V;,
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acting as +1 on the even subspace Vo and —1 on the odd subspace V;1, is realized
by g,/2 in the notation of (2-11). So the canonically twisted modules for V; are
exactly the Vi 44,2, fora € {1, 3,5,7, 9} (see Section 2B).

The prescription (2-13) furnishes an extension of the action of the canonical
involution g,/ from V; to Vi 4,/2. Since p is S3-invariant we may also extend
the actions of 6 and 7 to V4,2 by setting

6(V® Vyap2) i= (= 1RTER (G 0) @ vy ap)2,

A (2-30)
TV ® Vrrapy) == (=D OD2 (0 0) @ vrgap)a,
forv e S(a_) and A = ki1 +kpez + kzez. We use these rules to equip the Vi 4 4,/2
with G- and (gp/2)-module structures.
Now observe that if K C L is closed under addition and contains O then the
h-submodule Vg < Vi generated by the v, for A € K,

Vk =~ S(h7) ® CK], (2-31)

is a sub-super vertex algebra of V, and the w of (2-7) is a conformal element
for Vg . Furthermore, if K’ C L + %ap satisfies K + K’ C K’ then the restriction of
the twisted vertex operators u ® v > Yy, /2 (u, Y wto Vi@V < Vi ® Vitap)2
equips Vg with a canonically twisted module structure over Vi (for a odd). To
describe the choices of K and K’ that are relevant to us, define P to be the monoid
of nonnegative integer combinations of the ¢;,

P:={Zk,-g,-eL)k,-zo, w}. (2-32)

Then Vp is naturally a conformal super vertex algebra, and for a odd, Vp4,/2 is a
canonically twisted module for it. By our choice of basis {¢;}, all nontrivial vectors
of the monoid P have strictly positive norm. So the eigenspaces for the action of
L(0) on Vp are finite-dimensional, and the eigenvalues of L(0) are contained in
%Z and bounded from below. Thus Vp is actually a super vertex operator algebra.

Observe that the actions (2-30) restrict to Vp4,/2 for any a, since P and p are
invariant under coordinate permutations. The canonical involution g, >, acting on
Vi +ap/2 according to (2-13), also preserves the subspace Vp_ /2.

We now let VX denote the tensor product super vertex operator algebra

VX i=AMp) ® Vp. (2-33)

For a an odd integer we define VE | to be the canonically twisted V*-module

tw,a

Vi o= AT ® Veiap, ® AT, ® Vei(10-ap)2- (2-34)
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We extend the action of G ~ S3 to VX and Vtw 4 by letting G act trivially on the
Clifford module factors, setting

c(u®v)=u®ao(), Tu®v):=u®1T() (2-35)

foru € A(p) and v € Vp, and for u € A(p)fvcv and v € Vpigp)2.
Given g € G and a an odd integer, we now define Tgﬂf to be the trace of the

operator gg,/2p(0)g*©~¢/2* on the canonically twisted VX-module V5

tw,a>

T, =trye 82onp(0)g- O/, (2-36)
Note that ¢ = % here. Also, the identities

TY =—TF =77

g.a g.a = 1g10-a (2-37)

follow directly from (2-34) and (2-36). In particular, we have ngfs =0 for all g.
Recall that (¢; ¢)oo = [[,-0(1 — ¢") (see (1-1)). Our concrete construction
allows us to compute explicit formulas for the trace functions ng,ta-

oge . :l: . . . .
Proposition 2.2. The trace functions T, , admit the following expressions:

g/

Te,ia: ( Z Z )(_l)k-‘rl-i-m

2
(q q) k,l,m>0 k,I,m<0
(k2+lz+m2)/2+2(kl+lm+mk)+u(k+l+m)/2+3u2/40’ (2-38)

xXq
. —1/12
T, =1L Iy (Z > )( Dy
q9-4 k,m>0  k,m<0
« q3k2+mz/2+4km+a(2k+m)/2+302/40’ (2-39)
TE _iq—l/u (95 9)oo Z( l)k 15k2/2+3ak/2+3a2/40 (2-40)
o.a (q q3)00 keZ

Proof. First consider the case that g = e is the identity. From the definition (2-36)
of Tfa we derive

1 _ _
Te:,ta::l:( oy Z (_1)(#« aﬂ/lp)q(ﬂ,ﬂ)/z 1/12
9> 9% HweP+ap/2
1
F— Z (_1)(#-(10—0)/?/2,/0>q(Msﬂ)/2—1/12. (2-41)
(q’ q)oo

neP+10—a)p/2
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We replace u with ke +1ep +mes + %a,o in the first summation, where k, [, m > 0,
and obtain

—1/12
+

(q‘ v Z (_1)k+l+m q(k2+12+m2)/2+2(k1+1m+mk>+a(k+1+m)/2+3a2/40 (2-42)
9> 9% k,l,m>0

using (2-21) and (2-22) and the fact that (p, p) = % For the second summation we

replace P + %(10 —a)p with — P — %(10 —a)p=—P"+ %a,o, where
Pt i= {Zk,-a,- cL ‘ ki > 0, Vi}, (2-43)
i

and replace n with —u in the summands. We obtain

—1/12

+ q . Z (_l)k-‘rl-‘rmq(kz+12+m2)/2+2(kl+lm+mk)+a(k+l+m)/2+3a2/40, (2-44)

(q; D5 o

which together with (2-42) gives (2-38) as required.
Next take ¢ = 7. Using (2-36) and the formula (2-30) we compute

1
TE =4+ (-1 D2 —
o (@% 4% oo
x ¥ (_1)<u—ap/2,p+8§>q<u,u>/2—1/12:F(_1)(a—1)/2%
pehap)2 (G7: q7) oo
Tu=p

% Z (_1)(#*(10*0),0/2,/#8’1)q(ﬂ,ﬂ)/2*1/12' (2-45)
weP+(10—a)p/2
TU=/

We now replace u with ke + key + me3 + %a,o in the first summation, where
k, m > 0, and obtain

—1/12

i(_])(a—l)/Z ‘12 /2 Z (_1)k+mq3k2+m2/2+4km+a(2k+m)/2+3a2/40. (2-46)
(@7 9%

Note that the factor (—1)* in (—1)**™, corresponding to (—1){#—4r/2:€) in (2-45),

arises from the factor (—1)%k2 = (—l)k2 = (—1)¥ in (2-30). For the second sum-

mation we proceed as before, replacing P + %(10 —a)p with —P* + %ap and p

with —u, and obtain

—1/12
_ q 2,2 2
:F(_l)(a 1)/2 (qz. q2) E : (_1)k+mq3k +m* [2+4km—+a(2k+m) /24 3a /40' (2_47)
k) o0 k

,m<0

This taken together with (2-46) gives the required expression (2-39).
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Finally we consider g = & (see (2-30)). Then the appropriate analogue of (2-41)
and (2-45) is

7 = Do NNy an/) g 2112

G,a 3. .3
(47 4°) oo pehrap/2
ou=n
¢((qu§;® S (DD 2112 (o 45
47> 97 oo weP+(10—a)p/2
ou=u

We obtain (2-40) from (2-48) in much the same way as for g = e, so we omit the
remaining details. U

3. Mock theta functions

In this section we consider the modular properties of the trace functions defined
in Section 2D, computed explicitly in Proposition 2.2. We recall some basic facts
about Maass forms in Section 3A, including their relationship to mock modular
forms. We require some facts about theta series of cones in indefinite lattices
due to Zwegers [2002], which we recall in Section 3B. The proof of our main
result, Theorem 1.1, appears in Section 3C. In particular, we identify the umbral
McKay-Thompson series attached to X = Eg’ as trace functions arising from the
action of GX on canonically twisted modules for V¥ in Section 3C.

3A. Harmonic Maass forms. Define the weight % Casimir operator 2 1, differ-
ential operator on smooth functions H : H — C, by setting

(Q1H) (1) := —43(1)? 82H_ (r)+ iS(t)a—[:I(t) + iH(t). (3-1)
2 10T aT 16

Note that §21 A 1 + 3 i Where A is the hyperbolic Laplace operator in weight k.
Followmg [Brumler and Funke 2004] (see also [Ono 2009; Zagier 2009]), a

harmonic weak Maass form of welght 5 for I' < SL,(2) is defined to be a smooth

function H : H —> C that transforms as a (not necessarily holomorphic) modular

form of welght 5 for I', is an eigenfunction for Ql with eigenvalue - 1¢» and has at
most exponentlal growth as t approaches cusps of r.
Define S(x) for x € R>o by setting
o
B(x) := / w2 ™ du. (3-2)
X

Note that 8 is related to the incomplete gamma function by /7 8(x) =T (%, nx). If
H is a harmonic weak Maass form of weight % then we can canonically decompose
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H into its holomorphic and nonholomorphic parts, H = H™ + H~, where

HY ()= Y cfng", (3-3)
n>>—0oo
H™(t) =2icy(0)y/23(7) —i ZCH(H) B@An3(t))g™", (3-4)

il

for some uniquely determined values c7; ~(n) € C. (See §3 of [Bruinier and Funke
2004]. See also §5 of [Zagier 2009] and §7.1 of [Dabholkar et al. 2012].) Note that
n should be allowed to range over rational values in (3-3) and (3-4).

We may define the mock modular forms of weight 5 1 to be those holomorphic
functions Ht : H — C Wthh arise as the holomorphlc parts of harmonic weak
Maass forms of weight 5. For H * as above, the shadow of H™ is defined, up to a
choice of scaling factor C, by

g(1) :=C/23(7) 0

n>0

H~ _
s =C > cpmg”. (3-5)
n>0
Then so long as ¢ (0) =0 (i.e., g is a cusp form), the function H™ is the Eichler
integral of g,

e(—3) g(-2) Z)
c _f\/z+—r

In this setting, the weak harmonic Maass form H = H* + H™ is called the
completion of H .

Various choices for C can be found in the literature. In [Cheng et al. 2014b] we
find C = +/2m in the case that H = (H,) is a 2m-vector-valued Maass form for
some I'g(N), such that

(H-0)(t,2):= Z H,(1)0n (7, 2) (-7

H (7)) =

(3-6)

transforms like a (not necessarily holomorphic in 7) Jacobi form of weight 1 and
index m for I'g(N), where

2 .
Om,r(ry Z) = Zq(ka+r) /4m62mz(2km+r). (3-8)
keZ

The cases of relevance to us here all have m = 30, so we take C = +/60 henceforth
in (3-5) and (3-6). All the shadows arising in this work are linear combinations of
the unary theta functions

1 0
Sm,r(r) = 2_

2 — (2km+r)? /4m )
O (.| =) @km+r)g )

kez
where m =30 and r #0 (mod 30). In particular, we do not encounter any examples
for which the shadow g (see (3-5)) is not a cusp form.
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3B. Indefinite theta series. Even though our main construction uses a lattice of
signature (1, 2), it will develop in Section 3C that the trace functions (2-38) and
(2-39) can be analyzed in terms of theta series of indefinite lattices with signature
(1, 1), whereas (2-40) is essentially a theta series with rank 1 and consequently can
be handled by classical methods. With this in mind we now recall some results
from [Zwegers 2002] on theta series for lattices of signature (r — 1, 1), restricting
to the case that r = 2.
Given a symmetric 2 x 2 matrix A, we define a quadratic form Q : R*> — R, by
setting
O(x) := 1(x, Ax), (3-10)

where (-, -) denotes the usual Euclidean inner product on R2. The associated
bilinear form is

B(x,y):=(x,Ay) =0 +y)— 0(x)— Q(y). (3-11)

Henceforth assume that A has signature (1, 1). Then the set of vectors ¢ € R2 with
Q(c) < 0is nonempty and has two components. Let C be one of these components.
Two vectors ¢V, ¢® belong to the same component if B(c"V, ¢®) < 0. Thus,
picking a vector ¢g in Cg, we may identify

Co={ceR*| Q(c) <0, B(c, cy) <0} (3-12)
Zwegers also defines a set of representatives of cusps,
o:=1{ce 7> | ¢ primitive, Q(c) =0, B(c, ¢y) < 0}. (3-13)

Define the indefinite theta function with characteristics a, b € R?, with respect to
¢ ¢?@ e Cp, by setting

ROWE: B(c'",v) 3
T e

vea+7?

( B(c@,v) J3() ) g 20 2miBeb

- 3( V2TiBIb) - (3.14)
V—0(c?®) ))

where E(z) := sgn(z)(1 — B (Z%)). Corollary 2.9 of [Zwegers 2002] (see also
Theorem 3.1 of [Zagier 2009]) shows that ﬁ;f;:’”(Z) () is a nonholomorphic modular
form of weight 1.

Presently we will see that these indefinite theta functions can be used to define
harmonic Maass forms whose nonholomorphic parts can be written in terms of the
functions

Ry (1) = Z sen(v) VI3 (7))g 2 2mivh, (3-15)

vea+Z
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Note that the R, ; are Eichler integrals (see (3-6)) of unary theta functions of
weight % Indeed, we have

Rap(7) = e(—1) / T e (3-16)
a,b 8 _: Z—"—‘[ ’
for
gap(1) = Y vg" 2P, (3-17)
vea+Z

Note that g, »,(—z) = g4,—»(z). Observe also that

1
gr/Zm,O(mt) = %Sm,r(f) (3'18)

(see (3-9)), which is useful for comparing the results of [Zwegers 2002] to those of
[Cheng et al. 2014b].

Define (c)f :={& €7 | B(c, &) =0}. For future use we quote the r =2 case of
Proposition 4.3 from [Zwegers 2002].

Proposition 3.1 (Zwegers). Letc € CoN Z? be primitive. Let Py C R? be any finite
set such that

2 B(c, 1) _ 1
{Mea—l—Z |05W<1}_ || (1o + (©)3). (3-19)

Ho€Py

Then we have

Z sen(B(c, v)),B(— B(c, v)? %(r)) P2 QW) T+2mi B(1.b)

vea+27? Q)

— Z RB(C,MO)/ZQ(c),B(C,b)(_2Q(C)T) . Z eZniQ(f)f-i—eriB(%’,bi), (3_20)

Ho€Po Eepg+ic):

L_ ., Bl po) L_g_Bb
where |1y = Lo 20(0) candb-=0> 20(0) c.

Note that the term
Z ezniQ(s)rJrsz(s,bi) (3-21)
Eepg+ic)s
is a classical (positive-definite) theta function of weight %
The indefinite theta function construction (3-14) is applied in [Zwegers 2002]

to mock theta functions of Ramanujan (other than yo and i, which are treated in
[Zwegers 2009]). Amongst those appearing are the four functions Fy, F1, ¢9 and
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¢1, where ¢ and ¢; are defined in (1-9), and

anz
Fo(q) := —,
= (¢ q*n
g2+ (3-22)
Fi(g) = —_—
= (@47

These are amongst the fifth-order mock theta functions introduced by Ramanujan
in his last letter to Hardy.
To study these functions, 6-vector-valued mock modular forms

F51(t) = (F5,1,,(1)), Fs52(t) = (F52,(7)) (3-23)

are introduced on pages 74 and 79, respectively, of [Zwegers 2002]. Inspecting
their definitions, and substituting 27 for 7, we find that

Fs1320)=q " (Fo(q) = 1),  F52321) =g~ "P¢s(—q), (3-24)
Fs1420) =q" " F(¢), Fs24021) = —q %" (—q).  (3-25)

The content of Proposition 4.10 of [Zwegers 2002] is that
Hs 1(7) = Fs5,1(7) — Gs,1(7), (3-26)

where the vector-valued functions Hs | and Gs | are such that the components of
.. . . M) @
2n(t)Hs,1 () are nonholomorphic indefinite theta functions of the form 19; b’c (1)

(see (3-14)), and the third and fourth components of G5 ; satisfy
—_1 — — -
Gs5,13(27) = —3(Rw g+ R o — Rss g — R )(607), (3-27)
-1 — — -
Gs.1.427) = 2(R%,0+R%o R%O R%’O)(6Or). (3-28)

(See (3-15) for R, 5.) Moreover, Hs 1(7) is an eigenfunction for €2 1 with eigenvalue

% (see (3-1)). In other words, the components of Hs | = (Hs ;) are harmonic
weak Maass forms of weight % (see Section 3A).
Proposition 4.13 of [Zwegers 2002] establishes a similar result for F5 5, namely

Hs (1) = F52(t) — G52(7), (3-29)

where Hs ; is again a harmonic weak Maass form of weight %, and G52 =—Gs j.

The left-hand sides of (3-26) and (3-29) are harmonic weak Maass forms of
weight %, so they admit canonical decompositions into holomorphic (see (3-3)) and
nonholomorphic (see (3-4)) parts. The summands Fs ; and Fs > on the right-hand
sides are holomorphic by construction, and the R, ; are of the same form as (3-4) by
construction (see (3-15)), so the right-hand sides of (3-26) and (3-29) are precisely
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the decompositions of Hs 1 and Hs , into their holomorphic and nonholomorphic
parts.

Equivalently, the four functions Fs ; , are mock modular forms of weight % with
completions given by the Hs ; ,, and the Gs ;, are the Eichler integrals of their
shadows. Thus we can describe their shadows explicitly. Applying (3-16), (3-17)
and (3-18), and the identities g1_4,0 = §—4.0 = —8&a.0, We see that F5; 3(27) and
—Fs553(27) have the same shadow

1(S30,1 4 S30,11 + S30,19 + 830,20) (7). (3-30)
while F5 1 4(27) and —F52 4(27) both have shadow
2(S30.7 + S30,13 + 30,17 + S30,23) (). (3-3D)

3C. McKay-Thompson series. We now prove our main result, Theorem 1.1, that

the trace functions arising from the action of GX on the VE , recover the Fourier

tw,a
expansions of the mock modular forms H;( attached to g € GX ~ S3 by umbral
moonshine at X = ES.

To formulate this precisely, let TgX = (Tg{(,) be the vector of Laurent series

in ¢'/129, with components indexed by Z/60Z, such that
Tgﬁ for r = +1, £11, £19, £29 (mod 60),
Tg{(r = T;j for r =47, £13, £17, £23 (mod 60), (3-32)
0 else.
(Recall from Section 2D that 7,7, = _ng,Flo— o and in particular 7,75 = 0 for all g.)

Define the polar part at infinity of TgX to be the vector of polynomials in g ~!/120

obtained by removing all nonnegative rational powers of ¢ in each component Tg)fr.
Let g — )Zg be the natural permutation character of GX, so that Xg 18 3, 1 or O,
according as g has order 1, 2 or 3, and define a vector S;‘ = (Sj,f,) of theta series,
with components indexed by Z/60Z, by setting

EX¢(S30,1 + S30,11 + 530,19 + S30,29)
for r = 41, 411, £19, 29 (mod 60),

Séf, = § X4 (S530,7 + $30,13 + S30,17 + S30,23) (3-33)
for r = &7, £13, £17, 23 (mod 60),
0 else.

(See (3-9) for S,,.r.)
Set SX := Sj( , and let 6% : SLy(Z) — GLg(C) denote the multiplier system
of S¥, so that
XS (yr)(et +d) 7 = 5% (1) (3-34)
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for T € H and y € SL,(Z), when (c, d) is the lower row of y. Our next goal (to
be realized in Proposition 3.2) is to show that 2TgX is a mock modular form with
shadow S for ¢ € G*. This condition tells us what the multiplier system of 7%
must be, at least when o(g) is 1 or 2 (as S ;( is identically zero when o(g) = 3). For
the convenience of the reader we describe this multiplier system in more detail now.

It is cumbersome to work with matrices in GLgo(C), but we can avoid this since
any nonzero component of 7,% is +1 times 7,5, or 7,%. In other words, we can

work with the 2- Vector-valued functions TX = (TgXI, T ;) and SX = (S?l, Sg 7).

If h = (h,) is a modular form of welght 5 W1th multlpher system con]ugate to that
of S, and satisfying

hy forr==1,+£l11, £19, 29 (mod 60),
hy:=13hy forr==7,+£13,£17, £23 (mod 60), (3-35)
0 else,

then, setting h = (hy, h7), we have

~rat+b\.[/at+b RN ]
h(CT—l-d)v(cr—i-d)(CT—i_d) = h(7), (3-36)

where v : SL,(Z) — GL,(C) is determined by the rules

(11 e(-15) O

”(0 1):< 0 e~ fé%))

(o _1> 2¢(3) (Sm( 7) +sin(gm)  sin(ggm )+sm(é8ﬂ))
1 0) 7 15 \sin(dm) +sin(5r) —sin(d) —sin(r)

We now return to our main objective: the determination of the modularity of TgX
for g € GX. To describe the multiplier system for TgX when o(g) = 3, we require
the function p3j3 : I'g(3) — C*, defined by setting

,033(6; Z) :=e(%). (3-38)

Evidently p3)3 has order 3, and restricts to the identity on I'g(9).

(3-37)

Proposition 3.2. Let g € GX. Then 2TgX is the Fourier series of a mock modular
form for T'g(0(g)), whose shadow is Sg . The polar part at infinity of 2TgX is given
by

X {:qul/m +0() forr==1,+11,419, 429 (mod 60), (3.39)

&l o) otherwise,

and 2TgX has vanishing polar part at all noninfinite cusps of T'g(0(g)). If o(g) =3
then the multiplier system of 2TgX is given by y > pap(y)oX(y).
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Proof. According to our definition (3-32), the components of TgX are ngfl or ng;.

In practice it is more convenient to work with Tgi3 than Tgi7,
+

because I;;= —ng; according to (2-37).

and we may do so

We now verify that the series Tgx are Fourier expansions of vector-valued mock
modular forms, and determine their shadows. For the case g = e¢ we compute
31 1 27 1 71 . :
30— 12 = 10 @d 55 — 13 = 120 and see, upon comparison of (2-38) with (1-4),

that T, (q) = +¢~"/1°(2 — x0(g)) and T, = +47"/1%x, (¢). In particular,

27, =27 (xo(q) - 2),

. (3-40)
27,5 =29"""x1(q).

Note that identities H)| = 271 (x0(q) —2) and HX, = 247"/'20x,(q) are
predicted in §5.4 of [Cheng et al. 2014b], but it is not verified there that this
specification yields a mock modular form with shadow SX = S¥.

We determine the modular properties of 27, | and 27, ; by applying the results
of Zwegers on Fy, F, ¢o and ¢ that we summarized in Section 3B. To apply these
results we first recall the expressions

x0(q) =2Fy(q) — do(—q),
x1(q) =2F1(q) +q "¢1(—q),

which are proven in §3 of [Watson 1937]. (The first of these was given by Ramanujan
in his last letter to Hardy, where he also mentioned the existence of a similar formula
relating x1, F and ¢;.) Thus we obtain

(3-41)

2T, =4Fs5153(2t) —2F523(21), (3-42)
2T, =4Fs14(27) —2F554(27), (3-43)

upon comparison of (3-24), (3-25), (3-40) and (3-41).
Applying the results of Zwegers on Fs 1 and F5; recalled in Section 3B, and
the equations (3-30) and (3-31) in particular, we conclude that 2Te’_1 and 2Te’_7 are

mock modular forms of weight %, with respective shadows given by

3(830,1 + 830,11 + S30,19 + 830,20 (7), (3-44)
3(830,7 + 830,13 + S30.17 + $30.23) (7). (3-45)

In other words, the shadow of T,X is precisely S¥, as required. The modular
transformation formulas for Hs 1(7) and Hs>(t) given in Propositions 4.10 and
4.13 of [Zwegers 2002], respectively, show that 7.X transforms in the desired way
under SL,(Z).

We now consider the case o(g) = 2. We may take g = 7. We again begin by
using the results recalled in Section 3B to analyze the components T, and T,
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separately. For 7, let

1 3 _ —_
(5 = (0) - (F) () - () o
10 20

Then a direct computation using

k+ 15
V= ( +‘?>, Q(v) = 3K+ Sm® + dkm +k + tm + 3,
10
B(v,b) = 5(k+m) + . (3-47)
sgn(B(e", 1) =sgn(k+ %), sgn(B(c®, v)) = sgn(—m — 1),

gives

e(—15)
27, = ——1 " (sen(B(cV, v))

n(27) vea+7? 2 omi 27iB(v,b
—sgn(B(c( ), v)))e TIQW)TH2TiBv.D)  (3.48)

Comparing this to the indefinite theta function construction (3-14) we find that

¢, @

0(1,11
2 B(e®, v)23(1)
+ > (Z(—l)k sgn(B(c", v))ﬂ(—W))

vea+7?* k=1
% qQ(v)eZNiB(v,b). (3_49)

We now use Proposition 3.1 to rewrite the terms involving ¢’ and ¢® in the
second line of (3-49). For the term with ¢! the set Py of Proposition 3.1 has one
element, 1o = (5 ), and we find

10
Dz ={(2)Imezh, b =3(0). wo=3(3)  (-50
Thus
Z Q2T QE) T2 BE.bT) _ e(-1) Z(_l)mq(m—1/2)2/2 —0, (3-51)
Eeug+ic)y mez

so this term vanishes.
ith ¢@ = LM Loy 11
For the term with ¢'“ the set Py has three elements, g = 0 (1), 0 (11)’ 0 (21),
and we have B(c?, ug) /2Q(c(2)) = 31—0, %, %, in the respective cases. The last
value of g also leads to a vanishing contribution, while the other two lead to

—e(f) Ry _1(150)n(27) —e(—f5) Ry _1(150)n(2), (3-52)
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which we see by applying Euler’s identity

g2 Z(_l)kq3k2+k = n(27). (3-53)
keZ
We thus have
M 2
| C ,C ( )
()t D
n(27)
=21, —e(—gp) Ry _1(150) —e(—gg)Ru _1(157).  (3-54)

In particular, T, is the Fourier expansion of a holomorphic function on H, which
we henceforth denote Tf_,1 (7).

Since T, , () is holomorphic, the function (3-54) is a harmonic weak Maass form
of weight iy according to Proposition 4.2 of [Zwegers 2002] (see also Section 3A).
Thus we are in a directly similar situation to that encountered at the end of Section 3B.
Namely, we have that 7., () is a mock modular form of welght 5 for some
congruence subgroup of SLZ (Z), and the second and third summands of the right-
hand side of (3-54) comprise the Eichler integral of its shadow. Applying (3-16),
(3-17) and (3-18), and also

e(—50)8L 1(150) +e(—gg)gu 1(157)
= 35(S30,1 + S30,11 + 30,19 + S30.20)(r),  (3-55)

we conclude that the shadow of 2T71(t) is indeed SX 1(r) (see (3-33)).

For Tf we take A, b, ¢V, ¢@ as before but set a = 110( ) We now have

k+ 5
v:( +12), Q(v) =3k* + fm* +dkm + 3k + 3m — 2L,
M 16
B(v,b) =1k +m)+ 3, (3-56)

sen(B(¢V,v) =sgn(k+ ), sgn(B(e?, v)) =sgn(—m — 3).

Proceeding as we did for 7}, |, the contribution from the ¢V term vanishes again.

For the ¢ term, Py consists of the three values 1o = 15(3), 15(3). 15(53)s and

we have
B(c®, o) 3 13 23

— AN’ AN’ AN 3_57
20(c@) 30" 30 30 ( )

respectively. The first value of wg leads to a vanishing contribution while the other
two terms lead to
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PROE)

ap (T
e

=27, — e(—g)R%_%(lsf) — e(—%)R%’_%(ISI). (3-58)

We conclude thus that 77 is the Fourier expansion of a mock modular form of

weight %, and using
e(‘%)g%%(lﬁ) +e(—%)g%,%(15f)
= 30(S30,7 + S30,13 + 830,17 + 530,23) (1), (3-59)

we see that the shadow of 2Tg1 (r)is S f 1 (7) (see (3-33)). So we have verified that
the shadow of 2Tg_ = (2Tgfr) is ng( = (S;r) for o(g) = 2.

Corollary 2.9 of [Zwegers 2002] details the modular transformation properties
of the indefinite theta functions l?;flb)’c(Z)(T ). Applying these formulas, much as in
the proofs of Propositions 4.10 and 4.13. in [Zwegers 2002], we see that 27,
transforms in the desired way under the action of I'y(2).

Corollary 2.9 also enables us to compute the expansion of 27" at the cusp of
['g(2) represented by 0. We ultimately find that both Tgl (t) and T{j(r) vanish
as T — 0. Thus 27" has no poles away from the infinite cusp.

It remains to consider the case o(g) = 3, but this can be handled by applying
classical results on positive-definite theta functions, since the formula (2-40) gives
T, and T, ; explicitly in terms of the Dedekind eta function and the theta series of
a rank 1 lattice. We easily check that these functions transform in the desired way
under I'y(3), and have no poles away from the infinite cusp of ['g(3). In particular,
2T, is modular, and has vanishing shadow. U

We are now ready to prove our main results.

Proof of Theorem 1.1. Proposition 3.2 demonstrates that the functions 27, gX are
mock modular forms of weight % with the claimed shadows, multiplier systems and
polar parts. It remains to verify that they are the unique such functions.

The uniqueness in case g = e is shown in Corollary 4.2 of [Cheng et al. 2014b],
using the fact that there are no weak Jacobi forms of weight 1 (see Theorem 9.7 in
[Dabholkar et al. 2012]). We give a different (but certainly related) argument here.

Consider first the case that o(g) is 1 or 2. It suffices to show that if 4 = (h,) is a
modular form of weight % transforming with the same multiplier system as H*
under ['g(2), with A, vanishing whenever r does not belong to

{£1, £7, £11, £13, £17, £19, £23, £29}, (3-60)

then / vanishes identically. The multiplier system for HX is trivial when restricted
to I'(120), so the components £, are modular forms for I'g(2) N I"(120) = I"'(120).
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Satz 5.2 of [Skoruppa 1985] is an effective version of the celebrated theorem of
Serre and Stark [1977] on modular forms of weight % for congruence subgroups
of SL(Z). It tells us that the space of modular forms of weight % for I"(120) is
spanned by certain linear combinations of the thetanullwerte Gg’r(r) =0,,(7,0),
and the only n that can appear are those that divide 30. On the other hand, the
restriction (3-60) implies that any nonzero component /#, must belong to one of
g~ 129C[q] or ¢7'/?°C[[¢]. We conclude that all the /, are necessarily zero by

checking, using
Qr?,r(l—) — Z q(an+r)2/4n’ (3'61)
keZ

that none of the 9,5{, belong to either space, for n a divisor of 30.

The case that o(g) = 3 is very similar, except that the 4, are now modular forms
on I'g(9)NT(120), which contains I" (360), and the relevant thetanullwerte are those
9,9,, with n a divisor of 90. We easily check using (3-61) that there are nonzero
possibilities for £,, and this completes the proof. ]

Proof of Theorem 1.2. Taking now (1-6) as the definition of H X the identities (1-7)
follow directly from the definition (3-32) of TX, and the explicit expressions (2-38)
for the components of T.X.

The identities (1-8) follow from the characterization of Hg for o(g) = 2 that is
entailed in Theorem 1.1. Indeed, using Zwegers’ results (viz., Propositions 4.10
and 4.13 in [Zwegers 2002]) on the modularity of ¢o(—¢g) and ¢(—¢q), we see
that the function defined by the right-hand side of (1-8) is a vector-valued mock
modular form with exactly the same shadow as 2fo , transforming with the same
multiplier system under ['g(2), and having the same polar parts at both the infinite
and noninfinite cusps of I'g(2). So it must coincide with Hz)ix,l = 2fo according
to Theorem 1.1. This completes the proof. (I

Proof of Corollary 1.3. Andrews [1986] established Hecke-type “double sum”
identities for ¢9 and ¢;. Rewriting these slightly, we find

( )oo
s (2 8

km=0 K, m<0)k=m (mod 2)

(=D"

% qk2/2+m2/2+4le+k/2+3m/2 , (3—62)

. _ (q q)oo ( ) 1y
0=y =Y (-1

k.m>0  k,m<0’ k=m (mod2)
x qk2/2+m2/2+4km+3k/2+5m/2' (3-63)

Armed with the identities (1-8), we obtain (1-10) and (1-11) by comparing (3-62)
and (3-63) with the explicit expression (2-39) for the components of fo . U
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Appendix: Coefficients

gl | 1A 2A 3A gl | 1A 24 3A
re | 11 2)1 33 T | 11 211 33
1| —2 -2 =2 71 2 -2 2
119 2 2 2 191 4 0 -2
239 2 -2 2 311 4 0 -2
359 4 0 -2 431 6 2 0
479 2 -2 2 551 6 -2 0
599 6 2 0 671 8 0 2
719 4 0 -2 791 8 0 2
839 6 2 0 911 2 0 0
959 6 -2 0 1031 10 -2 -2
1079 | 10 2 -2 1151 4 2 2
1199 6 -2 0 1271 6 0 -2
1319 | 12 0 0 1391 18 2 0
1439 | 10 —2 -2 1511 18 -2 0
1559 | 14 2 2 1631 | 24 0 0
1679 | 14 -2 2 1751 | 24 0 0
1799 | 18 2 0 1871 | 30 2 0
1919 | 14 -2 2 1991 | 30 -2 0
2039 | 24 4 0 2011 | 36 0 0
2159 | 22 -2 -2 2231 | 38 -2 2
279 | 26 2 2351 | 46 2 -2
2399 | 26 -2 2 2471 | 46 -2 -2
2519 | 34 2 -2 2591 | 54 2 0
2639 | 30 -2 0 2711 | 60 0 0
2759 | 42 2 0 2831 | 66 2 0
2879 | 40 —4 -2 2051 | 68 —4 2
2999 | 48 4 0 3071 | 82 2 -2
3119 | 48 —4 0 3191 | 84 0 0
3239 | 58 2 -2 3311 | 98 2 2
3359 | 56 -4 2 3431 | 102 -2 0
3479 | 72 4 0 3551 | 114 2 0
3599 | 70 -2 -2 3671 | 122 -2 2
3719 | 80 4 2 3791 | 138 2 0
3830 | 84 —4 0 3911 | 144 -4 0
3959 | 100 4 -2 4031 | 162 2 0
4079 | 96 -4 0 4151 | 174 =2 0
4199 | 116 4 2 4271 | 192 4 0
4319 | 116 -4 —4 4391 | 200 -4 2
4439 | 134 6 2 4511 | 226 2 -2
4559 | 140 —4 2 4631 | 238 -2 -2

Table 1. H)|, X = Eg Table 2. H);, X = E}
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We prove, for quasicompact separated schemes over ground fields, that Cech
cohomology coincides with sheaf cohomology with respect to the Nisnevich
topology. This is a partial generalization of Artin’s result that for noetherian
schemes such an equality holds with respect to the étale topology, which holds
under the assumption that every finite subset admits an affine open neighborhood
(AF-property). Our key result is that on the absolute integral closure of separated
algebraic schemes, the intersection of any two irreducible closed subsets remains
irreducible. We prove this by establishing general modification and contraction
results adapted to inverse limits of schemes. Along the way, we characterize
schemes that are acyclic with respect to various Grothendieck topologies, study
schemes all local rings of which are strictly henselian, and analyze fiber products
of strict localizations.
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Introduction

An integral scheme X that is normal and whose function field k(X)) is algebraically
closed is called totally algebraically closed, or absolutely algebraically closed.
These notion were introduced by Enochs [1968] and Artin [1971] and further
studied, for example, in [Hochster 1970; Borho and Weber 1971].

Artin used such schemes to prove that Cech cohomology coincides with sheaf
cohomology for any abelian sheaf in the étale topos of a noetherian scheme X
that satisfies the AF-property, that is, every finite subset admits an affine open
neighborhood. This is a rather large and very useful class of schemes, which
includes all schemes that are quasiprojective over some affine scheme. Note,
however, that there are smooth threefolds lacking this property (see Hironaka’s
example [Hartshorne 1977, Appendix B, Example 3.4.1]).

In recent years, absolutely closed domains were studied in connection with tight
closure theory. Hochster and Huneke [1992] showed that the absolute algebraic
closure is a big Cohen—Macaulay module in characteristic p > 0. This was further
extended by Huneke and Lyubeznik [2007]. Schoutens [2004] and Aberbach [2005]
used the absolute closure to characterize regularity for local rings. Huneke [2011]
also gave a nice survey on absolute algebraic closure.

Other applications include Gabber’s rigidity property [1994] for abelian torsion
sheaves for affine henselian pairs, or Rydh’s study [Rydh 2010] of descent questions,
or the proof by Bhatt and de Jong [2014] of the Lefschetz theorem for local Picard
groups. Closely related ideas occur in the proétale site, introduced by Bhatt and
Scholze [2015], or the construction of universal coverings for schemes by Vakil
and Wickelgren [2011]. Absolute integral closure in characteristic p > 0 provides
examples of flat ring extensions that are not a filtered colimit of finitely presented
flat ring extensions, as Bhatt [2014] noted. I have used absolute closure to study
points in the fppf topos [Schroer 2014].

For aesthetic reasons, and also to stress the relation to strict localization and
étale topology, I prefer to work with separable closure instead of algebraic closure:
if Xg is an integral scheme, the total separable closure X = TSC(X) is the integral
closure of X in some chosen separable closure of the function field. The goal of
this paper is to make a systematic study of geometric properties of X = TSC(Xy),
and to apply it to cohomological questions. One of our main results is the following
rather counterintuitive property:

Theorem (see Theorem 12.1). Let X be separated and of finite type over a ground
field k, and X = TSC(Xy). Then for every pair of closed irreducible subsets
A, B C X, the intersection A N B remains irreducible.

Note that for algebraic surfaces, this means that for all closed irreducible subsets
A # B in X, the intersection A N B contains at most one point. I conjecture that
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our result actually holds true for arbitrary integral schemes that are quasicompact
and separated.
Such geometric properties were crucial for Artin to establish the equality

HP (X, F) = HP (X1, F).

He achieved this by assuming the AF-property. This condition, however, appears
to be somewhat alien to the problem. Indeed, for locally factorial schemes, the
AF-property is equivalent to quasiprojectivity, according to Kleiman’s proof of
the Chevalley conjecture [Kleiman 1966, Theorem 3, p. 327]. Recently, this was
extended to arbitrary normal schemes by Benoist [2013]. Note, however, that
nonnormal schemes may have the AF-property without being quasiprojective, as
examples of Horrocks [1971] and Ferrand [2003] show.

For schemes X lacking the AF-property, Artin’s argument break down at two
essential steps: First, he uses the AF-property to reduce the analysis of fiber products
Spec(@“}’ ) XX Spec(@& y) of strict henselizations to the more accessible case of in-
tegral affine schemes X = Spec(R), in fact to the situation A =Z[Ty, ..., T,], which
then leads to the join construction B = [A” AZ] inside some algebraic closure of
the field of fractions Frac(A) (see [Artin 1971, Theorem 2.2]). Second, he needs the
affine situation to form meaningful semilocal intersection rings R = AZDAS, in order
to prove that B has separably closed residue field (see [Artin 1971, Theorem 2.5]).

My motivation to study totally separably closed schemes was to bypass the
AF-property in Artin’s arguments. In some sense, I was able to generalize half of
his reasoning to arbitrary schemes X, namely those steps that pertain to henseliza-
tion @é’(’ . for points x € X rather then strict localizations Oy , for geometric points
a : Spec(€2) — X, the latter having in addition separably closed residue fields.

In terms of Grothendieck topologies, we thus get results on the Nisnevich topol-
ogy rather then the étale topology. This is one of the more recent Grothendieck
topologies, which was considered in connection with motivic questions. Recall that
the covering families of the Nisnevich topology on (Et /X) are those (U, — U),
so that each U, — U is completely decomposed, that is, over each point lies at
least one point with the same residue field, and that | J U, — U is surjective. We
refer to Nisnevich [1989] and the Stacks project [2005—] for more details. Note that
the Nisnevich topology plays an important role in Voevodsky’s theory of sheaves
with transfer and motivic cohomology, see [Voevodsky et al. 2000, Chapter 3] and
[Mazza et al. 2006]. Our second main result is:

Theorem (see Theorem 13.1). Let X be a quasicompact and separated scheme
over a ground field k. Then

HP (Xnis, F) = HP (Xnis, F)

for all abelian Nisnevich sheaves on X.
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It is quite sad that my methods apparently need a ground field, in order to use
the geometry of contractions, which lose some of their force over more general
ground rings. Again I conjecture that the result holds true for quasicompact and
separated schemes, even for the étale topology. Indeed, this paper contains several
general reduction steps, which reveal that it suffices to prove this conjecture merely
for separated integral Z-schemes of finite type. It seems likely that it suffices that
the diagonal A : X — X x X is affine, rather than closed.

Along the way, it is crucial to characterize schemes that are acyclic with respect
to various Grothendieck topologies. With analogous results for the Zariski and the
étale topology, we have:

Theorem (see Theorem 4.2). Let X be a quasicompact scheme. Then the following
are equivalent:

(1) HP(Xnis, F) = 0 for every abelian Nisnevich sheaf F and every p > 1.
(i) Every completely decomposed étale surjection U — X admits a section.
(iii) The scheme X is affine, and each connected component is local henselian.

(iv) The scheme X is affine, each irreducible component is local henselian, and the
space Max(X) is at most zero-dimensional.

The paper is organized as follows: In Section 1, we review some properties of
schemes that are stable by integral surjections. These will be important for many
reduction steps that follow. Section 2 contains a discussion of schemes all of whose
local rings are strictly local. Such schemes X have the crucial property that any
integral morphism f : Y — X with Y irreducible must be injective. In Section 3 we
discuss the total separable closure X = TSC(Xj) of an integral scheme X, which
are the most important examples of schemes that are everywhere strictly local.

Section 4 contains our characterizations of acyclic schemes with respect to three
Grothendieck topologies, namely Zariski, Nisnevich and étale. In Section 5, we
introduce technical conditions, namely the weak/strong Cartan—Artin properties,
which roughly speaking means that the fiber products of strict localizations are
acyclic with respect to the Nisnevich/étale topology. Note that such fiber products
are almost always nonnoetherian. Sections 6 and 7 contain reduction arguments,
which basically show that it suffices to check the Cartan—Artin properties on total
separable closures X = TSC(Xp). On the latter, it translates into a simple, but rather
counterintuitive geometric condition on the intersection of irreducible closed subsets.

Section 8 reveals in the special case of algebraic surfaces that this geometric
condition indeed holds. It is used here that one understands very well which integral
curves on a normal surface are contractible to a point. The next three sections
prepare the ground to generalize this to higher dimensions: In Section 9, we collect
some facts on noetherian schemes concerning quasiprojectivity and connectedness



Geometry on totally separably closed schemes 541

of divisors. The latter is an application of Grothendieck’s connectedness theorem. In
Section 10 we show how to make a closed subset contractible on some modification.
In Section 11, we introduce the technical notion of cyclic systems, which is better
suited to understand contractions in inverse limits like X = TSC(Xj). Having
this, Section 12 contains Theorem 12.1: on total separable closures there are no
cyclic systems, in particular the intersection of irreducible closed subsets remains
irreducible. The application to Nisnevich cohomology appears in Section 13. There
are also three appendices, discussing Lazard’s observation on connected components
of schemes, H. Cartan’s argument on equality of Cech and sheaf cohomology, and
some results on inductive dimension in general topology used in this paper.

1. Integral surjections

Throughout the paper, integral surjections and inverse limits play an important role.
We start by reexamining these concepts.

Let X,, A € L, be a filtered inverse system of schemes with affine transition
morphisms X, — X;, A < u. Then the corresponding inverse limit exists as a
scheme. For its construction, one may tacitly assume that there is a smallest index
A =0, and regard the X, = Spec(d,) as relatively affine schemes over Xy. Then

X =lim(X;) = Spec(sd), o =limd,.

Moreover, the underlying topological space of X is the inverse limit of the underlying
topological spaces for X;, by [EGAIV3 1966, Proposition 8.2.9]. In turn, for each
point x = (x;) € X the canonical map lim(Ox;, r,) — Ox x is bijective. Consequently,
the residue field « (x) is the union of the « (x; ), viewed as subfields.

Recall that a homomorphism of rings R — A is integral if each element in A
is the root of a monic polynomial with coefficients in R. A morphism of schemes
f X — Y is called integral if there is a affine open covering ¥ = [ V; so
that U; = f*I(Vi) is affine and A; = I'(V;, Ox) is integral as an algebra over
R; =T'(V;, Oy). Note that the underlying topological space of the fibers f~!(y)
are profinite.

Of particular interest are those f : X — Y that are integral and surjective. The
following locution will be useful throughout: Let % be a class of schemes. We say
that P is stable under images of integral surjections if for each integral surjection
f : X — Y where the domain X belongs to %, the range Y belongs to % as well.
For example:

Theorem 1.1. The class of affine schemes is stable under images of integral surjec-
tions.

In this generality, the result is due to Rydh [2015], who established it even for
algebraic spaces. It generalizes Chevalley’s theorem [EGA II 1961, Theorem 6.7.1],
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where Y is a noetherian scheme and f is finite surjective. See also [Conrad 2007,
Corollary A.2] for the case that Y is an arbitrary scheme and f is finite surjective.

A scheme Y is called local if it is quasicompact and contains precisely one
closed point. Equivalently Y is the spectrum of a local ring. We have the following
permanence property:

Proposition 1.2. The class of local schemes is stable under images of integral
surjections.

Proof. Let f : X — Y be an integral surjection, with X local. We have to show that
Y is local. According to Theorem 1.1, the scheme Y is affine. It follows that Y
contains at least one closed point. Let y, y’ € Y be two closed points. Since f is
surjective, there are closed points x, x € X mapping to y, y', respectively. Since X
is local, we have x = x’, whence y = y’. O

A scheme Y is called local henselian if it is local, and for every finite morphism
g:Y — Y, the domain Y’ is a sum of local schemes. Of course, there are only
finitely many such summands, because g~!(b), where b € Y is the closed point,
contains only finitely many points and g is a closed map.

Proposition 1.3. The class of local henselian schemes is stable under images of
integral surjections.

Proof. Let f : X — Y be an integral surjection, with X local henselian. By
Proposition 1.2, the scheme Y is local. Now let Y’ — Y be a finite morphism, and
consider the induced finite morphism X' =Y’ xy X — X. Then X' =X LI--- 11X,
for some local schemes X l’ , 1 <i <n. Their images Y. l-/ C Y’ are closed, because f
and the induced morphism X’ — Y’ are integral. Moreover, these images form a
closed covering of Y, since f and the induced morphism X’ — Y’ is surjective.
Regarding the Y; as reduced schemes, the canonical morphism X! — Y/ is integral
and surjective. Using Proposition 1.2 again, we conclude that the Y/ are local. It
follows that there are at most n closed points on Y’. Denote them by by, ..., by,
for some m < n. For each closed point b;, let C; C Y’ be the union of those Yi’
that contain b;. Then the C; are closed connected subsets, pairwise disjoint and
finite in number. We conclude that the C; are the connected components of Y’
By construction, each C; is quasicompact and contains only one closed point,
namely b, such that C; is local. It follows that Y’ is a sum of local schemes, thus Y
is local henselian. U

A scheme Y is called strictly local, if it is local henselian, and the residue field
of the closed point is separably closed. The class of such schemes is not stable
under images of surjective integral morphisms, for example Spec(C) — Spec(R).

We say that a class % of schemes is stable under images of integral surjections
with radical residue field extensions if for every morphism f : X — Y that is
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integral, surjective and whose field extensions x(y) C k(x), y = f(x), x € X are
radical (that is, algebraic and purely inseparable), and with domain X belonging
to %, the domain Y also belongs to .

Proposition 1.4. The class of strictly local schemes is stable under images of
integral surjections with radical residue field extensions.

Proof. This follows from Proposition 1.3, together with the fact that a field K is
separably closed if it admits a radical extension K C FE that is separably closed. [

Recall that a ring R is called a pm-ring, if every prime ideal p C R is contained
in exactly one maximal ideal m C R, see [De Marco and Orsatti 1971]. Clearly, it
suffices to check this for minimal prime ideals, which correspond to the irreducible
components of Spec(R). Therefore, we call a scheme X a pm-scheme if it is
quasicompact, and each irreducible component is local. These notions will show
up in Section 4. For later use, we observe the following fact:

Proposition 1.5. The class of pm-schemes is stable under images of integral sur-
Jjections.

Proof. Let f: X — Y be integral surjective, with X a pm-scheme. Clearly, Y is
quasicompact. Let ¥’ C Y be an irreducible component. We have to check that Y is
local. Since f is surjective and closed, there is an irreducible closed subset X’ C Y’
with f(X’) =Y. Replacing X and Y be these subschemes, we may assume that X
and Y are irreducible. Let y, y’ € Y be two closed points. Choose closed points
x, x" € X mapping to them. Then x = x’, because X is pm, whence y = y’. O

2. Schemes that are everywhere strictly local

We now introduce a class of schemes that, in my opinion, seems rather natural with
respect to the étale topology. Recall that a strictly local ring R is a local ring that is
henselian and has separably closed residue field x = R/m.

Definition 2.1. A scheme X is called everywhere strictly local if the local rings
Ox . are strictly local, for all x € X.

Similarly, we call a ring R everywhere strictly local if the R, are strictly local
for all prime ideals p C R. Note that strictly local rings are usually not everywhere
strictly local. The relation between these classes of rings appears to be similar in
nature to the relation between valuation rings and Priifer rings (see, for example,
[Endler 1972, §11]). We have the following permanence property:

Proposition 2.2. If X is everywhere strictly local, then the same holds for each
quasifinite X -scheme.
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Proof. Let U — X be quasifinite, and u € U, with image point x € X. Obviously,
the residue field « () is separably closed. To check that Oy, is henselian, we may
replace X by the spectrum of Oy . According to [EGAIV4 1967, Theorem 18.12.1]
there is an étale morphism X' — X, apointu’ € U' = U x x X' lying over u € U,
and an open neighborhood u’ € V/ C U’ so that the projection V' — X' is finite. Let
x" € X’ be the image of u’. After replacing X’ by some affine open neighborhood
of x’, we may assume that X’ — X is separated. There is a section s : X — X’ with
s(x) = x’ for the projection X’ — X, because Oy, is strictly local, by [EGA V4
1967, Proposition 18.8.1]. Its image is an open connected component, according to
[EGA 1V, 1967, Corollary 17.9.4] so shrinking further we may assume that X’ = X.
By [EGAIV4 1967, Proposition 18.6.8] the local ring Oy ,, = Oy, is henselian. [J

Recall that a morphism f : Y — X is referred to as radical if it is universally
injective. Equivalently, the map is injective, and the induced residue field extension
k(x) C k(y), are purely inseparable [EGA T 1971, Section 3.7] for all y € Y and
x = f(y). The following geometric property will play a crucial role later:

Lemma 2.3. Let X be an everywhere strictly local scheme and Y be an irreducible
scheme. Then every integral morphism f : Y — X is radical and, in particular, an
injective map.

Proof. Since the residue fields of X are separably closed and f is integral, it suffices
to check that f is injective. Let y, y’ € Y with the same image x = f(y) = f ().
Our task is to show y = y’. Replace X by the spectrum of the local ring R = Ox
and Y by the corresponding fiber product. Then ¥ = Spec(A) becomes affine, and
the morphism of schemes f : ¥ — X corresponds to a homomorphism of rings
R — A. Write A = A, as the filtered union of finite R-subalgebras. Since R is
henselian and the A, are integral domains, the A, are local. Hence A is local too. It
follows that the closed points y, y’ € Spec(A) coincide U

Proposition 2.4. Let X be everywhere strictly local. Then every étale morphism
f U — X isalocal isomorphism with respect to the Zariski topology.

Proof. Fix a point u € U. We must find an open neighborhood on which f is an
open embedding. Set x = f(u). Consider first the special case that f admits a
section s : X — U through u. Since U — X is unramified, such a section must
be an open embedding by [EGA IV4 1967, Corollary 17.4.2]. Replacing U by the
image of this section, we reduce to the situation that f admits a right inverse s that
is an isomorphism. Multiplying f os =idy with s~! from the right yields f =s~!,
which is an isomorphism.

We now come to the general case. Since Oy y is strictly local, the morphism
U ®x Spec(0x ) — Spec(Ox ) admits a section through u € U, see [EGAIV4
1967, Proposition 18.5.11]. According to [EGAIV3 1966, Theorem 8.8.2] such a
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section comes from a section defined on some open neighborhood of x € X, and
the assertion follows. O

Given a scheme X, we denote by (Et /X) the site whose objects are the étale
morphisms U — X, and (Zar/ X) the site whose objects are the open subschemes
U C X. In both cases, the covering families (U, — X), are those where the map
[ Uy — X are surjective. In turn, we denote by X and Xz, the corresponding
topoi of sheaves within a fixed universe. The inclusion functor i : (Zar/X) —
(Et/X) is cocontinuous, which means that the adjoint i* on presheaves of the
restriction functor i, preserves the sheaf property. We thus obtain a morphism of
topoi i : Xet — Xzar- The following is a direct consequence of the comparison
lemma [SGA 4; 1972, Exposé III, Theorem 4.1]:

Corollary 2.5. Let X be everywhere strictly local. Then the canonical morphism
i: Xet = Xzar Of topoi is an equivalence. In particular, sheaves and cohomology
groups for the étale site of X is essentially the same as for the Zariski site.

We are mainly interested in irreducible schemes. Recall that a scheme X is
called unibranch if it is irreducible, and the normalization map X;ed — Xred 18
bijective see ( [EGA IV 1964, Section 23.2.1]). Equivalently, the henselian local
schemes Spec(@é’(ﬁx) are irreducible, for all x € X, by [EGAIV4 1967, Corol-
lary 18.8.16]. We have the following characterization, which is close to Artin’s

original definition [1971].

Proposition 2.6. Let X be irreducible. Then X is everywhere strictly local if and
only if it is unibranch and its function field k(X) = « (n) is separably closed.

Proof. In light of [EGAIV,4 1967, Corollary 18.6.13] the condition is necessary. To
see that it is sufficient, we may assume that X = Spec(R) is a local integral scheme
and have to check that R is henselian with separably closed residue field k = R /mg.

Let us start with the latter. Seeking a contradiction, we assume that k is not
separably closed. Then there is a finite separable field extension k C L of degree
d >?2. By the primitive element theorem, we have L =k[T']/(f) for some irreducible
separable monic polynomial f € k[T]. Choose a monic polynomial F(T) with
coefficients in R reducing to (7). Then 0 F /90T € R is a unit, and it follows from
[Milne 1980, Chapter I, Corollary 3.6] that the finite R-algebra A = R[T]/(F)
is étale. Since the field of fractions €2 = Frac(R) is separably closed, we have a
decomposition A Qg Q2 = ]_[l‘.l:l Q. Set S = Spec(A), and fix one generic point
no € S. Note that its residue field must be 2. Its closure Sy C S is a local scheme,
finite over R, and thus with residue field L.

Now choose a separable closure k C k', consider the resulting strict henselization
R’ = R*, and write S| = So ®z R’ and §' = S ® R’ for the ensuing faithfully flat
base-change. According to [SGA 1 1971, Exposé VIII, Theorem 4.1] the preimage
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Sy C 8" is the closure of the point 1 € S’ lying over ng € S, and thus S, is irreducible,
in particular connected. The closed fiber S; @z k" = Spec(L) ®; k' is a disjoint
union of d > 2 closed points, which lie in the same connected component inside S’.
But, since R’ is henselian, [EGA IV4 1967, Theorem 18.5.11 (a)] ensures that no
two points in the closed fiber S’ ® g k" lie in the same connected component of S,
contradiction. Summing up, the residue field k = R/mp is separably closed.

It remains to see that R is henselian. Let F' € R[T] be a monic polynomial. In
light of [EGATV,4 1967, Theorem 18.5.11 (a')], it suffices to see that the finite flat
R-algebra A = R[T]/(F) is a product of local rings. Let d = deg(F) = deg(A)
be its degree, and consider the R-scheme ¥ = Spec(A). Let Yy, ..., Y, CY be the
closures of the connected components of the generic fiber ¥ ® Q2. Using that R
is unibranch, we infer that the closed fibers Y; ® k are local. By the going-down
theorem for the integral ring extension R C A, every point y € Y @k lies in some Y;.
It follows that Y = | J Y;. Foreach y € Y, let C y C Y by the union of all those Y;
containing y. Clearly, the C, are connected and local. Since the closed fibers of Y;
are local, the C,, y € Y, are pairwise disjoint. In turn, the C, are the connected
components of ¥ = Spec(A). It follows that A is a product of local rings. U

3. Total separable closure

Let X be an integral scheme. We say that X is totally separably closed if it is normal,
and the function field k(X) is separably closed. According to Proposition 2.6, these
are precisely the integral normal schemes that are everywhere strictly local. From
this we deduce:

Proposition 3.1. If X is totally separably closed, so is every normal closed sub-
scheme X' C X.

Now let Xy be an integral scheme, and choose a separable closure F* of the
function field F = k(X(). We define the total separable closure

X =TSC(Xy)

to be the integral closure of X inside F*. We may regard it as the filtered inverse
limit: Let F C F, C F¥2, A € L, be the set of intermediate fields that are finite over
F =k(Xy), ordered by the inclusion relation, and let X; — X be the corresponding
integral closures. These form a filtered inverse system of schemes with finite
surjective transition maps, and we get a canonical identification

X — lim X;,

We tacitly assume that the smallest element in the index set L is denoted by A = 0.
Note that the fibers of the map X — X, viewed as a topological space, are profinite.
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Recall that such spaces are precisely totally disconnected compacta, which are also
called Stone spaces.

Let me introduce the following notation as a general convention for this paper:
Suppose that C C X is a closed subscheme. Then the schematic images C, C X
are closed, and the underlying set is just the image set. These form a filtered
inverse system of schemes, again with affine transition maps by [EGAII 1961,
Proposition 1.6.2]. According to [Bourbaki 1971, Chapter I, §4, No. 4, Corollary to
Proposition 9] we get a canonical identification C = lim C;, as sets, and it is easy to
see that this is an equality of schemes. The fiber products X xx, C,, C X, A € L, are
closed subschemes and each one contains C as a closed subscheme, but is usually
much larger. In fact, one has C =) ser (X xx, Cy) as closed subschemes inside X.
Now if C is integral, then its function field k(C) is separably closed. This yields:

Proposition 3.2. Ifthe closed subscheme C C X is normal, then C = TSC(C,) for
each index ). € L.

Now suppose that we have a ground field k. Let Xy be an integral k-scheme
and X = TSC(X)) its total separable closure, as above. The following observation
reduces the situation to the case that the ground field is separably closed: Let &’
be the relative algebraic closure of k inside F*, where F = k(X(). The scheme
X ® k' is not necessarily integral, but the schematic image X' C X ®; k' of the
canonical morphism X — X ®; k' is. Note that if the k-scheme X)) is algebraic,
quasiprojective, or proper, the respective properties hold for the k’-scheme X’.
Clearly, the morphism X — X’ is integral and dominant. Regarding k(X) as an
separable closure of k(X’), we get a canonical morphism X — TSC(X").

Proposition 3.3. The canonical morphism X — TSC(X') is an isomorphism.

Proof. The scheme X is integral, the morphism in question is integral and birational,
and the scheme TSC(X’) is normal, and the result follows. O

Finally, suppose that X is an integral algebraic space rather than a scheme.
Then one may define its total separable closure X = TSC(X() = lim X, in the
analogous way. But here nothing interesting happens: indeed, then some X is a
scheme ([Laumon and Moret-Bailly 2000, Corollary 16.6.2], when X is noetherian,
and [Rydh 2010, Theorem B], for X quasicompact and quasiseparated), such that
TSC(Xg) is a scheme.

4. Acyclic schemes

In this section we study acyclicity for quasicompact schemes with respect to the
Zariski topology, the Nisnevich topology, and the étale topology. We thus take up
the question in [SGA 4, 1972, Exposé V, Problem 4.14] to study topoi for which
every abelian sheaf has trivial higher cohomology.
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First recall that a topological space is called at most zero-dimensional if its
topology admits a basis consisting of subsets that are open-and-closed. Note that
this is in the sense of dimension theory in general topology (see, for example, [Pears
1975]), rather than dimension theory in commutative algebra and algebraic geometry.

Given aring R, we write Max(R) C Spec(R) for the subspace of points corre-
sponding to maximal ideals. Similarly, we write Max(X) C X for the set of closed
points of a scheme X, endowed with the subspace topology.

Theorem 4.1. Let X be a quasicompact scheme. Then the following are equivalent:

(i) We have H? (X, F) = O for every abelian sheaf F and every p > 1, where
cohomology is taken with respect to the Zariski topology.

(ii) Every surjective local isomorphism U — X admits a section.
(iii) The scheme X is affine, and each connected component is local.

(iv) The scheme X is affine, each irreducible component is local, and the space of
closed points Max(X) is at most zero-dimensional.

(v) The scheme X is affine, and every element in R = I'(X, Ox) is the sum of an
idempotent and a unit.

Proof. (1)=(ii) Seeking a contradiction, suppose that some surjective local iso-
morphism U — X does not admit a section. Since X is quasicompact, there are
finitely many affine open subsets Uy, ..., U, C U so that each U; — X is an open
embedding, and | [ U; — X is surjective. Replace U by the direct sum [ [ U;. Let F
be the product of the extension-by-zero sheaves (f;)1(Zy,), where f; : U; — X are
the inclusion maps. Then I'(X, F) =0 for all 1 <i <n. Consider the Cech complex

n n
rx, F)—[]rw. n— [] rwnu;. F.
i=1 ij=1
The constant section (1y;) in the middle is a cocycle, but not a coboundary, and
this holds true for all refinements of the open covering X = J U;. In turn, we have
H! (X, F) #0. On the other hand, the canonical map HP (X, F)—> HP(X, F) from
Cech cohomology to sheaf cohomology is injective and actually bijective for p = 1,
whence H' (X, F) # 0, contradiction.

(i1))=(i) Let F be an abelian sheaf. Every F-torsor becomes trivial on some
U — X as above. Since the latter has a section, the torsor is already trivial on X. It
follows H'(X, F) = 0. In turn, the global section functor F — I'(X, F) is exact,
hence H”(X, F) =0 forall F and p > 1.

(ii)=>(iii) Choose an affine open covering X = UU- - -UU,,. Using that [ [ U; — X
has a section, we infer that X is quasiaffine, in particular separated. By the previous
implication, H'(X, %) = 0 for each quasicoherent sheaf. According to Serre’s
criterion [EGAII 1961, Theorem 5.2.1] the scheme X is affine. Next, let C C X be
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a connected component, and suppose C is not local. Choose two different closed
points a; # a; in C, and let U be the sum of U; = X \ {ax} and U, = X \ {a,}. The
ensuing local isomorphism U — X allows a section s : X — U. Then s(C) C U
is connected, and intersects both Uy and U,. In turn, s(C) C U; fori =1, 2. But
U and U, have empty intersection when regarded as subsets of U, contradiction.

(iii)=(iv) Let A C X be an irreducible component, and C C X be its connected
component. Then A is local, because the subset A C C is closed and nonempty.
To see that Max(X) is at most zero-dimensional, write X = Spec(R). Let x € X
be a closed point, x € U C X an open neighborhood of the form U = Spec(Ry),
and C C X be the connected component of x. Let § C R be the multiplicative
system of all idempotents ¢ € R that are units on C. Then C = Spec(S~!R), and
the localization map R — S™!R factors over R. In turn, there is some e € S so
that the localization map R — R, factors over Ry. In other words, there is an
open-and-closed neighborhood x € V contained in U. It follows that the subspace
Max(X) C X is at most zero-dimensional.

(iv)<>(v) This equivalence is due to [Johnstone 1977, Chapter V, Proposition
in 3.9].

(v)=(iii) Write X = Spec(R), and let C = Spec(A) be a connected component,
A = R/a. Then every nonunit f € A is of the form f =14 u for some unitu € A*.
In turn, the subset A\ A* C A comprises an ideal, because it coincides with the
Jacobson radical

J={f|fg—1€A* forall g € A}.

Thus A is local.

(iili)=(ii) Let f : U — X be a surjective local isomorphism. To produce a section,
we may assume that U is a finite sum of affine open subschemes of X, in particular
of finite presentation over X. Let x € X be a closed point. Obviously, there is a
section after base-changing to C = Spec(Ox ). Since this is a connected component,
we may write C = (1) V., where the V; are the open-and-closed neighborhoods
of x, see Appendix A. According to [EGAIV3; 1966, Theorem 8.8.2] a section
already exists over some V,. Using quasicompactness of X, we infer that there is
an open-and-closed covering X = X U---U X, so that sections exists over each X;.
By induction on n > 1, one easily infers that a section exists over X. O

Let us call a scheme X acyclic with respect to the Zariski topology if it is
quasicompact and satisfies the equivalent conditions of Theorem 4.1. Note that
some conditions in Theorem 4.1 already occurred in various other contexts:

Rings satisfying condition (v), that is, every element is a sum of an idempotent
and a unit are also known as clean rings. Such rings have been extensively studied
in the realm of commutative algebra (we refer to [Nicholson and Zhou 2005] for
an overview).
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Rings for which every prime ideal is contained in only one maximal ideal, one
of the conditions occurring in (iv), are called pm-rings or Gelfand rings (they were
introduced in [De Marco and Orsatti 1971]).

Also note that in condition (iv) one cannot remove the assumption that Max(X)
is at most zero-dimensional. In fact, if K is an arbitrary compact topological
space, then the ring R = “6(K) is pm, such that its spectrum has local irreducible
components; on the other hand, Max(X) = K (see [Gillman and Jerison 1960],
Section 4 for the latter, and Theorem 2.11 on p. 29 for the former).

We now turn to the Nisnevich topology on the category (Et/X). Recall that
a morphism U — V of schemes is called completely decomposed if, for each
v € V, there is a point u € U with f(u) = v and «(v) = k(u). The covering
families (U, — U) for the Nisnevich topology are those families for which each
U, — U is completely decomposed, and | J U, — U is surjective. Sheaves on the
ensuing site are referred to as Nisnevich sheaves, and we write H? (Xyjs, F) for
their cohomology groups, see [Nisnevich 1989]. Note that each point x € X yields
a point in the sense of topos-theory, and that the corresponding local ring is the
henselization @’;(’ .

Theorem 4.2. Let X be a quasicompact scheme. Then the following are equivalent:
(1) HP(Xnis, F) = 0 for every abelian Nisnevich sheaf F and every p > 1.

(i1) Every completely decomposed étale surjection U — X admits a section.

(iii) The scheme X is affine, and each connected component is local henselian.

(iv) The scheme X is affine, each irreducible component is local henselian, and the
space Max(X) is at most zero-dimensional.

The arguments are parallel to the ones for Theorem 4.1, and left to the reader.
For the implication (iv)=>(iii), one needs the following:

Lemma 4.3. Let Y be a local scheme. Then Y is henselian if and only if each
irreducible component Y; C Y, i € I, is henselian.

Proof. The condition is necessary, because X; C X are closed subsets. Conversely,
suppose that each X; is henselian. Let f : X — Y be a finite morphism, and let
ai, ...,a, € X be the closed points. Each of them maps to the closed point b € Y.
The closed subsets X; = f —1(Y;) contain ay, . . ., a, and are finite over X;, whence
the canonical map ]_['}:1 Spec(Ox; ;) — X is an isomorphism. Foreach 1 < j <n,
consider the subset
C,= U Spec(Ox,.q;) C X.
iel

Then the C; C X are stable under generization and contain a single closed point a;,
thus C; = Spec(0 X.a;)- Furthermore, the C; form a partition of X. It is not a
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priori clear that C; C X is closed if the index set / is infinite. But this nevertheless
holds: Write X = Spec(A), where A is a semilocal ring. Let m; C A be the
maximal ideal corresponding to a; € X. Since the C; are pairwise disjoint, the
ideals m; are pairwise coprime. By the Chinese reminder theorem, the canonical
map A — ]_['}:1 A, is bijective. Hence C; C X are closed, and X is the sum of
local schemes. |

We finally come to the étale topology. This is the Grothendieck topology on
the category (Et/X) whose covering families (U, — U) are those families with
|JUy — U surjective. Sheaves on this site are called étale sheaves, and we
write H? (X, F) for their cohomology groups. In the following, the equivalence
(i)« (iii) is due to Artin [1971]:

Theorem 4.4. Let X be a quasicompact scheme. Then the following are equivalent:

(1) We have HP (X, F') = 0 for every abelian étale sheaf F and every p > 1.
(ii) Every étale surjective U — X admits a section.
(iii) The scheme X is affine, and each connected component is strictly local.

(iv) The scheme X is acyclic, each irreducible component is strictly local, and the
space Max(X) is at most zero-dimensional.

The remaining arguments are parallel to the ones for Theorem 4.1, and left to
the reader.

I conjecture that the class of schemes that are acyclic with respect to either the
Zariski or the Nisnevich topology are stable under images of integral surjections.
Indeed, if f: X — Y is integral and surjective, with X acyclic, then Y is affine by
Theorem 1.1, and it follows from Propositions 1.2 and 1.3 that each irreducible
component is local or local henselian, respectively. It only remains to check that
Max(Y) is at most zero-dimensional, and here lies the problem: We have a closed
continuous surjection Max(X) — Max(Y), but cannot conclude from this that the
image is at most zero-dimensional, in light of the existence of dimension-raising
maps (see [Pears 1975, Chapter 7, Theorem 1.8]). The following weaker statement
will suffice for our applications:

Proposition 4.5. Let Y be a scheme,and Y =Y, U---UY, be a closed covering. If
each Y; is acyclic with respect to the Zariski topology, so is Y.

Proof. As discussed above, it remains to show that the space of closed points Max(Y)
is at most zero-dimensional. The canonical morphism Y LI- - -11Y,, — Y is surjective
and integral, whence Y is a pm-scheme by Proposition 1.5. Note that this ensures that
the topological space Y is normal, that is, disjoint closed subsets can be separated by
disjoint open neighborhoods, according to [Carral and Coste 1983, Proposition 2].
Furthermore, the subspace Max(Y) is compact, which means quasicompact and
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Hausdorff [Schwartz 2011, Corollary 4.7 together with Proposition 4.1]. Since our
covering is closed, we have Max(Y) = Max(Y;) U- - - UMax(Y,,), and this is again
a closed covering.

To proceed, we now use the notion of small and large inductive dimension
from general topology. Since this material is perhaps not so well-known outside
general topology, I have included a brief discussion in Appendix C. The relevant
results are tricky, but rely only on basic notations of topology. Proposition C.3,
which is a consequence of a general sum theorem on the large inductive dimension,
ensures that the compact space Max(Y) = Max(Y;) U --- U Max(Y,,) is at most
zero-dimensional. U

5. The Cartan—Artin properties

Let X be a topological space and F be an abelian sheaf. Then there is a spectral
sequence

E}' = HP(X, HY(F)) = H"*'(X, F)

computing sheaf cohomology in terms of Cech cohomology, where H?(F) denotes
the presheaf U — HP (U, F). A result of H. Cartan using this spectral sequence
tells us that Cech and sheaf cohomology coincide on spaces admitting a basis %
for the topology that is stable under finite intersections and satisfies H” (U, F) =0
forallU e B, p>1,and F.

The same holds, cum grano salis, for arbitrary sites (see the discussion in Appen-
dix B). For the étale site of a scheme X, there seems to be no candidate for such a
basis % of open sets. However, there is the following substitute: Leta=(ay, ..., a,)
be a sequence of geometric points a; : Spec(£2;) — X. Following Artin, we define

Xo=Xaya, = Spec(@i(’al) Xy Xy Spec(@“}’an).

The schemes X, can be viewed as inverse limits of finite intersections of smaller
and smaller neighborhoods, and therefore appears to be a good substitute for the
U € %. It was M. Artin’s insight [1971] that for the collapsing of the Cartan—Leray
spectral sequence in the étale topology it indeed suffices to verify that the inverse
limits X, are acyclic.

In order to treat the Nisnevich topology, we use the following: If x = (xy, ..., x;,)
is a sequence of ordinary points x; € X, we likewise set

Xx = Xu,..., = Spec(O% ) xx - -~ xx Spec(O% , ),

using the henselizations rather then the strict localizations. Usually, one writes
X; : Spec(£2;) — X for geometric points with image point x; € X. In order to keep
notation simple, and since we are mainly interested in geometric points, I prefer to
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write a; for geometric points. Although this is slightly ambiguous, it should cause
no confusion. Let us now introduce the following terminology:

Definition 5.1. We say that the scheme X has the weak Cartan—Artin property

if for each sequence x = (xy, ..., x,) of points on X, the scheme X, is acyclic
with respect to the Nisnevich topology. We say that X has the strong Cartan—Artin
property if for each sequence a = (ay, . . ., a,) of geometric points on X, the scheme

X, is acyclic with respect to the étale topology.

In the latter case, this means that the schemes X, are affine, their irreducible
components are strictly local, and the subspace Max(X,) C X, of closed points is
at most zero-dimensional. In the former case, however, there is no condition on
the residue fields of the closed points. Our interest in this property comes from the
following result, which was proved by Artin [1971] for the strong Cartan—Artin
property. For the weak Cartan—Artin property, the arguments are virtually the same.

Theorem 5.2 (M. Artin). Let X be a noetherian scheme. If it has the strong Cartan—
Artin property, then HP (Xet, H1(F)) = 0 for all abelian étale sheaves F and all
p >0, g > 1. If it has the weak Cartan—Artin property, then HP (Xxis, HY(F))=0
for all abelian Nisnevich sheaves F and all p > 0, g > 1. In particular, Cech
cohomology coincides with sheaf cohomology.

To avoid tedious repetitions, we will work in both cases with the schemes X,
constructed with the strict localizations. This is permissible, in light of the following
observation:

Proposition 5.3. The scheme X has the weak Cartan—Artin property if and only
if for each sequence a = (ay, . . ., a,) of geometric points on X, the scheme X, is
acyclic with respect to the Nisnevich topology.

Proof. Let x; € X be the image of the geometric point a;, and set x = (x1, ..., x,).
Consider the canonical morphism X, — X,. The rings 0% , are filtered direct
limits of finite étale ©§(, -algebras, whence the scheme X, is a filtered inverse
limit X, = 1im V, of X,-schemes whose structure morphism V; — X, are étale
coverings. In particular, the morphism f : X, — X, and the projections X, — V;
are a flat integral surjections.

We now make the following observation: Suppose B C X, and C C X, are
connected components, with f(B) C C. We claim that the induced map f: B — C
is surjective. To see this, let B, C V, be the connected components containing
the images of B. These B, form a filtered inverse system of connected affine
schemes with B = lim B;, and the structure maps B, — X factor over C. Since C
is connected and the induced projections V) xx C — C are étale coverings, the
preimages V) xx C are sums of finitely many connected components, each being
an étale covering of C. This follows, for example, from the fact that the category
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of finite Galois coverings of a connected scheme is a Galois category admitting a
fiber functor. This was established for locally noetherian schemes in [SGA 1 1971,
Exposé V]; for the general case see [Lenstra 1985, Theorem 5.24]. One of the
connected components must be B;, and we conclude that the B; — C are surjective.
Likewise, the transition maps B, — B, A > n must be surjective, and we infer
that B =lim B; — C is surjective.

Now suppose that X, is acyclic with respect to the Nisnevich topology. Then it is
affine by Theorem 4.2. It follows from Theorem 1.1 that X, is affine. Let C C X,
be a connected component. We have to show that C is local. Since f : X, — X,
is surjective, there is a connected component B C X, with f(B) C C, and we
saw in the preceding paragraph that f : B — C is an integral surjection. Since
X, is acyclic, the scheme B is local henselian. The same then holds for C, by
Proposition 1.3.

Conversely, suppose that X, is acyclic. Then X, is affine, and the same holds
for X,, because f is an affine morphism. Let B C X, be a connected component,
and C C X, the connected component containing f(B). Then B is local, and we
saw above that f : B — C is an integral surjection. Moreover, the B, are local, and
the transition maps are local, whence B = lim B; is local. U

6. Reduction to normal schemes

The goal of this section is to reduce checking the Cartan—Artin properties to the case
of irreducible, or even normal schemes. Artin [1971] bypassed this by assuming
the AF-property, together with the fact that any affine scheme is a subscheme of
some integral scheme. Without assuming the AF-property, or knowing that any
scheme is a subscheme of some integral scheme, a different approach is necessary.

Let X be a scheme. We now take a closer look at the functoriality of the X, with
respect to X. Let f : X — Y be a morphism of schemes, and a = (a;, ..., a,) a
sequence of geometric points on X, and b = (by, .. ., b,) the sequence of geometric
image points on Y. We then obtain an induced map between strictly local rings,
and thus a morphism X, — Y.

Lemma 6.1. Let % be a class of morphisms that is stable under fiber products, and
that contains all closed embeddings. If f : X — Y is separated, and the induced
morphisms Spec(@;{’ ai) — Spec(@}’ bi) belong to P, then X, — Y}, belongs to P.

Proof. By assumption, the induced morphism

1_[ Spec(0y ,.) — l_[ Spec(0y, ;)
i=1

i=1
belongs to %, where the products designate fiber products over Y. It remains to check
the following: If U, V are two X-schemes, then the morphism U xx V — U xy V
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is a closed embedding. This indeed holds by [EGA I 1971, Proposition 5.2], because
f: X — Y is separated. (I

Proposition 6.2. With the notation above, if f : X — Y is integral then the same
holds for X, — Y. Moreover, if f : X — Y is a finite, closed embedding, radical
or with radical field extensions, the respective property holds for X, — Y.

Proof. In light of Lemma 6.1, it suffices to treat the case that the sequence a =
(ay, ..., ay,) consists of a single geometric point, which by abuse of notation we also
denote by a. Write X = lgLn X, as a filtered inverse limit of finite Y-schemes X,
and let @, be the geometric point on X, induced by a. Let x € X and x, € X, be
their respective images. Then Oy , = lim Oy, ,,, and it follows from [EGA V4
1967, Corollary 18.6.14] that @;(’ . = h_r)n@iﬁ’ @ On the other hand, the base
change X; xy Spec(0y ;) is a finite sum of strictly local schemes. Let C; be the
connected component corresponding to a; = (ay, b). It follows from [EGAIV4
1967, Proposition 18.6.8] that O, , = Oc, 4. In turn, Oy , is a filtered inverse
limit of finite 0y, j-algebras, thus integral. From this description, the additional
assertions follow as well. (Il

Our goal now is to reduce checking the Cartan—Artin properties to the case
of integral normal schemes. Recall that a = (a4, ..., a,) is a fixed sequence of
geometric points on X.

Proposition 6.3. Suppose there are only finitely many irreducible components
X; C X, 1< j <r that contain all geometric points ay, ..., a,. Then the closed
subschemes

n
Xja=(X)a=]]Spec©,,), 1<j=<r
i=1

form a closed covering of X,. Here the product means fiber product over X.
Proof. Let x; € X be the images of the geometric points ;. Clearly, the structure
morphism X, — X factors through ﬂ?: 1 Spec(Ox y;), and this intersection is the
set of points x € X containing all xy, ..., x, in their closure. Thus the inclusion
M, Spec(Ox'x;) C ()i, Spec(Ox. ;) is an equality, where X' = X; U---UX,. It
then follows that the closed embedding X/, C X, is bijective. We thus may assume
that X = X'.

Let n € X, be a generic point. The structure morphism X, — X is flat. By
going-down, the point 7 maps to the generic point n; € X; forsome 1 < j <r. In
turn, it is contained in (X;), = X, xx X ;. Consequently the (X;), C X form a
covering, because they are contain every generic point and are closed subsets. [

Proposition 6.4. Suppose the irreducible components of X are locally finite, and
that the diagonal X — X x X is an affine morphism. Then X has the weak/strong
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Cartan—Artin property if and only if the respective property holds for each irre-
ducible component, regarded as an integral scheme.

Proof. Leta = (ay, ..., a,) be a sequence of geometric points on X, and denote by
X1, ..., X, C X the irreducible components over which all a; factors. According
to Proposition 6.3, we have a closed covering X, = (X), U---U (X,),. Now
Proposition 4.5 ensures that the space of closed points Max(X,) is at most zero-
dimensional. Let § = (X;), I--- L (X,), be the sum. Then § — X, is integral
and surjective. By the assumption on the diagonal morphism of X, the scheme S
is affine, and the scheme X, must be affine as well, by Theorem 1.1. Finally, let
C C X, be an irreducible component. Choose some 1 < j <r with C C (X),.
Then C is an irreducible component of (X ;),. Since (X ;), is acyclic, the scheme C
is strictly local, according to Theorems 4.2 and 4.4, and it follows that X, is acyclic.

O

Concerning the Cartan—Artin properties, we now may restrict our attention to
integral schemes. Our next task is to reduce to normal schemes. Suppose that
f : X — Y is a finite birational morphism between integral schemes, and let

b= (by,...,b,) be asequence of geometric points in Y. As a shorthand, we write
By = 7100 x - x £ Ba)
for the finite set of sequences a = (ay, ..., a,) of geometric points with f(a;) = b;.

Note that one may regard f~!(b) as the product of the points in the finite schemes
X xy Speck(b;). For each a € £~1(b), we obtain an induced morphism X, — Y,
which is finite. Its image is denoted, for the sake of simplicity, by f(X,) C Y5, which
is a closed subset. Now recall that an integral scheme X is called geometrically
unibranch if the normalization map X’ — X is radical. This obviously holds if X
is already normal.

Proposition 6.5. With the assumptions above, suppose that X is geometrically
unibranch. Then the finite morphisms X, — Y are radical, and the closed subsets

f(X) CYy, aef (b,

form a closed covering of Yp.

Proof. First, let us check that X, — Y, is radical. In light of Proposition 6.2, it
suffices to treat the case that the sequence a = (ay, ..., a,) consists of a single
geometric point. Let x € X and y € Y be the points corresponding to the geometric
points @ = a; and b = by, respectively. Set R = Oy, and write X xy Spec(Oy, ) =
Spec(A). Then A is a semilocal, integral, and finite R-algebra. According to
[EGA TV, 1967, Proposition 18.6.8] we have A ® g R® = A®. This is a finite R*-
algebra, whence splits into A®* = By x --- X B,,, where the factors are local and
correspond to the geometric points in f~!(y). In fact, the factors are the strict
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localizations of X at the these geometric points, and Oy , is one of them. Since X
is geometrically unibranch, all factors B; are integral, according to [EGA IV4 1967,
Proposition 18.6.12].

As f: X — Y is birational, the inclusion R C A becomes bijective after localizing
with respect to the multiplicative system S = R\ 0. In turn, the inclusion on the left

S—IRS C S—IAS — S—I(A ®R RS‘) — S—lA ®S—1R S—IRS — S—IRS

is bijective, such that we have a canonical identification ST1AS=S"1RS. LetR; C
B; be the image of the composite map R® — B;, which is also a residue class ring
of R®. Hence the R; ~ R® are integral strictly local rings, in particular geometrically
unibranch, and R; C B; induces a bijection on fields of fractions. It follows that

Spec(B;) — Spec(R;) and  Spec(0% ,) — Spec(0y,)

are radical.

It remains to check that Y, =_J,, f(X,). Letn € ¥}, be a generic point. The images
n; € Spec(Oy,p,) are generic points as well, because the projections Y — Spec(@‘;’ b,-)
are flat, whence satisfy going-down. We saw in the preceding paragraph that the
generic points in Spec(@“;,’ b,-) correspond to the points in f ~L(b)). Leta; € f “1(y)
be the point corresponding to 7;, and form the sequence a = (ay, . .., a,). Using
that the f : X — Y is birational, we infer that # lies in the image of X, — Y;,. U

If Y is an integral scheme, its normalization map f : X — Y is integral, but not
necessarily finite. However, the latter holds for the so-called Japanese schemes, see
[EGA IV, 1964, Chapter 0, §23].

Proposition 6.6. Suppose that Y is an integral scheme whose normalization mor-
phism f : X — Y is finite. If X has the weak or strong Cartan—Artin property, then
the respective property holds for Y.

Proof. Let b= (b1, ..., b,) be a sequence of geometric points on Y. One argues as
in the proof of Proposition 6.4. Using that f : X, — Y}, are radical, one sees that
the closed points on Y, have residue fields that are separably closed. Hence Y}, is
acyclic with respect to the Nisnevich or étale topology, respectively. U

7. Reduction to TSC schemes

I conjecture that the class of schemes having the weak Cartan—Artin property is
stable under images of integral surjections. The goal of this section is to establish a
somewhat weaker variant that suffices for our applications. Recall that a scheme X is
called geometrically unibranch if it is irreducible, and the normalization morphism
Y — Xieq is radical. Equivalently, the strictly local rings O , are irreducible, for
all geometric points a on X, according to [EGA IV4 1967, Proposition 18.8.15].



558 Stefan Schroer

Theorem 7.1. Let f : X — Y be an integral surjection between schemes that are
geometrically unibranch and have affine diagonal. If X has the weak Cartan—Artin
property, so does Y.

This relies on a precise understanding of the connected components inside the X,
for sequences a = (ay, ..., a,) of geometric points. We start by collecting some
useful facts.

Proposition 7.2. Suppose X is geometrically unibranch and quasiseparated. Then
the connected components of X, are irreducible.

Proof. Clearly, the scheme
Xo = Xay....a, = Spec(Oy ;) Xx -+ xx Spec(O , )

is a filtered inverse limit of étale X-schemes that are quasicompact and quasisep-
arated. Let U — X be an étale morphism, with U affine. Since U — X satisfies
going-down, each generic point on U maps to the generic point in X. Thus U
contains only finitely many irreducible components, because U — X is quasifinite.
Hence for each connected component U’ C U, there is a sequence of irreducible
components Uy, ..., U, C U, possibly with repetitions, so that U’ = | J U; and
U;NU;4+1 # 2. Choose such a sequence with n > 1 minimal. Seeking a contradiction,
we suppose n > 2. Choose u € UNU,. Let x € X be its image. Clearly, Ox  — Oy,
becomes bijective upon passing to strict henselizations. Since O | is irreducible and
Oy.uC @‘;]’u satisfies going-down, we conclude that Oy, is irreducible, contradiction.
The upshot is that the connected components of U are irreducible. It remains to
apply Lemma 7.3 below with X, = V. (]

Lemma 7.3. Let V = lim V, be a filtered inverse limit with flat transition maps
of schemes V) that are quasicompact and quasiseparated, and whose connected
components irreducible. Then each connected component of V is irreducible.

Proof. Let C C V be a connected component. Then the closure of the images
pr;, (C) C V, are connected, whence are contained in a connected component
C, C V,. These connected components form an inverse system, and we have
canonical maps C — lim C; C Lgn V,, = V. The inclusion is a closed embedding,
and lim C,, is connected, since the C;, are quasicompact and quasiseparated. In turn
C= l(ln C,. By assumption, the closed subsets C; C V, are irreducible. According
to a result of Lazard discussed in Appendix A, the connected component C; C V;,
is the intersection of its neighborhoods that are open-and-closed. This ensures that
the transition maps C,, — C, remain flat. If follows that the projections C — Cj
are flat as well. By going-down, each generic point n € C maps to the generic point
N € C,, whence n = (1;) is unique, and C must be irreducible. U
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Suppose that X is geometrically unibranch and quasiseparated, such that the
connected components of X, coincide with the irreducible components. We may
describe the subspace Min(X,) C X, of generic points as follows: Let K = k(X)
be the function field, and 0% , C L; be the field of fractions of the strictly local
ring. Since f : X, — X is flat and thus satisfies going-down, each generic point of
X, maps to the generic point n € X. Since X, — X is an inverse limit of quasifinite
X-scheme, each point in f~!(1) is indeed a generic point of X,. Thus:

Proposition 7.4. With the assumptions above, the subspace of generic points
Min(X,) C X, is canonically identified with Spec(L| Qg - - - ®k Ly).

In particular, the space Min(X,) is profinite. We may describe it in terms of
Galois theory as follows: Choose a separable closure K C K® and embeddings
L; C K*. Let G = Gal(K*/K) be the Galois group, and set H; = Gal(K*/L;).
Then G is a profinite group, the H; C G are closed subgroups, and the quotients
G/ H; are profinite. Thus:

Proposition 7.5. With the assumptions above, the space of generic points Min(X )
is homeomorphic to the orbit space for the canonical left G-action on the space
G/H; x ---x G/H,.

Proof of Theorem 7.1. Suppose that X, Y are geometrically unibranch, with affine
diagonal, and let f : X — Y be an integral surjection. Assume X satisfies the
weak Cartan—Artin property. We have to show that the same holds for Y. Without
restriction, it suffices to treat the case that Y, X are integral.

Let b= (by, ..., b,) be a sequence of geometric points on Y, and C C Y, be a
connected component. Our task is to check that C is local henselian. According to
Proposition 7.2, the scheme C is integral. Let n € C be the generic point. Since
f is surjective and integral, we may lift b to a sequence of geometric points a on
X. Since X, Y are geometrically unibranch, the strictly local rings 0% , and 0y, ,
remain integral, and we have a commutative diagram

Oxq — K

I I

@y, b; — L i
where the terms on the right are the fields of fractions. Let K = k(X) and L =k(Y).
Then the induced morphism

Ki®g - ® K, CLI1®---QL Ly

is faithfully flat and integral. It follows that each generic point n € Y} is in the
image of X, — Y. The latter morphism is integral by Proposition 6.2, whence also
surjective. In particular, there is an irreducible closed subscheme B C X, surjecting
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onto C C Y. By assumption, B is local henselian, and the morphism B — C is
surjective and integral. Hence C is local henselian, according to Proposition 1.3. [J

In particular, an integral normal scheme X has the weak Cartan—Artin property
if and only if this holds for the total separable closure X = TSC(Xy). The latter is a
scheme that is everywhere strictly local. For such schemes, the Cartan—Artin prop-
erties reduce to a striking geometric property with respect to the Zariski topology:

Theorem 7.6. Let X be an irreducible quasiseparated scheme that is everywhere
strictly local. Then the following are equivalent:

(1) The scheme X has the Cartan—Artin property.
(i1) The scheme X has the weak Cartan—Artin property.

(ii1) For every pair of irreducible closed subset A, B C X the intersection AN B is
irreducible.

Proof. Given a sequence x = (x1, ..., x,) of geometric points, which we may
regard as ordinary points x; € X, we have Oy ,, = 0% | , whence
Lhad ]

X, =Spec(Ox ,,)N---NSpec(Ox y,),

and this is the set of points in X containing each x; in their closure. Since X is
quasiseparated, the scheme X, is quasicompact, so every point specializes to a
closed point. It follows that

X, =|_JSpec(0x..),
4

where the union runs over all closed points z € X,.

The implication (i)=>(ii) is trivial.

To see (iii)=(i), it suffices, in light of Theorem 4.4, to check that each X,
contains at most one closed point, that is, X, is either empty or local. By induction
on n > 1, it is enough to treat the case n = 2, with x| # x». Now suppose there are
two closed points a 7# b in X, = Spec(Ox x,) N Spec(Ox x,), and let A, B C X be
their closure. Then x;, x, € AN B. The intersection is irreducible by assumption.
Hence the generic point n € AN B lies in X,. Since it is in the closure of a, b € X,
and these points are closed in X,, we must have a = n = b, contradiction.

It remains to verify (ii)=>(iii). Seeking a contradiction, we suppose that there are
irreducible closed subsets A, B C X with A N B reducible. Choose generic points
X1 # x7 in this intersection, and consider the pair x = (x, x2). The resulting scheme
X =Spec(Ox_x,) NSpec(Ox y,) is irreducible, because this holds for X. In light of
Theorem 4.2, X, must be local. Let z € X, be the closed point. Write n4 and npg for
the generic points of A and B, respectively. By construction, n4, ng € X, whence
z € AN B. Using that x;, x € AN B are generic and contained in the closure of
{z} C X, we infer x; = z = x,, contradiction. O
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8. Algebraic surfaces

Let k be a ground field, and Sy a separated scheme of finite type, assumed to be
integral and 2-dimensional. Note that we do not suppose that Sy is quasiprojective.
Examples of normal surfaces that are proper but not projective appear in [Schréer
1999]. In this section we investigate geometric properties of the absolute integral
closure § = TSC(Sp). Our result is:

Theorem 8.1. With the assumptions above, let A, B C S be two integral, 1-dimen-
sional closed subschemes with A # B. Then AN B contains at most one point.

Proof. Clearly, we may assume that Sy is proper and normal, and that the ground
field k is algebraically closed. Employing the notation from Section 3, we write

§=1lmS; and A=IlimA; and B=IlmB,, Arel.

Seeking a contradiction, we assume that there are two closed points x % y in AN B.
Let x;,, y, € A, N B, be their images on S,. Enlarging A = 0, we may assume that
Ao # Bo and xo # yo.

The integral Weil divisor By C Sp has a rational self-intersection number (Bo)?eQ,
defined in the sense of Mumford [1961, §II (b)]. Now choose finitely many closed
points z1, ..., z, € By neither contained in Ag nor the singular locus Sing(Sp), and
let S; — So be the blowing-up with reduced center given by these points. If we
choose n > 0 large enough, the self-intersection number of the strict transform
B|, C S|, of By becomes strictly negative. According to Artin [1970, Corollary 6.12]
one may contract it to a point: there exist a proper birational morphism g : S| — Yo
with Oy, = g«(Og;) sending the integral curve B, to a closed point, and being
an open embedding on the complement. Note that Y is a proper 2-dimensional
algebraic space over k, which is usually not a scheme. We also write Ag C S, for
the curve A, considered as a closed subscheme of S(’). The projection Ag — Yy is
a finite morphism, which is not injective because the two points xq, yo € Ao N B,
are mapped to a common image.

We now make an analogous construction in the inverse system. Consider the
normalization S — Sj xg, S; of the integral component dominating S;. The
universal properties of normalization and fiber product ensure that the S}, A € L
form an inverse system, and the transition maps are obviously affine. In turn, we
get an integral scheme

S'=lim§;,

coming with a birational morphism S" — §. This scheme S’ is totally separably
closed. Clearly, the projection S; — S are isomorphisms over a neighborhood of
the preimage of Ayg C Sy, which contains A; C §’. Therefore, we may regard A;
and the points x;, y; also as a closed subscheme of S/’\.
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Let S; — Y) be the Stein factorization of the composition S} — S — Y,. This
map contracts the connected components of the preimage of B(, C S, to closed points,
and is an open embedding on the complement. Using that this preimage contains
the strict transform B; C S; of B; C S, which is irreducible and thus connected,
we infer that x;, y, € S; map to a common image in Yj. By the universal property
of Stein factorizations, the Y), A € L form a filtered inverse system. The transition
morphisms Y — Y; are finite, because these schemes are finite over Yy. In turn, we
get another totally separably closed scheme Y =1lim Y;, endowed with a birational
morphism S” — Y. By construction, the finite morphism A; — Y; maps x; and y;
to a common image. Passing to the inverse limit, we get an integral morphism

A:l(iLnAA%I(iLnYk=Y,

which maps x # y to a common image. By assumptions, A is an integral scheme.
According to Lemma 2.3, the map A — Y must be injective, contradiction. U

9. Two facts on noetherian schemes

Before we come to higher-dimensional generalizations of Theorem 8.1, we have
to establish two properties pertaining to quasiprojectivity and connectedness that
might be of independent interest.

Proposition 9.1. Let R be a noetherian ground ring, X a separated scheme of
finite type, and U C X be a quasiprojective open subset. Then there is a closed
subscheme Z C X disjoint from U and containing no point x € X of codimension
dim(Oy ) = 1 such that the blowing up f : X' — X with center Z yields a
quasiprojective scheme X'.

Proof. By a result of Gross [2012, proof of Theorem 1.5] there exists an open
subscheme V C X containing U and all points of codimension < 1 that is quasipro-
jective over R. (Note that Gross’s overall assumption that the ground ring R is
excellent does not enter in this result.) By Chow’s lemma (in the refined form of
[Deligne 2010, Corollary 1.4]), there is a blowing-up X’ — X with center Z C X
disjoint from V so that X’ becomes quasiprojective over R. ([

Proposition 9.2. Let X be a noetherian scheme satisfying Serre’s Condition (S3),
and D C X a connected Cartier divisor. Suppose that the local rings Ox ,, x € X
are catenary and homomorphic images of Gorenstein local rings. Then there is
a sequence of irreducible components Dy, ..., D, C D, possibly with repetitions
and covering D such that the successive intersections D;_1 N D;, 1 <i <r have
codimension <2 in X.

Proof. Since D is connected and noetherian, there is a sequence of irreducible
components Dy, ..., Dy C D, possibly with repetitions and covering D so that the
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successive intersections are nonempty [EGA 1 1971, Corollary 2.1.10]. Fix an index
1 <i <r, choose a closed point x € D;_; N D;, let R = Oy, be the corresponding
local ring on X, and f € R the regular element defining the Cartier divisor D at x.

To finish the proof, we insert between D;_; and D; a sequence of further irre-
ducible components satisfying the codimension condition of the assertion on the
local ring R. This can be achieved with Grothendieck’s connectedness theorem
[SGA 2 1968, Exposé XIII, Theorem 2.1] given in the form of Flenner, O’Carroll
and Vogel [Flenner et al. 1999, §3.1] as follows:

Recall that a noetherian scheme S is called connected in dimension d if we
have dim(S) > d, and the complement S \ 7 is connected for all closed subsets of
dimension dim(7") < d. Set n = dim(R). Since the local ring R is catenary and
satisfies Serre’s condition (.53), it must be connected in dimension n — 1 [Flenner
et al. 1999, Corollary 3.1.13]. It follows that R/f R is connected in dimension n —2
by Lemma 3.1.11 of [loc. cit.], which is essentially Grothendieck’s connectedness
theorem. Consequently, there is a sequence Hy, ..., H; of irreducible components
of Spec(R/f R) so that Hy and H, are the local schemes attached to x € D; 1, D;,
and whose successive intersections have dimension > n — 2 in Spec(R), whence
codimension < 2. The closures of the Hy, ..., H; inside D yield the desired
sequence of further irreducible components. (I

Let me state this result in a simplified form suitable for most applications:

Corollary 9.3. Let X be a normal irreducible scheme that is of finite type over a
regular noetherian ring R, and D C X a connected Cartier divisor. Then there is
a sequence of irreducible components Dy, . .., D, C D, possibly with repetitions,
covering D such that the successive intersections D;_1 N D;, 1 < i <r have
codimension <2 in X.

Proof. For every affine open subset U C X, the ring A =T"(U, Oy) is the homomor-
phic image of some polynomial ring R[T}, ..., T,]. Since the latter is regular, in
particular Gorenstein and catenary, it follows that all local rings Oy , are catenary,
and homomorphic images of Gorenstein local rings. O

10. Contractions to points

Let k be a ground field, and X a proper scheme assumed to be normal and irreducible.
Set n = dim(X). We say that a connected closed subscheme D C X is contractible
to a point if there is a proper algebraic space Y and a morphism g : X — Y with
Oy = f«(Ox) sending D to a closed point and being an open embedding on the
complement. Note that such a morphism is automatically proper, because X is
proper and Y is separable. Moreover, it is unique up to unique isomorphism.

Let C C X be a connected closed subscheme. The goal of this section is to con-
struct a projective birational morphism f : X” — X so that some connected Cartier
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divisor D” C X” with f(D”) = C becomes contractible to a point, generalizing
the procedure in dimension n = 2 used in the proof for Theorem 8.1. The desired
morphism f will be a composition f = g o h of two birational morphisms.

The first morphism g : X’ — X will replace the connected closed subscheme
C C X by some connected Cartier divisor D’ C X' that is a projective scheme. It
will be itself a composition of three projective birational morphisms

XEL X, & X, &8 X=X,

Here g; : X1 — X is the normalized blowing-up with center C C Y. Such a map
has connected fibers by Zariski’s main theorem. Let D = gl_1 (C). According to
Proposition 9.1, there is a closed subscheme Z C D; containing no point d € D; of
codimension dim(0p, 4) < 1 so that the blowing-up Dy — D, becomes projective.
Let g : X5 — X be the normalized blowing-up with the same center regarded as
a closed subscheme Z C X. Viewing D as a closed subscheme on the blowing-up
X, — X, with center Z, we denote by D, C X3 its preimage on the normalized
blowing-up, which is a Weil divisor. Finally, let g3 : X = X3 — X be the normalized
blowing-up with center D, C X5, and D’ = D3 be the preimage of D,. Then D’ C X’
is a Cartier divisor by the universal property of blowing-ups. The morphism X’ — X
has connected fibers, by Zariski’s main theorem, and induces a surjection D’ — C.
Since C is connected, it follows that D’ is connected. The proper scheme D’ is
projective, because Dis projective, and finite maps and blowing-ups are projective
morphisms. Setting g = gj 0gr0g3: X' — X, we record:

Proposition 10.1. The scheme X' is proper and normal, the morphism g : X' — X
is projective and birational, the closed subscheme D' C X' is a connected Cartier
divisor that is a projective scheme, and g(D") = C.

In a second step, we now construct the proper birational morphism 4 : X” — X',
so that X” contains the desired contractible effective Cartier divisor. Choose an
ample Cartier divisor A C D’ containing no generic point from the intersection of
two irreducible component of D’, and so that the invertible sheaf Op (A — D’) is
ample. Let ¢ : X' — X' be the blowing-up with center A C X’. By the universal
property of blowing-ups, there is a partial section o : D" — X. Letv:X"—> X
be the normalization map, such that the composition

hX'-5X 45X

is the normalized blowing-up with center A. Set D” =v~!(¢(D’)) C X", and let
f=goh: X" — X be the composite morphism.

Theorem 10.2. The scheme X" is proper and normal, the morphism f : X" — X
is projective and birational, and D" C X" is a connected Cartier divisor that is a
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projective scheme with f(D") = C. Moreover, the closed subscheme D" C X" is
contractible to a point.

Proof. By construction, X" is normal and proper, f is projective and birational, and
f(D") = C. According to [Perling and Schroer 2014, Lemma 4.4] the subschemes

a(D), 971 (A), g (D)) C X'

are Cartier, with (p‘l(D) =o(D) + (p‘l(A) in the group of Cartier divisors
on X'. Pulling back along the finite surjective morphism between integral schemes
v X" > X, we get Cartier divisors D" = v=!(o(D")), E = h~'(A), and
D=h"'(D')on X" satisfying D= D"+E. Inturn, Op/(—D") ~0p/(E — D).
The latter is isomorphic to the preimage with respect to the normalization map
v: X" — X of

050 (=) ® 9*Op/ (=D").

The first tensor factor becomes, under the canonical identification o (D) — D’, the
invertible sheaf Op(A). Summing up, Ops(—D") is isomorphic to the pull back of
the ample invertible sheaf O (A — D’) under a finite morphism, whence is ample.
By Artin’s contractibility criterion [Artin 1970, Corollary 6.12] the connected
components of D" are contractible to points.

It remains to verify that D” is connected. For this it suffices to check that the
dense open subscheme D" \ E is connected, which is isomorphic to D"\ A. By
Proposition 9.2, there is a sequence of irreducible components D}, ..., D, C D',
possibly with repetitions, covering D" so that the successive intersections D;_, N D
have codimension < 2 in X’, whence codimension < 1 in D/ | and D;. By the
choice of A C D', the complements (D;_, N D})\ A are nonempty, and it follows
that D"\ A is connected. O

11. Cyclic systems

Let X be a scheme. Let us call a pair of closed subschemes A, B C X a cyclic
system if the following hold:

(1) The space A is irreducible.
(i) The space B is connected.

(ii1) The intersection A N B is disconnected.

This ad hoc definition will be useful when dealing with totally separably closed
schemes, and is somewhat more flexible than the “polygons” used in [Artin 1971],
see also [Sergio 1982]. Note that this notion is entirely topological in nature, and
that the conditions ensures that A and B are nonempty and A ¢ B. One should
bear in mind a picture like the following:
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[ S —
B

In this section, we establish some elementary but technical permanence properties
for cyclic systems, which will be used later.

Proposition 11.1. Let A, B C X be a cyclic system, and f : X' — X closed
surjection with connected fibers. Let A’ C X' be a closed irreducible subset with
f(A) = A and B' = f~Y(B). Then the pair A’, B’ C X' is a cyclic system.

Proof. By assumption, A’ is irreducible. Since f is closed, surjective and continuous,
the space B carries the quotient topology with respect to f : B’ — B. Thus B’
is connected, because B is connected and f has connected fibers [EGAT 1971,
Proposition 2.1.14]. The set-theoretic “projection formula” gives

f(A'NBY=f(A'nf~'(B))=f(A)NB=ANB,
whence A’ N B’ is disconnected. O

Proposition 11.2. Let A, B C X be a cyclic system, and [ : X' — X be a morphism.
Let U C X be an open subset over which f becomes an isomorphism, and let
A’, B C X' be the closures of f~'(ANU), f~Y(BNU), respectively. Suppose the
following:

(i) BNU is connected.

(i1) U intersects at least two connected components of AN B.
Then the pair A’, B’ C X' is a cyclic system.

Proof. Since A is irreducible, so is the nonempty open subset A N U, and thus
the closure A’. Since BN U is connected by Condition (i), the same holds for its
closure B’. It remains to check that A’ N B’ is disconnected. Since f is continuous
and A C X is closed, we have

fAY=f(f"HANU))CANUCA,

and similarly f(B’) C B. Hence f(A’N B") C AN B. Seeking a contradiction, we
assume that A’ N B’ is connected. Choose points u, v € AN B from two different
connected components with u, v € U. Regarding u, v as elements from X’ via
U= f~1(U), we see that they are contained in the connected subset A’N B’ C X',
whence the points u, v € AN B are contained in a connected subset of f (A’ N B’),
contradiction. O
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Proposition 11.3. Ler X = lim X, be a filtered inverse system of quasicompact
quasiseparated schemes with integral transition maps, and A, B C X be a cyclic
system. Then their images A,, By C X, form cyclic systems for a cofinal subset of
indices .

Proof. The subsets A;, B, C X, are irreducible and connected, because they are
images of such spaces. They are closed, because the projections X — X are closed
maps. It remains to check that A, N B, are disconnected for a cofinal subset of
indices. Since inverse limits commute with fiber products, we have

lim(A;) N lim(By) = lim(A; N By).

The canonical inclusion A C lim(A;) of closed subsets in X is bijective, since the
underlying set of the letter is the inverse limit of the underlying sets of the X .
Similarly we have B = lim(B;,) as closed subsets. Thus AN B =1lim(A; N B;). By
assumption, A N B is disconnected and the A, N B, are quasicompact. It follows
from Proposition A.2 that A, N B, must be disconnected for a cofinal subset of
indices A. (I

12. Algebraic schemes

We now come to the main result of this paper, which generalizes Theorem 8.1 from
surfaces to arbitrary dimensions. It takes the following form:

Theorem 12.1. Let k be a ground field and X an integral scheme that is separated,
connected and of finite type. Then its total separable closure X =TSC(Xy) contains
no cyclic system. In particular, for any pair A, B C X of irreducible closed subsets,
the intersection AN B remains irreducible.

Proof. Seeking a contradiction, we assume that there is a cyclic system A, B C X.
Passing to normalization and compactification, we easily reduce to the situation
that X is normal and proper. As usual, write the total separable closure as an
inverse limit of finite Xg-schemes X;, A € L, that are connected normal, and let
A,., B, C X, be the images of A, B C X, respectively. Then we have

X=limX;, A=IlimA,, and B=IlimB,,

and all transition morphisms are finite and surjective. Clearly, the A, are irreducible
and the B, are connected. In light of Proposition 11.3, we may replace L by a
cofinal subset and assume that the A,, B, C X, form cyclic systems for all A € L,
including A = 0.

To start with, we deal with a rather special case, namely that the connected
subset By C X is contractible to a point. Let Xy — Y be the contraction. Then the
composite map Ag— Y has a disconnected fiber, because the connected components
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of the disconnected subset Ag N By are mapped to a common image point. Next,
consider the induced maps X, — Y, contracting the connected components of the
preimage X, Xx, Bo C X, to points. Again the composite map A, — Y; has a
disconnected fiber. This is because the irreducible subset A is not contained in
the preimage X, X x, Bo, the connected subset B; is contained in X x x, By, thus
contained in a connected component of the latter, whence maps to a point in the
scheme Y;.
To proceed, consider the Stein factorization

A; — A, = Y.

Then A — Y, is finite, but not injective. Passing to the inverse limits A" =
lim A} and Y =1lim Y;, we obtain a totally separably closed scheme Y, an integral
scheme A’, and an integral morphism A" — Y. The latter must be radical, by
Lemma 2.3. In turn, the maps A} — Y, are radical for sufficiently large indices
A € L, according to [EGA IV3 1966, Theorem 8.10.5]. In particular, these maps are
injective, contradiction.

We now come to the general case. We shall proceed in six steps, some of which
are repeated. In each step, a given proper normal connected scheme Xy whose
absolute separable closure X = TSC(X() contains a cyclic system A, B C X will
be replaced by another such scheme with slightly modified properties, until we
finally reach the special case discussed in the preceding paragraphs. As we saw, the
latter is impossible. To start with, choose points u, v € AN B coming from different
connected components. Let u,, v, € A, N B, be their images, respectively.

Step 1: We first reduce to the case that ug, vo € Ag N By lie in different connected
components. Suppose that for all indices A € L, the points u,, v, € A, N B, are
contained in the same connected component C;, C A; N B,. Then the C,, A € L,
form an inverse system with finite transition maps, and their inverse limit C =1im C;,
is connected ([EGAIV3 1966, Proposition 8.4.1], see also Appendix A). Using
u,v e C C AN B, we reach a contradiction. Hence there exist an index A € L such
that u,, v, € Ay N By stem from different connected components. Replacing X by
such an X, we thus may assume that ug, vg € Ag N By lie in different connected
components.

Step 2: Next we reduce to the case that ug, vg € Ag N By are not contained in a
common irreducible component of By. Let f : X, — X be the normalized blowing-
up with center AgN By C X, such that the strict transforms of Ag, By on X(’) become
disjoint.

Let X be the normalization of X, x x, X{, inside the function field k(X;) =k(X}).
Then the X}, A € L, form an inverse system of proper normal connected schemes
whose transition morphisms are finite and dominant. Let X’ be their inverse limit.
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By construction, we have projective birational morphisms X} — X, and a resulting
birational morphism X’ — X, which is a proper surjective map with connected fibers,
according to [EGA IV3 1966, Proposition 8.10.5 (xii), (vi) and (vii)]. Note that all
these X-morphisms become isomorphisms when base-changed to X¢ \ (Ag N Bp).

Let A’ C X’ be the strict transform of A C X, and B’ C X’ the reduced scheme-
theoretic preimage of B C X. These form a cyclic system on X', by Proposition 11.1.
Consider their images A, B i C X, which are closed subsets. The A’A are irreducible
and the B; are connected. Clearly, the A} can be viewed as the strict transforms of
Aj. C X,.. Moreover, the inclusion B; C X} xx, Bj is an equality of sets. This is
because the morphisms B — B; and X’ — X are surjective, by [EGA V3 1966,
Theorem 8.10.5 (vi)]. Again with Proposition 11.1, we infer that all A,, B, C X,
form a cyclic system.

Let ¢ : X’ — X be the canonical morphism. The set-theoretic projection formula
gives

p(AANBY=ANB.

Choose points u’, v’ € A’ N B’ mapping to u and v, respectively, and consider
their images uj,, v, € A; N B). The latter are not contained in the same connected
component, because they map to ug, vg € Ag N By. Moreover, we claim that the
uy, vy € Ay N B are not contained in a common irreducible component of B :
Suppose they would lie in a common irreducible component W C B;. Since the
strict transforms of Ag, By on X6 are disjoint, the image f (Wé) C X under the
blowing-up f : X6 — X must lie in the center Ag N By. Then ug, vg € f(Wy) C
Ao N By are contained in some connected subset, contradiction.

Summing up, after replacing Xy by X;,, we may additionally assume that
up, vg € By are not contained in a common irreducible component of By.

Step 3: The next goal is to turn the closed subscheme By C Xy into a Cartier divisor.
Let X 6 — Xy be the normalized blowing-up with center By C Xy, such that its
preimage on X, becomes a Cartier divisor. Define X, X', A’, B’, A}, B; as in
Step 2. Then A’, B’ C X’ and the A}, B, C X; form cyclic systems.

Again let ¢ : X" — X be the canonical morphism. Then ¢(A’'NB’) = AN B
by the projection formula. Let u’,v" € A’N B’ be in the preimage of the points
u, v e AN B. Since their images ug, vo € AgN By do not lie in a common connected
component and are not contained in a common irreducible component of B, the
same necessarily holds for their images u, v, € A; N BY.

Replacing X( by X, we thus may additionally assume that By C Xy is the
support of an effective Cartier divisor.

Step 4: We now reduce to the case that all B, C X, are supports of connected
effective Cartier divisors. The preimages X, Xx, Bo C X of the Cartier divisor
By C X remain Cartier divisors, because X; — X is a dominant morphism between
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normal schemes. Let

Cr C Xy Xx, Bo
be the connected component containing the connected subscheme
B C X, xx, Bo.

Clearly, the C, C X, are connected Cartier divisors, which form an inverse system
such that C = l(ln C, contains B = lim B;.. Note that the transition maps C; — C;,
i < j and the projections C — C, are not necessarily surjective. Nevertheless, we
conclude with [EGA IV3 1966, Proposition 8.4.1] that C is connected. Clearly, the
points u, v € ANC lie in different connected components, and are not contained
in a common irreducible component of C, because this hold for their images
ug, vo € AgN By. Thus A, C C X form a cyclic system.

Replacing B by C and B, by C,, we thus may additionally assume that all
B, C X, are supports of connected Cartier divisors. Note that at this stage we have
sacrificed our initial assumption that the projections B — B, and the transition
maps B; — B, are surjective.

Step 5: Here we reduce to the case that the proper scheme By is projective. Since
up, vo € By are not contained in a common irreducible component, they admit
a common affine open neighborhood inside By: To see this, let B) C By be the
finite union of the irreducible components that do not contain ug, and let Bg C By
be the finite union of the irreducible components that do not contain vy. Then
By = B{ U B{/, so any affine open neighborhoods of u¢ € By \ B, and vg € By \ B
are disjoint, and their union is the desired common affine open neighborhood.

It follows that there is a closed subscheme Zy C By containing neither uq, vy nor
any point b € By of codimension dim(0p, ;) = 1 so that the blowing-up EO — By
with center Zg yields a projective scheme Bo. This holds by Proposition 9.1. Note
that Zo C By has codimension > 2.

Let X, — X be the normalized blowing-up with the same center Z, regarded
as a closed subscheme Zy C Xo. Define X} and X" = lim X/ as in Step 2. Let
U C X be the complement of the closed subscheme X xx, Zo C X. This open
subscheme intersects at least two connected components of AN B, because u, ve U.
Clearly, the canonical morphism f : X’ — X becomes an isomorphism over U.
Furthermore, the intersection B N U is connected. To see this, set Z, = X X x, Zo
and U, = X, \ Z;, such that BNU =1im(B, NU;). In light of [EGA V3 1966,
Proposition 8.4.1] it suffices to check that B; N U, is connected for each A € L.
Indeed, by the going-down theorem applied to the finite morphism B, — By, all
Z, C B, have codimension > 2. The B, C X, are supports of connected Cartier
divisors. In light of Corollary 9.3, the set B, N U, = B; \ Z, must remain connected.
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According to Proposition 11.2, the closures A", B C X' of ANU and BNU
form a cyclic system. Clearly, the image of the composite map B’ — X is By C Xj.
Replacing X by X', we may assume that By is a projective scheme. Note that with
this step we have sacrificed the property that the B, C X, are Cartier divisors.

Step 6: We now repeat Step 4, and achieve again that B, C X, are supports
of connected Cartier divisors. Moreover, the B, stay projective, because By is
projective and the X, — X are finite.

Step 7: In this last step we achieve that By C Xo becomes contractible to a point,
thus reaching a contradiction. Choose an ample Cartier divisor Hy C By containing
no generic point from the intersection of two irreducible components of By, and no
generic point from the intersection AgN By, and no point from {ug, vo}. Furthermore,
we demand that the invertible Op,-module O, (Hy — By) is ample. Let X(’) — Xy
be the normalized blowing-up with center Hy C X, and Aj, By C X, the strict
transforms of Ay, By C Xo, respectively. As in the proof for Theorem 10.2, the
subscheme B, C X, is connected and contractible to a point. Define X and
X' =1im X as in Step 2.

Let U C X be the complement of the closed subscheme X X x, Hp. This open sub-
scheme intersects at least two connected components of AN B, because u, ve UNV.
Clearly, the canonical morphism f : X’ — X becomes an isomorphism over U.
Furthermore, the intersection B N U is connected. To see this, set Hy = X, xx, Hy
and U, = X, \ H,, such that

BﬂU:l{iﬂl(B)LmU)L).

In light of [EGA IV3 1966, Proposition 8.4.1] it suffices to check that B, N U, =
B; \ H,, is connected for each A € L. Since B, C X, is the support of a connected
Cartier divisor, there is a sequence of irreducible components Cy, ..., C, covering
B, so that each successive intersection C;_| N C; has codimension < 2 in X . Let
f : X5, — Xy be the canonical morphisms, and consider the inclusion

F(Cj1NC)) C f(Cj—D) N f(C)).

Since f is finite and dominant, the left hand side has codimension <2 in X, and the
f(C;-1) and f(C}) are irreducible components of By. By the choice of the ample
Cartier divisor Hy C Xy, the image f(C;_; N Cj) is not entirely contained in Hy.
We conclude that (C;_1 N C;) \ H,, is nonempty, thus B; \ H, remains connected.

Let A’, B’ C X’ be the closure of ANU and BNU. The former comprise a cyclic
system, in light of Proposition 11.2. Clearly, the image of B’ — X, equals Bj.
Replacing X by X|,, we thus have achieved the situation that By C X is contractible
to a point. We have seen in the beginning of this proof that such a cyclic system
A, B C X does not exist. U
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13. Nisnevich Cech cohomology
We now apply our results to prove the following:

Theorem 13.1. Let k be a ground field, and X be a quasicompact and separated
k-scheme. Then H? (Xnis, H1(F)) =0 for all integers p > 0, g > 1 and all abelian
Nisnevich sheaves F on X. In particular, the canonical maps

HP (Xnis, F) — HP (Xnis, F)
are bijective for all p > 0.

Proof. Recall that H?(Xnis, HY(F)) = lim,, H? (Unis, H(F)), where the direct
limit runs over the system of all completely decomposed étale surjections U — X.
For an explanation of the transition maps, we refer to [Godement 1958, Chapter I,
Section 5.7]. Since X is quasicompact and étale morphisms are open, one easily
sees that the subsystem of all étale surjections U — X with U affine form a cofinal
subsystem.

Let [¢] € HP (Xnis, H1(F)) be a Cech class with q > 1. Represent the class by
some cocycle o € HY(U?, F), where U — X is a completely decomposed étale
surjection, and UP denotes the p-fold self-product in the category of X-schemes.
This self-product remains quasicompact, because X is quasiseparated. Since g > 1,
there is a completely decomposed étale surjection W — UP with W affine so that
o|W =0. It suffices to show that there is a refinement U’ — U so that the structure
morphisms U'? — UP factors over W — UP, because then the class of « in the
direct limit of the Cech complex vanishes. From this point on we merely work with
the schemes W, U, X and may forget about the sheaf F and the cocycle «.

This allows us to reduce to the case of k-schemes of finite type: Write X =lim X,
as an inverse limit with affine transition maps of k-schemes X that are of finite
type. Passing to a cofinal subset of indices, we may assume that there is a smallest
index A =0, so that X is separated [Thomason and Trobaugh 1990, Appendix C,
Proposition 7]. Since U is quasicompact, our morphisms U — X is of finite
presentation, so we may assume that U = Uy xx, Xo for some Xy-scheme Uy
of finite presentation. Similarly, we can assume W = W, Xyp U?P for some U(f -
scheme W of finite presentation. We may assume that Uy — Xo and Wy — Uop
are étale [EGA IV4 1967, Proposition 17.7.8] and surjective [EGA IV3 1966, Propo-
sition 8.10.5]. According to Lemma 13.2 below, we can also impose that these
morphisms are completely decomposed. Summing up, it suffices to produce a
refinement U(’) — Uy so that U(/)p — UOP factors over Wy. In other words, we may
assume that X is of finite type over the ring Z. In particular, X has only finitely many
irreducible components, the normalization of the corresponding integral schemes
are finite over X, and X is noetherian.
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Next, we make use of the weak Cartan—Artin property. Indeed, according to
Artin’s induction argument [1971, Theorem 4.1] applied to the Nisnevich topology
rather than the étale topology, we see that it suffices to check that X satisfies the weak
Cartan—Artin property. Let X( be the normalization of some irreducible component
of X, viewed as an integral scheme. According to Propositions 6.4 and 6.6, it is
permissible to replace X by Xy. Changing notation, we write X = TSC(Xg) for
the total separable closure of the integral scheme Xg. In light of Theorem 7.1, it is
enough to verify the weak Cartan—Artin property for X.

Here, our problem reduces to a simple geometric statement: according to
Theorem 7.6, it suffices to check that for each pair of irreducible closed subsets
A, B C X, the intersection A N B remains irreducible. Indeed, this holds by
Theorem 12.1. Note that only in this very last step, we have used that X is separated,
and the existence of a ground field k. (I

In the preceding proof, we used the following facts:

Lemma 13.2. Suppose that X =1im X is a filtered inverse system of quasicompact
schemes with affine transition maps, and U — X is a completely decomposed
étale surjection, with U quasicompact. Then there is an index a and a completely
decomposed étale surjection Uy — Xo with U = X xx, U,.

Proof. The morphism U — X is of finite presentation, because it is étale and its
domain is quasicompact. According to [EGA IV3 1966, Theorem 8.8.2] there is an
Xq-scheme U, of finite presentation with U = X x x, U, for some index o. We
may assume that U, — X, is surjective [EGA IV3 1966, Theorem 8.10.5] and étale
[EGA TV, 1967, Proposition 17.7.8].

For each index A > «, let F) C X, be the subset of all points s € X, so that the
étale surjection U, ® k(s) — Spec «(s) is completely decomposed, that is, admits
a section. According to Lemma 13.3 below, this subset is indconstructible. In
light of [EGA IV, 1967, Corollary 8.3.4] it remains to show that the inclusion
Ux u/(l(FA) C X is an equality, where u; : X — X, denote the projections.

Fix a point x € X, and choose a point u € U above so that the inclusion k(x) C k(1)
is an equality. Let x; € X, and u, € U, be the respective image points. Then
Uy = im(U,)y,, because inverse limits commute with fiber products. Further-
more, the section of U, — Spec k (x) corresponding to # comes from a section of
(U,)x, = Speck (xy), for some index A, by [EGAIV3 1966, Theorem 8.8.2]. U

Recall that a subset F' C X is called indconstructible if each point x € X admits
an open neighborhood x € U so that F N U is the union of constructible subsets
of U (see [EGAT 1971, Chapter I, Section 7.2 and Chapter 0, Section 2.2]).

Lemma 13.3. Let f : U — X be a étale surjection. Then the subset F C X of
points x € X for which U, — Spec k (x) admits a section is indconstructible.
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Proof. The problem is local, so we may assume that X = Spec(R) is affine. Fix a
point x € X so that U, — Spec k (x) admits a section, and let A C X be its closure.
The section extends to a section for U4y — A over some dense open subset C C A.
Shrinking C if necessary, we may assume that C = A N Spec(R,) for some g € R.
Then C C X is constructible and contains x. O

Appendix A: Connected components of schemes

Let X be a topological space and a € X a point. The corresponding connected
component C = C, is the union of all connected subsets containing a. This is then
the largest connected subset containing a, and it is closed but not necessarily open. In
contrast, the quasicomponent Q = Q,, is defined as the intersection of all open-and-
closed neighborhoods of a, which is also closed but not necessarily open. Clearly,
we have C C Q. Equality holds if X has only finitely many quasicomponents, or
if X is compact or locally connected, but in general there is a strict inclusion.

The simplest example with C C Q seems to be the following: Let U be an infinite
discrete space, ¥; = U U {a;} be two copies of the Alexandroff compactification,
and X = Yj UY, the space obtained by gluing along the open subset U, which is
quasicompact but not Hausdorff. Then all connected components are singletons,
but the discrete space Q = {ay, a;} is a quasicomponent.

Assume that X is a locally ringed space. Write R = I'(X, Ox) for the ring of
global sections and p C R for the prime ideal of all global sections vanishing at our
point a € X. Obviously, the open-and-closed neighborhoods U C X correspond to
the idempotent elements € € R\ p,viaU =X, ={x € X |e(x) =1}. Let LC R\p
the multiplicative subsystem of all idempotent elements. We put an order relation
by declaring € < € if €’ | €. Then € — X, is a filtered inverse system of subspaces,
and the quasicomponent is

Q=()Xc=limX..
ecl ecL

Now suppose that X is a scheme. Then each inclusion morphism ¢, : X, — X is
affine, hence A, = tx(Ox,) are quasicoherent, and the same holds for ¢ = lim ..
In turn, we have Q = lim__, X¢ = Spec(sl), which puts a scheme structure on
the quasicomponent. The quasicoherent ideal sheaf for the closed subscheme
Q0 C Xis$=J.,(1—€)0x. The following observation is due to Ferrand in the
affine case, and Lazard in the general case (see [Lazard 1967, Proposition 6.1 and
Corollary 8.5]):

Lemma A.1. Let X be a quasicompact and quasiseparated scheme and a € X be a
point. Then we have an equality C = Q between the connected component and the
quasicomponent containing a € X.
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If X = Spec(R) is affine, and a € X is the point corresponding to a prime ideal
p C R, then the corresponding C = Q is defined by the ideal a = (] Re, where e
runs through the idempotent elements in p. Clearly, we have R/a =lim, A/eA.
The latter description was already given by Artin [1971, p. 292].

Let X¢ be a scheme, and X = lim, _;, X, be an inverse system of affine Xy-
schemes. The argument for Lemma A.1 essentially depends on [EGA1V3 1966,
Proposition 8.4.1 (ii)]. There, however, it is incorrectly claimed that a sum decom-
position of X comes from a sum decomposition of X for sufficiently large A € L,
provided that X is merely quasicompact. This only becomes true only under the
additional hypothesis of quasiseparatedness:

Proposition A.2. Let Xg be a quasicompact and quasiseparated scheme, and X,
an filtered inverse system of affine Xo-schemes, and X =1lim X;. If X = X" U X"
is a decomposition into disjoint open subsets, then there is some A € L and a
decomposition X, = X, U X into disjoint open subset so that X', X" C X are the
respective preimages.

Proof. This is a special case of [EGAIV3 1966, Theorem 8.3.11] but I would like
to give an alternative proof relying on absolute noetherian approximation rather
than ind- and proconstructible sets: Choose a Z-scheme of finite type S so that
there is an affine morphism Xy — S [Thomason and Trobaugh 1990, Appendix C,
Theorem 9]. Replacing X by S, we may assume that X is noetherian. Let o, be
the quasicoherent Oy, -algebras corresponding to the X, such that X is the relative
spectrum of # = lim(sd;). Since the topological space of X is noetherian, the
canonical map
lim H°(Xo, sls) — H"(Xo, lim s1;)

is bijective, see [Hartshorne 1977, Chapter III, Proposition 2.9]. Thus each idempo-
tent e € I'(Xg, A) comes from an element e, € I'(Xg, o, ). Passing to a larger index,
we may assume that ei = e, such that our element e; becomes idempotent. The
statement follows from the aforementioned correspondence between idempotent
global sections and open-and-closed subsets. U

Here is a counterexamples with X not quasiseparated. Let U be an infinite
discrete set, and X = Y; U Y, be the gluing of two copies Y = Y; = Y, of the
Alexandroff compactification along the open subset U C Y; mentioned above. We
may regard the Alexandroff compactification as a profinite space, by choosing a
total order on U: Let L be the set of all finite subsets of U, ordered by inclusion.
Given A € L, we write F) C U for the corresponding finite subset. For every
A =< W, let F, — F; by the retraction of the canonical inclusion F) C F, sending
the complementary points to the largest element f, € F;. Then one easily sees
that ¥ = lim F;, where the point at infinity becomes the tuple of largest elements

a=(fu)reL-
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To proceed, fix a ground field k. Then we may endow the profinite space Y
with the structure of an affine k-scheme, by regarding F; as the spectrum of the
k-algebra R, = Homge(F), k). In turn, we regard the gluing X = Y; U Y, as
a k-scheme. This scheme is quasicompact, but not quasiseparated, because the
intersection Y1 NY, = U is infinite and discrete. Consider the subset V), = X \ F;,
which is open-and-closed. Moreover, the inclusion morphism V), — X is affine,
and lim, ., Vi = Q = {a;, a2} is the disconnected quasicomponent. The sum
decomposition of the quasicomponent Q, however, does not come from a sum
decomposition of any V.

Here is a counterexample with X not quasicompact. Let X be the disjoint union
of two infinite chains C' = C;, and C” = J C,/, n € Z, of copies of the projective
line over the ground field k, together with further copies B, of the projective line
joining the intersection C,_, N C, with C/_, N C,. Let L be the collection of all
finite subset of Z, ordered by inclusion. Consider the inverse system of closed
subsets X; C X consisting of C’ U C” and the union Ungx B,. Then all X, are
connected, but X = lim(X;) = (") X;, = C' LI C” becomes disconnected.

Appendix B: Cech and sheaf cohomology

Here we briefly recall H. Cartan’s criterion for equality for Cech and sheaf coho-
mology, which is described in Godement’s monograph [1958, Chapter II, Theo-
rem 5.9.2]. Throughout we work in the context of topoi and sites. The general
reference is [SGA 4; 1972]. Suppose € is a topos. Choose a site 6 and an equiva-
lence Sh(‘¢) = ¢, and make the choice so that the category % has a terminal object
X € 6 and all fiber products, and so that the Grothendieck topology is given in
terms of a pretopology of coverings. Suppose we additionally have a subcategory
% C 6 such that every object U € € admits a covering (U, — U), with U, € B,
and that & has all fiber products. Then the subcategory inherits a pretopology, and
the restriction functor of sheaves on € to sheaves on % is an equivalence.

For each abelian sheaf F on ‘¢ and each object U € €, we write H? (U, F) for
the cohomology groups in the sense of derived functors, and

HP(U, F) =lim H” (T, H(F)),

for the Cech cohomology groups, where the direct limit runs over all coverings
¥ = (Uy — U)y, and the transition maps are defined as in [Godement 1958,
Chapter II, Section 5.7]. Note that me may restrict to those coverings with all U, € %&.

Let F be an abelian sheaf on the site €. We denote by H?(F') the presheaf
U+ HY(U, F). The functors F — HP(F), p > 0, form a §-functor from the
category of abelian sheaves to the category of abelian presheaves. This §-functor is
universal because it vanishes on injective objects for p > 1.
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The inclusion functor F — H?(F) from the category of abelian sheaves to the
category of abelian presheaves is right adjoint to the sheafification functor. This
adjointness ensures that F — HC(F) sends injective objects to injective objects.
Furthermore, F — HP (U, F), p > 0, form a universal §-functor from the category
of abelian presheaves on U to the category of abelian groups, see [Tamme 1994,
Theorem 2.2.6]. In turn, we get a Grothendieck spectral sequence

H'(U, HY(F)) = H"™ (U, F), (1)
which we call a Cech-to-sheaf-cohomology spectral sequence.
Theorem B.1 (H. Cartan). The following are equivalent:
(i) H1(U, F)=0forallU e B and g > 1.
(i) HY(U, F)=0forallU € B and q > 1.

If these equivalent conditions are satisfied, then HP (X, H1(F))=0forall p>0
and g > 1, and the edge maps H? (X, F) — HP (X, F) are bijective for all p > 0.

Proof. Suppose (i) holds. Then HY(F) = 0 for all ¢ > 1. This ensures that
HP(V, H1(F)) =0 for all V € . In turn, the edge map H”(V, F) — HP(U, F) in
the Cech-to-sheaf-cohomology spectral sequence (1) is bijective. For V = U € %,
this gives (ii), while for V = X we get the amendment of the statement.

Conversely, suppose that (ii) holds. We inductively show that H” (U, F) =0,
or equivalently that the edge maps HP(U, F) — HP(U, F) are bijective, for all
p > 1 and all U € 9. First note that ﬁO(U, H'"(F)) =0 for all » > 1, because the
sheafification of H" (F) vanishes. Thus the case p = 1 in the induction follows
from the short exact sequence

0> H'(U,F)— H' (U, F) > H'(U, H' (F)).

Now let p > 1 be arbitrary, and suppose that H” (U, F)=0for 1,..., p—1 and all
U € RB. The argument in the previous paragraph gives H (U, HY(F)) =0 for all
0 <s < pandr > 1, and we already noted that H O(U, HP(F)) = 0. Consequently,
the edge map I:IP(U, F) — HP(U, F) must be bijective. O

Appendix C: Inductive dimension in general topology

The proof of the crucial Proposition 4.5 depends on results from dimension theory
that are perhaps not so well-known outside general topology. Here we briefly
review the relevant material. For a comprehensive treatment see, for example, Pears’
monograph [1975, Chapter 4].

Let X be a topological space. There are several ways to obtain suitable notions
of dimension that are meaningful for compact spaces. One of them is the large
inductive dimension Ind(X) > —1, which goes back to Brouwer [1913]. Here
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one first defines Ind(X) < n as a property of topological spaces by induction as
follows: The induction starts with n = —1, where Ind(X) < —1 simply means that
X is empty. Now suppose that n > 0, and that the property is already defined for
n — 1. Then Ind(X) < n means that for all closed subsets A C X and all open
neighborhoods A C V, there is a smaller open neighborhood A C U C V whose
boundary ® = U \ U has Ind(®) <n — 1. Now one defines Ind(X) = n as the least
integer n > —1 for which Ind(X) < n holds, or n = oo if no such integer exists.

A variant is the small inductive dimension ind(X) > —1, which is defined in an
analogous way, but with points a € X instead of closed subsets A C X. If every
point a € X is closed, an easy induction gives

ind(X) < Ind(X).

There are, however, compact spaces with strict inequality [Pears 1975, Chapter 8, §3].
Moreover, little of use can be said if the space contains nonclosed points. For
example, a finite linearly ordered space X = {xo, ..., x,} obviously has Ind(S) =0
and ind(S) = n. Note that such spaces arise as spectra of valuation rings R with
Krull dimension dim(R) = n.

Recall that a space X is called at most zero-dimensional if its topology admits
a basis consisting of open-and-closed subsets U C X. It is immediate that this is
equivalent to ind(X) < 0. In fact, both small and large inductive dimension can be
seen as generalizations of this concept [Pears 1975, Chapter 4, Proposition 1.1 and
Corollary 2.2], at least for compact spaces:

Proposition C.1. If X is compact, then the following conditions are equivalent:

(1) X is at most zero-dimensional.
(ii) ind(X) <0.
(iii) Ind(X) <0.

There are several sum theorems which express the large inductive dimension of
a covering X = [ A, in terms of the large inductive dimension of the subspaces
A, C X. The following sum theorem is very useful for us; its proof is tricky, but
only relies only basic notations of set-theoretical topology [Pears 1975, Chapter 4,
Proposition 4.13].

Proposition C.2. Suppose that X is compact, and X = AU B is a closed covering.
If the intersection A N B is at most zero-dimensional, and the subspaces have
Ind(A), Ind(B) < n, then Ind(X) <n.

From this we deduce the following fact, which, applied to X; = Max(Y;), enters
in the proof of Proposition 4.5.
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Proposition C.3. Suppose that X is compact, and that X = X, U---U X, is a
closed covering, where the X; are at most zero-dimensional. Then X is at most
zero-dimensional.

Proof. By induction it suffices to treat the case n = 2. Since X; are at most
zero-dimensional, the same holds for the subspace X N X, C X;. The spaces X;
are compact, because they are closed inside the compact space X. According to
Proposition C.1, we have Ind(X;) < 0. Proposition C.2 yields Ind(X) < 0, and
Proposition C.1 again tells us that X is at most zero-dimensional. U
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The sixth moment
of automorphic L-functions

Vorrapan Chandee and Xiannan Li

We consider the L-functions L(s, f), where f is an eigenform for the congruence
subgroup I';(¢). We prove an asymptotic formula for the sixth moment of this
family of automorphic L-functions.

1. Introduction

Moments of L-functions are of great interest to analytic number theorists. For
instance, for ¢ (s) denoting the Riemann zeta function and

T
I(T) = /0 c(d +ir)[* ar,

asymptotic formulae were proven for k = 1 by Hardy and Littlewood and for
k = 2 by Ingham; see [Titchmarsh 1986, Chapter VII]. This work is closely related
to zero density results and the distribution of primes in short intervals. More
recently, moments of other families of L-functions have been studied for their
numerous applications, including nonvanishing and subconvexity results. In many
applications, it is important to develop technology which can understand such
moments for larger k.

The behavior of moments for larger k£ remain mysterious. However, recently
there has been great progress in our understanding. First, good heuristics and
conjectures on the behavior of I (T) have appeared in the literature. To be precise,
a folklore conjecture states that

I(T) ~ ¢ T (log T)*’

for constants ¢y depending on k, but the values of ¢; were unknown for general
k until the work of Keating and Snaith [2000], which related these moments to
circular unitary ensembles and provided precise conjectures for c;. The choice
of group is consistent with the Katz—Sarnak philosophy [Katz and Sarnak 1999],
which indicates that the symmetry group associated to this family should be unitary.

MSC2010: primary 11M41; secondary 11F11, 11F67.
Keywords: moment of L-functions, automorphic L-functions, I'1 (g).
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Based on heuristics for shifted divisor sums, Conrey and Ghosh [1998] derived a
conjecture in the case k = 3 and Conrey and Gonek [2001] derived a conjecture in
the case k = 4. In particular, the conjecture for the sixth moment is

T (log T)°

9!
for some arithmetic factor az. Further conjectures, including lower order terms and
cases of other symmetry groups, are available from the work of Conrey, Farmer,
Keating, Rubinstein and Snaith [Conrey et al. 2005] as well as from the work of
Diaconu, Goldfeld and Hoffstein [Diaconu et al. 2003].

In support of these conjectures, lower bounds of the right order of magnitude are
available due to Rudnick and Soundararajan [2005], while good upper bounds of
the right order of magnitude are available, conditionally on the Riemann hypothesis,
due to Soundararajan [2009] and later improved by Harper [2013].

Despite this, verifications of the moment conjectures for high moments remain
elusive. Typically, even going slightly beyong the fourth moment to obtain a twisted
fourth moment is quite difficult, and there are few families for which this is known.

Quite recently, Conrey, Iwaniec and Soundararajan [Conrey et al. 2012] derived
an asymptotic formula for the sixth moment of Dirichlet L-functions with a power
saving error term. Instead of fixing the modulus ¢ and only averaging over primitive
characters x (mod gq), they also averaged over the modulus g < Q, giving them a
larger family of size Q2. Further, they included a short average on the critical line.
In particular, they showed that

> X [ el ar

q=Q x (mod )"~ 2 9 poo
Q-(log Q) 1, 1,6
~ 423 == |0 (3 + 5it) [ dt

I;(T) ~42a;3

for some constant b3. This is consistent with the analogous conjecture for the
Riemann zeta function above.

The authors of this paper subsequently derived an asymptotic formula for the eight
moment of this family of L-functions, conditionally on the generalized Riemann
hypothesis [Chandee and Li 2014], namely

% 00
. 8 (8
> Y [l aPIr i P
g<Q x (mod q) " = 2 16 o0
Q-(log Q) 1 18
~ 24024b, =25 _Oo|1“(4—1 + 3it)|" dt

for some constant by.

In this paper, we study a family of L-functions attached to automorphic forms on
GL(2). To be more precise, let S¢(I'g(q), x) be the space of cusp forms of weight
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k > 2 for the group ['g(g) and the nebentypus character x (mod g), where

To(q) = {(‘Cl Z) ‘ad—bc:l, c=0 (modq)}.

Also, let S¢(I'1(g)) be the space of holomorphic cusp forms for the group

Fﬂq):{(j Z) ‘ad—bc:l, c=0(modgq), a=d=1 (modq)}.

Note that S;(I';1(g)) is a Hilbert space with the Petersson’s inner product

(frg) = / FRE@Y 2 dx dy.
Ci(g)\H

and

ScTi@N = P STo@). x).

x (mod q)

Let H, C Sk(T'o(q), x) be an orthogonal basis of Si(I'o(g), x) consisting of
Hecke cusp forms, normalized so that the first Fourier coefficient is 1. For each
feH,, welet L(f,s) be the L-function associated to f, defined for Re(s) > 1 as

A A -
L(f, S)ZZ f(fl) _1—[< f(P) Xp(g)) ’ (1-1)
n>1

where {A ¢ (n)} are the Hecke eigenvalues of f. With our normalization, A ¢(1) = 1.
In general, the Hecke eigenvalues satisfy the Hecke relation

mn
A g =Y x@i (%), (1-2)
d|(m,n)
for all m, n > 1. We define the completed L-function as
1 q \*/? 1 1

AF3+5)=(525) Tls+30L(f 3+). (1-3)

which satisfies the functional equation
A(fo3+s) =i A(f. 5 —5).

where || =1 when f is a newform.

Suppose for each f € H, we have an associated number o ¢. Then we define
the harmonic average of a y over H, to be

ho Tek—1
2= Gy Z 7P

feHy

Note that when the first coefficient A /(1) = 1, I 112 is essentially the value of
a certain L-function at 1, and so on average, || f |1 is constant. As in other works,
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it is possible to remove the weighting by || f||> through what is now a standard
argument.
We shall be interested in moments of the form

2 h
s 2 2 IL(rs
x (mod q) feH,
x(=DH=(=1)*
We note that the size of the family is around ¢2. For prime level, 1 £ can be expressed
in terms of Gauss sums, and in particular we expect 1 ¢ to equidistribute on the
circle as f varies over an orthogonal basis of S;(I"1(¢)). Thus, we expect our
family of L-functions to be unitary.

In this paper, we prove an asymptotic formula for the sixth moment; this will
be the first time that the sixth moment of a family of L-functions over GL(2) has
been understood. Following [Conrey et al. 2005], we have the following conjecture
for the sixth moment of our family. We refer the reader to Appendix A for a brief
derivation of the arithmetic factor in the conjecture.

Conjecture 1.1. Let g be a prime number. As ¢ — 0o, we have

ﬁ S Y he ~42<&(1—l) <1+4+ )qu(lo‘(’;!q) ,

x (mod q) feH,
x(=D=(=DF

where

@ =[] Cp.
p

4 7 2 9 16 1 4 1\~
Cr=(1+2+ S-S+ 2 -2+ -5 (1+5) .
b p p> p> pt p o pb P p

Iwaniec and Xiaoqing Li [2007] proved a large sieve result for this family, and
Djankovic [2011] used their result to prove, for an odd integer k > 3 and prime ¢,

that
o L XN <

x (mod q) feH,
X(=D=—1

(1-4)

as g — oo. In this paper, we shall prove the following.

Theorem 1.2. Let g be a prime and k > 5 be odd. Then, as g — 00, letting €3 and
C, be as defined in (1-4), we have

¢(q) > Zf A(f, 3 +ir)|*

x (mod q) feH,
x(=DH=-1

~42<53(1—$) (1+ 2y )c—1 (10;;?) _OO} r(bk+ir)|* dr.
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In fact, we are able to prove this with an error term of ¢ ~'/4, as opposed to the
g~ 19 error term in [Conrey et al. 2012]. The reason behind this superior error
term is explained in the outline in Section 1A. In future work, we hope to extend
our attention to the eighth moment.

The assumption that k is odd implies that all f € #H, are newforms. This is for
convenience only and is not difficult to remove. Indeed, when k is even, all f € H,
are newforms except possibly when y is the principal character and f is induced
by a cusp form of full level. We avoid this case for the sake of brevity. Similarly,
the assumption that k£ > 5 simplifies parts of the calculation; it is possible to prove
Theorem 1.2 for smaller k.

Since the I" function decays rapidly on vertical lines, the average over ¢ is fairly
short. It is included for the same reason as in [Conrey et al. 2012; Chandee and
Li 2014]: it allows us to avoid certain unbalanced sums in the computation of the
moment. Although this appears to be a small technical change in the main state-
ment, evaluating such moments without the short integration over ¢ is a significant
challenge. Our theorem follows from the more general Theorem 2.5 for shifted
moments in Section 2.

1A. Outline of the paper. To help orient the reader, we provide a sketch of the
proof, and introduce the various sections of the paper. After applying the approxi-
mate functional equation developed in Section 3, the main object to be understood
is roughly of the form

2 h a3(m)as () s ()2 5 (m)
¢(q) Z Z Z /mn '

X (mod q) fGHX m7nxq3/2
x(=DH=(=1)

In fact, since the coefficients A ¢ (n) are not completely multiplicative, the expression
is significantly more complicated for the purpose of extracting main terms.

Applying Petersson’s formula for the average over f € H, leads to diagonal
terms m = n which are evaluated fairly easily in Section 4A, as well as off-diagonal
terms which involve sums of the form

o3(m)oz(n) 2 _
L = v Z%(m,n;cqm_l(c—vq),

X (mod g) ¢

m,n=q3/?
X (—D=(—D¥

where S, (m, n; c¢q) is the Kloosterman sum defined in Lemma 2.3, and J;_(x) is
the J-Bessel function of order k — 1.

Let us focus on the transition region for the Bessel function where ¢ < ¢'/?, so that
the conductor is a priori of size gc =< ¢3/%. It is here that the addition average over
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x (mod g) comes into play. To be more precise, to understand the exponential sum

2

— S,(m,n;cq),

o 2 Smmc
x (mod ¢q)

x(=D=(=DF

3 e(M)

a (mod cq) cq
a=1 (mod q)

it suffices to understand

which, assuming that (c, g) = 1 and using the Chinese remainder theorem and

reciprocity, is
m—l—n) * gla—1)m+g@a—1n
() Y ( ! |

a (mod c)

Note that e(x) = exp(2wix). The factor e(m:;”) has small derivatives and may be
treated as a smooth function, while the conductor of the rest of the exponential sum
has decreased to ¢ < ¢!/?. The details of these calculations are in Section 5.

This phenomenon of the drop in conductor appears in other examples. In the
case of the sixth moment of Dirichlet L-functions in [Conrey et al. 2012], it occurs
when replacing ¢ with the complementary divisor (m —n)/q = q'/?. It is quite
interesting that the same drop in conductor occurs by seemingly very different
mechanisms. However, note that when the complementary divisor is small, the
ordered pair (m, n) is forced to be in a narrow region. That this does not occur in
our case is one of the reasons behind the superior error term in our result.

After the conductor drop, we apply Voronoi summation to the sum over m and
n in Section 6. We need a version of Voronoi summation including shifts. The
proof of this is essentially the same as the proof of the standard Voronoi summation
formula for o3(n) by Ivi¢ [1997]. We state the result required in Appendix B.

After applying Voronoi, it is easy to guess which terms should contribute to the
main terms and which terms should be error terms. The main terms are described
in Proposition 6.1 and the error terms are bounded in Proposition 6.2. Essentially,
we expect the main terms to be a sum of products of 9 factors of ¢, the same as
the diagonal contribution but with permutations in the shifts, as in Theorem 2.5.
This is by no means immediately visible from the expression in Proposition 6.1.
Indeed, it takes some effort to see that we get the right number of ¢ factors. Along
the way, we use, among other things, a calculation of Iwaniec and Xiaoqing Li in
[Iwaniec and Li 2007]. This is done in Section 7. In order to finish the verifications,
we need to check that the local factors of two expressions agree. The details here
are standard but intricate, and are provided in Appendix A.
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Finally, the error terms from Voronoi summation are bounded in Section 8. Here,
one needs to show that the dual sums from Voronoi summation are essentially quite
short, which is related to the reduction in conductor from cqg to c earlier.

2. Notation and the shifted sixth moment

We begin with some notation. Let & := (o1, @3, @3) and B := (81, B2, B3). For a
complex number s, we write & + 5 := (o + 5, a2 + 5, @3 +5). We define

3
> (i =B @-1)
j=1

5(e, B) :=

N —

3
G(sio, B):=[[T(s+ 3k —D+a;)(s+3(k—1)—B;). (2-2)
j=1
and

3
Af,sia, B) = ACf s +a)Af, s = B)). (2-3)

j=1

Note that we have

A(f;a, B) = A(f’ %;a’ﬂ)

(L) : - 1
=(— 2,ocﬁr]'[ (f3+e)L(f.5-8). (@4

472

We define the shifted k-divisor function by

or(n;ay, ..., o) = Z ny "'y %o (2-5)
niny--ng=n
Let
. m@o3(b;on oo, 00+ a3, 03 +oe1)
HBa,b;,a) = prEw—— (2-6)

Next we need the following lemmas, which help us generate the conjecture of the
sixth moment, namely

o L X AGap) 2-7)

x (mod q) feH,y
X (—=D=(—1)*

Lemma 2.1. We have

or(niny; ay, an) = d)d % (ﬂ;a,a)a (@;a,a)
2(nyng; a, az) d|(X:)M() 2\ e e oo e o
ni,na
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Proof. Since both sides are multiplicative functions, it is enough to prove the lemma
when nn, is a prime power. We set n; = p® and n, = p?, where 1 <a < b. Then

—k(a1+a2) a—k

o2 (pp”; a1, a0) = Z n(p*)p a2 (p* s a1, a2)oa (pPH @, @)

0<k<a

. b.
= o (p*; ay, ax)oa(p”; ay, a2)

—p T (p e, o (p" T e @), (2-8)

On the other hand,
n
7 o o 1—1/prth—a)
n, _ Lo (n—0ay __ no
o (P an,an) =Y p~ip t=p =1/ pon
=0

and the lemma follows by substituting the above formula into (2-8). (]

We write the product of L-functions in terms of Dirichlet series in the next
lemma.

Lemma 2.2. Let L(f, w) be an L-function in H,. For Re(s +«;) > 1, we have

L(f,s+a)L(f,s+a)L(f,s+a3)
B Z Z x(ab)#(a, b; a) Z Ay(an)os(n; o)
B (ab)* (an)s

a,b>1 n>1

Proof. From the Hecke relation (1-2) and Lemma 2.1, we have

L(f,S+O€])L(f,S+O[2)L(f,S+O[3)

Ar(ny) x(d) rr(foa(j; a2, a3)
- Z S+061 Z d2s+oatas Z ;

S
ni>1 d>1 j>1 J
x(d) sz(J a, o3) Jjni
=3 rn 0 P 2 ()
d>1 ny,j>1 el(n,j)

w(a)x (a) x(de)os(e; oz, 3)
- Z g2stoitartas Z Z (de)>sdorte e
a>1 d,e>1
Ar(nija)or(J; oz, a3)
X2

(ajni)’n}!

Joni=1

=Z u(a)x (a) ZX(b)aa(b;al+az,az+a3,a3+a1)

a2s+al +ar+a3 b2x
a>1 b>1

Ar(an)osz(n; ay, az, az)
x Z (an)’ '

(2-9)

n>1

This completes the lemma. (]
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Lemma 2.3. The orthogonality relation for Dirichlet characters is

5 1 ifm=n (mod q), (mn, q) =1,
5@ Y. xmxm =Dk ifm=-n(modq), mn,q) =1, (2-10)
zc (11;10? ql))k 0 otherwise.
Y (=1)=(—
Petersson’s formula gives
h -
D R pm)hp(n) = e + 0y (m, ), (2-11)

feH,

where

ax(m,n):2ni7k Z cilSX(m,n;c)Jk_1<4Tﬂ«/mn)

¢=0 (mod ¢q)
= 4
=2mik Z(cq)_lSX (m, n; cq)Jr—1 <£«/mn),
c=1

and S, is the Kloosterman sum defined by

am +Em>

Semomeg) = 3 x@e(L

aa=1 (mod cq)

From Lemma 2.2, we have that

3
[TL(f s +aL(f,s—B)
i=1
_ Z Z Z Z x(aiby) X (aab2)#(ay, by; ) HB(az, br; —B)

(a1biazby)?

ay,by,az,br>1

A p(an)a p(azm)os(n; a)os(m; —p)
x Z Z .

(aynaym)?® @-12)

n,m>1

By the orthogonality relation of Dirichlet characters and Petersson’s formula in
Lemma 2.3, a naive guess might be that the main contribution comes from the
diagonal terms a;b| = apb; and an = apym, where (a;b;, q) = 1, which is

C(s,a, B):=
%(ay, by; a) B(az, by, —P) o3(n; e)oz(m; —P)
ZZZZZZ (Zibl)lka ?Zzbzz)Zs Nk it i (2'13)

an)’(aym)®
ay,by,a2,b2,m,n>1 (arn)* (azm)
ain=aym
a1by=axb;
(ai.q)=(j.,q)=1
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for Re(s) large enough. This can be written as the Euler product
Cls,a, By =[] Cpls, . B,
P

where for p # g,
Cp(s,a, B):=

Yy Yy A e AT B
2S(r +l’) 2“,(,. Th)
ri,t,r,th,uy,uy>0 P 174 p 2412

ritui=ry+uy
rit+t=ra+t a3(p"'; a)os(p*?; —B)

psritun) ps(ratuz) 7 (2-14)
and for p =gq, ". u.
Cq(s’a’ﬂ) :ZZU3(q ’a)(;l:js(q : ﬁ). (2-15)
u>0 q
Next, for ¢, (w) := (1 —1/p*)~1, let
3 03
Zp(ssa, B) =[] [ [ ¢r@s+ai =8,
==l (2-16)

3 3
Zeie, By =[] [¢cCs+ai—8).
i=1j=1
and

Als; a, B) :=C(s; o, B)Z(s; &, B)~ = [ [ Cplss @, B)Zp(s5 0, B)". (2-17)
p
We define

a.B)
1) G e B)AZ(S: e, B). (2-18)

Migia, B) = (525

472

When Re(w;), Re(B;) < 1/logg, the term A(%, o, ﬂ) is absolutely convergent.
Now, let S; be the permutation group of j variables. Based on the analysis of the
diagonal contribution, we expect M(q; &, ) to be a part of the average in (2-7),
and we also notice that the expression M(q; o, B) is fixed by the action of S3 x S3.
Since we expect our final answer to be symmetric under the full group Sg, we
sum over the cosets S¢/(S3 x S3). In fact, the method of Conrey, Farmer, Keating,
Rubinstein and Snaith [Conrey et al. 2005] gives the following conjecture for the
average of A(f; a, B).

Conjecture 2.4. Assume that a, 8 satisfy
1
Re(a;), Re(B;) < @,

Im (¢;), Im (B) < q'~*.
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We have
¢(Lq> > Zth; w.p)= > Mg B)1+0(g >,
x (mod q) feEHy TE€S6/(S3%S3)
x(=D=(=1F*
where we define 7 («, B) = w(ay, ..., o, B1, ..., Br) for m € Sy, where 7 acts
on the 2k-tuple (¢, ..., o, B1, ..., Br) as usual.

We also write 7 (e, ) = (7 (at), 7(B)) by an abuse of notation, where 7 (e, )
is as above. Our main goal is to find an asymptotic formula for

Mﬁ(q):=¢(iq) 3 Z/ A(fia+it, B+ind,  (2-19)

x (mod q) feH,
x(=D=(=1)*

and we will prove the following result.

Theorem 2.5. Let g be prime and k > 5 be odd. For a;, B; <K @, we have that

(0,0]
M6(Q)=/ > Mg m(@) +it, m(B) +it) dt + O (g~ /*F).
O° meSs/(S3%53)

We note that as the shifts go to 0, the main term of this moment is of the size
(log q)9, and we derive Theorem 1.2. We refer the reader to [Conrey et al. 2005]
for the details of this type of calculation.

3. Approximate functional equation

In this section, we prove an approximate functional equation for the product of

L-functions. Let
3 3 o — Bn2 N\
o =116~ (252,
(550, B) EES 5

and define, for any & > 0,

W(S;a,ﬂ)=ﬁ/ﬂ)G( sia B)H s e BE L

Moreover, let Ag(f, &, B) be
3(e.p) x(a1b1) % (a1, by; a) X (a2br) %(az, by; —B)
(47‘[2) Zal ;2;2>12 a1b1 a2b2
Ap(ain)os(n; @) A p(azm)os(m; —B)
B> (am)'/2 (axm)!/2

2T 6 3b2 3b2
W<( ) alq;az an;a,ﬂ>‘ (3_1)

n,m>1
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Lemma 3.1. We have

HO; 0, BYA(f5 0, B) = Ao(f, a, B) + Ao(f, B, o).

Proof. We consider

=L 1. : ds
I:= 5 (I)A(f,s—i-z,oz,ﬂ)H(s,a,,B) =
Moving the contour integral to (—1), we obtain that
I=A(f;oe,/3)H(0;Ot,ﬂ)+L./ A(f,er%;oc,ﬂ)H(S;a,ﬂ)@
2ri J_yy s

1

=A(fia, B)H(0; &t, B) — % /(I)A(f, —s+3i 0, B)H(=s;a, B) ?-

By the functional equation, we have A(f, s + %; o, /3) = A(f, —s + %; B, ct).
Moreover, H is an even function, and H (s; &, ) = H(s; 8, ). Therefore,

A(fro, BYHO; , B) = ﬁ /(I)A(f,s+ s, B)H(s:a, B) ds—s

e 1. : ds
307 ) A+ 3 Bea)Hisia ) <5

The lemma follows after writing A as a product of L-functions and Gamma functions
and using Lemma 2.2. U

Next, we let
) o \S@B) [ pnit (En(dn?)? . .
Va,ﬂ(év n; M)=(m> /;oo(g> w T,a+ll,ﬂ+lt dl,

and

b))% (ay, br; a) x(arbr)B(az, by; —
Al(f;“’ﬂ):ZZZZX(aI DA (ay, by; a) x(arbr)B(az, ba; —B)

aib arb
ay,by,az,by>1 171 2V2

Va,,g(afblzn, agbgm; q). (3-2)

Ag(ain)oz(n; a) Ar(azm)osz(m; —B)
2 (am)'/2 (am)!/2

n,m>1

Lemma 3.2. With notation as above, we have
o0
H(O;Ot,ﬂ)/ A(fsa+it, B+it)dt = A (f;a, B)+ A (f; B, ).
—00

The proof follows easily from Lemma 3.1.

Remark. The integration over ¢ is added so that the main contribution comes from
when a}b?n < ¢¥/?*¢ and a3bim < ¢*/**¢, as we will see from Lemma 3.3 below.
Without the integration over ¢, the ranges of a;, b;, m, n that we need to consider
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satisfy the weaker condition a]3b2na2 b2m &« ¢>*¢, and the proof presented here
does not extend to this range.

Lemma 3.3. If& or n>> ¢3/>*¢, then for any A > 1, we have

VapgE mq) <q ™4,

where the implied constant depends on ¢ and A.

Proof. From the definition of W and V and a change of variables (s + it = w,
s —it =z), we can write Vy g(§, n; ) as

g @B g \"
(m) (27”)2 /(0)1_[ w+ 5 (k 1)+aj)<(4 2)3/2§>

g dzdw

When & > q3/ 2+¢we move the contour integral over w to the far right, and similarly,
when 7 > ¢3/>*¢, we move the contour integral over z to the far right. The lemma
then follows. O

4. Setup for the proof of Theorem 2.5 and diagonal terms

From Lemma 3.2, we have that for «;, 8; < 1/logg,

HO M@ = 5o Y0 3 I(fie B+ Al o).
AR

Therefore, to evaluate Me(q), it is sufficient to compute asymptotically
2

Mg pi=—— 3 YA B @-1)

d)(q) x (mod q) feH,
x(=D=(=D*

Applying Petersson’s formula, we obtain
h -
> Rplam)hp(@in) = Saym—ain + 0y (am, ain),
feH,

where o, (apm, ain) is defined as in Lemma 2.3. We then write

M(qi o, B)=2(q;a, B)+ .7 (q; e, B), 4-2)

where Z(q; a, B) is the diagonal contribution from 8,,,—4,». and 7 (q; a, B) is
the contribution from o, (axm, ain).
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In Section 4A, we show that the term 2(q; a, ) contributes one of the twenty
terms in Conjecture 2.4, namely the term corresponding to M(q; « + it, B + it).
Moreover, ¥ (q; o, B) gives another nine terms in the conjecture, namely those
transpositions in Sg/S3 x §3 which switch «; and B; for a fixed 7, j =1, 2, 3. We
explicitly work out one of these terms in Proposition 6.1. Similarly, 2(q; 8, &)
gives rise to the term corresponding to M(q; B + it, « + it), and the last nine
expressions arise from ¢ (¢q; B, o).

4A. Evaluating the diagonal terms %(q; o, ). Recall that

2@ p) =g Y LY NP Y rab)xab)

x (mod ¢q) ay,by,ay,by,m,n>1
x(=D=(=D* an=am
H#lay, by; a) B(az, by; —B) o3(n; a)oz(m; —p)
X 7 7 Vo p(aibin, a3bim; q).
arb; a>by (a1n)/2(aym)!/

We compute the diagonal contribution in the following lemma.

Lemma 4.1. With the same notation as above, we have
o0
(e, p) = H(O; a, /3)/ M(q; o +it, B+it)dt + O(q~3/*+%).
—00

Proof. We apply the orthogonality relation for Dirichlet characters in (2-10) and
obtain that for (a;b;, g) =1,
1 if a1b; = axby (mod q),
5o L r@bnF(@by={ (=Dt ifaib = —ab; (mod ).

x (mod ¢) 0 otherwise.
x(=DH=(=1*
When a b; > q /4 or ayby > q /4, we have that afb%n > ¢%/16 or agbgm > g%/16.
From Lemma 3.3, V,, /;(afb%n, agb%m; g) < g~4 in that range, so the contribution
from these terms is negligible. Hence the main contribution from %2(q; «, B) comes
from the terms with a;b; = axb, when (a;b;, g) = 1, and

%(ay, by; a) Blaz, by; —B)
@@thZZZZZ‘%f %ﬁ

ay,by,az,bp,m,n>1

ayn=aym
arby=axb;
(aibi,q)=1
03(n; a)oz(m; —B) 30 3.0 A
Vu.g(aibin, asb5m; q) + O .
(a1n) /2 (aym)/2 «.plaibin, a;bym; q) (g ")

Since a;by = ayb; and a\n = arm, alsb%n = agb%m. Therefore, 2(q; o, 8) can be
written as
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1 ( q )S(a,ﬂ)/oo/ | ) )
—\|— G5 i/ t, t
77\ a2 o (5 +s;a+it, B+ir)

x H(s; o, ;3)(

where we have used equations (2-13)—(2-17).

Note that A(s; e, ) is absolutely convergent when Re(s) > le + ¢. Furthermore,
the pole at s = —%(oz,- — B;) from the zeta factor Z(% + 55 e, ,B) is canceled by
the zero at the same point from H(s; &, ). Thus, in the region Re(s) > -7 Ly g,
the integrand is analytic except for a simple pole at s = 0. Moving the hne of
integration to Re(s) = —i + &, we obtain that 2(q; «, B) is

3s d
) AZ(h+s.a. B) Tar,

g \N@h [ , : 1 —3/d+e
(m) f G(z;tx-l—zt,ﬂ+zt)H(O;oc,ﬂ)AZ(§;a,ﬁ)dt+0(q ).
—00

The lemma now follows from (2-18) and AZ(%; o, ,B) = AZ(%; o+it, B+ it). O

5. Setup for the off-diagonal terms .7 (q; o, )

Define Kf =i ¥ f + ik f. If g is a real function, then gk f = K(gf). Applying
the orthogonality relation for x from (2-10) to J¢ (q; &, B), we obtain that

H(q: o, B) =2 ZZZZ B(ay, by a) Blaz, br; —P)

arb arb
a1,b1,a2,b2>1 171 272
(a1azb1b2,q)=1

03(n; @) o3(m; —p)
XZZ > - A aﬂ(a%bln agb%m;q)

(ain)'? (aym)'/?

n,m=>1

# aarm +aan
X Z —Jk 1( ./azmaln) K Z e(%),
a (mod cq) q
a=aibiazby (mod q)

where Z* denotes a sum over reduced residues. Let f be a smooth partition of
unity such that
> r(5) =1
)=
M

where f is supported in [% 3] and Zd denotes a dyadic sum over M = 2*, k > 0.
Rearranging the sum, we have ¥

O RS DR D DI
2

ai, b] a2b2>1
d d
x Y Y " S(a.b.M.N:a.p),
M N

(arazb1bs,q)=1
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where

Sta,b, M, N, )= 133" 0 @0 =B 1y o, o),
c=1

n/2m1/2

m,n>1

Fla,b,m,n,c):=Ga,b,m,n,c)

* aa2m+c_la1n) (4_7r )
x K Z 6(— Jk—l cq sJamain |,

cq
a (mod cq)

a=abiazby (mod q) (5-1)

G(a, b, m. n,c) = Vo g(abn, a3bm; q)f(%)f(%). (5-2)

As described in the outline of the paper, we now endeavor to compute 2 (q; &, 8).

We write
H(q;o, B)=Ju(q; o, B)+ #E(q; o, B), (5-3)

letting .#1(q; o, B) represent the contribution from the sum over ¢ < C, where
C = JajaaMN /q*3, and #(q; a, B) the rest. We show that the contribution
from #g(q; o, B) is small in Section 5A. This is possible by the decay of the
Bessel functions, and such a truncation bounds the size of the conductor inside the
exponential sum.

For %y (q; o, B), we start by reducing the conductor inside the exponential sum
from cq to c in Section 5B. This step takes advantage of the average over y (mod g).

Before showing each step, we provide properties of Bessel functions that will be
used later.

Lemma 5.1. We have

Jee1(Qmx) = L{W(zm) e(x—3k+ 1)+ Werx)e(-x+1k— 1)}, -4
/X
where W) (x) <k x~J. Moreover,
i 204k—1
_ 1y X -
Jk1(2x>—e§< D = (5-5)
and

Jee1(x) < min(x 12, x50, (5-6)

Finally, when calculating the main terms of ¢ (q; &, 8), we use the fact that for
o, B,y >0,

/c/ e((@+ B)x + yx D1 (47 Japx) dTX
0
=27 Jy—1 (47 Jay ) k-1 (4 y/By),  (5-7)

and the integration is O if a, B > 0 and y <0.
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These results are standard. We refer the reader to [Watson 1944] for the first
three claims, and to [Oberhettinger 1972] for the last claim.

S5A. Truncating the sum over c. In this section we show that we can truncate the
sum over ¢ in S(a, b, M, N; a, B) with small error contribution.

Proposition 5.2. Let C = «/alazMN/qZB, k>5,and F(a, b, m, n, c) be defined
as in (5-1). Further, let

Helqie =233 3N ‘%é/zb Lo %(azéf’zzz 2
2

ay,by,ar,br>1
d d
x Y Sp(a,b,M,N:a,pB),
M N

(arazb1by,q)=1

where

Se(a, b M. Nia, )= % 3 o3(n; a)os(m; —,3)]_.(“, b.m.n. o).

n2m1/2

c>C m,n>1

Then #g(q; o, B) < g~/ 122,

Proof. Note that the contribution of terms when aszN or a2b2M > ¢3/7e s
Le A g~4, due to the fast decay rate of G(a, b, m, n, ¢) defined in (5-2). Thus we
discount such terms in the rest of the proof. For k > 5, we let

A(m,n) = A(m,n,a,b; C)
— Z l K Z* e(aa2m+c_la1n)J<4Tr«/a1a2mn)
C

cq cq

c>C _a (mod cq)
a=a1byaxby (mod q)

= A{(m, n) + Aas(m, n),

where
5 " = 4 Jajaomn
Ay(m,n) = Z l’C Z e<aa2m+aaln>J( - )
c cq cq
c>C a (mod cq)
(c,q)=1 a=arbiarby (mod q)

and Az(m, n) is the sum of the terms where (c, g) > 1. Now for (¢, g) = 1, the
Weil bound gives

3 C(W) < M2 Slaym, axn, o),

C
a (mod cq) q
a=aibiaxby (mod q)

and from the bound in (5-6), we have

; <4714 /alazmn) < (4 /aia,mn )kl

cq cq
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When a}b?N and a3b3M < ¢*/**¢, we obtain that for k > 5,

Al(m n)G(a,b,m,n,c)

k—1
ara
& g* MM2NK Z %Cl/l-i-a (vcl 2) « g'/re

c>C q

Zas(n oc)aa(m —B)

In the above, we have used that max(a;b?N, a3b3M) < ¢*/>*¢. Then summing
over aj, by, az, by gives the desired bound.
Now, for (¢, g) > 1, we use the bound

3 e(%) < (eq)* e (aim, amn, cq).

a (mod cq)
a=aibiazb; (mod q)

Hence, for g | ¢ and k > 5, we obtain

Z03(n 05)03(’” ﬂ)Az(m n)G(a,b,m,n, c)

k-1
1 a1a
<<quk/2Nk/2Z_(qC)l/2<«/ 1 2) « g\,
C Cq
czlc
qlc

Then summing over ay, by, az, by gives the desired bound. O

From this proposition, we are left to consider only

Hota: ) =2 S5 3 O K
2

ay,by,ay,by>1
(ara2b1b2,q)=1

d d
x> > " Sula.b,M.N:a, B), (5-8)
M N
where

Su(@.b. M. N: . B) = Z% Z o3(n; a)o3(m; —B) Fa.b.m.n.c). (59)

1 2m1/2

c<C m,n>1

5B. Treatment of the exponential sum. Next, we reduce the conductor in the
exponential sum in F(a, b, m, n, ¢) before applying Voronoi summation.

Lemma 5.3 (treatment of the exponential sum). Assume that (c, q) = 1 and let
* au+av
Y = e(—).
> cq
a (mod cq)
a=aibjab, (mod q)
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Then we have

v =e<(02b2)zu + (albl)zv) Z* e(é(alblx —azbz)u) e(é(azbﬁ —albl)v)‘

cqabiazby arbic arbrc

x (mod ¢)

Proof. By the Chinese remainder theorem, for each a (mod cgq), there exist unique
x (mod c¢) and y (mod g) such that

a=xqq+ycc, (5-10)

where g denotes the inverse of g (mod c), and ¢ denotes the inverse of ¢ (mod ¢).
Using (5-10) and the reciprocity relation

+

(mod 1),

QIS

1
ab

S| Q1

where (a, b) = 1, a is the inverse of a (mod b), and b is the inverse of b (mod a),
we obtain that

aiBrasbsdu +arbiabai < (xgu+ i
Y:e(al 1aobycu + arbray zcv) Z e(xqu—l—xqv)'

q x (mod c¢) ¢
Thus
(a2b2)u + (a1b1)*v * (xqu+xqu —qaxbru —qa1bv
Y=e Z e e e ,
cqaibyaxby c carby carby
x (mod ¢)
and the lemma follows. O

Note that when ¢ < C < ¢, we automatically have (c, g) = 1. The point of this
lemma is that we may treat

e< (az2b2)?u + (a1b1)zv>

cqaibiarby

as a smooth function with small derivatives, while the other exponentials have
conductor at most ca;b; < q1+5 after truncation. It should be noted, however, that
we are most concerned with the contribution from the transition region of the Bessel
function, where the conductor ca;b; should be thought of as around size ql/ 2,

6. Applying Voronoi summation

To calculate #3,(q; «, B) from Section SA, we first evaluate Sys(a, b, M, N; o, 8),
defined in (5-9). We write

Su@, b M N =3 Y Lk, 0+ 8, 5,0,

c<C x (mod c)
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in which
j —03(m; —B) (m azbym q(a\b1x — axbr)aym
ST (c,x)=iTF (—)e(j: 2 )e(:i: )
“’ﬂ(c o mX>:1 m!/? ! M cqaib, aybic
q(azbyx —aiby)ain
X ;o F* ,n, e(j: )
’;(73(11 ) a’ﬂ(m n,c) e
with
Fyg(m,n,c)
1 3,2 3,2 477 a’bin n
= mv""ﬁ(albln’ aibzm; q)Jr—1 (a‘ /azma1n> e(icqlasz)f(ﬁ>.
Let
M _ qlazbax —arbi)as 6-1)
m arbsc
and
Q — q(aibyx — a2b2)az’ 62)
n2 arbic

where (A1, n1) = (A2, n2) = 1. Moreover, define

4, /azza1y>

cq
b y alb,z
e et * cqanr) (W) ()
e cqayby ~ cqayb ! N ! M
We then apply Voronoi summation as in Theorem B.1 to the sum over n, m and
obtain that S;ﬂ(c, X) +S;ﬁ(c, x)1is

1 1
Viﬂ(c;a,b,y,z) y1/2 Tin aﬂ(albly azbzz q)Jik— 1(

si=1—a; s2=1+8;

303
ZZ Res  Res (T aﬂ(c x,81,8)+T, aﬂ(c X, S1,52))
+Z< b g€ X)+ Ty gc, X)),

where in the region of absolute convergence,

Tk 5. X, 51,2 = Fri(ci e, ﬂ)Dg(sl,j:zl )Dg(sz,i’\— ~B). (63

Flc;a, )= ]:M(C, 51,825 0, B)

o0
= yiT P IVi (c;a,b,y,z)dydz,
0 0 B
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7T3/2+a1+ozz+oc3 3

ﬂi,ﬂ(c’ x) = n3+a1+a2+a3 SRleS Ds <s2’ :l:_ _.B)
1 i=
XZA3( )}'1 (c.n; e, B), (6-4)

Fife,n; o, B) = ff—L(c, n,s;a, B)
3

o0
= 27 (e a, b, y, z)Ug(n o )dde,
0 Jo A 77

1

and & (c, x) is defined similarly for i = 2, 3, 4. Further,
i,a,p

3t —pitor—prtas—ps
+ .
7;,oc,ﬂ(c’x) : n3+a|+a2+a3n3 B1— ZZA’j(Yl :I: )
1

n=1 m=1

xAg(m,j:n—i,—ﬂ)]—"si(c,n,m;oc,ﬂ), (6-5)

oo oo
F5(e.n,m;a, B) :=/ [ Vo glcia by, 2)
0 Jo

3 3

x U3(” me —ﬁ)U3(” . )dydz,
’72 ’71

and ﬁ’j;’ﬂ(c, x) is defined similarly for i =6, 7, 8.
As mentioned in Section 4, there are nine terms from ¢ (q; o, B). In particular,
we will show that these terms arise from

1 _
Z Z E(Tid,ﬂ(c’x’ slv s2)+TM’a’ﬂ(C7~x’ sl, SZ)),

c<C x (mod c)

and in fact each term comes from the residues at s; = 1 —«; and s, = 1 + B; for
i =1, 2, 3. We state the contribution from the residues s; = 1 —«; and s, = 1+ 8
in Proposition 6.1 below, and prove it in Section 7. By symmetry, the analogous
result holds for the other residues. Then, we will show that the rest of 7:{; ﬂ(c, X)
are negligible in Section 8§ as stated in Proposition 6.2.

Proposition 6.1. Let

HB(ar, by; o) B(az, by; —P)
Ray gy = ZZZZ a;/z1 - ajls/zzb2
2

ay,by,az,br>1
(ara2b1b2,q)=1

X — Res Res (7, c,X,81,S
ZZZ > ¢ Res R o5 (Tifa,p(c: X 51.52)
c<C x (mod c)

+T[W_,a,ﬂ(cy X, 51, Sz))
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Then we have
o0
Reypy = H(O; a, ﬂ)/ M(q; () +it, (B) +it) dt + O(q~'/*9),
—00

where (m(at), m(B)) = (B1, a2, a3; ay, B2, B3).
Proposition 6.2. Fori =1, ..., 8, define

£ (qs o, B) = 2 ZZZZ %(a;’/zbl’“) %(0255)221;2 :
2

ay,by,ay,br>1
(e )
XZ Z ) ’3—-

(ara2b1by,q)=1
c<C x (mod ¢)

Then N s
&5 (g o, B) < g~ Ve

We will prove this proposition in Section 8.

7. Proof of Proposition 6.1
We begin by collecting some lemmas which will be used in this section.

7A. Preliminary lemmas.
Lemma 7.1. Let (a, £) = 1. We have

fen= 3 1=c[](1-1)=s@[] (1-1)

x (mod c¥) ple pl,c)
x=a (mod £) pte

Proof. We first prove that if (m, nf) = 1, then
f(mn, &) = f(n, O)¢(m). (7-1)

For all x satisfying (x, mnf) = 1, we can write x = umin + vnénf such that
mim = 1 (mod nt), nént = 1 (mod m), and (u,nf) = (v,m) = 1. Moreover,
x =a (mod £) if and only if u = a (mod £). By the Chinese remainder theorem,

fomo= 3 1= 3 Y 1= 06m).

x (mod mnt) u (mod n€) v (mod m)
x=a (mod ¢) u=a (mod ¢)

Let ¢ = c¢p, where all prime factors of ¢ also divide ¢, and (¢, £) = 1. From
(7-1), we have that f(c, £) = f(c1,£)p(c2).

Now let x be any residue modulo ¢ ¢ with x =a (mod ¢). Then (x,c1€) =1
since (a, £) = 1. Thus all such x can be uniquely written as x = a + k£, where
k=0,...,c1 —1, so f(c1,£) = ci. We then have f(c, ) = c1¢(c3), and the
statement follows from the identity ¢ (c2) =2 [ | p‘cz(l —1/p). U
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Lemma 7.2. Let o, B, vy, z be nonnegative real numbers satisfying ay, Bz <
and define

o0

T=T(y,z,a/p):= Z é]k_1<4”— V;"Byz>]ce<% n %)
5=1

Further, let L = q'%

and w be a smooth function on R with w(x) =1if 0 <x <1,
and w(x)

=01ifx > 2. Then for any A > 0, we have
T = 27‘[2 ( )Jk 1 471\/oey )Jk 1(47T\/,3Z )
o
—271/0 w( )1 (47 eyl) Ji1 (47 Bel) AL+ 04 (g ~).

Proof. We follow the arguments of Section 3 of [Iwaniec and Li 2007] to evaluate T'.

Let n(s) be a smooth function on Rt with n(s) =0if 0 <s <
1

7 =<5 =<5,and n(s) =1 if s > 5. We then obtain that

T = ,CZ@“(‘“T_ v“ﬁﬂ)e(og_u&)-

O<77(s)<11f

) )

After inserting this smooth function we apply Poisson summation to obtain that

T:Zﬁ(z)::ZK/O "(u”) (E +—+5Z)Jk_1(4”— V:‘ﬁyz)du.
l l

By (5-4), we can write the integral above in terms of two integrals with the phase

ay +/aByz+ Bz
Lu + .

u

If |£| > L, the factor £u dominates. Then integrating by parts A times, we have that

[ o2 (T
0

_ A €| —A
=Y Fow 7 )toa™.
¢
Now, we write ) _, F©)w(t|/L) =T, — T», where

() e o ()

Therefore,
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and
. |£] 11— n(u) ﬁz 4 /aByz

We use (5-7) to evaluate 77 and obtain

T1—2712 ( )Jk 1 (4 /ayt) Ji-y (47 /BzL). (7-2)

For Tz,wenotethatf;“(u)—l—n(u)— lif0<s <y 0<5(u) <1 1f <s< 2,
and §(u) =0if s > 5. Interchanging the sum over ¢ and the integration over u and
applying the Poisson summation formula, we have

[T () (4B
= o k—1 "

=+ > L (L(E+u)) du.
4

1

Since W(y) < (14 |y|)~4, the main contribution comes from £ =0 and 0 < u < 7

Therefore

/ E() (ay ﬂZ)Jk 1(‘“7_ V:[’B})Z>Lﬁ)(Lu)du+0(q_A)

)

| 47/

_ /c/ Le(® B2 g (YPY2N iy du + 0
0 u 8 é u
*© e

= 271/ w (Z) Je—1 (4 Jayl) Jii (47y/Bze) de + O(q~™), (7-3)

0

where the last equality comes from Plancherel’s formula and (5-7). ([

The next lemma deals with the sum and the integral involving £.

Lemma 7.3. Let w be a smooth function on R™ with w(x) =1if 0<x <1, and
w(x) =0ifx > 2. Also let y be a complex number with Re y < 1/logg, Rey <0,
and L = q'%. Then

o
£y ! Y W 0(q™
;wfel_w_ow_el_w I+y)+ 0@ 7).
Proof. Let w(z) be the Mellin transform of w, defined by
g ot
w(z) = / w(t)— dt.
0 t
From the definition, w(z) is analytic for Re z > 0, and integration by parts gives

w(z) = _1 foou/(t)tzdt,
ZJo
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so w(z) can be analytically continued to Re z > —1 except at z = 0, where it has a
simple pole with residue w(0) = 1. For o > min{0, — Re y}, we have

o0 o0 —
L 1 1 N £ 1
3 w(z)_w > /(J)w(z)(z> Ly
=1 £=1
1
=-— [ w@L¢A+y+2)dz. (7-4)
2mi (o)
Shifting the contour to Re(z) = —}L, we have that (7-4) is
(A4 y) +(=y)L7" + 0@ ™).

The lemma follows from noting that

=NV — i P
w(—y)L —/O w(L)EHV de. O

7B. Calculation of residues. In this section, we calculate

Res Res (7, c,X,S1,S T C, X, S1,52)).
si=l—ay s,= l+/31( M“ﬂ( 1,82) + M,oe,ﬂ( 1,52))

To do this, we essentially need to consider

)”_1 s1—1
Res D3 S1, + ,o )y )
si=l—a; ni

where A /n; is defined in (6-1). Let (a1b1, axby) = A, a1by = uA, axby = ujzA,
where (u1, up) = 1. Note that (u1x —uy, ¢) = (urx —uy, c) =68. Hence

81 := ((a2bax —a1br)ay, azbrc) = A((u2X — ur)ay, usc) = Adé(ay, uxc/s),

and )\.1 = é(azbzf — albl)a1/81 and n = azbzc/31.
By (B-4), we obtain that

c A
Rl(g,a,b) = Res D3<s1,:|:—,oc)

si=l—oy
1 1 4
— 2 2aitartos 2a1+a2+a3 ZZ é‘( —oto, ){( —Ol1+0l3,;>.
i 1<aj,aa<m
nilaiaz

Hence N
c
Res Dj (Sl, ﬂ:—l, ()t)ysl_1 =R <g, a, b>y_a
n

si=1—o

Similarly, we let Ry (c, @, b) := Ress,—14p, D3(s2, £A2/m2, —B). Then

R2(3 @ b) n2+2ﬁ1 B2—B3 ZZ §<1+ﬁ1 P ) <1+ﬁ1—ﬁ3,%>,

I<aj,ax<m
mlaia;
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and )\
Res Dg(sl,:i:— oz> _Rz(— a, b)

s1=14p 8
7C. Computing Ry, g,. From the previous section, Ry, g, can be written as

%(ay, by; a) B(az, by; —P)
0(1,31_ ZZZZ a;/zl - ajla/zzb2
2

ay,by,az,br>1
(arazbibr,q)=1

d d
X Z § Aa, b, M, N)+ 0 (g~ "/?*%),
M N

where A(a, b, M, N) is defined as

ZHC) Z Rl( >R2< b), (7-5)

x (mod ¢)

and
F(c) :=Fqplc, a, b)

4m Jaryaiz
2 2., A/
/ / 1/2+a1 Z1/2 Bi “ﬂ(albly’ bzz’Q)Jk—l(T

2 2
y Z albly azbZZ
= — K dydz.
Xf(N)f(M> e<an2b2+anlb1) yac

We remark that we can extend the sum over c to all positive integers in a similar

manner as in the truncation argument in Proposition 5.2. Now, we let
1
—G(c,a,b) :=Ri(c,a,b)Ra(c, a, b),
c

so that we can write the sum over ¢ in (7-5) as

z“”z > 0(5eat)

Slc x (mod ¢)
(uleuz,c)—é

00 00
1 F(cé) *  G(c,a,b)
=D 52X X o
§=1 c=1 x (mod ¢8)
(u1x—uy,c§)=34

=1 F(cd) * b)G(c,a,b)
=Yy > R

1 ¢ x (mod ¢8) b|((u1x—uz)/8,c)

(b) x— G(ch, a, b)F(cbd) :
=Z§ ub3zcac3c Z L,

1 1 c>1 x (mod ¢d8b)
2)=1 (b,ujuz)=1 x=upu; (mod bd)
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where the sum over x is 0 if (uju, bd) # 1 since (11, up) = 1. Applying Lemma 7.1
to the sum over x, we then obtain that

A(a,b, M, N)
> % 3 “(b) Zcz H(l—;)}"(cw)g(cb a,b)
Ganan)=1 (b,ubj;:l =
_ ]21: #;% ; 0] 21:62 l_|[ <1—;)J-‘(cbh8)g(cb a.b)
> > > > ple
hluru (bouy2)=1 plbhs

M(h) Z M(b) ZG(Cb a,b)

h>1 b>1 c>1

hluius (b,uiuz)=1
S (1--)2 F(cbhd) Y (g

vle  ple 5>1 glc/v.8/v)
ptbhy
# 1
=D Gus(ih,b.c.v,9) ) < F(cbhgys),

§>1

where

#
> Gap(sih.b.c.y.g)

(h) (b) G(ch,a,b) (g)
-y Ry ARy HeDy LY MO (1-). o)
h>1 b>1 c>1 Vlc glle/y) ple
hluyu (b,ujuz)=1 pibhy

Next, applying Lemma 7.2 to the sum over § and summing 261{/1 Z‘I{,, we have that

S ZdA(a,b, M, N)

M

27 Sw) ” G (1 1, b,
=2 — 4712 f /(DZ a.b( 75 8)

o0
x{ (— / w } ( +s;a+it,ﬂ+it)H(s;oc,ﬂ)
P L 0 2
3b2 it 3s
292 5 4
X( ?b%) bzt Gy
00 oo y—1/2—a1 7~ 1/2+h J A a%blyf
X s+it s—it k=1 T
o Jo Y Z axbycbhgyq
Zbyzt
X Jr_1 4 %—2Z d dz d_S dt.
aibicbhgyq
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The integration over y and z can be evaluated by Equation 707.14 in [Gradshteyn
and Ryzhik 2007], which is

/Oov"(vk)l/zJ (wk) d = 212 ==t /2 /24 5/4)
0 ’ T(/2—p/241/4)

for —Rev— % <Re u <0. Then we apply Lemma 7.3 to the sum and the integration
over £. Therefore, after summing over ay, a», by, by, we obtain that the main term
of Rq, ., 18

1 g \o().7(B)) o G 1 . it i) H (s: M
i (i) [ ] Garn(gssasinspin)iia )M
\

s d
. a

XC(I—OZI‘F,BI—ZS)@H—Z)S B

where (7 (), m(B)) = (B1, a2, a3; a1, B2, B3),
G, ., <% +5;a, ﬂ)

o5 s mar (S s TTr (s o5 ) [T (S 50,

L L#j
and
H(ay, by; o) HB(az, by; —B)
oq Bi (S) - Z Z Z Z 2 20t ﬁ]+2sbl—a1—,31+2s 2+a|+2,31+2sb1+01|+ﬁ|+2s
ay,by,az,br>1 1 a, 2

(a1a2b1b2,q)=1 #
X Y GupQ2s+ar—Pishbcy, g). (7-8)

Now, in the ensuing discussion, we temporarily assume Re(«;) < Re(ay), Re(a3)
and Re(B1) > Re(B2), Re(B3). In this region,

1

C

Rl(g’a’b) = ZZ I4ar—oay  1+az—a)
n2 n3

ny,n3>1

=25 | nans
8(ar,uzc/s)

and
Al
Res Dg(sl,:l:—,oc)y _Rl( a, b)
si=1—q; m 5
ZZ 14 7011 14+a3—ag *
=1 M Py
28 | nyns
. 8(ay, 3)
Similarly, aviac/
Res D(s,:l:——) —R( ab)
LRes, Dss: B 25
my,m3>1 m2 m3

M mam;y
8(az,uic/8)
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Thus,

1

_zg(c’ aa b)

C
D 1 :

- 14or—a; 1+az—o; Z Z 1+B1—B>  1+B1—PB3
ny,n3>1 I’l2 f’l3 my,m3>1 m2 m3
uxc/(ay,usc) | nans uic/(az,uic) | mams

o
_ (a1, uz0)(az, uic) Z oa(uxen/(ay, urc); an —ay, a3 — o)

uurc? = "
y i oz2(uicm/(az, uic); B1 — B2, Bi —:33)‘ (7-9)
m=1 "

From this, we may then check that

3

M, (8) = l_[ ¢ +2s+a; —BCA+2s +ar — Bj)Tay . p(5), (7-10)
j=2

where J,, g, is absolutely convergent in the region Re(s) = —% + &. Although
we have a priori only verified (7-10) for the region Re(«1) < Re(a), Re(a3) and
Re(B1) > Re(B2), Re(B3), we see that (7-10) must hold for all values of «;, B; by
analytic continuation.

We note that the pole of {(1 — oy + 1 —2s) at s = %(al — B1) and the poles
of {(1+2s+o; —Bj) ats = %(ai — B;) cancel with the zeros at the same point
from H(s; a, B). Thus, the integrand in (7-7) has only a simple pole at s = 0 and
is analytic for all values of s with Re s > —% + €. Moving the line of integration to
Re(s) = —% + &, we then obtain the main term

q >8(7T(oc),7r(ﬂ))

m H(O; o, B)

¢l —a +/31>Ma1,ﬁ1<0>{(

(o.¢]

x[ G(l; n(oc)+it,n(ﬂ)+it) d:},
oo N2

with negligible error term. To finish the proof of Proposition 6.1, we will show that

the local factor at prime p of the Euler product of ¢ (1 —ay + B1) My, g, (0) is the

same as the one in AZ(3; 7 (), 7(B)) defined in (2-16) and (2-17). The details of

this are in Appendix A.

8. Proof of Proposition 6.2

To prove the proposition, it suffices to show that Sl.+ (q:o, B) K g /4 fori=1
and i =5, since the proofs of upper bounds for other terms are similar. We start
with a lemma that will be used in the proof.



612 Vorrapan Chandee and Xiannan Li

Lemma 8.1. Let A, n be integers such that (A, n) =1 and A, n K qA, where A is a
fixed constant. Moreover, fori, j =1,2,3, let a; < 1/logq and |ot; —aj| > 1/q°
when i # j. Then for ¢ > ¢y,

Res D_o,(s, %, oz) <L —,

s=1—q;
where D3(s, A/n, o) is defined in (B-4).

Proof. By symmetry, it suffices to prove the statement for the residue at 1 — «;. For
Re(s) > 1 +Re(a; —«j), where j =2, 3, let

m .
ox(m; ay — o, 03 — )

D(s) :=

mS

_ iz u(d)or(n/d; ar — oy, a3 —ay)

ot tar 2 ((star—ai(s+oaz—ay),

dln

where we have used Lemma 2.1 to derive the last line. Now, D(s) can be continued
analytically to the whole complex plane except for poles at s = 1 + a; — «; for
j =2,3. Moreover, D(1) < ¢°/n.

Fori =1, 2, 3, and Re(s + «;) > 1, the sum in the lemma can be rewritten as

A¥(1213 o " 3
3s+a1+a2+a3 ZZZ ( ) ( +ai; ;)§<S +an; ;)C(S + a3; ;)

r1,r2,r3 (mod n)

This sum can be analytically continued to the whole complex plane except for poles
ats =1—q; fori =1, 2, 3. After some arrangement, the contribution of the residue
ats =1—aj is

e 222 ((1re—an Y )e(1re —a; ) = D),

r2,r3 (mod 1)
nlrars

and the lemma follows. |

8A. Bounding Si" (g; a, B). With the same notation as in Section 7 and % defined
as in (2-6), we recall that

% b, % 9b9
Elapld:a, ﬂ)—zn E :E :ZZ (a;/zl ” (6123/22172 2
2

ay,by,ar,br>1
d d +
Y a0,
M N

(arazb1bs,q)=1
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where
T, g(c, x)
Eagab =y ¥ e
c<C x (mod dc¢)
+
1 * ﬂ,a’ﬁ(c&x)
Yy y Dett
§<C ¢<C/5 x (mod dc)
(u1x—uy,c8)=34
3/2+a+az+as A
+ T M2
Tl,a,ﬁ(cg’x) T 77?+a1+a2+a3 ;;5&%D3<S’ 772’ >
XZA3<I’£ — oc)]:+(c8 n; o, f),
for
q(uzx —uy)ay uzc
AM=———, n=-———-
8(ay, uzc) (a1, uzc) o aibi
q(u1x —uz)a uic " (arby, axby)’
Ap=————, =1,
d(az, uic) (a2, uyc)
and

Fi(c8,n; e, B)
0 oo ] gl 3,0 3,2 4r . Jaryaz y z
:/0 /0 mﬁvmﬂ(‘llbﬂ’azbzz; q)Ji—1 T f(ﬁ)f(ﬁ)

2 2 3
ayb asb
xi ke oy 4+ 2 2 Us w;(x dydz.
cdqarby  cSqaib; 7;?

We first note that the contribution from the terms a3b2 y> q3/ 2+¢ or a3b2z > g3/t
can be bounded by ¢ =4 for any A due to the factor V,, ﬁ(a b1 v, azbgz q). So from
now on we assume a;bIN < ¢*/*™¢ and a3 M < g3/**.

Moreover, the dyadic sum over M and N contains only < log? ¢ terms, so it
suffices to prove that

Ef, 5(a.b. M. N) < a;”’g*/** (8-1)

for fixed a, b, M, N satisfying a;b?N < ¢*/>*¢ and a3b?M < ¢*/**¢. On a first
reading, the reader may set a; = ap = by = by =1 as this simplifies the notation
without substantially changing the calculation.

We now write
Ef,(a,b,M,N)=H + H, (8-2)

where H is the contribution from the sum over n < )ﬁqg /N, and H, is the rest.
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8A1l. Bounding H,. By (B-6), U3(7r3ny/rﬁ) < g® when n K nfqe/N. This and
(5-6) gives us that

MN —1/2 MN k—1
FHco,ms o, B) < MVANY2g0 mm{ (_) , (_) }
cdq cdq

Then, from Lemma 8.1, Lemma B.2, (B-1), and the fact that (ay, uic) < a; and
1/(ay, upc) <1, we obtain that H; is bounded by

MI2NV2ge Z Z %

5<C c<cy/s T2

MN \"'/? MN \!
D el

c cd
n&miqf /N hing, hin? 1 q
PRI
< M5/4N1/4qa 1 23/22 < q3/4+a’
uiq

as desired. In the above, we have used (a1by, axby) > 1, afb%N < q3/2+’3, and
a;’bgM < g3,

8A2. Bounding H,. We start by rewriting }'f“(ccS, n; e, B) as

o o a3baz ds
Vl(s,t)/ PE () e( 2 Z(n,z)dz —dt,
/—oo /(l/logq) 0 I(M) (C&Ialbl) S

where V (s, t) := Vi(a, b,a, B,s,t, M, N) is defined as

1 q S(a,B) a3b2 it . .
sia) (5 oG rsevin g cimia

2mi
% (%)33M—1/2—s+i1N—1/2—s—it’ (8-3)
4r
and Z(n, z) :=ZIy(a,b, N,n, z, c, §) is defined as
o0 2p 4r / , 3
/ Fs+it<l> e( kbl )Jk—l( aZyalZ>U3<n zy;a> dy,  (8-4)
0

N céqarby cdq m

and F, (x) := f(x)/x"/>*?. Note that the j-th derivative, F.. (y/N)= O (|¢|/ N~).
Note that the trivial bound for ]_—1+ (c5,n; o, B) is

Fl (s, n; o, B) K VMN (gn)°. (8-5)
. 8m/arayMN 8m/arayMN
There are two cases to consider: ¢ > ———— ande < ————.
8q 8q
Sn«/alazMN
Case 1. c> — .

dq
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By (5-5), (B-7), and n3ny/n? > ¢, we can rewrite Z(n, z) as

i<n3ny)(/31+ﬁz+ﬂ3)/3< i )j i (=Dt
, anlBN1/3 Ll +k—1)!

3
j=1 U =0

00 2b 3 1/3,,1/3 3 1/3,,1/3
X/ <g&j(y,z7£)e< aroyy ){Cje(u>+dje<_u)}dy
0 cdqasb, m m

4 O(q—é‘(K-i-l))’

where c;, d; are some constants, and

_ v\ (27 Jaryaz 2kt y\—J/3
«/j(y,Z’E)=Fs+iz(N) T (ﬁ)

is supported on y € [N, 2N]. Moreover,

9"F;(y,z,0) 1 |e)f

oy <oy and Z;(y,z, 0 <1
Thus, picking K large enough so that ¢ ~*K+1 is negligible, it suffices to bound
integrals of the form

/O (v, 2. 0 e(6:(y, n)) dy,

h
where 3’11/3)]1/3 a%bl
+By and B=

0,(y,n) == _—
20 ) m cdqazby

Taking the derivative of 6,(y, n) with respect to y, we have that

al/3
0.(y,n) =B+ ——~—.
: y23m

When n > 64(B171)3N2 orn < %(Bm)3N2, since n > n?qa/N we have

1/3 e

q
> —.
y23m T N

Thus, integrating by parts many times shows that the contribution from these terms
is negligible. Therefore we only consider the contribution from when }‘(Bm )3N? <
n < 64(Bn;)>N?. Note however that

0.(y, n)| >

(a2b1)3 NZ qs
(Bn1)3N2 < 183T
and that there are no terms of this form unless N > q3/2/(alzb1)3/2 and § < ¢°.
From (8-5), trivially F; (¢8, n; &, B) = O(M'/>N'/2(nq)*). Hence the contribution
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to H, from these terms is bounded by

1 n
1/2n71/2 &

M"N'"q Z Z 32 Z\/ZZ LBN13

5<4" ex>Va@MN/sg T T2 b n<a?

h*|n
& af/4bi/2a§/4M1/4N1/4qs & a11/2q3/4+e’

similar to before.
< Sﬂ«/a]agMN

Case 2.
8q

By (5-4), we write Z(n, z) as

/()OO{R+(y,z)+R_(y,z)} Vesq U3(ﬂ3’31y;a) e(ﬂ)d

(ajazyz)/* m cdqazby

where

() (L)

RE(y,2):=F (
. 2) s+ N cdq cdq 4 8

and WHr =W, W~ =W.
Similar to Case 1, we explicitly write U3 (m3ny/ n%; o) as in (B-7) so it suffices
to bound

i<n3ny)(ﬁ1+ﬂz+ﬁ3)/3( m )j 1 VLY

p 77? 2 BN3) NA 7(aja:z)/
00 3,1/31/3 3,1/3y1/3 2
x/ %~i(y,z){cje<u>+dje(— ny )}e( qiony )
o n m cdqazb;
2./ k 1
xel+ M——-i—— dy+0(q_8(K+1)),
cdq 4 8
where
o Foyir(y/NYWE(4rr Jararyz/cdq)
7= i/3+1/4
(y/N)/

is supported on y € [N, 2N]. Note that

DA (y, 2) lt]i
8/—yi L N and c%”ji(y, 7)< 1.

Thus, the integration over y is of the form

/0 A (y, 2) e(g:(v, ) dy,
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where
1/3,1/3 2
n'’y k1 Jaiaxz ayby
n) =+ j:<2A +———)+B, A= , B=—171
g:(y.n) m vy 4 8 Y cdq cdqazb,
Differentiating g.(y, n) with respect to y, we have
/( )=+ n'/3 4 A 1B
g (y,n)=*—z—=+—> +B.
‘ Y23y yl2
When a3/ *byM'/2 > 4a>"* b N2, it follows that
A - A B>1 A 3 A A B~ A
Y12 = 31/ 2yl2 2yl2 = yl2 y1/2
Therefore
1 A <t A Bl < 3 A
Eyl/z = 172 +B| = §y1/2'

When n > 54(An;)* N1/ or n < £;(An1)*N1/2, since n >> njq® /N we have that

1/3 e

FACR I .
o y2/3n1

N.
Integrating by parts many times shows that these terms are negligible. We then
consider only the terms where é(AmﬁNl/2 <n < 54(An)>N'/2. Note however

that
AT 3 3

cdq 8q/* <%

(Am)’N'? < ( =E

and that the left side is only > 1 if N > ¢%?/a3 and § < ¢°.
By (8-5), the contribution of ]-T (cé,n; e, B) to the terms in this range is
O(M'?N'2(ng)*). So the contribution to H> from these terms is bounded by

NET
M1/2N1/2qu Z 3/2 Z\/_Z( 1/%N1/3)(a1a2]‘\:4N)1/4

8<q* cJaamMn /(g Tt 12 hiny n<&q®

& a15/4b1/2a;/4M1/4N1/4 a<<a1/2 3/4+5

which suffices.

When 4613/2172M1/2 < af/zblNl/z, we have that %B < B — A/yl/2 < B and
%B > Ay!/? + B > B. By the same arguments as in Case 1, the range of n that
should be considered is of the size (Bn1)3N 2 and give a contribution to H> bounded
by al/? g3/,

y a,

When 1 3/219 N2 < a3/zsz1/2 < 4a; biN'?, we have that A/y!'/? < B,

and so the range of n that should be con51dered is of the size (An;)’N'/? by

3/2
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the same arguments as above. Hence the contribution from these terms to H, is
1/4
O(al/ q3/4+s)'
This completes the proof of Proposition 6.2 for 81+ (g; o, B). The same proof
applies to bound 5l.i(q; a,p) fori =2,3,4.

8B. Bounding 8;' (q; oy B). We first recall that

e o )= 2 ZZZZ%(an - %(azsizz 2
2

ay,by,ax,br>1
d d +
x> Y Ef,sab M N)
M N

(a1azb1b2,9)=1

where

E;raﬂ(abMN)_Z Z

c<C x (mod dc)

! « Ts (€8, %)
= E E E E 7,
6<C ¢<C/8§ x (mod éc)
(U1 x—uy,c6)=4

’7'5uﬁ(c x)

3+a1—pi1tor—Brtaz—p3

+ _ T =
7; d,ﬂ(c& X) = n3+t¥1+t¥z+a3n3 Bi1— Z ZA3 <n Ot)
2

n,m>1

A
X A3<m, =y —ﬂ)Fgr(ch, n,m;a, B);
m

for

q(urx —uy)ay usc
M=—""7"", m=——,
d(ay, usc) (a1, uzc) _ab;
- — )
q(u1x —us)az uic (a1b1, axb)
M=—--==m-, Mm=————,
8(az, uic) (az, uic)

Fi(cd,n,m, o, B) = / / 127 1/2 Va.p(aibiy, a3b3z; q)

x ]k1<4n—*/azyalz)f(l>f<i>i_ke( Cl%b1y n a%bzz )

cdq N M céqarby  cdgarby
3
X U3(7T . >U3<7T me —ﬂ) dydz.
771 772

The proofs in this section are very similar to the ones in the previous section.
Previously, we had one sum over n and now we have a double sum over m and
n which can be treated in a similar manner. To be precise, we begin by dividing
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E;ta’ﬂ(a, b, M, N) into 2?21 E;fi(a, b, M, N), where
ES.(a,b,M,N):=EJ, , 4(a,b,M,N)
is the contribution from case (i) below:

mq

3 ¢
md9
—— and m ;

< M

() nk

3 ¢ 3 ¢
g and m < N4

2) n>

b

3 ¢
mdq
3 —_
B) nk N

nq

3 ¢

>4

and ;
m> I,

3 ¢
and m > %

4 n> i

By symmetry, the treatment for cases (2) and (3) is the same, so we show only the
second case.

Similar to Section 8A, the contribution from the terms afblzy > ¢*?*¢ or
agbgz > ¢>/?*¢ can be bounded by ¢~ due to the factor Va,ﬂ(afb%y, a%b%z; q).
Thus it suffices to prove that

Ed (@, b, M, N) < a)%ay/*¢**+, (8-6)
for fixed a, b, M, N satisfying
@bIN < ¢**T and a3b3M < ¢*/FTE.
In fact, we prove the stronger bound E;fi (a,b, M,N) < a;/za;/qu/”g.

8B1. Bounding E;fl(a, b, M, N). For this case, we have U3(n3ny/nf; a) L g°
and Us (n3mz/n;; —B) K ¢° by (B-6). Similar to the arguments in Section 8Al,
from Lemma 8.1, Lemma B.2, and (5-6), we have that for k > 5,

E;:l(aab’ M7 N)

<<M1/2N1/2qez Z % Z Z ’7?/2\/%1

5<C c<cys T n&miq /N hylni, hyn?

x Y ) n;/zﬁzmin{<m>‘l/2’( a1a2MN)k_l}

cdq céq

m&n3qe /M halny, halm?
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/—,” k—1
<M 1/2N 1/2 & § § 77]/ ’72/ ( )

cé
§<C VairayMN /(g§)<Kc<C/$ 1

~12
3/2 372 (N araaMN
oy ()

cd
c&K+/aia;MN /(q8) 1
2 2 3/2 3)2
ayayuy' "u,

<« M32AN32ge ; < g7
q

8B2. Bounding E;fz(a, b, M, N). We can write ]-'5+(c8, n,m; o, fB) as

3

/ /l/logq)VI(s g Fs- lt<M> (cgéz?;)[] <7Tn’:1Z _:B>I(n Z)dz—dt

where V(s,t) and Z(n, z) are defined as in (8-3) and (8-4), respectively, and
Fy(x) = 1/x'/247 £ (x). Note that F) (y/N) < |t[i N~

The integration over z can be bounded trivially, and the sum over m, h, can be
treated in the same way as in Section 8B1. For the integration over y, we argue as
in Cases 1 and 2 of Section 8A2 and obtain that E;L’z(a, b,M,N) K all/qu/”s.

8B3. Bounding E;r 4@, b, M, N). We split into two cases as follows.
8 /ajayMN
dq '
We use (5-5) and (B-7), and the integral that we consider is of the form

b 2p 3pl3y1/3  3,1/3,1/3
/ / G(y, z)e< Ly e + nY + moz >dydz,
céqarby c6qa1b1 N1 P

Case 1. c>

where 8/9'G(y,z)/3y/dz' < 1/(N'M"), G(x,y) < 1, and it is supported in
[N,2N] x [M, 2M]. Therefore, the integration over y, z above is O (MN).

By the same arguments as Case 1 of Section 8A2, it is sufficient to consider
when ¢ (Bim1)’N? < n < c2(Bini)’N* and ¢1(Bonn)* M? < m < e2(Bam)* M7,
where c{, ¢, are some constants, B| = azbl/(céqazbz) and B, = a2b2/(c8qa1b1)
since the terms outside these ranges give negligible contribution from integration
by parts many times. By the same arguments as in Section 8A,

(atb1)’N?  ¢° (a3h))’M?  ¢*

< ~— and Bmp)’M> <« 21— « —.

Bn)’N? « —1——
(Bm)’N* <L 533 53 533 53

So there are no terms of this form unless N >> q3/2/(a12b1)3/2, M > q3/2/(a§b2)3/2,
and § < ¢°. We then obtain that the contribution from these terms to £ ;r 4(a,b,M,N)
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is bounded by
1
1/2 77172
M°N EZ Z 3/23/22\@122‘@221
8<q® o> Jaja;MN /(8q) "1 12 hilm n<&q® halm m<q®
h2n h3lm
<« all/Za;/qu/zﬂ.
8/ MN
Case 2. c< %.
dq
For this case, we use (5-4), and the integral that we consider is of the form
nn NIY i
mB3nlBMIBNY3 MYANY4(ayay)' /4 fo /0 H(y,2)e(g(y,z,n,m))dydz,
where .
— = K 1/(N'M"),
PR /( )

H(x, y) is supported in [N, 2N] x [M, 2M], and

a%bly n a%bzz n 3nlByl3 " 3m! /3713 n 2. /ajayz
cdqaby  cdqaib m m cdq

g(y,Z,n,m):

We note that the integration over y, z above is O (MN). Hence we obtain that

a b b b 1/3 A
g(yznm)_Blin L AL
dy vy~ yl/2
8 9 9y b 1/3 A
g(yznm)_Bzim i—z,
82 2/3772 Z1/2

where Ay = Jaja;z/(c8q) and Ay = Jajayy/(cég). We divide into three cases
to consider.

Case 2.1: a;/zszl/2 > 4af/2b1N1/2. For this case, we have that
A A Aj
1/2:|:B] W and 1/2:|:B2 B

Similar to Case 2 of Section 8 A2, we consider the ranges n < (An 1)3N1/2 and
= (Byn2)> M?. By the same arguments as in Section 8A, we note that

Jar

5q1/2

2 3a72 €
aybr))’M
(AnHN'? « ( ) N2« ;’ and  (Bm)’M? < (28% 1
q
and there are no terms of this form unless N > q3/2/af, M > q3/2/(a§b2)3/2, and

8 < ¢g¢. Hence the contribution from these terms to E;r 4@, b,M,N)is
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1 1 1
MUSNYOR Ty mma VY a2V )

5<q€c<<«/alazMN/(8q)n1 M mim n<2<q8 halm m<&q®h3|m
hiln
1

1/2 1/2 12
& “1/ az/ ql/ +e

Case 2.2: a13/2b1N1/2 > 4a§/2b2M1/2. For this case, we do the same calculation as
11241121 /24ey,

in Case 2.1 and obtain that the contribution is also O(qa,
Case 2.3: %a?pblNl/z < ag/zsz”2 < 4a13/2b1N1/2. For this case, we have that

Ay Az

m = B] and ZIT = Bz.

By similar arguments to Case 2 of Section 8A2, we can focus on the ranges
n = (A1n)>NY? and m =< (A;n;)>N'/2. The contribution from these terms to

EJ,(a.b, M, N) is then al?alq\/2+e.

9. Conclusion of the proof of Theorem 2.5

Recall that from Section 4 and (4-1), we want to evaluate
H(0; o, B)Me(q) = #1(q; a, B) +.#1(q; B, ).

By (4-2), we see that .#(q; &, B) = 2(q; &, B) + # (q; &, B), and in Lemma 4.1,
we showed that

7@ e B =H0 e, /3>/ Mg @ +it, B+in) di + O(qV*),

which is one of the twenty main terms of the asymptotic formula. Then we de-
composed % (q; o, B) as #y(q; &, B) + #E(q; a, B). We proved in Section SA
that 7z (q; o, B) K q_l/ 2+¢ and then using the Voronoi summation formula, we
extracted another nine main terms of the asymptotic formula from 7y, (q; e, B)
with an error term O(q_l/ 4te) (see Propositions 6.1 and 6.2, Section 7, Section 8,
and Appendix A). As briefly discussed in Section 4, those terms correspond to
M(q; w (o) +it, w(B) +it), where 7 is the transposition (¢;, B;) fori =1,2,3
in S¢/S83 x S3. Hence .#,(q; a, B) gives ten main terms the desired asymptotic
formula, and similarly the remaining ten terms come from .#1(q; B, o).
Therefore, combining everything together, we have that

H(0; a, B)Me(q)

:H(O;a,ﬂ)f Z M(q; w(a) +it, T (B) +it) dt + O (g~ /4+%).
X 1eSe/S3 %S
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If Jo; —Bj|>q °forall 1 <i, j <3, then H(0; &t, B) > q~° and we immediately
get

Mé(q):/ > Mg m() +it, m(B) +it) dt + O(g~/*H).
TP 1e8s/83% 53

However, since all expressions above, including the term bounded by O (g~'/*¢),
are analytic in the «; and B;, we see that this in fact holds in general.

Appendix A: Comparing the main term of R,, g, and M(q; (o), 7 (B))

To finish the proof of Proposition 6.1, we show that the local factor at prime
p of the Euler product of ¢(1 — ay + B1) My, g, (0) is the same as the one in
AZ(%; m(a), 7(B)), where

(7 (a), w(B)) = (Br, a1, az; 1, B2, B3),

and My, g, (s) is defined as in (7-10). To simplify the presentation, we work within
the ring of formal Dirichlet series, so that we need not worry about convergence
issues in this section. Indeed, if we show that ¢ (1 — oy + B1) My, g, (0) is the same
as AZ (%, (o), rr(,B)) as formal series, then they must have the same region of
absolute convergence. Thus, as analytic functions, they agree on the region of
absolute convergence, and so must be the same by analytic continuation. Note
that we have already verified that there is a nonempty open region of absolute
convergence at the end of Section 7.

For notational convenience, a3 = (a2, @3), and —f2 3 = (—p2, —fB3) in this
section.

Al. Euler product at prime p of AZ(%; m(a), w(B)). We start by rearranging
the sums in AZ(s; w(a), w(B)) by the same method as in (2-9). When

Re(s + B1 +aa +a3), Re(s —a1 — B2 — B3) > 1,
we recall that from (2-13) and (2-17), AZ(s; w(a), 7(B)) is

PB(ay, by; w(e)) B(az, by; —m(B))
Z Z Z Z Z Z (albl)zs (a2b2)2“'

ay,by,az,by,m,n>1

b 03 (n: 7 (@) 03 (m: —7(B))
(ai,q)=(bj.q)= (an)* (aym)’ :

Using Lemma 2.1, the proof of (2-9), and the fact that
o3(@; a1, @, @3) = Y d~Moa(f; o, @3), (A-1)

df=a



624 Vorrapan Chandee and Xiannan Li

we see after a change of variables that

AZ(3: 7 (), 7(B))
1 1
=¢(l—a1+p1) Z Z Z Z 1+a2+a3d1 B2—B3 1+/31 1 —a) J(er, e2), (A-2)

dy,d>,ei,er>1

diei=dyer
(diei,q)=1
where
oa(jrer; @2.3)02(jaea; —B23) (1, jo) !~ A
Jere=Y > — . (A3)
Jioj2=1 ok

Because both ¢ (1 — ay + B1)Me, g, (0) and AZ(%; (@), 7(B)) have the factor
(1 —ag + B1), it suffices to consider only the local factor at prime p of the sum
over d;, e; in (A-2). For p # g, this is

Tp(e1, €2, k)
ZZZZ D+61+62+61ﬂ1 €0 Z . 1:2 ’ (A-4)

81,62,€1,62>0 k>0 p
S14e1=81+€

where p® || d;, p<i || ei, pY || ji,
D =61+ 68+ 81 (a2 +a3) —62(B2 — B3), (A-5)

and

Tp(€1, €2, k) 1= 02(p"; a2 3)02(p* 2 = B23)

o L1+e€r. X o k+€2 _
N Z 2 (p 2.3)02(p B23)

ﬁl(k t)
0<i1<k
o2 (P*F; 00 3) 02 (p2 T2 —Bo 3)
+ 2 =y )
0<i,<k
For p = g, we have that §; = ¢; = 0, and the local factor at p is
0,0,k
> Ir©.9.6) - ) (A-7)
p

k>0

We also comment here that when o; = 8; =0 fori =1, 2, 3, using o (ph) =k+1
in (A-4), (A-6), (A-7) and some straightforward calculation, we derive that the local
factor at p # q of AZ(%;0,0) is

1 -9
1——) c,.
(1-5) <

where C, is defined in (1-4), and the local factor at g is

=5
<1—1) (1+i+l2).
q 7" q
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This explains the presence of the arithmetic factor in our Conjecture 1.1, as in the
work [Conrey et al. 2005].

A2. The Euler product at p of Mg, g,(0). By the definition of #(a, b; a1, a2, a3)

in (2-6), G(c, a, b) in (7-9), Z# “ap(s; h,b,c,y, g) in (7-6), (A-1), and a change
of variables, we obtain that M, g, (0) can be rewritten as

1
Z Z Z Z 1 —a)— }31+¢¥2+a3 I+ai+pi—Pr—B3 p1-Bi pl14a
d, hH T h

dy, f1,da, f2>1
d; fi,q)=1
wih) 1(b) 11(8) 1
X ; hoi—pi bXI: bai—pi Z cv1—Bi Zl a;—Bi l;) g“l*m l_|[ (1 —;)
> N B .
hluyuy (b,uur)=1 4 siery pﬁ)hy
() o (o)
n=1ailf; ¢ @2+ \  qyuychn (ay, urch)’ a2
M(az) (a2, urch)\'*" uichm £
ZZ b el (e —B23)oa| = —B23).
m=1a)f, @ aruicom (az, uych) a»

In Section 7B, u; = a;b; /(a1b1, arxb,), but after changing variables, we write that
u; = fidi/(fidy, f>d>). By comparing Euler products, we can show that

ZZ wlay) {(ay, urch) 1_“10 urchn - ﬁ'a
"‘2+°‘3 ajuschn (ay, urch)’ 23 J92 ap’ 23

n>1a|\f|

_ Z oo (fiuachn'; az 3)

(uachbn’) -

We also have a similar expression for the sum over m and a,. Hence we can write
M, ,6,(0) as

1
ZZZZ 1 —a— /31+062+a3d1+0l1+ﬁ1 Ba—PB3 fl ﬁl 1— 011f1+011 1+81

dy, f1,d2, fr>1
(d; fi.q)=1
w(h) u(b) n(g) 1
Y N Y Y & s [10-7)
h>1 b c y\c gl(c/y) ple
hlujuy (b,uruz)=1 ptbhy
o2 (fiugebn; an 3) oo (fourcbm; — B, 3)
XD Py m+hi (A-5)

n,m>1

We note here that d; fiu, = d; fou; by the definition of u;, up. Next, we consider
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the local factor at p # g of (A-8), which is of the form

1
ZZZZ pD (€. 0) i~ Lo —Er ) (B —an Zr (01, 82, 61, 82), (A-9)

31,62,61,62>0
S1+H81=62+4>

where p% || d;, p% || fi, p¥ || ui, €1 = & + v, € = & + vy, min{vy, v2} =0,
D'(¢y,£5) = D+ (8, — 81) (g + B1) + £1 + £, and D is defined in (A-5). We
examine .2, (d1, da, f1, f>) below, but before that analysis, we need the following
two lemmas.

Lemma A.1. The contribution to the local factor at p from

Z yall—ﬂl Z glil(flzl l_[ <1 B %)

vle gle/y) ple
ptbhy
is 1 if p{cor p|bh. Otherwise, it is
1 1
- E + pl—i-()l]—ﬂl :

Proof. For p {c or p | bh, the contribution to the local factor is 1 because

! (g) 1
Z yu—h Z g/:lfﬁl = Z a®1—B Zﬂ(g) =1.

yle gl(c/y) ale gla

Now suppose p | ¢ and p 1 bh. Below we write p» || ¢ and p*» || y. Then the
contribution to the local factor at p is

1 1 1 1 1
(1 B pal—m)(l _;> + Z pYr@i—FD (1 B pal—ﬁ1)+ per@—Bn

I<yp<cp
1 1

=l + e U

Lemma A.2. Let

1 02(P€1+""+C" @y 3) o2 (pTrTe — B )
np(l ay) pmp(H‘ﬂI)

P, o) =

. (A-10)

cp=0, np, mp>0

Then 5
Tp(Ly, L2, k) R
Pl )=y =L +”p2

k
k>0 p

PU+1,0,+1),

where J, (L1, £, k) is defined as in (A-6).
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Proof. We have

o2(pt1ter; ap 3)00(phter; —Ba3)
per

P, L) =)

cp=0

Li+n,+c,. lr+c .
o (PP T atp 3)02 (PP —Ba3)
+ 2.

pcp+n1,fnpa1

cp=0, np>1

0 - y4 .
n Z Z or(phiter; ®>3)02(p 24ty —B2,3)
pC1)+m1)+m1)ﬂl
cp=0, mp>1
pal—ﬁl

+ P LU +1,4,+1)

a1 —pi

1,4,k
:ij(lkZ )+P

3 PU1+1,0,+1),
=0 p p
after some arrangement. O

Now we examine %, (81, 82, &1, §&2), which we separate into two cases below.

Case 1: 61 + & = 6, + &. For this case, we have vy = vy =0, so & = ¢;. Hence
ujuy =1 and p {h. From Lemma A.1, we then obtain that

gp(ala 827 é]v 52)
1 1
= Py, b)) + ?(pf“*m —DPU I +1,6+1)— ?9}(21 +1,6,+1).

From Lemma A.2, %, (d1, d>, f1, f2) can be written as

bibo k) 1, -
SR L et o ey me 11,6+ 1)
p

k>0 p

j(£17£27k) 1 — _ j(€]+1,£2+1,k)
:Zp—k—i__z(pal /31_2+pﬁ1 061)2 14 -

k=0 P P k=0 p
pal_ﬂl
+ — (pal—,Bl _2+pﬂ1—a1)@(£1 12.0,+2)
P
1
= _k{jp(ﬁl, Lo, k) + (pM =P —2 4 pProny
k>0 P

% Z p(mp—l)(m—ﬁl)jp(gl+mp,£2+mp,k—2mp)}.
1Smp§\_k/2J

Case 2: 81 + & # 02 + &. For this case, vi +v2 > 1. So p | ujuz, and b, =0,
where p?» || b. By Lemma A.1 and A.2, we have
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gp(Slv 62’ %‘1’ 52)
1 1 1
=(1- ) 7@ - (1 pal_ﬂl)@(a +1.6+1)

:(1_p : ){ij(gl’ez’k) PG 1)@(zl+1,zz+1>}

a1—pi k
k>0 p

:<1_ 1 ){Z jp(el’£29k) ( w—pi 1)2‘710(«’51-1-1 o+ 1,k)

pal_ﬂl k>0 pk k>0 pk
pm—ﬁl 01— pi
+ (p —DZWU1+2,4,+2)
(1-— )Zlij(e 0.k)
— f— —ﬂ _k )4 1, 25

pot1 1 kzOp

+ (p(xlfﬁl _ 1) Z p(mpfl)(alfﬁl)jp(gl _|_mp’ EZ +m]7’ k —2mp)}.
1<m,<|k/2]

From both cases, we obtain that (A-9) is, say,

2200, PG Zlﬂ|+[2a1$ (81,82, £1, £2)

81,82,01,0,>0
S1+L1=b2+E2

Zp(81, 62,81, 82)
+ Z Z Z Z( Z p(flzj—fll)ﬂlz—éz(lﬂl—il)

81.,62,41,£,>0 0<ér <t

81+L1=582+4> &=L,
2y (81,62, &1, 6) 1 )
+ Z pla—tne—&(Bi—an) | pD'(0r.62) _‘ZZSP(‘SI"SZ)' (A-11)
0=<é1 <t 81,62>0
&=l

For fixed 61, 8>, where 8, > §;, we rearrange the term S, (81, 62) and obtain that

Sp(81,82)
Jp(e1, €2, k) 1 1 1
ZZ Z D(el €)+k p(ez—e|)a| + p(ez—e1)ﬂ| o p—6|ﬂ1+62a1

€1,62>0 k>0
S1+€1=8+€2

(La—1D)(e1—B1)
ar—p1 _ Bi1—ay p
+(p 2+p ) Z p*(ﬂ*zz)ﬁl‘i“(@*gﬂal
1<l<ex
1 1 zpfz(arﬁl)
aj—pr _ (l2—D (a1 —PB1) _
+( D Z P (p(éz—él)al + p(éz—él)ﬁl p—€1ﬂ1+€za1
1<l<ex
Tp(€r, €2, k)
ZZ Z D+61+ez+k+e|/31—ezot1’ (A-12)

€1,62>0 k>0
S1+€1=82+€2
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By a similar calculation, S, (81, 82) yields the same value for §; > §>. In summary,
from (A-9), (A-11), and (A-12), the local factor at p of My, g, is

ZZ Z Jp(e1, €2, k)
pD+€l+€2+k+€1,3I—62011 ’
€1,62>0 k>0
S1+€1=8+¢€;

which is the same as the local factor at p of AZ (%, (), T (B )) in (A-4), as desired.
For p = g, we use similar arguments, with §; = €¢; =0, so that the Euler factor is

3 J,(0,0, k)

k
k>0 p

9’

which is the same as the local factor at g of AZ (%, (o), n(ﬂ)) in (A-7). This
completes the proof of Proposition 6.1.
Appendix B. Voronoi summation

In this section, we state the Voronoi summation formula for the shifted k-divisor
function defined in (2-5). The proof of this formula is essentially the same as the
proof by Ivi¢ of the Voronoi summation formula for the k-divisor function, so we
state the results and refer the reader to [Ivi¢ 1997] for detailed proofs.

Let w be a smooth compactly supported function. For a = («y, ..., o), let
or(n; a) =or(n; ay, ..., ar). Define

S(%, oc) = iok(n; o) e(%)w(n),
n=1

where (a, ¢) = 1, and the Mellin transform of w,
o0
a(s) = / w(x)x*1dx.
0

Since w was chosen to be from the Schwarz class, @ is entire and decays rapidly
on vertical lines. We have the Mellin inversion formula

1 - ds
w(n) = % /(C)CU(S) n_s’

where c is any vertical line. Let

a(m Ca) =L T e

miy,...,mp>1
mi---mr=m

« 3 T {e("“l"'“Ck“"’")+e(_“‘“"'f"””")}, (B-1)

a; (mod ¢) a; (mod c)
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and
a 1
Bk(m,—,ot):— E mi' - -m
c 2
mi,..., mi>1
mi---mp=m

o Z Z {e(aal---ack—i-a-m)_e(—acn---((;Zk+a-m)}. (B-2)

a; (mod ¢) a; (mod c)

Moreover, we define

r
F(%(l+s—a5))>
=1 F(;2-s+ap)

and for0 <o < 5 k + 1 Ze | Re(ay), we let

( (s —otg)) ds
U —
(X a) = 777 /0)4 N (1—S+Ole))

(1+S—Olz))
Vi
Koy = 2ri /”)Z ) (2—s+ag))

We note that by Stirling’s formula, both integrals for Uy and Vj are absolutely
convergent.
Finally, we define the Dirichlet series to be

D (s, %’ oc) _ Z or(n; ot)e(an/c),

nS

(B-3)

n

which converges absolutely for Re s > 1. We have that
e(aniny - --ni/c)
Dy <S, g, Ot) = v
C Z n‘i—‘ral “e n';(—"_ak

1 aay - - - ag a;
= e 2 () e(s+en ). B9

ai,...,a; (mod c) j=1

where ¢ (s, a/c) is the Hurwitz zeta function defined for Res > 1 as

ay_y~_ 1
)= Earaor 9
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The Hurwitz zeta function may be analytically continued to all of C except for a
simple pole at s = 1. Therefore, Dy (s, a/c) can be analytically continued to all of
C except for a simple pole at s =1 —«; for j =1,..., k.

Theorem B.1. With notation as above and (a, c) =1 and

* < 1000k Tog(e] + 100)”

we have

( ) Z Res a)(s)Dk(s,%l,a)

s=1—ay

k/2+0t1+ Ao X o0 nknx
+ chtart-Fax ZAk< - “)/0 w(X)Uk<—Ck ;ot>dx

.3knk/2+a1+"‘+ak iB a 00 OV n_knx. J
+1 m kl’l,;,(x Oa)x k C—k,oe X.

n=1

We refer the reader to the proof of Theorem 2 in [Ivi¢ 1997] for details. Next, we
collect properties of A3(n,a/c, &), B3(n,a/c, a), Us(x; a), and V3(x; a). These
are useful for bounding error terms of Mg(q).

Lemma B.2. Leta, n, y be integers such that (a, y) = 1. Moreover, As(n,a/c, a)
and B3(n,a/c, a) are defined as in (B-1) and (B-2). Then

a az 013 arirrs +r1n1+r2n2+r3n3)
> g LYY o 3

ninan3=n ri, 72,13 (mod y)
14
=y Y haehS(o5. -0 L),
hly, h%|n

where A(n, h, y) is a divisor function satisfying A(n, h, y) < (yn)¢. Moreover,

A3( @) < n ¥ 3 Vi,

hly, h%|n

B3(l’l, %,a) &< (yn)ey3/? Z Vh.

Rly. h%|n
The proof of this lemma can be found in equations (8.7)—(8.9) in [Ivi¢ 1997].

Lemma B.3. IfU (x; o) := Us(x; &) and V (x; a) := V3(x; &), as defined in (B-3),
and

* < 7000k log(c| + 100)”
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then for any 0 < ¢ < é and x > 0, we have
Ux; ) < x°, Vix; o) < x°. (B-6)

Moreover for any fixed integer K > 1 and x > xg > 0,

K ¢ 1/3 - sin(6x1/3
o cjcos(6x/°)+d; sin(6x'/7) 1
U(x’“)_z i /3+@itartas)/3 0<x(K+1)/3+(a1+az+a3)/3)’ (B-7)
j=1
L 1/3 o 1/3
o ejcos(6x'/°)+ fjsin(6x'/*) 1
V(X’“)_Z 3@t tas)/3 +0(X(K+1)/3+(a1+a2+a3)/3>’ (B-8)
j=1

with suitable constants cj, ..., fj, and cy = 0,d, = —=2/+/37, ey = =2/ 37,
fi=0.

The proof of this lemma is a minor modification of the proof of Lemma 3 in
[Ivi¢ 1997].
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A duality in Buchsbaum rings
and triangulated manifolds

Satoshi Murai, Isabella Novik and Ken-ichi Yoshida

Let A be a triangulated homology ball whose boundary complex is dA. A result
of Hochster asserts that the canonical module of the Stanley—Reisner ring F[A]
of A is isomorphic to the Stanley—Reisner module F[A, d A] of the pair (A, 9A).
This result implies that an Artinian reduction of F[A, dA] is (up to a shift in
grading) isomorphic to the Matlis dual of the corresponding Artinian reduction
of F[A]. We establish a generalization of this duality to all triangulations of
connected orientable homology manifolds with boundary. We also provide an
explicit algebraic interpretation of the 2”-numbers of Buchsbaum complexes
and use it to prove the monotonicity of 4A”-numbers for pairs of Buchsbaum
complexes as well as the unimodality of 4”-vectors of barycentric subdivisions of
Buchsbaum polyhedral complexes. We close with applications to the algebraic
manifold g-conjecture.

1. Introduction

In this paper, we study an algebraic duality of Stanley—Reisner rings of triangulated
homology manifolds with nonempty boundary. Our starting point is the following
(unpublished) result of Hochster — see [Stanley 1996, Chapter 11, §7]. (We defer
most definitions until later sections.) Let A be a triangulated (d — 1)-dimensional
homology ball whose boundary complex is d A, let F[ A] be the Stanley—Reisner ring
of A, and let F[A, dA] be the Stanley—Reisner module of (A, dA). (Throughout
the paper [ denotes an infinite field.) Hochster’s result asserts that the canonical
module wfja] of F[A] is isomorphic to F[A, dA]. In the last decade or so, this
result had a lot of impact on the study of face numbers of simplicial complexes,
especially in connection with the g-conjecture for spheres; see, for instance, the
proof of Theorem 3.1 in the recent survey paper [Swartz 2014].

Murai’s research is partially supported by Grant-in-Aid for Scientific Research (C) 25400043.
Novik’s research is partially supported by NSF grant DMS-1361423.

Yoshida’s research is partially supported by Grant-in-Aid for Scientific Research (C) 25400050.
MSC2010: primary 13F55; secondary 13H10, 05E40, 52B05, 57Q15.
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One numerical consequence of Hochster’s result is the following symmetry of
h-numbers of homology balls: /; (A, dA) = hy—;(A). The h-numbers are certain
linear combinations of the face numbers; they are usually arranged in a vector called
the h-vector. In fact, Hochster’s result implies a stronger statement: it implies that
there is an isomorphism

F[A, 0A]/OF[A, 0A] = (F[A]/OF[A]Y (—d), 1)

where @ is a linear system of parameters for F[A] and NV is the (graded) Matlis dual
of N (see, e.g., [Murai and Yanagawa 2014, Lemma 3.6]). As the F-dimensions of
the i-th graded components of modules in (1) are equal to /; (A, dA) and hy—; (A),
respectively, the above-mentioned symmetry, h; (A, dA) = hy—; (A), follows.

Hochster’s result was generalized to homology manifolds with boundary by Gribe
[1984]. To state Gribe’s result, we recall the definition of homology manifolds.
We denote by S¢ and B? the d-dimensional sphere and ball, respectively. A pure
d-dimensional simplicial complex A is an F-homology d-manifold without boundary
if the link of each nonempty face T of A has the homology of S?~I*! (over [F). An
F-homology d-manifold with boundary is a pure d-dimensional simplicial com-
plex A such that

(i) the link of each nonempty face T of A has the homology of either S¢~I*! or
B<-17I, and

(i1) the set of all boundary faces, that is,
dA :={r € A: the link of t has the same homology as B*~"1} U {&}

is a (d — 1)-dimensional F-homology manifold without boundary.

A connected F-homology d-manifold with boundary is said to be orientable if the
top homology ﬁd(A, dA) is isomorphic to F.

Gribe proved [1984] that if A is an orientable homology manifold with boundary,
then F[A, dA] is the canonical module of F[A]. Grébe also established [1987] a
symmetry of 2z-numbers for such a A. While Grébe’s original statement of symmetry
is somewhat complicated, it was recently observed by the first two authors [Murai
and Novik 2016] that it takes the following simple form when expressed in the
language of 4”-numbers.

Theorem 1.1. Let A be a connected orientable F-homology (d — 1)-manifold with
nonempty boundary dA. Then hi (A, dA) =h);_,(A) foralli =0,1,...,d.

The h”-numbers are certain modifications of A-numbers (see Section 3 for their
definition). Similarly to the ~A-numbers, the 2”-numbers are usually arranged in a
vector, called the h”-vector. For homology manifolds, this vector appears to be a
“correct” analog of the h-vector. Indeed, many properties of A4-vectors of homology
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balls and spheres are now known to hold for the 4”-vectors of homology manifolds
(with and without boundary); see recent survey articles [Klee and Novik 2016;
Swartz 2014]. In light of Grébe’s result [1984] and Theorem 1.1, it is natural to ask
if Theorem 1.1 can be explained by Matlis duality. The first goal of this paper is to
provide such an explanation.

To this end, the key object is the submodule X (®; M) defined by Goto [1983].

Several definitions are in order. Let S = F[x1, ..., x,] be a graded polynomial ring
over a field | with degx; = 1fori =1,2,...,n. Let M be a finitely generated
graded S-module of Krull dimension d and let ® = 6y, ..., §; be a homogeneous

system of parameters for M. The module X (®; M) is defined as follows:

d
$(O; M) = ®M—|—Z((91,...,é,~,...,9d)M v 0:)C M.

i=1

This module was introduced by Goto [1983] and has been used in the study
of Buchsbaum local rings. Note that if M is a Cohen—Macaulay module, then
Y (®; M) = ©M. We first show that this submodule is closely related to the
h”-vectors. Specifically, we establish the following explicit algebraic interpretation
of h”-numbers.

Theorem 1.2. Let (A, I') be a Buchsbaum relative simplicial complex of dimension
d — 1 and let © be a linear system of parameters for F[A, I']. Then

dimg (F[A, T']/2(O; F[A, T]); =hj/-/(A, ) forall j=0,1,...,d.

Theorems 1.1 and 1.2 suggest that when A is a homology manifold with boundary
there might be a duality between the quotients of F[A] and F[A, 0 A] by X(O; F[A])
and X(O; F[A, dA]), respectively. We prove that this is indeed the case. In fact, we
prove a more general algebraic result on canonical modules of Buchsbaum graded
algebras. Let m = (x1, ..., x,) be the graded maximal ideal of S. If M is a finitely
generated graded S-module of Krull dimension d, then the canonical module of M
is the module

wy = (HL(M))”,

where H. (M) denotes the i-th local cohomology module of M. We prove that the
following isomorphism holds for a// Buchsbaum graded algebras.

Theorem 1.3. Let R = S/I be a Buchsbaum graded F-algebra of Krull dimension
d>2,let®=0,...,0; €S beahomogeneous system of parameters for R, and
let § =Y, deg6;. If depth R > 2, then

wr/Z(0; wg) = (R/Z(O; R))" (=9).
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As we mentioned above, if A is a connected orientable homology manifold,
then (by Gribe’s result) the module F[A, dA] is the canonical module of F[A];
furthermore it is not hard to see that F[ A] satisfies the assumptions of Theorem 1.3.
(Indeed, the connectivity of A implies that depth F[A] > 2, and the fact that F[A]
is Buchsbaum follows from Schenzel’s theorem — see Theorem 3.1 below.) Hence
we obtain the following corollary that generalizes (1).

Corollary 1.4. Let A be a connected orientable F-homology (d — 1)-manifold with
nonempty boundary 0 A, and let ® be a linear system of parameters for F[A]. Then

F[A,0A]/Z(©; F[A, dA]) = (F[Al/Z(O; FIA]) (=d).

We also consider combinatorial and algebraic applications of Theorems 1.2
and 1.3. Specifically, we prove the monotonicity of i”-vectors for pairs of Buchs-
baum simplicial complexes, establish the unimodality of i”-vectors of barycentric
subdivisions of Buchsbaum polyhedral complexes, provide a combinatorial formula
for the a-invariant of Buchsbaum Stanley—Reisner rings, and extend [Swartz 2014,
Theorem 3.1] as well as [Bohm and Papadakis 2015, Corollary 4.5], which is related
to the sphere g-conjecture, to the generality of the manifold g-conjecture. More
precisely, Swartz’s result asserts that most bistellar flips when applied to a homology
sphere preserve the weak Lefschetz property, while Bohm and Papadakis’ result
asserts that stellar subdivisions at large-dimensional faces of homology spheres
preserve the weak Lefschetz property; we extend both of these results to bistellar flips
and stellar subdivisions performed on connected orientable homology manifolds.

The structure of the paper is as follows. In Section 2 we prove Theorem 1.3
(although we defer part of the proof to the Appendix). In Section 3, we study Stanley—
Reisner rings and modules of Buchsbaum simplicial complexes. There, after
reviewing basics of simplicial complexes and Stanley—Reisner rings and modules,
we verify Theorem 1.2 and derive several combinatorial consequences. Section 4 is
devoted to applications of our results to the manifold g-conjecture. Finally, in the
Appendix, we prove a graded version of [Goto 1983, Proposition 3.6] — a result on
which our proof of Theorem 1.3 is based.

2. Duality in Buchsbaum rings

In this section, we prove Theorem 1.3. We start by recalling some definitions and
results pertaining to Buchsbaum rings and modules.

Let S=F[xy, ..., x,] be agraded polynomial ring withdegx; =1, i=1,2,...,n,
and let m = (xy, ..., x,) be the graded maximal ideal of S. Given a graded
S-module N, we denote by N (a) the module N with grading shifted by a € Z, that
is, N(a)j = Ny j. If M is a finitely generated graded S-module of Krull dimen-
sion d, then a homogeneous system of parameters (or h.s.0.p.) for M is a sequence
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® =46,...,0; € mof homogeneous elements such that dimy M/OM < oco. A se-
quence 61, ..., 0, € m of homogeneous elements is said to be a weak M-sequence if

O, 0 DM iy 0, = (01, ...,0 DM :ym

foralli =1,2,...,r. We say that M is Buchsbaum if every h.s.o.p. for M is a
weak M-sequence.

Let M be a finitely generated graded S-module and let ® be its h.s.o.p. The
function Pg p : Z — Z defined by

Po y(n) == dimg(M/(®©)" ' M)

is called the Hilbert—Samuel function of M with respect to the ideal (®). It is
known that there is a polynomial in n of degree d, denoted by pg um(n), such that
Po m(n) = pe m(n) for n > 0 (see [Bruns and Herzog 1993, Proposition 4.6.2]).
The leading coefficient of the polynomial pg j(n) multiplied by d! is called the
multiplicity of M with respect to the ideal (®), and is denoted by e (M). We will
make use of the following known characterization of the Buchsbaum property; see
[Stiickrad and Vogel 1986, Theorem 1.1.12 and Proposition 1.2.6].

Lemma 2.1. A finitely generated graded S-module M of Krull dimension d is
Buchsbaum if and only if , for every h.s.o.p. © of M,
=1
dimg(M/OM) — eq(M) = Z( l. ) dimg Hi (M).
i=0
We also recall some known results on canonical modules of Buchsbaum mod-
ules. For a finitely generated graded S-module M, the depth of M is defined by
depth(M) := min{i : H] (M) # 0}.
Lemma 2.2. Let M be a finitely generated graded S-module of Krull dimension d.
If M is Buchsbaum, then the following properties hold:
(1) wu is Buchsbaum.
(i) Hi(wy) = (HETYM))Y (as graded modules) for all i =2,3,...,d — 1.
(iii) If depth(M) > 2, then (Hlf{(a)M))V = M (as graded modules).
(iv) If ®isan h.s.o.p. for M, then ® is also an h.s.o.p. for wy; and eg(wp) =ee(M).
See [Stiickrad and Vogel 1986, Theorem 11.4.9] for (i) and (ii), [Schenzel 1982,
Korollar 3.13] or [Aoyama and Goto 1986, (1.16)] for (iii), and [Suzuki 1981,
Lemma 2.2] for (iv).
The following theorem is a graded version of [Goto 1983, Proposition 3.6]. The

original result by Goto is a statement about Buchsbaum /local rings. It may be
possible to prove Theorem 2.3 in the same way as in [Goto 1983] by replacing rings
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with modules and by carefully keeping track of grading. However, since we could
not find any literature allowing us to easily check this statement, we will provide
its proof in the Appendix.

Theorem 2.3. Let M be a finitely generated graded S-module of Krull dimension
d > 0. Assume further that M is Buchsbaum and that ® =0y, ..., 0, is an h.s.o.p.
for M with deg6; = §;. Let §¢ := ZieC 8; forC C[d]={1,2,...,d}. Then
(i) Z(O; M)/OM = B ccig Hu (M)(—5c). and
(1) there is an injection M/ X2 (®; M) — Hfl(M)(—(S[d]).
We are now in a position to prove Theorem 1.3.
Proof of Theorem 1.3. We first prove that R/ X (®; R) and wgr/ X (0; wg) have the
same [F-dimension. Indeed,
dimp(R/ X (®; R)) =dimp(R/OR) — dimp(2(0; R)/OR)
=1 -1
= ¢o(R) +Z< l. ) dimg Hi (R) — Z( l. ) dimg Hi (R)
i=0 i=0
d—1
_ : i
= ¢o(R) — Z( " ) dimg Hi (R),
i=1
where we use Lemma 2.1 and Theorem 2.3(i) for the second equality. Similarly,
since wg is Buchsbaum, the same computation yields

d—1
dime (xS wp) = eolwn) — Y () dime H ().

i=1
Now, since depth(R) > 2 by the assumptions of the theorem and since depth(wg) >2

always holds (see [Aoyama 1980, Lemma 1]), parts (ii) and (iv) of Lemma 2.2
guarantee that

dimg(R/X(0; R)) = dimg(wr/E(0; wg)).

Thus, to complete the proof of the statement, it suffices to show that there is a
surjection from R/ Z(®; R)(+4) to (wr/ X (0O; wg))". By Theorem 2.3(ii), there
is an injection

wr/Z(0; wg) - Ha(wr)(—9).

Dualizing and using Lemma 2.2(iii), we obtain a surjection
R(+8) = (Hy(@r)(=8))" = (wr/E(©; wg)". )
Since wg is an R-module, it follows from the definition of X (®; wg) that

2(0; R) - wg € X(0; wg).
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Hence
2(O; R) - (wr/Z(O; wg)) =0,

which in turn implies
2(0; R) - (wr/Z(O; wg))” =0. 3)
Now (2) and (3) put together guarantee the existence of a surjection
(R/Z(O; R))(+8) — (wr/Z(O; wg))”,
as desired. ]

Remark 2.4. The above proof also works in the local setting: it shows that if R is
a Buchsbaum Noetherian local ring with depth R > 2 (and if the canonical module
of R exists), then wg/ X (0O; wg) is isomorphic to the Matlis dual of R/ X (0®; R).

3. Duality in Stanley—Reisner rings of manifolds

In this section, we study Buchsbaum Stanley—Reisner rings and modules. Some
objects in this section such as homology groups, Betti numbers, and /’- and h”-
numbers depend on the characteristic of [F; however, we fix a field F throughout
this section and omit [ from our notation.

We start by reviewing basics of simplicial complexes and Stanley—Reisner rings.
A simplicial complex A on [n] is a collection of subsets of [n] that is closed under
inclusion. A relative simplicial complex W on [n] is a collection of subsets of [n]
with the property that there are simplicial complexes A D I" such that ¥ = A\T". We
identify such a pair of simplicial complexes (A, I") with the relative simplicial com-
plex A\ T. Also, a simplicial complex A will be identified with (A, &@). A face of
(A, I') is an element of A\I". The dimension of a face t is its cardinality minus one,
and the dimension of (A, I') is the maximal dimension of its faces. A relative sim-
plicial complex is said to be pure if all its maximal faces have the same dimension.

We denote by H;(A,T) the i-th reduced homology group of the pair (A, T")
computed with coefficients in F: when I' # @, ﬁ*(A, I') is the usual relative
homology of a pair, and when I' = &, ﬁ*(A, = ﬁ*(A) is the reduced homology
of A. The Betti numbers of (A, I') are defined by ,8~l~(A, I') := dimg ﬁi(A, ). If
A is a simplicial complex on [#] and T € A is a face of A, then the link of T in A is

Ika(r):={ce A:tUc €A, tNo =T}

For convenience, we also define lIka(t) = @ if T & A.
Let A be a simplicial complex on [r]. The Stanley—Reisner ideal of A (in §) is
the ideal
Ian=@G":7C[n], T¢A)CS,
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where x* = [];., xi. If (A, I) is a relative simplicial complex, then the Stanley—
Reisner module of (A, T") is the S-module

F[A, T = Ir/IA.

When I' = &, the ring F[A] =F[A, @] = §/14 is called the Stanley—Reisner ring
of A.

A relative simplicial complex (A, I') is said to be Buchsbaum if F[A, '] is a
Buchsbaum module. The following characterization of the Buchsbaum property was
given in [Schenzel 1981, Theorem 3.2]; a proof for relative simplicial complexes
appears in [Adiprasito and Sanyal 2016, Theorem 1.11].

Theorem 3.1. A pure relative simplicial complex (A, I') of dimension d is Buchs-
baum if and only if

H; (ka (1), Ikr (7)) = 0
for every nonempty face t € A\T and alli #d — |t]|.

In particular, if A is a homology manifold with boundary, then A and (A, dA) are
Buchsbaum (relative) simplicial complexes. (However, most Buchsbaum complexes
are not homology manifolds.)

Next, we discuss face numbers of Buchsbaum simplicial complexes. For a
relative simplicial complex (A, I') of dimension d — 1, let f; (A, I') be the number
of i-dimensional faces of (A, I") and let

j .
rd— .
(A, T) =Y (1) (d_;)ﬁ,l(A,F) for j=0,1,....d.
i=0

For convenience, we also define 4; (A, I') =0 for j > dim(A, I')+1. The A-numbers
play a central role in the study of face numbers of Cohen—Macaulay simplicial
complexes. On the other hand, for Buchsbaum simplicial complexes, the following
modifications of A-numbers, called 4’-numbers and 4”-numbers, behave better than
the usual #-numbers.

Recall that a linear system of parameters (or 1.s.0.p.) isan h.s.o.p. ® =6y, ..., 0y
consisting of linear forms. Note that when [ is infinite, any finitely generated graded
S-module has an l.s.o.p. The following result, established in [Schenzel 1981, §4]
(a proof for Stanley—Reisner modules appears in [Adiprasito and Sanyal 2016,
Theorem 2.5]), is known as Schenzel’s formula.

Theorem 3.2. Let (A, I") be a Buchsbaum relative simplicial complex of dimension
d — 1 and let ® be an l.s.o.p. for F[A,T'). Then, for j =0,1,...,d,

j—1
dimg (F[A, T1/OF[A, T); = hj (A, T) - (‘j) > 1T Bii(AL .
i=1
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In view of Schenzel’s formula, we define the 4’-numbers of a (d —1)-dimensional
relative simplicial complex (A, I') by

) d it .
AT = k(8.0 = () D B,
i=1

Furthermore, we define the h”-numbers of (A, ') by

dn -
MAJ*-()-_AJ*'M<' d.
R/(A,T) = ;A= )pia. 1) 0= j <
(A, T) if j=d.

We are now ready to prove Theorem 1.2.

Proof of Theorem 1.2. Let M = F[A, I']. Observe that
dimp(M/2(©; M)); =dimg(M/OM); — dimp(X(O; M)/OM);.

Since H. (M) = (HE (M))o = H;_ (A, T) for i <d (see [Adiprasito and Sanyal
2016, Theorem 1.8]), Theorem 2.3(i) implies

(C]l.)/?j_lm, ) if0<j<d-1,
0 if j>d.

dimg (2(O; M)/OM); =

The statement then follows from Theorem 3.2, asserting that dimp(M/OM); =
hl’.(A, IN) for all . O

It was proved in [Novik and Swartz 2009b, Theorem 3.4] that the j-th graded
component of the socle of F[A]/®F[A] has dimension at least (‘j) ,8~ i—1(A). This
implies that the 4”-numbers of a Buchsbaum simplicial complex form the Hilbert
function of some quotient of its Stanley—Reisner ring. A new contribution and the
significance of Theorem 1.2 is that it provides an explicit algebraic interpretation
of h’’-numbers via a submodule £ (®; —).

In the rest of this section we discuss a few algebraic and combinatorial appli-
cations of our results. As was proved by Kalai and, independently, Stanley [1993;
1996, Chapter 111, §9], if A 2 I' are Cohen—Macaulay simplicial complexes of the
same dimension, then /; (A) > h; (") for all i. The interpretation of the 4”-numbers
given in Theorem 1.2 allows us to prove the following generalization of this fact.

Theorem 3.3. Let A D I'" be Buchsbaum simplicial complexes of the same dimen-
sion. Then h(A) = h!(T) for all i.

Proof. We may assume that A and I" are simplicial complexes on [n] and that [ is
infinite. Let d = dim A + 1. Then there is a common linear system of parameters
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®=6,...,64 for F[A] and F[I"]. By the definition of X(®; —),

d
F[A]/Z(O; FIA]) = s/(<®) +3 (@1 B B+ L) s ek)>,
k=1

and an analogous formula holds for F[I']/ X (®; F[T"]). Since It D Ia, the above
formula implies that F[I"]/ £ (®; F[T']) is a quotient ring of F[A]/ £(®; F[A]). The
desired statement then follows from Theorem 1.2. O

Corollary 3.4. Let A be a Buchsbaum simplicial complex and let T € A be any
nonempty face. Then h(A) > h;(Ika (7)) for all i.

Proof. Consider the star of 7, sta(t) = {0 € A:0 Ut € A}. Then sta(t) is Cohen—
Macaulay (by Theorem 3.1 and Reisner’s criterion) and has the same dimension
as A, and so by Theorem 3.3 we have /! (A) > h}(sta(t)) for all i. The result
follows since lka (7) and st () have the same A-numbers (this is because sta () is
just a cone over lka (7); cf. [Stanley 1996, Corollary I11.9.2]) and since for Cohen—
Macaulay simplicial complexes the #”-numbers coincide with the A-numbers. [

Let R = S/I be a graded [F-algebra. The a-invariant of R is the number
a(R) = —min{k : (wgr)x # 0}.

This number is an important invariant in commutative algebra. When R is Cohen—
Macaulay, it is well-known that a(R) = max{i : h; (R) # 0} — dim R, where h; (R)
is the i-th ~A-number of R. (See [Bruns and Herzog 1993, §4.1] for the definition of
h-numbers for modules.) The following result provides a generalization of this fact.

Theorem 3.5. Let R=S/1 be a Buchsbaum graded F-algebra of Krull dimension d
with depth(R) > 2, and let ® =0y, ..., 6, be an L.s.o.p. for R. Then

a(R) = max{k : (R/Z(O®; R); #0} —d.

In particular, for any connected Buchsbaum simplicial complex A of dimension
d — 1, we have a(F[A]) = max{k : b} (A) # 0} —d.

Proof. Let m = max{k : (R/ Z(®; R)); # 0}. Then by Theorem 1.3,
min{k : (wgp/2(O; wr))x #0} =d —m.

As min{k : (wg)r # 0} = min{k : (wr/Owg)i # 0}, the theorem would follow if we
prove that min{k : (wg/Owg)r # 0} =d —m. To this end, it is enough to show that

(Z(O; wr)/Owr)y =0 for k<d—m—1. €))

Since mHél(R) =0 for i < d (see [Stiickrad and Vogel 1986, Proposition 1.2.1]),
we conclude from Theorem 2.3(i) that m(X(®; R)/®R) = 0. Furthermore, since
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(R/OR), = (X(O; R)/OR); for k > m + 1, it follows that, for k > m + 2,
(2(0; R)/OR); = (R/OR); = (m(R/OR)); = (m(X(O; R)/OR))x =0.
The isomorphism

=(®; R)/OR = P HY(R)(-=IC)
C<ld]

established in Theorem 2.3(i) then implies that
Hi(R);=0 foralli<d—1, j>m+2—i.
Therefore,
(HITHTH R (i) =0 forall 2<i<d—1, —(k—i)>m+2—(d—i+1),
and so
(HI=HTY(RYY (i) =0 forall 2<i<d—1, k<d—m—1. (5)
Finally, since depth(wg) > 2, we infer from Theorem 2.3(i) and Lemma 2.2(ii) that

(0 0p)/00r = P HYIwr)(-ICh=E @ HITR)Y(-IC)D.
CCld]IC|=2 CCldlIC|=2

The above isomorphisms and (5) then yield the desired property (4). O

Observe that, by Hochster’s formula on local cohomology [Bruns and Herzog
1993, Theorem 5.3.8], if A is a (d — 1)-dimensional Buchsbaum simplicial com-
plex, then —a(F[A]) equals the minimum cardinality of a face whose link has a
nonvanishing top homology. Thus the “in particular” part of Theorem 3.5 can be
equivalently restated as follows: if, for every face T € A of dimension < d — k, the
link of 7 has vanishing top homology, then 7} (A) = 0. For the case of homology
manifolds with boundary, faces with vanishing top homology are precisely the
boundary faces; in this case, the above statement reduces to [Murai and Nevo 2014,
Theorem 3.1].

A sequence hg, hy, ..., h, of numbers is said to be unimodal if there is an
index p such that ho <hy <---<h, >--- > hy,. It was proved in [Murai 2010]
that the 2”-numbers of the barycentric subdivision of any connected Buchsbaum
simplicial complex form a unimodal sequence. Here we use the Matlis duality
established in Theorem 1.3 to generalize this result to Buchsbaum polyhedral
complexes. (We refer our readers to [Murai 2010] for the definition of barycentric
subdivisions.)

Theorem 3.6. Let A be the barycentric subdivision of a connected polyhedral
complex T of dimension d — 1. Suppose that the characteristic of F is zero and
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A is Buchsbaum. Then, for a generic choice of linear forms ® =6y, ..., 6,4, and
0411 € F[A], the multiplication

XOq+1 : (F[A]/Z(O; F[A]); — (F[A]/X(O; F[A]))i+1

is injective for i < % — 1 and is surjective for i > %. In particular, the sequence

5.
h(A), h{(A), ..., hj(A) is unimodal.

Proof. By genericity of linear forms, ® =0y, ..., 6; is a common l.s.0.p. for F[A]
and wra]. Let P be the face poset of I'. Then the Stanley—Reisner ring F[A]
is a squarefree P-module (a notion introduced in [Murai and Yanagawa 2014,
Definition 2.1]); furthermore, by [Murai and Yanagawa 2014, Theorem 3.1] wf[a]
is also a squarefree P-module. It then follows from [Murai and Yanagawa 2014,
Theorem 6.2(ii)] that the multiplication maps

x0g41 1 (F[A]/OF[A]; — (F[A]/OF[ADi+1 (6)
and
X 0411 : (wra1/ (OwFa])i = (WF ]/ (OwerF[a]))i+1

are surjective for i > %. (While Cohen—Macaulayness was assumed in [Murai
and Yanagawa 2014, Theorem 6.2], one can see from their proof of the theorem
that this assumption was used only in the proof of part (i) and is unnecessary
to derive surjectivity.) Since ®F[A] is contained in X (®; F[A]), the map in (6)
remains surjective if we replace @F[A] with £ (®; F[A]), and a similar statement
holds for wrja]. These surjectivities and the Matlis duality F[A]/Z(©; F[A]) =
(wra1/ Z(O; wrpa1))Y (d) of Theorem 1.3 yield the desired statement. U

In fact, in view of results from [Juhnke-Kubitzke and Murai 2015], it is tempting
to conjecture that if A is a barycentric subdivision of a Buchsbaum regular CW-
complex of dimension d — 1, then even the sequence

e/ (8) e/ (4). s/ (3. o/ ()

is unimodal.
We close this section with a couple of remarks.

Remark 3.7. Our results on h”-vectors can be generalized to the following setting.
Consider a finitely generated graded S-module M of Krull dimension d such that

H. (M) = (H.(M))o forall 0<i <d. @)

Define the /'~ and 2”-numbers of M in the same way as for the Stanley—Reisner
modules but with dimg(H(M)) used as a replacement for ,5 i—1(A,T'). Then
suitably modified statements of Theorems 1.2 and 3.2 continue to hold for such an M.
Furthermore, if M satisfies (7), then M must be Buchsbaum (see [Stiickrad and Vogel
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1986, Proposition 1.3.10]), in which case wy, also satisfies (7) by Lemma 2.2(ii).
In particular, if A is an arbitrary connected Buchsbaum simplicial complex of
dimension d — 1, then

! (wpa)) = B (FIA]) forall i =0,1,....d.

Remark 3.8. A statement analogous to Corollary 1.4 also holds for homology
manifolds without boundary. Indeed, if A is an orientable homology manifold
without boundary, then by Gribe’s result [1984], F[A] is isomorphic to its own
canonical module, and hence, by Theorem 1.3, F[A]/ X (®; F[A]) is an Artinian
Gorenstein algebra. This fact was essentially proved in [Novik and Swartz 2009a,
Theorem 1.4].

Let us also point out that if A is a connected orientable homology manifold with
or without boundary, then for M = F[A] the statement of part (ii) of Lemma 2.2
is a simple consequence of the Poincaré—Alexander—Lefschetz duality along with
Gribe’s result [1984] that wy = F[A, 0A].

4. Applications to the manifold g-conjecture

In this section we discuss connected orientable homology manifolds without bound-
ary. One of the most important open problems in algebraic combinatorics is the
algebraic g-conjecture; it asserts that every homology sphere has the weak Lefschetz
property (the WLP, for short). Kalai proposed [Novik 1998, Conjecture 7.5] a
far-reaching generalization of this conjecture to homology manifolds. Using the
¥ (0O, —) module allows us to restate Kalai’s conjecture as follows.

Conjecture 4.1. Let A be a connected orientable F-homology (d — 1)-manifold
without boundary. Then, for a generic choice of linear forms ® = 01, ...,0,,
the ring F[A]/ X (O; F[A]) has the WLP; that is, for a generic linear form w, the
multiplication

xw: (F[A]/2(0; F[AD)a/2) — (FIA]/Z(O; F[AD) a/2)+1
is surjective.

It is worth mentioning that while Kalai’s original statement of the conjecture did
not involve X (®, —), the two statements are equivalent (see [Novik and Swartz
2009a] and Remark 3.8 above). Somewhat informally, we say that A (or F[A])
has the WLP if A satisfies the conclusions of the above conjecture. Enumerative
consequences of this conjecture are discussed in [Novik and Swartz 2009a, §1].

Given a finite set A, we denote by A the simplex on A, i.e., the simplicial complex
whose set of faces consists of all subsets of A. When A = {a} consists of a single
vertex, we write a to denote the vertex a, viewed as a O-dimensional simplex. If
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A and I' are two simplicial complexes on disjoint vertex sets, then the join of A
and I', A x T, is the simplicial complex defined by

AxIN:={cUt:0€ A, Tel}.

Finally, if A is a simplicial complex and W is a set, then Ay ={oc € A: 0 C W}
is the subcomplex of A induced by W.

Let A be a (d — 1)-dimensional homology manifold, and let A and B be disjoint
subsets such that |A|+|B| =d+1. If Asup = A*d B, then the operation of removing
A% 9B from A and replacing it with dA B is called a (|B| — 1)-bistellar flip. (For
instance, a O-flip is simply a stellar subdivision at a facet.) The resulting complex
is a homology manifold homeomorphic to the original complex.

The following surprising property was proved by Pachner [1987; 1991]: if A,
and A, are two PL. homeomorphic combinatorial manifolds without boundary, then
they can be connected by a sequence of bistellar flips. Since the boundary complex
of a simplex has the WLP, Pachner’s result suggests the following inductive approach
to the algebraic g-conjecture for PL spheres: prove that bistellar flips applied to
PL spheres preserve the WLP. Swartz showed [2014, §3] that most bistellar flips
applied to homology spheres preserve the WLP. Here we extend Swartz’s results
to the generality of orientable homology manifolds without boundary:

Theorem 4.2. Let A be a (d — 1)-dimensional, connected, orientable homology
manifold without boundary. Suppose A’ is obtained from A via a (p — 1)-bistellar
flip with p # 3(d + 1) if d is odd and with p ¢ {4, 1(d +2)} if d is even, and let ®
be a common l.s.o.p. for F[A] and F[A']. Then F[A']/ 2(©; F[A']) has the WLP if
and only if F[A]/ 2(®; F[A]) has the WLP.

If A is a simplicial complex and o is a face of A, then the stellar subdivision of A
at o consists of (i) removing o and all faces containing it from A, (ii) introducing
a new vertex a, and (iii) adding new faces in a * do x lka (0) to A:

sdy (A) := (A \sta(o)) U (a 00 x1ka(0)).

A classical result due to Alexander [1930] asserts that two simplicial complexes are
PL homeomorphic if and only if they are stellar equivalent; that is, one of them can
be obtained from another by a sequence of stellar subdivisions and their inverses.
Thus, a different approach to the algebraic g-conjecture (at least for PL. manifolds)
is to show that the WLP is preserved by stellar subdivisions and their inverses.
Bohm and Papadakis proved [2015, Corollary 4.5] that this is the case if one applies
stellar subdivisions at faces of sufficiently large dimension (or their inverses) to
homology spheres. We extend their result to the generality of orientable homology
manifolds without boundary:
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Theorem 4.3. Let A be a (d — 1)-dimensional, connected, orientable F-homology
manifold without boundary and let o be a face of A with dimo > 4. Then F[A]

>
has the WLP if and only if F[sd, (A)] has the WLP.

The structure of the proofs of both theorems is similar to the proof of [Swartz
2014, Theorem 3.1]. The new key ingredient is given by the following lemma.
Recall that A is an F-homology (d — 1)-sphere if A is an F-homology manifold
whose homology over F coincides with that of S¢~1. Similarly, A is an F-homology
ball if (i) A is an F-homology manifold with boundary, (ii) the homology of A
(over ) vanishes, and (iii) the boundary of A is an F-homology sphere.

Lemma 4.4. Let A be a (d — 1)-dimensional F-homology manifold without bound-
ary, I' a full-dimensional subcomplex of A, and ® an Ls.o.p. for F[A]. Assume
further that U is an F-homology ball, and let D be the simplicial complex obtained
from A by removing the interior faces of I'. Then D is an F-homology manifold with
boundary and the natural surjection F[A] — F[I'] induces the short exact sequence

0— F[D, 0D]/2(O; F[D, 0D]) — F[A]/ 2(®; F[A]) — F[I']/(®F[T']) — 0.

Proof. The fact that D is a homology manifold with boundary follows by a standard
Mayer—Vietoris argument (note that dD = dI" is a homology (d — 2)-sphere).
Furthermore, by excision and since I" has vanishing homology,

Bi(D,dD) = B;i(A,T)=B;i(A) forall i. (8)

Now, using that the homology ball I is a full-dimensional subcomplex of A, we
conclude as in the proof of Theorem 3.3 that there is a natural surjection

¢ F[A]/2(O; F[A]) — F[T]/(OFI']) = F[I"']/ Z(O; F[T']). ©)
Thus, to finish the proof of the lemma, it suffices to show that the kernel of ¢ is
F[D, 0D]/2(®; F[D, 0 D]). This, in turn, would follow if we verify that
(1) Ker(¢) is a quotient of F[D, 0D]/X(®; F[D, dD]), and
(ii) dimg(Ker(¢)); = dimg(F[D, 0D]/X(®; F[D, 9D])); for all j.

For brevity, let R = F[A] and let I = F[D, dD]. Since (D,dD) = (A, T') as
relative simplicial complexes, it follows that [ is an ideal of R, and R/I is F[T'].
Thus our surjection ¢ is the projection ¢ : R/¥(®; R) - R/(I + ®R). Hence

Ker(¢) = (I +OR)/X(0; R) = (I + X(0; R))/X(O; R) =1/(I1 N X(O; R)),

which together with an observation that I N X(®; R) contains X(®; I) yields
assertion (i). To see that I N X(®; R) D X(O®; I), note that, since I is a sub-
set of R, ®I is contained in ®R, and (64, ..., éi, ...,01 :; 6; is contained in
@, ..., é,', ...,0)R g 6; for all i € [d]; therefore X(®; R) D X(®; I).
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As for assertion (ii), the dimension of the kernel of ¢ can be computed as follows:
by (9) and Theorem 1.2,

dimg (Ker(¢)); = hj’/(A) —h;(I"). (10)

Now, since each face of A is either a face of (D, d D) or a face of I' (but not of
both), f;(A) = fi(D,dD)+ f;(I') foralli > —1, and so

hj(D,dD) =h;j(A)—h;(I') forall j>0. (11)
Equations (8), (10) and (11) yield
dimg (Ker(¢)); =h}’(D, 0D)=dimg(F[D, dD]/2(®; F[D, 0D])); forall j>0,
where the last equality is another application of Theorem 1.2. The lemma follows. [

Another ingredient needed for both proofs is the following immediate conse-
quence of the snake lemma.

Lemmad4.5. Let0— L — N — M — 0 be an exact sequence of graded S-modules,
let w € S be a linear form, and let k be a fixed integer. Assume also that the map
Xw : My — My is bijective. Then the map Xw : Ny — Ny is surjective if and
only if the map Xw : Ly — Ly is surjective.

We are now ready to prove both of the theorems.

Proof of Theorem 4.2. We are given that A’ = (A \ (A *3dB)) U (A % B), where
|B| = p. Let D be the simplicial complex obtained from A by removing the interior
faces of the ball I'; = A % d B; equivalently, D is obtained from A’ by removing the
interior faces of I, = dA = B. Since I'y and I, are full-dimensional subcomplexes
of A and A, and © is an 1.s.0.p. for both F[A] and F[A'], it is also an l.s.o.p. for
both F[I";] and F[I;]. Hence

L ifj<p-1,

dimg(F[T']/OF[I'1]); = hj(A*9B) = h;j(dB) = {0 il

12

which implies that F[I'1]/OF[I'1] = F[x]/(x?). Similarly, we have F[I;]/ ©OF[I3]

Flx]1/ (x4=P*1). These isomorphisms together with the assumption p ¢ {%, %, d%}

yield that, for a generic choice of a linear form w, the multiplication map

xw : (F[;1/OF[ D a/2) — (FII1/OF D 1a/2)+1

is bijective for i € {1, 2}.

Applying Lemma 4.4 to A and I'j, we can conclude from Lemma 4.5 that
F[A]/Z(®; F[A]) has the WLP if and only if, for a generic linear form w, the
multiplication

NS}

xw: (F[D,dD]/X(O; F[D, dD])aj2) = (F[D, dD]/X(O; F[D, I D1)) (a/2j+1
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is surjective. On the other hand, by Lemma 4.4 applied to A’ and I, the latter
condition is equivalent to the WLP of F[A"]/ X (®; F[A']). O

Proof of Theorem 4.3. Let D be the homology manifold obtained from A by
removing the interior faces of the homology ball I'} = sta(o); equivalently, D
is obtained from sd, (A) by removing the interior faces of the homology ball
[ =a*0d0 *1ka (o). As the proof of Theorem 4.2 shows, to verify Theorem 4.3,

it suffices to check that, for a generic choice of linear forms ® =6y, ..., 6; and
another generic linear form w, the multiplication
xw : (F[[;1/OF[ D ja/2) — (FIT 1/ OFT]) 14241 (12)

is bijective for each i € {1, 2}.
In the case of i = 1, the desired bijection is an immediate consequence of the
fact that

dimg (F[T ]/ OF[T'1]); = hj(sta(0)) = hj(dka(o)) =0 for j>d —|o|+]1

and the assumption |o| > % + 1. We now prove that the map in (12) is also bijective
for i = 2. To this end, observe that the homology (d — 2)-sphere 9a * 1k (o) is
the boundary of the homology (d — 1)-ball ¢ * lka (o), and hence 9o * lka (o)
is (d — |o|)-stacked. (A homology (d — 2)-sphere is called (d — k)-stacked if it
is the boundary of a homology ball that has no interior faces of size < k — 1.)
It then follows from [Swartz 2014, Corollary 6.3] that do *1ka (o) has the WLP.
This, in turn, implies that the map in (12) is surjective, as F[[;] is a polynomial
ring over F[do * lka(0)]. Also, since |o| > % + 1, we infer from [McMullen
and Walkup 1971, Theorem 2] and the (d — |o|)-stackedness of d * 1k (o) that
h[d/ZJ (8(_7 *lkA(O’)) = hLd/ZH-] (35’ *]kA(U)). As I and do *]kA(J) have the same
h-vector, we conclude that h |42 (I2) = h|4/2)+1(I2), and therefore that the map
in (12) is bijective. |

Let A be a triangulation of a closed surface and assume that one of the vertices
of A is connected to all other vertices of A. Then by [Novik and Swartz 2009a,
Theorem 1.6], A has the WLP. However, the problem of whether every triangulation
of a closed surface other than the sphere possesses the WLP is at present wide open.

Remark 4.6. Note that if A is an arbitrary odd-dimensional Buchsbaum complex
(e.g., a homology manifold), then there exists a simplicial complex I' that is PL
homeomorphic to A and has the WLP in characteristic 0. Simply take I to be the
barycentric subdivision of A: the WLP of I is guaranteed by Theorem 3.6.

Appendix: Proof of Theorem 2.3

The goal of this appendix is to verify Theorem 2.3. Our proof is based on the
proof of [Novik and Swartz 2009b, Theorem 2.2], and so some details are omitted.
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Let M be a finitely generated Buchsbaum graded S-module of Krull dimension d,
and let ® = 61, ...,6; be an h.s.o.p. for M with deg6;, = 6;. We write ¢ =
Zi cc 0 for C C [d]. We need the following result (see [Stiickrad and Vogel 1986,
Lemma I1.4.14']).

Lemma A.1. There is an isomorphism

HL(M/((61,...,0)M)) = @ HICH (MY (=8¢) forall i, j with i+ j <d.
Cclj]

We use the following notation: if C C [d], then M (C) is defined by
M(C)=M/((6;:i ¢ C)M).

By [Stiickrad and Vogel 1986, Proposition 1.2.1], if C C [d] and s € [d] \ C, then
Htg(M (CU{s})) =0 :pm(cuis) Os. This leads to the short exact sequence

0— M(CU{S})/Hn(z(M(CU{s}))(—BS) LN M({CU{s}) "> M(C) — 0, (13)

where 7 is a natural projection. This short exact sequence gives rise to exact
sequences

0 — HE(M(CU{s})) Z5> HE(M(C)) 25 HA L (M(CU{s})(—8;) —> 0 (14)
for k < |C|, and
0 — HIC(M(C U{s}) 25 HIC(M(C)) L5 HICH (M(C U{sh)(=8,), (15)

where we denote by ¢} the connecting homomorphism.
Similarly, if C C [d], |C| <d —2, and s, t € [d]\ C, we obtain the commutative
diagram
0 —— M(CU{s})/HA(M(CU{s}))(—8;) X—9S>M(CU{S}) LM(C) —0
0 — M(CU{s, t})/HI(M(CU{s, 1}))(—3s) ﬁM(CU{s, t}) ﬂ>M(CU{t}) —0

This diagram, in turn, induces the commutative diagram

HL(M(C)) —2 s HIFN(M(C U {s)))(=8,)

}T: T”’* (16)

HL(M{C U (1))~ HiF (M(C U (5. 1)))(—5,)
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Now, for k =2, 3, ..., d, define the maps ¢, and ¥ as compositions:
o s HO(M(2)) 2 HY (M (1) (=8p17) 2> “"—> HEN (M ([ — 1) (—8p—17),
Y s HO(M (k1) - HE (M ([1UIKR) (=81 2>+ =5 HEN (M ([K1) (=815 _1).

Then the commutativity of (16) implies the commutativity of

HOM(@)) —2— HEV (M ([k — 11))(—8—1)

/‘\77;‘ /‘\n;‘ (17)

HO(M (k) —2 s HE=V(M (K1) (—8—1))

To prove part (ii) of Theorem 2.3, we consider the diagram

X
Ty

HY(M({1})) Hy (M(2))

HO(M{(2}) —2— HL(M[21))(—811) ————— HL(M([11))(~5p1))

HOM ({d})) — HI=N (M {d1) (=81a—17) ——s HI (M ([d — 11))(=S1a—17)

Pa

H (M ([d1)(=81a1)

The surjectivity of ¢ in (14) implies that v is surjective. Hence, in each horizontal
line of the diagram,

Im(7; oY) = Im(rr}). (18)
Also, since the sequence in (15) is exact, it follows that in the diagram we have
Ker(¢;) = Im(x)). (19)

Define ¢g11 = ¢ o --- 0 ¢} to be the composition of the vertical maps in the
diagram. By (15), each ;" (in the diagram) is injective, and we conclude that

d d
Ker(¢ar1) = @) Im(ry) = € Hy™ (MK (=dp—1) (20)

k=1 k=1
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as F-vector spaces. In addition, using (18) and the commutativity of (17), we obtain
that Ker(¢,+1) is the sum of the images of

¢ Hy(M({k}) — Ho(M(2)) = M/OM.
Finally, since
HO M) = (01, ... s 00)M 231 6 /(01 ... s, OOM
and since ;" is a natural projection, it follows that
Ker(¢g+1) = 2(©; M)/OM.

This proves Theorem 2.3(ii) since ¢4 is a map from M/OM to Hfl(M )(=61a7)-

It remains to verify Theorem 2.3(i). Recall that Ker(¢,1) is the sum of im-
ages of H,g(M ({k})) and that, by [Stiickrad and Vogel 1986, Proposition 1.2.1],
m- ngl(M ({k})) =0. Hence the modules in (20) are in fact isomorphic as S-modules
(since they are direct sums of copies of ). Thus we infer from (20) and Lemma A.1
that

d
=(©; M)/OM =Ker(¢ar1) = P HE™ (M (K1) (—8 1)
k=1

d
;@[ &b H,LC+kI(M)(—5cu[k—1])]

k=1"=CC[d]\[k]

12

P HIC () (—sc),

CGld]

as desired. O

Remark. As the proof in this appendix is based on the proof of [Novik and Swartz
2009b, Theorem 2.2], it is worth pointing out that their paper contains a minor
mistake. Indeed, the short “exact” sequence that appears three lines after their
statement of Theorem 2.4 is not necessarily exact. However, this mistake can be
easily corrected by replacing this sequence with the short exact sequence of (13).
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Analytic functions on tubes
of nonarchimedean analytic spaces

Florent Martin
Appendix by Christian Kappen and Florent Martin

Let k be a discretely valued nonarchimedean field. We give an explicit description
of analytic functions whose norm is bounded by a given real number r on tubes
of reduced k-analytic spaces associated to special formal schemes (including
k-affinoid spaces as well as open polydiscs). As an application we study the
connectedness of these tubes. In the discretely valued case, this generalizes
a result of Siegfried Bosch. We use as a main tool a result of Aise Johan de
Jong relating formal and analytic functions on special formal schemes and a
generalization of de Jong’s result which is proved in the joint appendix with
Christian Kappen.

1. Introduction

Let us temporarily consider a nonarchimedean nontrivially valued field k. We work
with k-analytic spaces, which were introduced by Vladimir Berkovich [1990; 1993]
(and we always consider strictly k-affinoid and strictly k-analytic spaces). If X is a
k-affinoid space, its ring of analytic functions A is a k-affinoid algebra which has
nice algebraic properties. A k-analytic space is connected if and only if its ring of
global analytic functions contains no nontrivial idempotents. In concrete situations,
if X is a k-affinoid space, one can expect to use the nice algebraic properties of its
k-affinoid algebra A to study the connectedness of X. For more general k-analytic
spaces, it might be difficult to deal with their ring of global analytic functions. For
instance, the ring of global analytic functions of the open unit disc is not Noetherian.
The starting point of this work is to use generic fibres of special formal schemes to
overcome this difficulty in certain situations.

A result of Siegfried Bosch. Our motivation is a generalization as well as a new
proof of a result due to Siegfried Bosch [1977] in the discretely valued case. Let us
consider a k-affinoid algebra .4 and let X be the associated k-affinoid space. Let x be
arigid point of X, m, the associated maximal ideal of .4 and X the image of x under

MSC2010: primary 14G22; secondary 13F25, 13F40.
Keywords: affinoid spaces, tubes, semiaffinoid, reduction.
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the reduction map red : X — X (for the definition and properties of the reduction
map, we refer to [Bosch et al. 1984, Section 7.1.5] for rigid spaces and to [Berkovich
1990, Section 2.4] for k-analytic spaces). Let X (x) := red1(%). Following Pierre
Berthelot’s terminology [1996, Définitions 1.1.2], we call X, (x) the tube of x
in X. Bosch proves that if X is distinguished and equidimensional, X, (x) is
connected. This connectedness result is a corollary of the main result of [Bosch
1977, Theorem 5.8], which asserts that if X is distinguished and equidimensional,

then o o
I(X+(x), OF) 22 (A)NCAHM) 2 1im A7/ (- A° + )"
n

where ¢ € k with 0 < [z| < 1, O% denotes the sheaf of analytic functions f such that
[flsup <1, n;x :=m, N.A° and " denotes the completion with respect to an ideal.

Analytic functions and formal functions. For the rest of the article, we assume
that k is discretely valued, with nontrivial valuation. We denote its valuation ring
by R and we fix a uniformizer 7. Following [Berkovich 1996, Section 1], we say
that an adic R-algebra A is a special R-algebra if it is isomorphic to a quotient of
R(T\, ..., T,)[S1, ..., S:] equipped with the (7, Sy, ..., S,)-adic topology. Let
X := Spf(A) be its associated formal R-scheme. Following a construction due
to Berthelot [1996, 0.2.6] for rigid spaces and extended to k-analytic spaces by
Berkovich [1996, Section 1], one can associate to X a k-analytic space denoted by
X, called its generic fibre. For instance, if A = R(T1, ..., T,,)[[S1, ..., S,]l, then
X, >~ E™ x B", where we denote by E™ the m-dimensional closed unit polydisc and
by B" the n-dimensional open unit polydisc. Following the terminology introduced
by Christian Kappen [2010; 2012], we say that A := A ®g k is a semiaffinoid
k-algebra. Up to canonical isomorphism, the k-analytic space X, depends only on
the semiaffinoid k-algebra A and we call it a semiaffinoid k-analytic space (this
should not be confused with semiaffinoid k-spaces in [Kappen 2010; 2012]). So
we can functorially associate to a semiaffinoid k-algebra a k-analytic space. If A is
R-flat, one gets a natural injection A — I"(X,, O;’En). When A is in addition normal,
it was proven by A.J. de Jong [1995, Theorem 7.4.1] that

A~T(X,, O%,)-
For the applications we have in mind, we need the following generalization, which
was already stated without proof in [de Jong 1995, Remark 7.4.2].

Theorem 2.1. Let A be a reduced special R-algebra which is R-flat and integrally
closed in AQ Rk, and let X be the associated k-analytic space. Then A>T (X, O%).

Let us mention that if A is a special R-algebra which is R-flat and integrally
closed in A ®g k, then A is automatically reduced (see the argument in [Kappen
2012, Remark 2.7]). Hence one can remove the assumption that A is reduced in the
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above theorem if necessary. Theorem 2.1 easily follows from the following result,
which is proved in the appendix with Christian Kappen.

Theorem A.8. Let A be a reduced semiaffinoid k-algebra, and let X be the associ-
ated k-analytic space. Then A~ {f € I'(X, Ox) | | f|sup < 00}.

Main result. Actually, the tube X (x) is a semiaffinoid k-analytic space. Therefore,
it seemed very natural to us to look for a generalization and a more direct proof of
Bosch’s result [1977, Theorem 5.8] using special formal R-schemes, semiaffinoid
k-algebras and de Jong’s result as well as its generalization (Theorem 2.1). This is
the content of this article. Let us fix X a reduced semiaffinoid k-analytic space. Let
fioo fn e T(X, OF%) and let

U=xeX||fix)|<1Vi=1,...,n}.
Theorem 3.1 and Proposition 5.13. With the above notations,
L'(X, O)"UtI0 ~ (U, 0%). (1)

More generally, for any positive real number r, I' (X, (’))Sfr)A(f1 """ M ~T(U, O;r),
where Of(r is the sheaf of analytic functions f such that |f| <r.

In Section 4 we associate to a semiaffinoid k-analytic space X its canonical
reduction X, which is a k-scheme of finite type, and a canonical reduction map
red: X — X. If X is a k-affinoid space, then red coincides with the reduction map
of [Berkovich 1990, Section 2.4]. We prove the following result:

Corollary 4.14. Let Z C X be a connected Zariski closed subset. Then red™! (2)
is connected.

We want to stress that our results hold under the assumption that k is discretely
valued, whereas this assumption is not made in [Bosch 1977]. We conjecture
that Theorem 3.1 holds for any nontrivially valued nonarchimedean field k£ and
for any reduced k-affinoid space (with (f1, ..., f,) replaced by (¢, fi,..., fu)
for some ¢ € k* with |¢] < 1). We do not see how this could be done using the
techniques of [Bosch 1977]. We believe that quasiaffinoid k-algebras (which are
a generalization of special R-algebras and semiaffinoid k-algebras to arbitrary
nonarchimedean nontrivially valued fields [Lipshitz and Robinson 2000]) might be
a good framework to tackle this. We also want to stress that our results are more
general and the proofs simpler than in [Bosch 1977] regarding the following points.

— The proof we give of (1) is pretty short: one has to use Theorem 2.1 and a certain
compatibility between integral closure and tensor product for excellent rings (whose
use was suggested to us by Ofer Gabber).

— The explicit description of the rings I'(U, O%) given in Theorem 3.1 holds for any
tube, whereas in [Bosch 1977] this was proved only for tubes over closed points.
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— For a positive real number r, we extend Bosch’s result to analytic functions f
such that | f|sup < r (Proposition 5.13).

— Unlike in [Bosch 1977], we do not assume that X is distinguished or equidi-
mensional. Hence, Corollary 4.14 answers positively in the discretely valued case
the question raised by Jérome Poineau [2014, Remarque 2.9]. Let us point out
that using Bosch’s result, Antoine Ducros [2003, Lemma 3.1.2] proved that when
k is algebraically closed and X is equidimensional and reduced, the tube of a
connected Zariski closed subset of X in X is connected; afterwards Poineau [2014,
Théoreme 2.8] (still relying on Bosch’s result) proved the same statement for any &
and assuming only that X is equidimensional.

— Our results hold not only for k-affinoid spaces, but also for semiaffinoid k-analytic
spaces.

Organization of the paper. In Section 2, we give general facts about semiaffinoid
k-analytic spaces. In Section 3, we prove the main result of the article, Theorem 3.1.
In Section 4, we define and study the canonical reduction of semiaffinoid k-analytic
spaces, and apply it to study the connectedness of tubes. In Section 5, we prove
Proposition 5.13, which is the graded version of Theorem 3.1. In Section 6, we
grasp additional remarks about semiaffinoid k-analytic spaces. The joint appendix
with Christian Kappen aims to prove Theorem A.8.

2. Semiaffinoid k-analytic spaces

Following [Kappen 2012, Definition 2.2], we say that a k-algebra A is a semiaffinoid
k-algebra if it is of the form A ®g k for some special R-algebra A. Equivalently, a
semiaffinoid k-algebra is a quotient of R(Ty, ..., T,,)[[S1, ..., Spll ®g k for some
given integers m and n. The category of semiaffinoid k-algebras is defined as
the category whose objects are semiaffinoid k-algebras and whose morphisms are
k-algebra morphisms. In particular, the category of k-affinoid algebras is a full
subcategory of the category of semiaffinoid k-algebras. If A is a semiaffinoid
k-algebra, a special R-model of A is an R-flat special R-algebra A such that there
exists an isomorphism of k-algebras A®rk >~ A. If A is an R-flat special R-algebra,
one has a natural inclusion A — A := A ®pg k and through this inclusion, A is
identified with a special R-model of .A. One can define a functor from the category
of semiaffinoid k-algebras to the category of k-analytic spaces [Kappen 2012,
Section 2C1]. If A is a semiaffinoid k-algebra, its associated k-analytic space X is
called a semiaffinoid k-analytic space. For any special R-model A of A, one has a
natural isomorphism X >~ Spf(A),. If f € A, we set | f|sup :=supf{| f(x)| | x € X}
and we define

-AO:{fG-AHflsupfl}-
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It is proved in the Appendix (Theorem A.8) that if the semiaffinoid k-algebra A is
reduced, one has an isomorphism

A~{f el'(X,Ox) | Iflsup < 00},

We are particularly interested in the following consequence of this result.

Theorem 2.1. Let A be a reduced special R-algebra with associated k-analytic
space X. Let us assume that A is R-flat and integrally closed in A ®g k. Then
A=T(X,0%).

Proof. Let A= A ®g k. By definition, A is a reduced semiaffinoid k-algebra, so
thanks to Theorem A.8, one has A° >~ I'(X, O%). According to [Kappen 2012,
Corollaries 2.10 and 2.11] A° is a special R-algebra which contains A, and the
inclusion A C A° is integral. Since by assumption A is integrally closed in A, A is
also integrally closed in A°. So A ~ A° ~T'(X, O%). (Il
Corollary 2.2. Let A be a reduced semiaffinoid k-algebra with associated k-
analytic space X.

(i) The R-algebra I (X, O%) is a reduced special R-algebra.

(i1) If A is a reduced special R-algebra such that A Qg k >~ A, then I'(X, O%) is
isomorphic to the integral closure of A in A Qg k.

Proof. Let A be a reduced special R-model of A, so that AQgk >~ A. Let A’ be the
integral closure of A in A. Since A is excellent (see [Valabrega 1975; 1976]), A’ is a
finite A-algebra, so A’ is a reduced special R-algebra. Since A’ @rk > AQrk >~ A,
the k-analytic spaces attached to A and A" are both isomorphic to X. So thanks
to Theorem 2.1, I'(X, O%) >~ A’, which is a special R-algebra. This proves (i)
and (ii). U
Example 2.3. The two statements of Corollary 2.2 do not hold for nonreduced
semiaffinoid k-algebras. For instance, if A= (R[T1, T21®rk)/( T22) with associated
k-analytic space X, then any element of I"(X, O%) is of the form f(T7) + g(T1) 1>,
where f(T1) € R[[T1] and g(7y) is an arbitrary analytic function on the open unit
disc. We can choose g(T7) such that g(7T7) ¢ R[[T1]] ®g k (in mixed characteristic,
one could take g = log). This gives a counterexample to the statements (i) and (ii)
of Corollary 2.2 (for (i), see [Kappen 2012, Remark 2.7]).

Corollary 2.4. The functor
{semiaffinoid k-algebras} — {k-analytic spaces}
is faithful and its restriction

{reduced semiaffinoid k-algebras} — {k-analytic spaces}

is fully faithful.
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Proof. If f: X — Y is a morphism of k-analytic spaces induced by a morphism of
semiaffinoid k-algebras 5 — A then f induces the diagram

B A

| |

'y, Oy) —T'(X, Ox)

whose vertical arrows are injective. This proves that the functor is faithful.

To prove that the restriction of the functor to reduced semiaffinoid k-algebras
is full, let us fix a reduced semiaffinoid k-algebra A and let X be its associated
k-analytic space. Let Y be the k-analytic space associated to another semiaffinoid
k-algebra B and let us consider a presentation

B=(R(Ti, ..., T)[S1, ..., Sl @& k)/I

giving rise to a closed immersion ¥ «— E™ x B". If f : X — Y is a morphism of
k-analytic spaces then using the composition

x5y Enxopn,

one gets functions fi, ..., fi, € (X, 0%) and fyy1, ..., fmin € T(X, OF%) with
|fitx)| <1 forall x € X andi € {m+ 1,...,m + n} such that the functions
f1, .-+, fin+n induce the morphism X — E™ x B". Thanks to Theorem A.8, f; € A°
fori =1,...,m+n. Thanks to [Kappen 2012, Theorem 2.13] there is a unique
morphism of semiaffinoid k-algebras R(T1, ..., T,,)[S1, ..., Sull®grk — A sending
T; to f; fori = 1,...,m and sending S; to f,,4+; fori =1,...,n. It factorizes
through B and gives the desired morphism of semiaffinoid k-algebras B — A. [

Example 2.5. The functor from semiaffinoid k-algebras to k-analytic spaces is not
fully faithful. Indeed, as in Example 2.3, consider A= (R[ T}, T>]1®rk)/ (T22) with
associated k-analytic space X. Let g(7T7) € k[[T1]] be a power series which converges
on the open unit disc, but such that g(77) ¢ R[[T1]]®rk. Then Trg(T) € I'(X, OF)
and hence it defines a morphism of k-analytic spaces ¢ : X — A,i’a“ whose image
is the origin of Ai’a“. In particular it also defines a morphism X — E, where E
is the closed unit disc over k, which is a k-affinoid space (with affinoid algebra

B =k(T)). But ¢ is not induced by a morphism of semiaffinoid k-algebras 5 — A.

Remark 2.6. Theorem 2.1 was already stated in [de Jong 1995, Remark 7.4.2]
without proof. Theorem A.8 is also stated in [Nicaise 2009, Lemma 2.14] but its
proof is obtained as a corollary of [de Jong 1995, Remark 7.4.2]. Corollary 2.4 is
also stated in [Kappen 2012, Remark 2.56] without proof.

Remark 2.7. Let A be a semiaffinoid k-algebra with associated k-analytic space X.
Let Apeq := A/(nil A) be the reduced ring associated to 4. Then Acq is a reduced
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semiaffinoid k-algebra. Let Y be the k-analytic space associated with A.q4. Then
A — Aeq induces a closed immersion of k-analytic spaces ¥ — X which is a
bijection of sets. Let B be a special R-model of A;eq. Since B C BQpgk =~ Aed, We
deduce that B is reduced. Hence since Y >~ Spf(B),;, by [de Jong 1995, Proposition
7.2.4(c)], Y is reduced. Hence ¥ >~ X ed.

3. Analytic functions and formal functions on tubes

I am very grateful to Ofer Gabber for having pointed out the reference to Proposition
6.14.4 of [EGA IV, 1965], which greatly simplifies the proof of the following
statement.

Theorem 3.1. Let X be a k-analytic space associated with a reduced semiaffinoid
k-algebra A. Let I CT'(X, O%) be anideal and let U ={x e X || f(x)| <1V f el}.

Then
(X, 0™ ~T(U, 0%).

Proof. Let us set A :=1I"(X, O%). Thanks to Corollary 2.2(i), A is a reduced special
R-algebra. Let us choose some functions fi, ..., f, € Asuchthat (fi,..., fp)=1.

Then ;
AN > Allpr, .., pull/(fi = PDi=1,..n

is a special R-algebra. Let us set ) = Spf(A"'). Then by [de Jong 1995,
Lemma 7.2.5] (or see also [Lipshitz and Robinson 2000, Theorem 5.3.5 and
Proposition 5.3.6]), the induced morphism of k-analytic spaces 2),, — X identifies
), with U as an analytic domain of X. So U is the k-analytic space associated
to the semiaffinoid k-algebra B := A" ®g k and by definition, A" is a special
R-model of B. Thanks to Theorem 2.1, it only remains to show that A" is integrally
closed in AN ®p k ~ B.

Since A is an excellent ring (this follows from [Valabrega 1975, Proposition 7]
when char(k) = p > 0 and from [Valabrega 1976, Theorem 9] when char(k) = 0),
the morphism Spec(A”!) — Spec(A) is regular [EGA IV, 1965, Scholie 7.8.3(v)],
so in particular, Spec(A”') — Spec(A) is a normal morphism (see [EGA IV, 1965,
Définition 6.8.1] for the definitions of normal and regular morphisms of schemes).

Since A=T'(X, 0%), it follows that A is integrally closed in AQgk. So thanks to
[EGA IV, 1965, Proposition 6.14.4], A™ is integrally closed in A" ®p k. Finally,

by Theorem 2.1,
AN ~T(U, 0%). O

4. Reduction and connectedness

Reduction. Let A be a semiaffinoid k-algebra and let X be its associated k-analytic
space. We set
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={(feAllflap<1}, A={fecA|VxeX|f(x)|<1},
—{feAllflup<1), A=AJA A =4/A>.

When A is a k-affinoid algebra, thanks to the maximum modulus principle [Bosch
et al. 1984, Proposition 6.2.1.4], A= A°, A= A" and in this case, A corresponds
to the reduction of A as defined in [Bosch et al. 1984, Section 6.3]. For a general
semiaffinoid k-algebra, the maximum modulus principle does not hold' (consider
for instance S € R[[S] ®r k), so in general, one has a strict inclusion A°° C A
and A is a strict quotlent of AT. If A= R{(Ty, ..., T,)S1,...,S,] ®rk, then
A=KT,,....,T,0and A" =Kk[Ty, ..., TS, ..., Syl

For a k-analytic space X, recall that we defined the subsheaf O% C Ox of analytic
functions f such that | f(x)| <1 for all x. Likewise, we denote by éx C Oy the
subsheaf of analytic functions f such that | f(x)| < 1 for all x.

Lemma 4.1. Let A be a semiaffinoid algebra and Aeq the associated reduced
semiaffinoid k-algebra. Let X be the k-analytic space associated with A. By
Remark 2.7, the k-analytic space associated with A.eq can be identified with X eq.
Then all the natural maps in the following commutative squares are isomorphisms
of R-algebras

o

A0/ A (Ared)/ (Area)

¢ j l¢red (2)

I'(X,0%)/T(X, Ox) I (Xred> 0%,/ T (Xreds Ox,ey)

.AO/AOO (Ared)o/(Ared)oo

| |

(X, 0%)/T'(X, Ox) <t — I'(Xrea, O, )/ T (Xreds Oxea) <1

where I'(X, Ox) <1 ={f € I'(X, Ox) | | flsup < 1}, and similarly T’ (Xred, Ox,.q) <1
Proof. Using Theorem A.8, we get isomorphisms (Areq)® =~ I' (Xred, O%red) and

A;ed = F(Xreda éxred),

which imply ¢req is an isomorphism. To prove § is an isomorphism, we first remark
that X is a quasi-Stein space in the sense of [Kiehl 1967, Definition 2.3]. Moreover,
we have an isomorphism of ringed spaces (Xreq, Ox,.,) = (X, Ox/(rad Ox)), where
rad Oy is the nilradical of Ox. Since the latter is a coherent Ox-ideal sheaf by

1Actually, A is a k-affinoid algebra if and only if the maximum modulus principle holds [Lipshitz
and Robinson 2000, Proposition 5.3.8].
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[Bosch et al. 1984, Corollary 9.5.4], it follows from Theorem B for quasi-Stein
spaces [Kiehl 1967, Satz2.4.2] that I' (X, Ox) = I' (Xreq, Ox,,,) 1s surjective. Hence
I'(X, 0%) = I'(Xred, O%,_,) Is also surjective, and so B is surjective. The injectivity
of B follows easily from the fact that X and X,q are in natural bijection. So 8 is
an isomorphism. Since A° — (Aq)° is surjective, we deduce similarly that « is
an isomorphism. Since (2) commutes, we deduce that ¢ is also an isomorphism.
The proof for (3) is analogous. U

Lemma 4.2. Let A be a semiaffinoid k-algebra. Then A is a reduced k-algebra of
finite type and A" is a reduced k-algebra which is a quotient of some

k[T, ..., TSt ... S,

Proof. By Lemma 4.1, A~ Areq, 50 we can replace A by Aq and assume that A is
reduced. By [Kappen 2012, Corollary 2.11], under this assumption .4° is a special
R-algebra, so there is an isomorphism

A° > R(Ty, ..., Tp)S1, ..., Sull/1

for some ideal I of R(Ty, ..., T;,)[[S1,...,Sx]l. The ideal A then contains the
ideal generated by the image of (i, Sy, ..., S;) modulo /. Hence Aisa quotient
of IE[Tl, ..., Tyy], proving the first part of the lemma. Likewise .4°° contains the
ideal (), hence we get a surjective map

k(T ..., T[St ..., S,]— A" . 0

Remark 4.3. If A is a reduced semiaffinoid k-algebra, then Ais the biggest ideal of
definition of the special R-algebra .A° (see [Kappen 2012, Remark 2.8]). Likewise,
one can prove easily that A°° = rad ().

4.4. Let A be an arbitrary special R-algebra and let X := Spf(A). We define
X5 :=Spec(A/J), where J is the biggest ideal of definition of A. Then there is a
specialization map spy. : X, — X, which is defined in [de Jong 1995, 7.1.10] on the
subset of rigid points X" and in general in [Berkovich 1996, §1, p. 371] (beware
that in [Berkovich 1996] the map spy is called the reduction map).

Definition 4.5. Let X be a semiaffinoid k-analytic space coming from a semiaffi-
noid k-algebra A. We set X = Spec(.A) We call X the canonical reduction of
X. According to Lemma 4.2, it is a reduced k-scheme of finite type. If Y is a
semiaffinoid k-analytic space and ¢ : X — Y is a morphism of k-analytic spaces, then
we get an associated morphism ¢* : I'(Y, O3 ) — F(X 0%). Hence by Lemma 4.1,
we can functorially associate a morphism ¢ : XV If ¢ comes from a morphism
of semiaffinoid k-algebras v : B — A, then ¢ is induced by e B— A
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4.6. As in [Berkovich 1990, Section 2.4] one can define a canonical reduction
map red : X — X in the following way. If x € X, we obtain an associated map
Xx A — H(x), which gives rise to a map x : A— H(x). Then

red: X — X, x — Ker(xy).

To stress the dependence in X, we might write redy instead of red. Similarly as in
[Berkovich 1990, Corollary 2.4.3] one can check that the canonical reduction map
red is anticontinuous, i.e., the inverse image of an open set is closed.

Remark 4.7. Identifying X,.q with the k-analytic space associated with A4 (see
Remark 2.7), and using Lemma 4.1, we get a commutative diagram

Xied —= X

redy, 4 l L redy

—_~ ~

Xred =X

Remark 4.8. Let A be a special R-model of the semiaffinoid k-algebra A, with
associated k-analytic space X. Let J be the biggest ideal of definition A. The
injection A — A° induces an injective morphism of k-algebras ¢ : A/J — A, which
induces a morphism ¢ : X > X, If X := Spf(A) we get a commutative diagram

X>~X,

X [ X,

If A is reduced, then A := A° is a special R-model and in that case J = A (see
Remark 4.3). Hence in that case, ¢ and ¢ are isomorphisms. In general, since Alis
a finitely generated lz—algebra, we can find f1, ..., fi, € A° such that f], el f,,;
generate A. By [Kappen 2012, Corollary 2.12], A’ := A[f1, ..., fm] C A° is still
a special R-model of A4, and by construction, if J' is the biggest ideal of definition
of A, the map ¢ : A’/J' — A is surjective. Since ¢ is injective anyway, it is an
isomorphism. In conclusion, if X is a semiaffinoid k-analytic space, one can always
find a special R-scheme X = Spf(A) which is a model of X such that X ~ X, and
such that red can be identified with spy.

Corollary 4.9. Let X be a semiaffinoid k-analytic space. Let Z be a Zariski closed
subset of X and let Y :=red™'(Z). Then Y is a semiaffinoid k-analytic space and
the naturally induced map Y — X is a closed immersion with image Z.

Proof. Let A be the semiaffinoid k-algebra of X. Using Remark 4.7, we can replace
A by Areq and assume that A is reduced. Under this assumption, by [Kappen 2012,
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Corollary 2.11], A° is a special R-algebra, and X >~ Spf(A°),. Let I be an ideal of
A° such that Z = V(T ), where I = { f | f € I}. Then as already seen in the proof
of Theorem 3.1, Y ~ Spf((A°)"! )n» hence Y is the k-analytic space associated to
the semiaffinoid k-algebra B := (A°) ®p k. Then according to Theorem 3.1,
B° = (A°)M. Since A is an ideal of definition of 4° [Kappen 2012, Remark 2.8],
A+ 1 is also an ideal of definition of 3°. Since B is the biggest ideal of definition
of B° [Kappen 2012, Remark 2.8], it follows that

B=B/B= (A" /(A+ D),y = (A Drea. O

red

Remark 4.10. In general, when U is an affinoid domain of the k-affinoid space X,
it is difficult to describe the induced canonical reduction map U — X. However,
it is proved in [Bosch et al. 1984, Proposition 7.2.6. 3] that when U is the tube
of a pr1n01pal open subset of X (i.e., when U = red ' (D( f)) for some f € A°),
then U — X is an open immersion with image D( f). The above corollary is the
counterpart of [Bosch et al. 1984, Proposition 7.2.6.3] for Zariski closed subsets of
the canonical reduction.

Lemma 4.11. Let A be an R-flat special R-algebra and let X = Spf(A). Then the
specialization map spy : X,) — X; is surjective.

Proof. This proof is strongly inspired by the proof of Lemme 1.2 in [Poineau 2008].
Let X € X;, and let r be the transcendence degree of the field extension k(%) / k. Let
K be the completion of k(Uy, ..., U,) with respect to the Gauss norm. Then K is
a discretely valued nonarchimedean field extension of k, and K ~ IE(U ..., U).
Hence x is the image of a closed pomt y e X X Spec(i) Spec(K ) with respect to the
canonical map X; s X Spec() Spec(K) — X;.

Using base change extension induced by the inclusion R — K° (see [de Jong

1995, 7.2.6]),
X' := X xsprcr) SPF(K®)

is a special formal scheme over K ° of the form X’ = Spf(A’), where A’ := AQrK°.
Let J be the biggest ideal of definition of A. Then JA' is an ideal of definition of A’
and J' := rad(]A ) is the biggest ideal of definition of A’. There is a well-def defined
morphism of k-algebras o : A/J ®; K — A’/J defined by a @ i — a 1 ® A for
a € A, € K° and where ~ stands for the various residue maps. We claim that «
induces an isomorphism

(A)J ®; K)ea = A'/J. (4)

Indeed by construction « is surjective, so it remains to prove that ker« is the
nilradical of A/J ®; K. There is also a well-defined surjective map

,B:A/—>A/J®,;E, AQA>AQ A,
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and by construction @ o 8: A’ — A’/J’ is the quotient map. So for some a; € A
and A; e K°, letz =), a; ® X ckera and 7 := Y ;ai®A; € A Then B(z) =2,
hence z € kera o B, hence z € J'. Since J' :=rad(JA"), we have 7" € JA' for some
n € N*. Hence 8(z") =0 and 7" = 0, thus proving (4). We get a natural composite

morphism o ) ~ .
L (X)) = X X Spec() Spec(K) = X,

where ¢ is induced by (4) and hence is bijective, and ¢, is the canonical map. Thus
we can identify y with a closed point of (X');. We also get a commutative diagram

of sets w
(}:/)n — (%)n

SPx/ j l SPx

(X) — X,

Thanks to [Kappen 2012, Lemma 2.3 and Remark 2.5] we know that spy induces a
surjective map from the set of rigid points (X")"2 to the set of closed points of (X);.
Hence we can find y € (X'),, such that spy (y) = . In conclusion, if x := «(y) we
get spy(x) = X, proving the surjectivity of spy. U

Corollary 4.12. Let X be a semiaffinoid k-analytic space. Then the canonical
reduction map red : X — X is surjective.

Proof. This follows from Lemma 4.11 and Remark 4.8. O

Connected components. In this subsection, we consider a semiaffinoid k-algebra
A with associated k-analytic space X. It follows from Theorem A.8 and Remark 2.7
that Spec(.A) is connected if and only if X is connected. Indeed by Remark 2.7, we
can assume that A is reduced, and we conclude since the connected components of
X are in correspondence with the set of idempotents of I' (X, Ox), which themselves
are equal to the set of idempotents of { f € ['(X, Ox) | | f| < oo} = A. From the
Noetherianity of A it follows that .A can be uniquely decomposed as

A=A x--- X Ay, ®))

where each 4; is a semiaffinoid k-algebra such that Spec(.A;) is connected. If we
denote by X; the k-analytic space associated to .A; it follows that

X=X 1 1UX, ©6)

is the decomposition of X in connected components. These remarks easily imply
the following.

Lemma 4.13. A semiaffinoid k-analytic space X is connected if and only if X is
connected.
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Proof. The equations (5) and (6) imply that X ~ L1 X ;. So if X is not connected, X
is also not connected. Conversely, since red : X — X is surjective (Corollary 4.12)
and anticontinuous, if one has a decomposition X =U, U U, in two nonempty
closed-open sets, then X = red™ (U) Ured " (U,) is a decomposition of X in
nonempty closed-open sets. (Il

Corollary 4.14. Let X be a semiaffinoid k-analytic space. Let Z be a Zariski
closed subset of X and let Y :=red™'(Z). Then Y is connected if and only if Z is
connected.

Proof. This follows from Corollary 4.9 and from Lemma 4.13. (I

Using Theorem 2.1, one checks that if A is a reduced special R-algebra which is
integrally closed in A ®g k, then there is a one-to-one correspondence between the
connected components of Spec(A) and the connected components of Spf(A),.

Example 4.15. In general, if A is a reduced special R-algebra with associated
k-analytic space X, the connected components of Spec(A) do not coincide with the
connected components of X, as the example A = Z,(T)/ (T? 4 pT) shows.

5. Analytic functions and formal functions on tubes: a graded version

In this section, we fix A a reduced semiaffinoid k-algebra. Let us recall that this
implies that A° is a special R-algebra [Kappen 2012, Corollary 2.11].

5.1. For r € R we set
AP ={f e Allflswp =T}, A ={f € Allflsp <7} Al =44,
By definition, A = A°, A7° = A°° and JZT — A", We also set

p(A) ={Iflswp | f €A f#0}CRL.

By [Kappen 2010, Proposition 1.2.5.9], p(A) C /|k*|. We denote by G the
subgroup of /|k*| generated by p(A).

Lemma 5.2. Letr € RY. Then A7, A2° and JZ:F are finitely generated A°-modules.

Proof. Let us pick some A € k* such that |A|r < 1. Then
A= A%, f=Af

is an isomorphism of .A°-modules. So, replacing r by |A|r, we can assume that r < 1.
Then A is an ideal of .A°, hence it is a finitely generated .A°-module because A° is
Noetherian. We conclude since A2° is a submodule, and Aj a quotient, of A?. U

Lemma 5.3. The index [G : |k*|] is finite. As a consequence, G ~ 7.
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Proof. Letk :=sup{L|A <1and X € p(A)}. We claim that « is actually a maximum,
that is to say, there exists A < 1 with A € p(A) such that x = A (this implies in
particular that x < 1). Indeed, if ¥ was not a maximum, we could find an increasing
sequence (A,)pen With A, < 1'in p(A). Then I, ={f € A||flsup < An} would be
an infinite increasing sequence of ideals of .4°, which is Noetherian. This would be
a contradiction. Hence, x < 1 and « € p(A).

Since k € p(A), we can write k = ||*/® with a and b relatively prime and
b > 0. One can easily prove using Bézout’s theorem that a = 1. Hence x = |r|'/.
Likewise, using again Bézout’s theorem, one can prove that if | |%/B e p(A) with
B > 0 and o and B coprime, then 8 < b. Hence, if v :=1cm(1, 2, ..., b), one has
p(A) C | |2/, O

Remark 5.4. If || - || is a k-Banach algebra norm on A, according to [Kappen
2010, Lemma 1.2.5.8], for any f € A, |flsup = limuen /1 /"] The notation
p(A) that we have introduced is compatible with [Berkovich 1990, Section 1.3],
where the spectral radius of an element of a Banach algebra A is defined to be
o (f) =lim,en /] f™]]. Let us recall from [Kappen 2010, Lemma 1.2.5.4] that a
surjective morphism of semiaffinoid k-algebras

R(Ty, ..., TSt ..., Syl ®rk — A

induces a k-Banach norm on A by taking the residue seminorm of the Gauss norm

on
R(Ti, ..., Tw)S1, ..., Sull ®r k.

Example 5.5. In general, p(A) is not a subgroup, and not even a monoid. For
instance if A=Q,(,/p) x Q,(Y/Pp) then p(A) = p?/2Up?/3, which is not a monoid.
The following definition is inspired by [Temkin 2004, Section 3].

Definition 5.6. We define the total reduction ring of A as

tot : @VZ+

reG

Corollary 5.7. The total reduction ring K;t of Ais excellent and reduced.

Proof: By Lemma 5.3, [G : |k*|] is finite, so we can introduce n := [G : |k*|] € N
Let ry,...,r, € G be some representatives of the classes of G/|k*|. For each
i e{l,. n} by Lemma 5.2, we can ﬁnd a finite family (f; ;j);jes which is a
ﬁnlte set of generators of the A°-module A . Letus denote by 7 the image of &
in Al/lrrl’ and likewise by (1/m) the image of 1/ in 'Al/lnl We get that

@“Zﬁ —Z T, (%) il

reG
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Hence A‘I,t is a finitely generated A +—algebra. Since A is excellent, it follows that

A+t is also excellent. For the reducedness, consider a nonzero element f € A+ for

some f € A with | f[sp = r. Then for any integer k > 0, the associated element
k.

fk= fk € .A+A is also nonzero since | ¥ lsup = |f|gup =r Il

Remark 5.8. Let r € p(A). Since p(A) is discrete in R% (see Lemma 5.3), there
exists a real number s € p(A) which is the biggest element of p(A) such that s < r.
It follows that A2° = A5S.

We fix I an ideal of A°. If M is an .A°-module, we denote by M”! the completion
of M with respect to the /-adic topology. So
M~ limM/I"M

n

Lemma 5.9. Let r € p(A). There is a short exact sequence of A°-modules
0— (AN > (UM > (AHM 0. (7)
Proof. By definition of ,Z:r, there is a short exact sequence
0> AC > A —> A" -0 (8)

of finitely generated .A°-modules. So the /-adic completion of (8) remains exact;
see [Matsumura 1989, Theorems 8.7 and 8.8]. O

5.10. Let / be an ideal of A° and letusset U ={x € X | |f(x)| <1Vf e I}. Let
us denote by B its associated semiaffinoid k-algebra, which can be defined as

= (A°[S1, ..., Sull/(fi = S)i=1,..n) Qr K,

where I = (fi, ..., fu). According to Theorem 3.1, one has 5° ~ (AN . We de-
note by Y the k-analytic space associated with B. If g € B, set |g|sup = SUp ey lg(y)].

Remark 5.11. Let r € |k*| and let A € k with |A| = r~!'. Multiplication by A
induces an isomorphism of .4°-modules A; XK e Completing with respect to
I one gets an isomorphism of (A°)" -modules (A°)" =~ (A°)™. Finally, using
Theorem 3.1 we get an isomorphism of (.A4°)"/-modules By ~ (.A;’)” obtained as
the composition

A1
(AO)/\I XA (AO)/\I — BO B;)
More generally, if r € p(A), we can find s € |k*| with r < s, leading to an inclusion
of A°-modules A7 — A?. Then completing with respect to I we get an inclusion
of (A°)" -modules (.A‘r’)“ — (.Af)“ . Using the above identifications, we can
assimilate (A°)" as a B°-submodule of B2, hence as a B°-submodule of B.
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Lemma 5.12. Letr € |k*|.

(i) Let g € B ~ (A2)M (see Remark 5.11). Let § € (A,)"! be the image of g by
the reduction map of the short exact sequence (7) of Lemma 5.9. Then g =0 if
and only if |glsup < r. Equivalently, g # 0 if and only if |g|sup =T

(ii) There is a natural isomorphism B2 ~ (A°°)".

Proof. Using the same arguments as in Remark 5.11, we can assume that r = 1.
We then consider the short exact sequence of Lemma 5.9 for r = 1:

0 — (AOO)/\I — (AO)/\I N (JZ("_)/\[ - 0

Let us then consider g € B° ~ (A°)" and let us assume that g = 0. This implies
that g € (4°°)"!. By Remark 5.8, there exists s < 1 such that (4°°)" = (A"
for some s < 1. It follows that |g|s,p, < s < 1. Conversely, let us assume that
|glsup < 1. There exists an integer d € N such that |gd|sup < |mr|. Hence, according
to Remark 5.11, g € Blnl ~ (AIHI)M C (A°°)" | This proves (i), and (ii) follows
from (i). O

We can now generalize Theorem 3.1 to an arbitrary r € p(A).
Proposition 5.13. We use the notations of 5.10.
(i) There is an inclusion p(B) C p(A).

(ii) Let r e ,O(A) There are isomorphisms B° >~ (AN, B2 =~ (A and
(.A )/\I

(iii) There is a natural isomorphism B, ~ @reG(.Z:r)“ :

Proof. Let g € B be a nonzero element. Then there exists s € p(A) such that
g € B;. Since p(A) is discrete by Lemma 5.3, we can then define the smallest
element r € p(A) such that g € B?. By Remark 5.11, for each r € p(A), we can
naturally identify (A°)" with a B°-submodule of 3, and under these identifications,
B=J, o(A) (A Since p(A) is discrete, we can then define the smallest element
r € p(A) such that g € (A;’)“ . We then consider the short exact sequence (7):

0 — (AOO)/\] — (AO)/\I N (JZ+)/\[ - 0

The mlmmahty of r and Remark 5.8 imply that g ¢ (A°°)“ It follows that g # 0,
where g € (A )“ denotes the reductlon of g in (A )“ Thanks to Lemma 53
we can pick some d € N* such that r¢ e |k*|. Then g? € (A° )M, Since (Atot) is
reduced and excellent (Corollary 5 7), it follows that (Atot)“ is also reduced. Hence
¢ =3%+40in (Af)M. Since r? € [k*|, Lemma 5.12 implies that |g?|,p = r<. So
|glsup = r. This proves (i) as well as (ii) and (iii). O

We also obtain the following generalization of [Bosch and Liitkebohmert 1985,
Lemma 2.1].
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Corollary 5.14. Let X be a k-affinoid space, and let Z C X be a Zariski closed
subset. Then X 7z, the formal completion of X along Z, depends intrinsically on the
k-analytic space red™! (Z).

Proof. Let us denote by B the semiaffinoid k-algebra of red~!(Z). The space X /Z
is the formal scheme associated to the adic k-algebra (A+)M . Thanks to the short
exact sequence (7) for r =1,

(Z+)AI ~ AO/\]/AOOAI.
Thanks to Theorem 3.1 and Lemma 5.12(ii), one gets that
AN =B /B> =B",
which depends intrinsically on red~!(Z) since B does. ]

Remark 5.15. More generally, if X is the k-analytic space associated to the reduced
semiaffinoid k- algebra A, then A7 is naturally an adic algebra with an ideal of
definition given by A Th1s adic algebra is isomorphic to a quotient of k[7} 1[S; ]].
Let us set X := Spf(A ). Then |X| = X. Let Z be a Zariski closed subset of X,
Y the k-analytic space defined by ¥ =red~!(Z) and B its associated semiaffinoid
k-algebra. One shows similarly that the inclusion of analytic domains ¥ — X
induces an isomorphism I;/\Z ~ Spf(g +), where we denote by )/(-/\z the completion
of X along Z. In particular, 2?/\2 depends intrinsically on the k-analytic space
red~1(2).

6. Additional remarks

Finite morphisms.

Proposition 6.1. Let ¢ : B — A be a finite morphism of semiaffinoid k-algebras,
with A reduced. Then ¢° : B° — A° is finite.

Proof. Since B° — (Beq)® is finite, we can also assume that B is reduced. Let
fi, ..., fn be elements of A such that

A=B[f1,..., ful 9)

Each f € {f1, ..., fu} satisfies a unitary polynomial equation with coefficients in
B of the form 4 J

fO4baaf 4+ +bif+by=0. (10)

Then for m € N*, multiplying by 7, (10) becomes
(nm f)d 4+ Hmbd_l(ﬂmf)d_l N Hm(d_l)bl (ﬂmf) 4+ ﬂmdb() =0.

But for m big enough, all the coefficients 7"by_1, ..., 7™ @=Dp, 74 py appearing
in the above equation belong to B°. Hence, for m big enough, n™ f; satisfies a
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unitary polynomial equation with coefficients in B°. So replacing each f; by 7™ f;
(which will not change (9)), we can assume that the f; belong to .A° and are integral
over BB°. So, thanks to (9), B°[ f1, ..., f.] is a special R-model of A. According
to [Kappen 2012, Corollary 2.10], A° is finite over B°[ fi, ..., f,], and hence also
over B°. ([

We conjecture that for an arbitrary nonarchimedean nontrivially valued field &, a
similar statement holds for quasiaffinoid k-algebras (see [Lipshitz and Robinson
2000, Remark 2.1.8] for the definition of a quasiaffinoid k-algebra).

Corollary 6.2. Let ¢ : A— B be a ﬁmte morphzsm of semzaﬁ?nozd k algebras. The
associated morphisms ¢ : A— B, ¢+ : A" — B, Gror : A:g[ — Btot are finite.

Proof. Since the above morphisms do not change if one replaces A and B by Aeq
and Byg, we can assume that .4 and B are reduced. The first two points then follow
from Proposition 6.1. To prove that @y is finite, one has to use that ¢ is finite,
and then argue as in the proof of Corollary 5.7. (]

The nonaffine case.

Lemma 6.3. Let A be a reduced special R-algebra which is integrally closed in the
semiaffinoid k-algebra A Qg k. Let 3 be a formal open affine subset of X = Spf(A).
Then I' (U, Ox) is also a reduced special R-algebra which is integrally closed in the
semiaffinoid k-algebra I' (M, Ox) Qg k and T' (U, Ox) ~ F(Sp;] 10, O;n).

Proof. We first assume that 4l is a principal formal open subset of the form U =" (f)
for some f € A. Let J be an ideal of definition of A. Then I'({, Ox) =~ Ay,
where A(r) >~ ;1; is the completion of the localization A y with respect to the ideal
JA ;. The composition morphism A — Ay — Z} is regular. Indeed, A — Ay is
regular since it is a localization, and A y — K} is regular since it is the completion
of an excellent ring. It follows that the morphism A — 7\} is regular since regular
morphisms are stable under composition [EGA IV, 1965, Proposition 6.8.3]. Using
[EGA 1V, 1965, Proposition 6.14.4], we conclude that " (4, Ox) ~ ;\} is integrally
closed in I'(4, Ox) Qg k.

Let us now assume that { is an arbitrary formal open affine subset of X. It
follows from [de Jong 1995, §7, p. 74-75] that I" (4, Ox) is a special R-algebra.
Moreover, we can cover 4l by some principal formal open subsets of the form D ( f;)
for some f; € A. Let us now consider an element g € I'(U4, Ox) Qg k which is
integral over I" (L[, Ox). This means that g satisfies an equation

gl 4 by18" 4 big+by=0 (11)

for some b; € I (U, Ox). But for each principal formal open subset D ( f;), we can
restrict (11) to ['(D(f;), Ox) ®r k. We then get that g|o ) € T(D(f;), Ox) @rk is
integral over I'(D(f;), Ox), so by the first part of the proof, g|o(s) € T'(D(fi), Ox).
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Since the D(f;) form a covering of 4, we deduce that g € I'(U, Ox), which
proves that I' (U, Ox) is integrally closed in I (4f, Ox) ®r k. Finally, the equality
e, Ox) ~ F(sp;l(il), (’);’EU) now follows from Theorem 2.1. O

The following result extends [Bosch et al. 1984, Proposition 7.2.6.3] from affinoid
to semiaffinoid k-algebras.

Corollary 6.4. Let X be a semiaffinoid k-analytic space. Let f € I'(X, O%) and
letY ={x e X ||f(x)| =1}. ThenY is a semiaffinoid k-analytic space and the
associated map Y — X is the Zariski open embedding of the principal open subset
D(f) C X.

Proof. Tt follows from general properties of semiaffinoid k-analytic spaces that the
inclusion ¥ — X is induced by a morphism of semiaffinoid k-algebras (see [de Jong
1995, Proposition 7.2.1(a)]). Using Remark 4.7, we can easily assume that X and
Y are reduced. Let A be the reduced semiaffinoid k-algebra associated with X.
By [Kappen 2012, Corollary 2.11], A° is a special R-algebra. Let X := Spf(.A°).
Let ©(f) C X be the principal formal open subset associated with f. Hence
Y = sp;I(CD(f)). By Lemma 6.3, we have ['(D(f), Ox) =~ B°, where B is the
semiaffinoid k-algebra associated with Y. Let J be the biggest ideal sheaf of
definition of X (see [EGAT 1960, Proposition 10.5.4] for the definition and the
properties of ). By [EGAT 1960, 10.5.2] there is an isomorphism of schemes
(X, 0x/3) =~ Spec(ﬂ) = X. Moreover, by [EGAT 1960, Corollaire 10.5.5], J|g is
also the biggest ideal sheaf of definition of the formal scheme (. Hence I" (L[, ) is
the biggest ideal of definition of the adic ring I"(4(, Ox) >~ B°, and as a consequence
resy) >~ B by [Kappen 2012, Remark 2.8]. Hence we can conclude, since

B=B°/B~T@®(f), Ox/J3) ~ A f . O

Lemma 6.5. Let X be a special formal scheme over R. The following are equiva-
lent.

(1) Any formal open affine subscheme of X is isomorphic to Spf(A), where A is a
reduced special R-algebra integrally closed in A ®p k.

(i) There exists a covering by formal open affine subschemes 3\; = Spf(A;), where
for each i, A; is a reduced special R-algebra which is integrally closed in
A; ®rk.

Proof. That (i) implies (ii) is clear. To prove the converse implication, let i be a
formal open affine subset of X. Then 4 is covered by finitely many £(N 4(;. For
each i we can find a finite covering {{{; ;} of &N L; by formal open affine subsets.
Thanks to Lemma 6.3, all the {{; ; satisfy the expected property. We are then reduced
to the situation where X is affine and is covered by finitely many formal open affine
i1;’s which all satisfy the expected property. Let us then consider a function f in
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the integral closure of I'(4, Ox) in I'(M4, Ox) ®g k. Then for all i, f|y, is in the
integral closure of I'(41;, Ox) in I'(U; Ox) Qg k, which is by assumption I'(4I;, Ox).
So f eI, Ox). O

Appendix: Bounded functions on reduced semiaffinoid k-spaces
by Christian Kappen and Florent Martin

In this appendix, we assume that k is a nontrivially discretely valued nonarchimedean
field, and we let R denote its valuation ring. We fix a reduced semiaffinoid k-algebra
A, and we let X denote the associated rigid analytic k-space.

Projective limits. Let us start with a reminder on derived functors of projective
limits of abelian groups. Let

36563 G
be a projective system of abelian groups indexed by N, and let

(‘3 ]_[ G, — ]_[ Gy, (@n)n = (an — 0ng1(@ng1))n-
neN neN
Then ker ¢ >~ 1im G,,. Let us denote by l(iLni the i-th derived functor of lim. Accord-
ing to [Weibel 1994, Corollary 3.5.4], one has the following descriptions:

1<i£1l G, =~ coker ¢,
l(iLniGn=O fori > 1.

A flatness result. Letus fix a presentation A~ (kQg R(Ty, ..., T,)ILS1, ..., Sul)/1
and let us equip .4 with the associated k-Banach algebra norm || - || as in [Kappen
2010, Section 1.2.5]. For a real number ¢ € /|k*| such that 0 < & < 1, we set

Xe={xeX||S®|<e i=1,...,n}.

Then X, is an affinoid k-space (depending on the chosen presentation of .4), and we
let A, denote the associated affinoid k-algebra. It comes with a natural presentation

A > k(Ty, ..., Ty, e 81, ..., e71S,)/1

and with an associated k-Banach algebra norm || - ||, such that if ¢ <&, the restriction
morphism A, — A, is contractive, that is to say, for f € Ao we have || f|le < || fle.

Let us now fix an increasing sequence of positive real numbers (&,),en such
that lim,,_, ., &, = 1 and such that for all n» € N, we have that ¢, € i/|k*|. We set
A, = Ag,. We denote by X, the k-affinoid space associated to A,. For n € N we
denote by 7, : A — A, the associated canonical map, and for m > n € N we denote
by oy n i Am — A, the restriction morphism. By the above remark, each o, , is a
contractive morphism with respect to the norms | - ||, and | - ||;,. The sequence
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(An)nen and the restriction morphisms form a projective system of abelian groups.
The next lemma is inspired by [Bosch 1977, Satz 2.1], and the proof is verbatim
the same as in [Bosch 1977]. For the convenience of the reader, we recall it.

Lemma A.1. In the above setting, l(iLnlAn =0.

Proof. We have to show that the map

(e l_[ -An — l_[ Ana (an)n = (an _Un+1,n(an+l))na
neN neN
is surjective. So let us consider a sequence (g,) € HneN A,, and let us find a
sequence (f,) € [[,cn An satisfying the conditions

&n = fon—0ny1n(fuy1) VYneN. (12)

Step 1. Let us first assume that for all n € N, g, lies in the image of the restriction
map 17, : A — A,. For each n, let us then choose G, € A such that g, = 7,,(G,).
We define inductively a sequence F, € A via

FO = 0,
Foy1=F,—G, forn>0.

Setting f, := t,(F,), we obtain a solution ( f;,), of (12).

Step 2. Let us now pick some arbitrary (g,) € [[, An. For each n € N, the image
of Ain A, is dense with respect to the topology induced by | - ||.,. Hence for all
n € N, there exists i, € A such that ||g, — 7,(hy)]l, <27". For n € N, we have
gn = Tn(hy) + (gn — Tu(hy)). By Step 1, there exists (Hy)nen € [ ], An such that
(p((Hn)neN) = (Tn (hn))neN- Hence it remains to prove that (gn —Tn (hn))nEN € lm((ﬂ)

Replacing g, by g, — 7, (h,), we can thus assume that
lgnlle, <27" VneN.

Since the morphisms o, , are contractive, for each m > n we have |0y, ,(gn)lls, <
llgmlle, <27™. Hence, for each n € N, since A, is a k-Banach algebra, it makes
sense to define

foi= Z Um,n(gm)-

m=>n

Finally, we have

fn - an+l,n(fn+l) - Z Jm,n(gm) - Grz+l,n< Z Um,n+1(gm))

m>n m>n+1
= Z Gmn(gm) - Z Om,n(gm) = &n>
m=>n m>n+1

which proves that ¢ ((f;,)n) = (gn). O
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For any A-module M, we set M,, := M Q@4 A,.
Definition A.2. We let ® denote the functor

® : {finitely generated .A-modules} — {I"(X, Ox)-modules}, M +— lim M,,.

<
n

The statement and the proof of the following result are again copied almost
verbatim from [Bosch 1977] (see however Remark A.4 below).

Lemma A.3. The functor © has the following properties.
(i) The functor © is exact.

(ii) For any finitely generated A-module M, there is a natural isomorphism
T:M4T(X,Ox) ~O(M).

Proof. Let us first show that ® is exact. By the local theory of uniformly rigid spaces
as developed in [Kappen 2010], the rings A, are flat over A. Hence, it suffices to
show that l(iLn1 M, vanishes for all finitely generated .A-modules M. Thus, let M be
a finitely generated .4-module, and let F — M — 0 be a finite presentation of M.
Since the higher derivatives of the projective limit functor vanish, 1(i£11 F,, maps
onto l(igll M,,. Since 1<i1_n1 commutes with finite direct sums, Lemma A.1 shows that
lgLnl F, = 0. The claim follows. Let us now prove the second statement. Since
I'(X, Ox) is naturally isomorphic to lim A, one has a natural morphism

T:M@4T (X, Ox) — lim M,.

By definition, 7 is an isomorphism when M = A, and more generally 7 is an
isomorphism when M is finite and free. In general, since A is Noetherian, and M
is finitely generated, there is an exact sequence

Fr— F—M-—0,

where F| and F; are finite free .4-modules. Using exactness of ®, one obtains the
exact diagram

— L AT(X,0x) — F1 Q4T (X,0x) — M4 T'(X,0x) —=0
] ] |

O(F2) O(F1) M) 0

and it follows that t is an isomorphism. U

Remark A.4. The statements of Lemma A.3 do not hold for general .4-modules.
Likewise, Satz 2.1 and Korollar 2.2 from [Bosch 1977] do not hold for general
A-modules either, although this is not explicitly mentioned there. Indeed, in
Example A.5 below, we give a counterexample to Satz 2.1 and Korollar 2.2 of
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[Bosch 1977] involving modules which are not finitely generated. We want to stress
that the results of [Bosch 1977, Section 2] are not affected by this observation: using
the notations of [Bosch 1977], a correct replacement of [Bosch 1977, Satz 2.1 and
Korollar 2.2] is to say that the functor 6 is exact on the category of finitely generated
A(¢)-modules and that 7 is an isomorphism for finitely generated A(¢)-modules.

Example A.5. We use the notations of Satz 2.1 and Korollar 2.2 of [Bosch 1977],
and we consider A = k. Moreover, we assume that ¢ = (¢;); that is, ¢ is made of
only one variable. So 6 is the functor sending a k(¢ )-module M to the k{(¢))-module

0(M) =1im M @) kie, '¢),

n
neN
and for each M, T = 1) is the natural map
™ - M Q) k(E)) — 0(M).
Let us write A =k(¢) and A; = k(8;1§ ), and let us consider the A-modules
M=P4a M=FPA. M =P/,
JEN JEN jeN
which form a natural short exact sequence of .4-modules

0O>M —>M-—>M'—D0.

We denote be (e;) jen the canonical basis of M. For simplicity of notation, we also
denote by (e;) jen the canonical bases of M and M"”. We claim that both the natural
morphism 7,7 for M” and the induced map 6(M) — 6(M") are not surjective,
contrary to the statements of Satz 2.1 and Korollar 2.2 of [Bosch 1977]. To this
end, let us choose, for each j € N, a function f; € A such that f; is invertible in
A and such that for any m > j, f; is not invertible in A,,, by picking an element
t € k as well as some positive integers a, b such that

b
gj1 = 111" > ¢

and by setting f; :=¢?—1% € A=k(¢). Letus now consider the element g € [, M)/
which is defined by giving, for each n, the element

n—1
gii=) [fi'®1]-¢
j=0
of the A,-module

M) =@D(A;/A) @4 Ay = ED(A; @4 An)/ An.

jeN jeN
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where [ -] denotes the formation of the residue class and where we have used flatness
of A, over A to establish the above isomorphism. Then
g € lim M,/
neN
because in M), we have that [ fn_l RIN=[1® fn_l] = 0. Let us now consider the

natural map
i M" @ 4lim A, — lim M,/
n n

For each element % in the image of this map, there exists a jp such that for all
J > Jjo, the j-th component of 4, is zero for all n. On the other hand, for each n,
all of the summands [ f J._l ® 1]-e; with j < n defining g, are nonzero. Indeed, if
there was an element i € A,, with

[l @l=10h inAj@4A,

then the same equality would hold in the completed tensor product, which is 4,
and f j_l would thus extend to A,, which is not the case. We have shown that
g ¢ im 1y~ and thus established our claim that 7y~ is not surjective. The same
statement regarding the structure of g shows our second claim, namely that g does
not lie in the image of the natural map 6 (M) — 6(M"). Indeed, it suffices to remark
that

6(M) = @(@(AJ- R4 An)) = h_n;@(@(Aj ®4 An>)
n j i

"oNjsi
= @(L@(Aj ®.4 An>>,

J

which follows from the fact that the transition maps A,+; — A, are injective and
that the A; are flat over A.

Proposition A.6. The A-module I"(X, Ox) is faithfully flat.

Proof. Flatness follows from Lemma A.3. For faithfully flatness, let us consider
a maximal ideal m of .A. By the Nullstellensatz for semiaffinoid k-algebras, m
corresponds to a rigid point x of X. Since the X,, cover X, for n big enough one has
x € X,. Hence m’ :={f e I'(X, Ox) | f(x) =0} is a maximal ideal of I"(X, Ox)
such that m' N A =m. O

Lemma A.7. The following are equivalent.

(1) The semiaffinoid k-algebra A is normal.

(i1) The special R-algebra A° of power-bounded functions in A is normal.
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Proof. Let us first remark that Quot(A4) = Quot(.A°). Let us first prove that (i) = (ii).
Let f € Quot(A°) be an element which satisfies an equation f" + Z?:_ol ai fi=0
with a; € A°. Then f € A by (i), and since the a; are in .A°, it follows that f € A°.
Let us now prove that (ii) = (i). Let f € Quot(A) be an element which satisfies an

equation f" + Z?__Ol a; f* =0 with a; € A. Then there exists an integer m such that

for all i, #™a; € A°. Using the same argument as in the proof of Proposition 6.1,
it follows that 7™ f satisfies a unitary equation with coefficients in .4°, hence

™ f € A° by (ii), hence f € A. O

Theorem A.8. Let A be a reduced semiaffinoid k-algebra, and X its associated
rigid analytic k-space. Then A~ {f € I'(X, Ox) | | f|sup < 00}

Proof. If A is normal, then 4° is a normal special R-algebra by Lemma A.7, and
[de Jong 1995, Theorem 7.4.1] shows that A° >~ I"(X, O%). The theorem follows in
that case. In general, let B denote the normalization of .A. According to [Valabrega
1975; 1976], B is a semiaffinoid k-algebra. Let X’ denote the rigid analytic k-space
associated to B and p : X’ — X the induced morphism, and let us consider the
induced commutative diagram

|

(X, Ox) —=TI'(X’, Ox)
p

Let us first observe that
(X', 0x)~T(X, Ox) @4 B.

Indeed, since .A — B is finite, for each n the morphism A, — A, ® 4 B is also
finite. Since A, is a k-affinoid algebra, it follows that A, ® 4 B is also a k-affinoid
algebra [Bosch et al. 1984, Proposition 6.1.1.6]. If X, denotes the k-affinoid space
associated to A, ® 4 B, then X, is an affinoid domain of X’ and the X/, cover X'.
It follows that

(X', Ox) ~1im (X, Ox/) ~ lim(A, ® 4 B) = T'(X, Ox) ®4 B,
neN neN
where the second equality follows from the fact that X, is a k-affinoid space, and
the third equality follows from Lemma A.3(ii).

Let now f € I'(X, Ox) be a bounded function. Then p*(f) € I'(X’, Ox/) ~
['(X, Ox) ®4 B is also bounded on X', and according to what we have shown in
the first part of the proof, p*(f) comes from an element b € 5.

Finally, A C B is a sub-.4-module of B because A is reduced. Since I'(X, Ox)
is flat over A (Proposition A.6), it follows that I'(X, Ox) is a submodule of
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(X', 0x) >~ T'(X,Ox) ®4 B. Since I'(X, Ox) is even faithfully flat over A,
we conclude that
'Xx,ox)ynB=A.

Indeed, this follows from [Bourbaki 1998, Section 1.3.5, Proposition 10(ii)], which
asserts that if C — C’ is a faithfully flat ring morphism, if N is a C-module and if
N’ C N is a sub-C-module, then (N’ ®c C')NN = N’. Since f € I'(X, Ox) N B,
it follows that f € A. O

Example A.9. Theorem A.8 does not hold if we do not assume the semiaffinoid
k-algebra A to be reduced. For instance, as in Example 2.3, let

A:=RITy, T:1/(T}) ®r k,

and let X be the associated rigid k-space. Let f(77) € k[[T1]] be a formal power
series which converges on the open unit disc, but such that f(77) ¢ R[71] ®r k.
Then f(Tl)Tz S F(X, O;) \.A
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Automatic sequences and curves
over finite fields

Andrew Bridy

We prove thatif y =" ja(n)x" € F,[[x] is an algebraic power series of degree d,
height i, and genus g, then the sequence a is generated by an automaton with at
most ¢ +4+¢~1 states, up to a vanishingly small error term. This is a significant
improvement on previously known bounds. Our approach follows an idea of
David Speyer to connect automata theory with algebraic geometry by representing
the transitions in an automaton as twisted Cartier operators on the differentials of
acurve.

1. Introduction

Our starting point is the following well-known theorem of finite automata theory.

Theorem 1.1 [Christol 1979; Christol et al. 1980]. The power series

y=Y_ amx" eFylx]]

n=0
is algebraic over 4 (x) if and only if the sequence a is q-automatic.

Christol’s theorem establishes a dictionary between automatic sequences and
number theory in positive characteristic. The purpose of this paper is to investi-
gate how complexity translates across this dictionary. A secondary purpose is to
demonstrate an intimate connection between automatic sequences and the algebraic
geometry of curves.

We take the complexity of a sequence a to be state complexity. Let N, (a) denote
the number of states in a minimal g-automaton that generates a in the reverse-
reading convention (this will be defined precisely in Section 2). If y is algebraic
over k(x), let the degree deg y be the usual field degree [k(x)[y] : k(x)] and the
height h(y) be the minimal x-degree of a bivariate polynomial f(x, T) € k[x, T']
such that f(x, y) =0. The genus of y will be the genus of the normalization of the
projective closure of the affine plane curve defined by the minimal polynomial of y.

MSC2010: primary 11B85; secondary 11G20, 14HO5, 14H25.
Keywords: automatic sequences, formal power series, algebraic curves, finite fields.
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We bound the complexity of a in terms of the degree, height, and genus of y. In
Section 2 we review some known lower bounds. Our main result is the following
upper bound.

Theorem 1.2. Let y = ZZOZO a(n)x" € Fyl[x]l be algebraic over [, (x) of degree d,
height h, and genus g. Then

N,(a) < (1+o0(1))g" st
The o(1) term tends to O for large values of q, h, d, or g.

All previous upper bounds are much larger. These are usually stated in terms of
the g-kernel of a, which can be described as the orbit of a certain semigroup acting
on the series y and is in bijection with a minimal automaton that outputs a (see
Theorem 2.2). The best previous bound is due to Fresnel, Koskas, and de Mathan
[2000, Theorem 2.2] who show that

N,(a) < qqd(h(2d2—2d+l)+C), (1.3)

for some C = C(g) that they do not seem to compute exactly. Adamczewski and
Bell [2012, p. 383] prove a bound that is roughly qd4h2p5d, where p = char[,.
Earlier, Derksen [2007, Proposition 6.5] showed a special case of the bound of
Adamczewski and Bell for rational functions. Harase [1988; 1989] proved a larger
bound using essentially the same technique. It should be noted that some of these
results hold in more generality than the setting of this paper; the techniques of
Adamczewski, Bell, and Derksen apply to power series in several variables over
infinite ground fields of positive characteristic (with appropriate modifications).

In Proposition 3.14 we show that Theorem 1.2 is qualitatively sharp for the
power series expansions of rational functions, in that it is sharp if we replace the
o(1) term by 0. There are some special cases where the bound can be improved.
For example, an easy variation of our main argument shows that if ydx is a
holomorphic differential on the curve defined by the minimal polynomial of y, then
Ny(a) < qd+g 1 (see Example 4.3). It is also possible to give a coarser estimate
that is independent of g, which shows that Theorem 1.2 compares favorably to the
work of Fresnel et al., even when the genus is as large as possible:

Corollary 1.4. Under the hypotheses of Theorem 1.2, N,(a) < (1 + 0(1))q”d.

Proof. Let X be the curve defined by the minimal polynomial of y. Observe that d
is the degree of the map 7, : X — P! that projects on the x-coordinate. Likewise,
h is the degree of the projection map m, : X — P!. Therefore g < (d — 1)(h — 1)
by Castelnuovo’s inequality (actually, a special case originally due to Riemann, see
[Stichtenoth 2009, Corollary 3.11.4]). O
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Though the reverse-reading convention is the natural one to use in the context of
algebraic series, our approach also gives an upper bound on the state complexity of
forward-reading automata via a dualizing argument. Let qu (a) denote the minimal
number of states in a forward-reading automaton that generates the sequence a, and
let y be as in Theorem 1.2.

Theorem 1.5. N({(a) < qh+2d+g—1'

To our knowledge, there are no previous bounds on forward-reading complexity
in this context except for the well-known observation that qu (@) < gNe@ (see
Proposition 2.4).

The key idea in our argument is to recast finite automata in the setting of algebraic
geometry. If y =) > a(n)x" is algebraic, then it lies in the function field of a
curve X, and a minimal reverse-reading automaton that generates a embeds into the
differentials of X in a natural way. This brings to bear the machinery of algebraic
curves, and in particular the Riemann—Roch theorem. This idea was introduced
by David Speyer [2010] and used to give a new proof of the “algebraic implies
automatic” direction of Christol’s theorem. Building on Speyer’s work, we improve
the complexity bound implicit in his proof.

The paper is organized as follows. Section 2 reviews the theory of finite automata
and automatic sequences. Section 3 introduces the connection with algebraic
geometry, leading to the proof of Theorem 1.2. We also discuss the problem of state
complexity growth as the field varies: if K is a number fieldand y =3 - ja(n)x" €
K [[x]) is algebraic over K (x), then the state complexity of the reduced sequences a;
varies with the prime p in a way controlled by the algebraic nature of y. Section 4
illustrates some detailed examples of our method.

2. Automata, sequences, and representations

2A. Finite automata and automatic sequences. A comprehensive introduction to
finite automata and automatic sequences can be found in the book of Allouche and
Shallit [2003]. We give a brief overview of the theory for the convenience of the
reader.

A finite automaton or DFAQO (deterministic finite automaton with output) M
consists of a finite set ¥ known as the input alphabet, a finite set A known as
the output alphabet, a finite set of states Q, a distinguished initial state qy € Q, a
transition function § : Q x ¥ — Q, and an output function T : Q — A.

Let X* (the Kleene closure of %) be the monoid of all finite-length words over
% under the operation of juxtaposition, including an empty word as the identity
element. The function § can be prolonged to a function § : Q x £* — Q by
inductively defining §(g;, wa) = §(5(g;, w), a) for w € £* and a € X. Therefore a
DFAO M induces a map fys : £¥* — A defined by fi(w) = 7(5(qo, w)) under the
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0 0
o=
1
Figure 1. Thue—Morse 2-DFAO T.

forward-reading convention. If we let w® denote the reverse of the word w, then
the reverse-reading convention is fr (w) = t(5(qo, w’)). A function f: = A
is a finite-state function if f = fj; for some DFAO M. A DFAOQ is minimal if it has
the smallest number of states among automata that induce the same function f);.

A helpful way of visualizing a DFAO M is through its transition diagram. This
is a directed graph with vertex set Q and directed edges that join g to §(q, a) for
each ¢ € Q and a € ¥. The initial state is marked by an incoming arrow with no
source. The states are labeled by their output t(q). Figure 1 shows the transition
diagram of the Thue-Morse DFAO T with ¥ = A = {0, 1}, where fr(w) =1 if
and only if w € {0, 1}* contains an odd number of 1s.

Let p > 2 be an integer (not necessarily prime) and let (n), denote the base-p
expansion of the integer n > 0. A sequence a is p-automatic if there exists a
DFAO M with input alphabet ¥, = {0, 1, ..., p — 1} such that a(n) = fy ((n),);
we say that M generates a. It is known that a sequence is p-automatic with respect
to the forward-reading convention if and only if it is p-automatic with respect to
the reverse-reading convention [Allouche and Shallit 2003, Theorem 5.2.3]. (We
prove a quantitative version of this fact in Proposition 2.4.) A DFAO with input
alphabet X, is called a p-DFAO.

Let a be a p-automatic sequence. As in the introduction, the forward-reading
complexity N ,{ (a) is the number of states in a minimal forward-reading p-DFAO
that generates a, and the reverse-reading complexity N,(a) is the number of states
in a minimal reverse-reading p-DFAO that generates a.

Remark 2.1. Base-p expansions are only unique if we disallow leading zeros —
for example, the binary strings 11 and 011 both represent the integer 3. This creates
a minor ambiguity in the minimality of a generating DFAO for a sequence, as it
may be the case that a larger DFAO is needed if we require that the same output is
produced for every possible base-p expansion of an integer (it is not even a priori
clear that both definitions of “p-automatic” are equivalent; see [Allouche and Shallit
2003, Theorem 5.2.1]). Throughout this paper we enforce the stricter requirement
that the generating DFAO gives the same output regardless of leading zeros. (This
is necessary for minimality to translate correctly from automata to curves.)

The canonical example of an automatic sequence is the 2-automatic Thue—Morse
sequence

a=01101001...,
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where a(n) = fr((n),) for the Thue—Morse automaton 7. The term a(n) is the
parity of the sum of the bits in the binary expansion of n. Note that 7' generates a
under both the forward-reading and reverse-reading conventions, and 7' is obviously
minimal, so N,(a) = sz (a) =2.

There are many characterizations of a sequence that are equivalent to being
p-automatic. We mention two, which are relevant to computing state complexity.
The first is due to Filenberg and relies on the notion of the p-kernel of a, which is
defined to be the set of sequences n + a(p'n+ j) foralli >0and0 < j < p' — 1.
The second actually holds in more generality than automatic sequences: it is an
easy adaptation of the Myhill-Nerode theorem to the DFAO model.

Theorem 2.2 (Eilenberg). For p > 2, the p-kernel of a is finite if and only if a is
p-automatic. Moreover, N,(a) is precisely the size of the p-kernel of a.

Proof. See [Eilenberg 1974, Proposition V.3.3] or [Allouche and Shallit 2003,
Proposition 6.6.2]. See [Derksen 2007, Proposition 4.9] for the claim of minimality
(this minimality is in the strict sense of Remark 2.1, as a smaller DFAO may exist
otherwise). O

Let f : ¥* — A be any function. For x, y € ¥*, define x ~ y to mean f(xz) =
f(yz) for all z € ¥*. Then ~ is an equivalence relation on ¥*, called the Myhill-
Nerode equivalence relation.

Theorem 2.3 (Myhill-Nerode). The equivalence relation ~ has finitely many equiv-
alence classes if and only if f is a finite-state function. The number of equivalence
classes of ~ is the minimal number of states in a forward-reading DFAO M such

that f = fu.
Proof. See [Allouche and Shallit 2003, Theorem 4.1.8 and p. 149]. O

2B. Automata from p-representations. Another way of characterizing p-automatic
sequences is by p-representations. Let a@ be a sequence taking values in a field k.
A p-representation of a consists of a finite-dimensional vector space V over k, a
vector v € V, a morphism of monoids ¢ : E;‘; — End(V), and a linear functional
A € V¥ =Hom(V, k), such that for any positive integer n,

a(n) =r¢p((n)p)v.

A sequence that admits a p-representation is known as p-regular [ Allouche and Shal-
lit 2003, Chapter 16]. Equivalently, its associated power series is recognizable in the
language of [Berstel and Reutenauer 1988] (see also [Salomaa and Soittola 1978]).

We also make the nonstandard but natural definition of a p-antirepresentation
of a, which consists of the data of a representation except that ¢ : £ — End(V) is
an antimorphism of monoids, that is, ¢ (wv) = ¢ (v)¢ (w). Antirepresentations on V
correspond to representations on the dual space V*. In Proposition 2.4 we show that
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when £ is finite of characteristic p, p-representations give rise to reverse-reading
automata and p-antirepresentations give rise to forward-reading automata.

An obvious necessary condition for a sequence to be automatic is that it assumes
finitely many values. It is not hard to show that a sequence over a field is p-
automatic if and only if it is both p-regular and assumes finitely many values (see
[Allouche and Shallit 2003, Theorem 16.1.5] or [Berstel and Reutenauer 1988,
Theorem V.2.2]). We give a quantitative proof of this fact when £ is a finite field,
in which case the “finitely many values” hypothesis holds trivially. Our argument
will allow us to deduce a bound on state complexity.

Proposition 2.4. Let p be a prime or prime power and let k = [ ,. The sequence a
over k is p-regular if and only if it is p-automatic. Furthermore, if a has a p-
representation on a vector space V of dimension m, then N ,{ (a) and N,(a) are
both at most p™.

Proof. First assume that a is p-automatic. There exists a reverse-reading p-DFAO
M such that fM((n)[If ) = a(n). We construct a representation for @ analogous to
the regular representation in group theory. Let gy, ..., g, be the states of M and
let V. =k™. Let v = ey, the first standard basis vector of V. For i € X, define the
matrix ¢ (i) € kK™ ~End(V) by

1 if &;(gp) = qa,
0 otherwise,

¢(a,p = {

and extend ¢ to a morphism from E;‘, to k™™ Let A be defined by A(e;) = t(q;)
for each j and extended linearly to a functional A : V — k. This defines a p-
representation of @, which can be pictured as embedding the states of M into V
and realizing the transition function as a set of p linear transformations.

Now assume instead that a is p-regular. Let (V, v, ¢, A) be a p-representation
of a with dim V = m. We construct a reverse-reading DFAO M as follows. The
initial state g is v, the set of states is Q = {p(w)v:w € E;}, the transition function
is given by é(w, i) = ¢ (i)(w), and the output function is t(w) = A(w). Itis a
matter of unraveling notation to see that M outputs the sequence @, and M has at
most | V| = p™ states.

We now construct a p-antirepresentation for the sequence a. Let ¢7 : =
End(V*) be the antimorphism defined by ¢ (w) = ¢(w)”, where T denotes trans-
pose. Now (V*, &, ¢, v) is a p-antirepresentation of @, where we identify V with
(V*)* in the natural way. If (n), = ¢, - - - c1co, then

a(n) =irp((n)p)v =~r¢(c,) --- P(co)v,

so thinking of v as an element of (V*)*, we have

a(m)=v(Ap(cy) - $(c)) =vd" (co) - " (c)A=v9" (cy-+-coO)r=vg" ((n) p)A.
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This corresponds to a forward-reading DFAO M in the following way: let the initial
state go of M be A, the set of states be Q = {¢” (w)r:w e 2;}, the transition function
be 8(1, i) = ¢ (i)(1), and the output function be 7() = v’ (1) = u(v). Taking
transposes has the effect of reversing input words, so this gives a forward-reading
DFAO that outputs the sequence a, and it has at most p™ states, as dim V =dim V*.

|

Remark 2.5. A special case of the antirepresentation constructed in Proposition 2.4
gives a standard result of automata theory; if A = {0, 1}, so that M either accepts or
rejects each input string, and M has n states, then a minimal reversed automaton for
M has at most 2" states. We can identify A with [F;, and the regular representation
is on the vector space [.

The representation constructed in Proposition 2.4 produces a p-DFAO where
the states are identified with a subset of V and the transitions are realized as linear
transformations. In general, this is not a minimal DFAO. Much of our work in
the rest of the paper will be describing canonical representations that produce
minimal DFAO.

Somewhat surprisingly, for any p-representation of a, the forward-reading p-
DFAO antirepresentation in Proposition 2.4 is minimal as long as V equals the linear
span of {¢(w)v : w € X7}. This assumption on V loses no generality, because we
can always replace V with this subspace (in particular, satisfying this assumption
does not mean the corresponding reverse-reading automaton is minimal). This
observation is to our knowledge new, and we prove it in Proposition 2.6. In a sense,
this is an analogue via representations of the minimization algorithm of Brzozowski
[Brzozowski 1963; Shallit 2009].

Proposition 2.6. Let a be a sequence taking values in a finite field k, and let
(V,v, @, L) be a p-representation of a. Assume without loss of generality that V
is the k-linear span of {¢(w)v : w € £7}. The DFAO M corresponding to the
antirepresentation in Proposition 2.4 is a minimal forward-reading p-DFAO that
generates a.

Proof. The state set of M is Q = {¢pT (w)r : w € Z;} with initial state X, the
transition function is 8(u, i) = ¢ (i) (1), and the output function is 7(x) = wu(v)
for some fixed v € V. We show that the states of Q are in one-to-one correspondence
with the Myhill-Nerode equivalence classes of the finite-state function fj; as in
Theorem 2.3.

Let [x] be the equivalence class of x € E;‘;. We need to show that [x] = [y] if
and only if ¢ (x)(A) = ¢ (y)(A). We have

¥1={ye T} : v’ wr) =@ (y2)) forall z € T},
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and the computation (¢ (xz)A) = T(Ap(x2)) = A (x)¢ (z)v shows that
[x]= {y € E;‘, AP ()P (D)v=Ap (V)P (z)v forall z € E;}
={y e} 1 2p(x) =21¢(y) in V'],
because V is the span of the set {¢p(z)v:z € E;‘;}. So [x] is the precisely the set of

all y such that ¢ (x)A = ¢’ (y)A. By the Myhill-Nerode theorem, M is a minimal
forward-reading DFAO that generates a. (]

2C. Power series and bounds on degree and height. We develop some standard
machinery that is used in the proof of Christol’s theorem. Let k be a perfect field
of characteristic p, for example, a finite field [,-. Let

o0

y= Y amx" ek(x)),
n=—00
where a(n) = 0 for all sufficiently large negative n. Define

oo

Ai(y) = Z a(pn+i)l/Px". 2.7
n=—oo
The operators A; are [ ,-linear (not necessarily k-linear) endomorphisms of the
field k((x)). They are known in this context as Cartier operators. Observe that

p—1 oo
y=)_ ) alpn+ixt
i=0 n=—00
oo

p—1
= in Z a(pn+i)xP"
=0

i n=—0o0

S

o0

p
> a(pn+i)1/l’x") (2.8)

~1
i=0 n=—00
and therefore
p—1
y=Y x' (M) (2.9)
i=0
Ify= Zf;o a(n)x" €F,[[x]], itis easy to see that the p-kernel of a is in bijection
with the orbit of y under the monoid generated by the A; operators, as taking p-th
roots fixes each element of [),. If y = Yo pam)x" € Fyllx] for g = p”, then
applying r-fold compositions of the A; operators gives g-ary decimations of the
sequence a. That is, if

C:irpr_] +ir71pr_2+‘ o Fip i,
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where each i; € {0, ---, p — 1}, then

oo
Aj Njy -+ A, (y) = X:at(p’n+i,pr_1 o iap i X"
n=0

- Za(qn +o)x", (2.10)
n=0

because [, is fixed under taking g-th roots. It follows that

y= Z xirprJ-|-...—+-i217—i-i1(AilAl.2 - Ai, (y))q‘ (2.11)

0<ityeenip <p—1

Remark 2.12. The operators A; are usually defined by A; (y) =Y oo a(gn+i)x"
when k = [ ; see for example [Adamczewski and Bell 2012; 2013; Allouche and
Shallit 2003]. With this definition, (2.11) takes on the much simpler form

g—1
y= 2 aim)”.
i=0
However, our definition fits more naturally into the geometric setting of Section 3
because it is invariant under base extension, whereas the usual definition depends
on a choice of [, fixed in advance.

Continue to assume that y € F,[[x]], where p is prime and g = p". Define S,
to be the monoid generated by all r-fold compositions of the A; operators. The
g-kernel of a is in bijection with the orbit of y under §,, which we denote S, (y).
If a is a g-automatic sequence, then by Eilenberg’s Theorem S, (y) is finite and
|S;(y)| = N4(a). Moreover, we have a g-representation for a: V is the finite-
dimensional [,-subspace of [, [[x]] spanned by the power series whose coefficient
sequences are in the g-kernel of a, ¢ is defined so that, for i € ¥, ¢ (i) maps
Yo pam)x" to Y o2 a(gn+i)x" by the r-fold composition of the A; operators
given in (2.11), and the linear functional A maps a power series to its constant term.

The standard proof of the “algebraic implies automatic™ half of Christol’s theorem
[Christol et al. 1980; Christol 1979; Allouche and Shallit 2003, Theorem 12.2.5]
follows from the observation that y is algebraic if and only if it lies in a finite-
dimensional [F,-subspace of [, ((x)) invariant under S,. Given an algebraic power
series y, it is easy to construct an invariant space using Ore’s lemma [Allouche and
Shallit 2003, pp. 355-356], which leads to the prior bounds on state complexity
mentioned in the introduction, but the dimension of the space constructed is often
far larger than the dimension of the linear span of S,(y). We achieve a sharper
bound on the dimension by introducing some relevant machinery from algebraic
geometry in the next section. First we demonstrate some easy upper bounds on
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height and degree in terms of reverse-reading state complexity that can be extracted
from the usual proof of Christol’s theorem.

Proposition 2.13. Let y =) .2 a(n)x" € F,[[x]. Assume a is g-automatic and
Ny(a) =m. Then y is algebraic, degy < q" — 1, and h(y) < mq™t.

Proof. Let S;(y) ={y1, ..., ym}. From (2.11), for each i € {1, ..., m} we have

Yi € ()’?,,y;ﬁ),

where the angle brackets (- - -) indicate [, (x)-linear span. So

e,
and eventually
yfm € (yfw,l. R AN
Therefore
Did oy e o,
which forces an [, (x)-linear relation among y;, yiq , yiqz, R y?m, that is, an al-

gebraic equation satisfied by y;. In particular, y is algebraic, which proves the

“automatic implies algebraic” direction of Christol’s theorem. If y # 0 we can

cancel y to deduce degy < g™ — 1 (if y = 0 this is trivially true). .
Working through the chain of linear dependences shows that each yiq can be

written as a linear combination of { yi’mH, ey y,‘f,mH} with polynomial coefficients
of degree at most ¢”"*!. A standard argument in linear algebra shows that there is a
vanishing linear combination of {y;, yiq e yf’ m} with polynomial coefficients of
degree at most mg™ !, O

It is easy to construct infinite families of power series for which degree and height
grow exponentially in N, (a), which we do in Examples 2.14 and 2.15. It is not clear
whether the bounds of Proposition 2.13 are sharper than these families indicate.

Example 2.14. Let y = x" and let a be the sequence with a 1 in the n-th position
and 0 in every other position. We have N, (a) = [log,(n)] + 1, because a g-DFAO
generating a needs [log,(n)] states to recognize the base-g expansion of n and
one additional “trap state” that outputs zero on any input that deviates from this
expansion. So h(y) grows exponentially in the number of states required. For
example, Figure 2 gives a 3-DFAO that outputs 1 on the word 201 and 0 otherwise.

Example 2.15. The degree bound of Proposition 2.13 is nearly sharp for those
degrees that are powers of g. We argue that the unique solution in [, [[x] to the
Artin—Schreier equation

m

y —y=x,
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0202
(;\JVZ 0,1,2

0,1,2

Figure 2. Minimal 3-DFAO that outputs 1 on 201 and 0 otherwise.
which is
m 2m 3m
y=x+xT +xT + x4,

satisfies Ny(a) =m +2,s0degy = gMNe@=2_ As usual, we identify the states of a

reverse-reading g-automaton that outputs @ with the orbit of y under §,. We compute
o0
m—1 2m—1 3m—1
PO =Y algmx" =x"" 420" "
n=0

(D) =) algn+x"=1,

n=0

[e.¢]
$()(y) =) _algn+c)x" =0,
n=0
for2 <c <gq — 1. Itis clear that S, (1) = {0, 1}, and

m—2

$O2() =x"" x0T x0T

3

$OP () =x"" x0T x0T

m+1 2m+1
$O)" () = x94T 42T 4
m 2m
$O)" (1) =x+x" 420" 4. =y.
Except for y, the power series in this list are all g-th powers, so any element of S,
that includes a A; operator other than A sends each one to zero. By Eilenberg’s
theorem, a minimal reverse-reading automaton that outputs @ has m 4 2 states.
Figure 3 depicts such an automaton for m = 4. Any undrawn transition arrow leads

to a trap state g7 (not pictured) where §(q7, i) = gr for every i € £, and t(g7) =0.

A sequence is p-automatic if and only if it is p”-automatic for any r > 1 [Allouche
and Shallit 2003, Theorem 6.6.4], so it makes sense to discuss the base-p state
complexity of a, as well as the base-g state complexity. In fact, Christol’s theorem
is usually stated in the equivalent form that for any r > 1, a power series over [ is
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ol

0

Figure 3. Minimal ¢-DFAO generating the coefficients of y, where
4

y—y=x

@L@@

algebraic if and only if its coefficient sequence is p-automatic. The next proposition
shows that, for a given ¢ and p, there is no qualitative difference between base-p
and base-g complexity, in the sense they are at most a multiplicative constant apart.

Proposition 2.16. Let a be p-automatic and g = p". Then
N,(a) < N,(a) < Z—N (@ and N}(@) <N/(a) < Z Nf(a)

Proof. First we handle reverse-reading complexity. Without loss of generality,
assume that the output alphabet A of the DFAO that produces a is a subset of [~
for some N with |, € F,~. The lower bound on N (a) is clear from the fact that
Sq() € Sp(y) for y =3 a(m)x".

For the upper bound, let M, be a minimal reverse-reading p-DFAO that outputs a.
Observe that M, contains the g-DFAO M, (which also outputs a) as a “subDFAO”,
where the transitions in M, are achieved by following r-fold transitions inside M.
So the states of M, that are not in M, comprise at most one p-ary tree of height r
rooted at each state of M. So

-
Np@ = (14 ptp2 4o+ 7 My | = ZoEN @),
which yields the claimed inequality.

To pass to forward-reading state complexity, follow the dualizing construction of
Proposition 2.4 to embed the states of a forward-reading p-DFAO in some vector
space over [ ,v. Then let S; and S qT be monoids consisting of the transposes of the
operators in S, and S,. The same arguments as above now apply. (]

3. Curves, the Cartier operator, and Christol’s theorem

3A. Curves and the Cartier operator. At this point we recall some standard defi-
nitions and terminology from the algebraic geometry of curves. For an introduction
to the subject, see [Hartshorne 1977, Chapter 1V; Silverman 2009, Chapter II;
Stichtenoth 2009].
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Let k be a perfect field of characteristic p and let X/k be a smooth projective
algebraic curve. Denote the function field k(X) by K. Let Q = Qg be the
K -vector space of (Kéhler) differentials of K /k, which is one-dimensional.

Let P be a (closed) point of X, or equivalently a place of K. (Whenever we
refer to points of X, we will always mean closed points.) Write v, (f) or vp(w) for
the valuation given by the order of vanishing of f € K* or w € 2\ {0} at P. The
valuation ring Op is defined to be

Op ={f € K*:vp(f) =0} U {0},
with maximal ideal
mp={(f €KX vp(f) = 1JU{0}.

The degree deg P is dimy Op/mp. Write resp(w) for the residue of w at P.
Let Div(X) denote the group of k-rational divisors of X. If f € K*, define

(Ho= Y vp(HP,
vp(f)>0

(oo= Y. —vp(fHP,

vp(f)<0
(f)=0No—(oo-

For D = ZP npP € Divi(X), write D > 0 if D is effective, that is, if np > 0 for
all P. Define

LD)={feK™:(f)+D=>0}U{0} and Q(D)={weQ\{0}:(w)+D>0}U{0}.
By the Riemann—Roch theorem,
dim; Q(D) =dimy L(—D)+degD+ g — 1.
If D is effective, then £(—D) = {0} and
dimg Q(D) =degD+ g — 1.

For an effective divisor D, it will be convenient to introduce the nonstandard
notation +/ D for the “radical” of D, that is,

VD= > P.

vp(D)>0

Let x € K be a separating variable (x ¢ K”, equivalently dx # 0). For such
an x, there is some point P of X such that v, (x) is not divisible by p. By an
easy argument using valuations at P, the powers 1,x,x2, ..., x?~! are linearly
independent over K”. As [K : K] = p by standard facts about purely inseparable
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extensions [Stichtenoth 2009, Proposition 3.10.2], the set {1, x, ..., xP~1} forms a
basis of K over K”. Thus, any w € Q2 can be written as

o= (uf +ujx+---+ub_xP"Ndx, 3.1
for unique ug, ..., u,_1 € K. Define amap C: 2 — Q by
Cw)=up_1dx. (3.2)

It is true, but far from obvious, that C does not depend on the choice of x [Stichtenoth
2009, p. 183]. The operator C is an [,-linear endomorphism of €2 known as the
Cartier operator. This operator is of great importance in characteristic-p algebraic
geometry. It can be extended in a natural way to r-forms of higher-dimensional
varieties for any r, though we do not need this for our purposes (see for example
[Cartier 1957; Serre 1958]).

It follows from the definition of C that for any w € €2,

w= Zx’(c(xp - lw)) dx. 3.3)

1=

Comparing equations (2.9) and (3.3) motivates the following definition. For i €
{0, 1, ..., p— 1}, define the twisted Cartier operator o; : Q2 — Q2 by

o () =CxP~ " w). (3.4)

For this to make sense in an arbitrary function field K, we need to fix a distinguished
separating x € K in advance (equivalently, a distinguished separable cover X — P1).
Having done so, if y € k((x)) N K, it is clear that

oi(ydx) = A;(y)dx, (3.5)
so the o; act on differentials just as the A; act on series.

Remark 3.6. Equation (3.5) is true in the differential module of any function
field K that contains the Laurent series y, as long as x € K is separating. In
particular, we can take K = k(x)[y], as the Laurent series field k((x)) is a separable
extension of k(x). This proves that if y is algebraic, then the operators A; map
k(x)[y] into itself. This is not at all obvious from the definition of A; as an operator
on formal Laurent series.

We summarize some important properties of C in the next proposition. These
are standard (see e.g., [Stichtenoth 2009, p. 182]), but we sketch proofs for the
convenience of the reader.

Proposition 3.7. For any w, ' € Q, f € K, and any point P of X:
(1) Clw+ o) =C(w) +C(o).
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(2) C(ffw) = fC(w).
3) C(w) =0ifand only if o = dg for some g € K.
4) If w is regular at P, then so is C(w).

(5) If w has a pole at P, then v, (C(w)) > (vp(w) +1)/p — 1, and equality holds
if the RHS is an integer. In particular, if v, (w) = —1, then v, (C(w)) = —1.

(6) Ifdeg P =1, thenresp(C(w))? =resp(w).

Proof. Statements (1) and (2) are immediate from the definition and imply that C is
[ ,-linear.

Statement (3) follows from the fact that there is no g € K such that dg =x?~! dx.
If there were such a g, we would have dg /dx = xP~!, but this is impossible because
the derivative of x? is zero. For the converse, if u,_; =0, set
xP1

p
"‘""“”p—Zﬁ’

x*

— P p
g =uyx +uj 3

and note that no denominator is zero. Then w = dg.

For statement (4), choose a uniformizer ¢ at P, which is necessarily separating
(if 7 is a p-th power, then v, (7) is a multiple of p and ¢ cannot be a uniformizer
at P). Let w = fdr. If w is regular at P, then so is f, because v, (dr) =0. So, f
can be written as a power series in 7 and C(w) = A, (f) dt. The series A, _1(f)
is regular at P, so C(w) is also. Statements (5) and (6) follow similarly by writing f
as a Laurent series in ¢. Il

3B. Christol’s theorem and complexity bounds. At this point we fix a prime p
and a prime power ¢ = p". Let y =Y ja(n)x" € F,[[x] be algebraic of degree d,
height 4, and genus g. Let X be the normalization of the projective closure of the
affine curve defined by the minimal polynomial of y (after clearing denominators).
Set K = [Fq(X) and Q = QK/ﬂ:q.

Define S, to be the monoid generated by all r-fold compositions of the operators
{00, ...,0,-1}. In particular, S, = (09, ..., 0p_1). We write S, (w) for the orbit
of w under S,. Note that dx # 0 because [, (x) € K C F,((x)), so K/F,(x) is
separable (the Laurent series field is a separable extension of the rational function
field). Therefore (3.5) holds, so the orbits S, (y dx) and S, (y) are in bijection. So
if S;(y dx) is finite, then @ is p-automatic, and |S,(y dx)| = N, (a).

We now present the proof of the “algebraic implies automatic™ direction of
Christol’s theorem due to David Speyer [2010]. As indicated above, the crux of the
argument is to show that the orbit S, (y dx) is finite. By Proposition 2.16, it loses
essentially nothing to replace S, (y dx) with the larger orbit S, (y dx).

Proposition 3.8 (Speyer). The sequence a is q-automatic.
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Proof. Let P be a point of X. By Proposition 3.7, if neither x nor w has a pole
at P, then o, (w) = C(x?~"~'w) does not have a pole at P foranyi € {0, ..., p—1}.
Therefore, the only places where elements of S,(y dx) can have poles are the
finitely many poles of y dx and of x.

Now assume that P is a pole of y dx or of x. Let n = v, (y dx) and m = v, (x).
Applying the inequality of Proposition 3.7 gives
n+m(p—1-i)+1

p

The pole of largest order that o;(y dx) could have at P occurs when both # and m
are negative. In this case,

1.

vp(o;(ydx)) >

vploi(yday) = Lpme=b 1y
P P P

Applying the same reasoning again shows that

n m(p—1) n m(p—1) +L

-1,
p? p p?

vp(0joi(ydx)) = %
and applying it k times shows that
1 1 1 1
0p (0 -+ 01, (ydx)) = 27 +m(p — 1)(—k+ﬁ+---+—) + -1
D pp
mpp—h , 1

p—1 = pk
>n+m—1.

>n+

Therefore v, (w) > n +m for any w € S;,(y dx). (If one of {n, m} is positive, then
it follows in the same way that v, (w) > min{n, m} instead.)

The differentials in S, (y dx) have poles at only finitely many places, and the
orders of these poles are bounded. So there is a finite-dimensional [, -vector space
that contains S, (y dx), and in particular S, (y dx) is finite. O

The Riemann—Roch bound implicit in Proposition 3.8 gives a complexity bound
that is a preliminary version of Theorem 1.2. This is Corollary 3.10, for which it
will be convenient to use the language of representations. Let v = y dx, and let V
and X be as in the setup before Proposition 3.8. Let ¢ : E;‘ — End(V) be the unique
monoid morphism defined for ¢ € X, by

¢(c) =0;0i_, -0,

where ¢ = i,p’_1 +i,_1p’_2+ -t ip+ip with0O<iy,...,i, < p—1. Then
by the power series machinery of Section 2C and the bijection between S, (y) and
S, (ydx), we see that (V, v, ¢, A) gives a g-representation of a.
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Remark 3.9. If D is any divisor such that S, (y dx) C (D), then we can identify
A with an element of H!(X, Ox(—D)). This is because of the natural duality
isomorphism

H'(X, Ox(=D))* =~ H (X, Qx (D)),

which is the classical statement of Serre duality for curves [Hartshorne 1977,
Chapter II1.7]. (The global sections of Q;(D) are exactly what we have called
Q(D).) In fact, A has an explicit realization as a repartition (adele). See, e.g.,
[Stichtenoth 2009, Chapter 1.5; Serre 1958, p. 37]. Moreover, the Cartier operator
on 2 (D) is the transpose (or adjoint) of the Frobenius operator on H (X, Ox(—=D)).

Corollary 3.10. max(qu(a), Ny(a)) < gh+3d+s=1,

Proof. The bounds on the orders of poles in the proof of Proposition 3.8 show that

Sq(ydx) S Q((ydx)oo + (X)o0),

so we may take V = Q((ydx)x + (¥)) in the g-representation of a. By
Proposition 2.4, both N({ (a) and N, (a) are at most |V| = qd‘m[“z V. We have

dimp, V =deg((y dx)oo + (X)oc) + & — 1 < deg(y dx)oo +deg(x)oc + 8 — 1.

Letmy,my: X — P! be the projection maps from X onto the x- and y-coordinates.
We have deg(x)oo = degm, = d and deg(y)s = degm, = h. (The easiest way
to see this is by looking at the function field inclusions 7} : F,(x) < K and
n;‘ :Fy(y) = K. Thatis,d =[K :Fy(x)]and h = [K : F;(»)].)

The poles of dx occur at points which are poles of x, and the order of a pole of
dx at P can be at most one more than the order of the pole of x at P. So deg(dx)co
is maximized when the poles of x are all simple, in which case deg(dx) =
2 deg(x)oo = 2d. The fact that deg(y dx)oo < deg(y)oo +deg(dx)oo gives the upper
bound. ]

The bound in Corollary 3.10 is superseded by Theorem 1.2 for large values of
h, d, and g. However, it is simple to prove and is already much better than the
previous bounds derived from Ore’s Lemma.

We aim to prove Theorem 1.2 by bounding the size of the orbit S, (y dx). As in
the proof of Proposition 3.8, it will be easier to deal with the larger orbit S, (y dx).
By Proposition 2.16, this creates no essential difference in the size of the orbit. To
streamline the exposition, we establish some preliminary lemmas. Lemmas 3.11
and 3.12 determine the “eventual behavior” of y dx under S,,. The main difficulty
is in handling the orbit of y dx under the operator oy (this is related to the special
role that 0 plays in nonuniqueness of base expansions). Recall that /D is the sum
of the points in the support of the divisor D, neglecting multiplicities.
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Lemma3.11. Let V= () oo+ X)oot++ (X)oo) and W = Q((¥)so+(x)0). Then
foranyie{l,...,p—1},0;(V) S W,and foranyi €{0,..., p—1},0;(W) C W.

Proof. Let w € V. Then for any point P, vp(®) > —vp((¥)oo) — 20p((X)o0). By
Proposition 3.7,

vp (i (y dx)) = vp(C(xP~' "y dx))
_Up((y)oo)+(_p_1+i)vp((x)oo)+1 o
p
—0p(Me)+1  prp((ee)
4 4
> —Up((Y)oo) - UP((x)oo),
where we have used that i > 1. A similar calculation shows that o; (W) C W for
any i. ([

1

> 1

Lemma 3.12. Let T be the maximum order of any pole of y or zero of x. Then
a5 (v dx) € Qv (Moc = (¥0) + v/ ()0 + (oo + v/ (X))

Jor £ = Tlog,(T)]1.

Proof. As in the proof of Proposition 3.8, any w € S,(ydx) can have poles
only at the poles of ydx or of x. Writing locally in Laurent series expansions
shows that the poles of y dx are all either poles of y or poles of x, and in fact

ydx € Q((¥)oo + (X)oo ++/(X)o0). For any w € 2, we compute
xPw w
o) =¢(**) =x¢(7)

og (w) = xC" (%)

and therefore

for every n > 1.

Leta = (ydx)/x. Wehave o € Q ((¥)oo + ()0 ++/(X)o0). As y is a power series
in x, it must be the case that y is a regular function at every zero of x, so no point
can be both a pole of y and a zero of x. Let P be a point that is either a pole of y or
a zero of x. Thus v, (a) > —T'. Repeatedly applying Proposition 3.7, we see that
vp (CH(a)) > —1 for £ > log,,(T). Therefore CH@) € (Voo + V)0 + () oo).
As o(f(y dx) = xC(a), we conclude

od (v dx) € vV (Moo + v/ ()0 + v () oo — ()0 + (*)s0)

as claimed. O

The next lemma handles the repeated action of C on differentials with simple
poles.
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Lemma 3.13. Suppose w € K has simple poles at points of degrees ey, ey, . . ., ey.
Let m be the LCM of ey, ..., e,. Then C"" (w) — w is holomorphic (recall g = p”).

Proof. Let X’ be the base change X’ = X ®g, F,» with base change morphism
¢ : X' — X. Let K" = ¢*K, which is the constant field extension F,» K. Each
place P of K which is a pole of w splits completely in the extension to K’ (for
example, by [Stichtenoth 2009, Theorem 3.6.3 g] each place P’ lying over P has
residue field equal to [ ). Therefore the pullback ¢*w has simple poles at places
of degree 1. So C(¢*w) has simple poles at the same places as ¢p*w. At each of
these places P’, we compute

resp (C"™ (¢*w)) = resp(¢p*w) /P =resp (p*w)? " = resp (¢p*w),

because the residue lies in F,», which is fixed under the ¢"-th power map. So
C"™(¢*w) has simple poles at the same places as ¢*w with the same residues, and
therefore C"™ (¢*w) — ¢*w is holomorphic. The Cartier operator commutes with
pullback, so
C"M(9w) — ¢*w = " (" () — w)
and we conclude that " (w) — w is also holomorphic. U
Using the preceding lemmas, we now prove Theorem 1.2.

Proof of Theorem 1.2. Let V =Q(¥) oot (X) cot++/(X)oo) and W =Q (¥) o)+ (%) 00)-
By Lemma 3.11, g;(y dx) € W for every i > 0, and W is o;-invariant for every i.
So we have

[Ny (@)| = |S; (v d)| < [Sp(y dx)| < 1+ [{og (vdx) :n = [+ |W].

By Riemann-Roch, dimg, W = deg((y)oo + (*)o0) + § —1 <h+d +g—1. The
remainder of the proof will handle the orbit of y dx under oy.
Let T be the maximum order of any pole of y or zero of x. Let

D=V +vV@)0+vV(X)oo

By Lemma 3.12, for n > [logp(Tﬂ, we have that o) (y dx) € Q(D — (x)). Let
_1_Mog,(1)]
%o

o=x (ydx). Soa € Q(D), that is, o has simple poles at points that are
either poles of y, poles of x, or zeroes of x. We have seen that xC" (a) = oy (xa).
It follows that

{C" (@) :n =0} = [{o" (ydx) : n = log,(T)}|.

Let m be the LCM of the degrees of the points at which « has a pole. By Lemma 3.13,
C"(a) — o is holomorphic. The space of holomorphic differentials is invariant
under C, so the orbit of @ under C is contained in the set

{Ck(oc)—i-n:Ofk <rm and n € 2(0)}.
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This set has size at most rm|Q2(0)| = rmg8. Thus
o (@) :n>1}] < (logp(T)-| +rmg8.

We now need to estimate m.

Let L(n) be Landau’s function, that is, the largest LCM of all partitions of n, or
equivalently the maximum order of an element in the symmetric group of order n.
Recall from the proof of Corollary 3.10 that deg(y)so = & and deg(x)oo = d. We
have

D degP < > —vp(y)deg P =deg(yo) =h
vp () <0 Up (1) <0

and it follows in the same way that 3, ) odeg P <dand }_, ) odegP <d.
Therefore m < L(h)L(d)?. It is clear that L(a)L(b) <L(a+Db) for all @ and b, so
m < L(h+2d). So

|{06’(ydx) in > 1}| < [logp(T)] +rL(h+2d)qg8.

Therefore |S)(y dx)| <1+ [log,(T)]1+rL(h+2d)q® + ghtd+eT,
It remains to show that the quantity

1+ [log, (1) | +rL(h+2d)¢®
qh+d+g—1

decays to zero as any of g, h, d, or g grow to co. This follows easily from the fact
that g > 0 and /& 4 d > 2 for any algebraic curve, the simple bound on Landau’s
function

L(n) <exp((1+o0(1))y/nlogn)
from [Massias et al. 1989], and the fact that 7 < max(k, d). O

The forward-reading complexity bound of Theorem 1.5 follows as an easy
corollary.

Proof of Theorem 1.5. Let V = Q((¥)oo + (X)oo + v/ (¥)o) and let A e V* be the
linear functional that maps w to the constant term of the power series . We have
dimp, V<h+2d+g—1,s0

INf (@) =|S] (W] < |v*| < g"2dte]
by Proposition 2.4. U

We now show that Theorem 1.2 is qualitatively sharp for the power series
expansions of rational functions, that is, it is sharp if we replace the “error term”
o(1) by zero.
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Proposition 3.14. For every prime power q and every positive integer h > 1, there
exists y =y o2 o a(n)x" € F,[[x]| withdeg y =1 and h(y) = h (and therefore g =0)
such that Ny (a) > qh.

Proof. Let f = Xt x4 eix oo € [, [x] be any primitive polynomial,
that is, such that a root of f generates F;h. Lety=f"'-1¢ 4 [x1. The coefficient
sequence a of y satisfies the linear recurrence relation

coa(n)+cian—1)+---+cp1an—h+1)+amn—h)=0

and a is eventually periodic with minimal period ¢" — 1 [Lidl and Niederreiter
1994, Theorem 6.28]. We have deg y = 1 and h(y) = h, so the curve X is P!, with
K =TF,(x)and g =0.

Note that (y)so = (f)o is a single point of degree h. Let Py, be the pole of x,
which is distinct from (f)g. We compute

(f7'dx) = hPoo — (f)0—2Poo = (h — 2) Pos — (f)o,

so f~!dx has at most two poles: a simple pole at (f)q of degree h, and if
h =1, a simple pole at P, of degree 1. By Lemma 3.13, C"*(ydx) — f~'dx =
C""(f~'dx) — f~!dx is holomorphic (note C(dx) = 0 by Proposition 3.7). As X
has genus 0, it carries no nonzero holomorphic differentials, so C"” (y dx) = f~!dx.

Let b be the coefficient sequence of f~!. The sequence b satisfies a linear
recurrence relation of degree 4 and has period ¢” — 1, so it must be the case that
all possible strings of & elements in [, except for the string (0, ..., 0) occur in b
within the first qh — 1 terms. For each 0 < ¢ < g — 1, a certain r-fold composition
of A; operators s € S, gives s(f_l) = Z;.,O:o b(gn+c)x", so

Aghs(f_l) = Zb(qhn +o)x" = Zb(n)x”,
n=0

n=c

by the periodicity of b. So there are at least ¢" — 1 distinct power series in Sy (f -,
Let V=Q((f)o+ Pso). We have (f_1 dx) € V, and dimg, V = h by Riemann—
Roch. A calculation with properties of C and orders of poles shows that V is
o;-invariant for any i € {0, ..., p—1}, so &S‘q(f*l dx) C V. The counting argument
from the previous paragraph shows that the orbit S, ( f ~1'dx) comprises all nonzero
elements of V. (In fact, it is not hard to show that o;|y is invertible for each i, so the
action of S, on V is a group action with precisely two orbits: {0} and V '\ {0}.) Note
that ydx ¢ V, for if y dx were in V, then dx would be also, but (dx) = —2Ps,. So
y & S, (f~1), which establishes the lower bound | S, (y)| = N,(a) > ¢" —1+1=¢g".
O



706 Andrew Bridy

3C. Variation mod primes. Let K be anumber field and y = ZZOZO a(n)x"e K[[x].
If the prime p of K is such that vy (a(n)) > 0 for all n, let @, denote the reduction of
a mod p, and let y, = Y 2 a,(n)x" be the reduced power series with coefficients
in the residue field k(p).

Suppose y is algebraic over K (x). By a theorem of Eisenstein [1852], there are
only finitely many primes p such that v, (a(n)) < 0 for some n (see [Schmidt 1990]
for exposition). So the sequence a, is defined for all but finitely many p, and by
Christol’s theorem it is |k(p)|-automatic (it is an easy observation that the reduction
mod p of an algebraic function is algebraic). An extension of our main question
is how the algebraic nature of y affects the complexity Ny (ap) as the prime p
varies. Theorem 3.15 answers this question in the case that the complexities are
bounded at all primes; in this case y must have a very special form. Note that we do
not need to assume that y is algebraic in the statement of the theorem. To simplify
notation, we will write Ny (ay) in place of N (ap).

Theorem 3.15. Let y = Z;’;Oa(n)x" € K[[x]. Then Ny(ap) and pr(ap) are
bounded independently of p if and only if y is a rational function with at worst
simple poles that occur at roots of unity (except possibly for a pole at oo, which
may be of any order).

Proof. Tt suffices to prove the theorem for reverse-reading complexity, as pr (a) <
pN»@ for any sequence a by Proposition 2.4. Assume that Ny(a) is uniformly
bounded for all p (such that it is defined). Then the coefficient sequence a assumes
a bounded number of values under reduction mod p regardless of p, and so a
assumes finitely many values in K. Let A be this finite subset of K.

Choose two primes p and q such that |k(p)| and |k(q)| are multiplicatively
independent integers (i.e., char k() # char k(q)) and all elements of A are distinct
both mod p and mod q (this is possible because only finitely many primes divide
distances between distinct elements of A). The reduced power series y, € k(p)[x]]
and yq € k(q)[[x]] are both algebraic by Christol’s theorem. So there exist injections
ip: A< k(p)and i;: A < k(q) such that the sequence b(n) = iy(a(n)) is |k(p)|-
automatic and the sequence ¢(n) =iq(a(n)) is |k(q)|-automatic. Therefore a is both
|k (p)|-automatic and |k (q)|-automatic. By Cobham’s theorem [Allouche and Shallit
2003, Theorem 11.2.2], a is an eventually periodic sequence of some period m,
so y is a rational function of the form y = f/(1 — x™) for some polynomial f. So
the (finite) poles of y are simple and occur at roots of unity.

Conversely, assume that the (finite) poles of y are simple and occur at roots of
unity. Therefore y = f/(1 — x™) for some m and f € K[x], and the coefficient
sequence a is eventually periodic of (possibly nonminimal) period m, that is, there
is some c¢ such that a(n +m) = a(n) for all n > c. In particular, @ assumes finitely
many values. An easy decimation argument now shows that Ny(a) is uniformly
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0,3,6

0,3,6 0,3,6
Figure 4. 7-DFAO generating powers of 2 mod 7.
bounded for all primes. Suppose |k(p)| = p” and assume that p” > ¢ (which excludes
only finitely many p). For any i > 1 and j € {0, ..., p"' — 1}, the subsequences
a(p"'n+ j) are periodic of period m beginning with the second term, and they
assume the same finite set of values as a. There are clearly only finitely many
sequences that fit this description. So the size of the p”-kernel of a, and therefore
Ny(a), is bounded independently of p. ([

4. Examples

We give three detailed examples of computing the state complexity of an automatic
sequence. Examples 4.2 and 4.3 in particular show the usefulness of the algebro-
geometric approach.

1
YT T

Let p be odd. Let a(n) = 2" mod p and y = Z:ozoa(n)x” € Fpllx]. We
have y(1 —2x) = 1, so y has degree 1, height 1, and genus 0. By Theorem 1.2,
Ny(a) < (1 +o0,(1))p. We compute A;(y) = 2y, so Sp(y) = {2y :i >0}, and
N,(a) =ord,(2). So in fact

[log,(p)] < Np(a) < p—1.

If there are infinitely many Mersenne primes, the lower bound is sharp infinitely

often, and if Artin’s conjecture is true, the upper bound is sharp infinitely often.
The sequence a has a one-dimensional p-representation where ¢ (i) : v — 2/v.

Each ¢ (i) can be written as a (symmetric) 1 x 1 matrix, so the p-antirepresentation

Example 4.1.

on V* is the same as the original representation, and N gi (a) = Np(a). From the
automata point of view, this is the obvious fact that the same DFAO outputs @ in
both the forward-reading and reverse-reading conventions. The transition diagram
of the DFAO for p =7 is given in Figure 4.

. 1
ST

Let p be an odd prime. Let a(n) be the central binomial coefficient (2;’) reduced
mod p and let y = Z:o:o a(n)x" € Fp[[x]]. From Newton’s formula for the binomial

Example 4.2.
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Figure 5. 5-DFAO generating the central binomial coefficients mod 5.

series, we have y2(1 —4x) = 1. So y has degree 2, height 1, and genus 0, and
N,(a) < +0p(1))p2. We show that N, (a) = Ng(a) = p. (A calculation verifies
that N (a) = Na(a) =2 as well.)

Let X be the curve defined by y*(1 —4x) = 1. We have x = zlt — y72, s0
X =PiF p), parametrized by y. Let Py and P, be the zero and pole of y, and let
w = ydx. A computation gives dx = —2y > dy, so

(@) ==2(Pp) and (x) = (Py)+ (P-2) —2(Py).
Foranyi € {0,...,p—1},
vp, (P W) = (p — 1= vp, (x) + vy (@) > (p— 1)(=2) =2 =—2p.

So vp,(0i(w)) =vp, (C(xP~""w)) is either 0, —1, or —2, and P is the only point
at which o;(w) can have a pole. A canonical divisor of X has degree —2, so by
Riemann—Roch, €2(2Py) is one-dimensional, S,(w) C F,w, and N,(a) < p.

More explicitly, as S, () sits in a one-dimensional vector space we have o; (w) =
ciw for some ¢; € F,. As 0;(w) = A;(y) dx and the constant term of y is 1, ¢; is
equal to the constant term of A;(y), which is (*). So 0;(®) = (¥)o. Equating
coefficients gives

2(pn+i 2i\ (2n
(o V=) aoap
(Amusingly, this gives a roundabout argument that recovers a special case of the
classical theorem of Lucas on binomial coefficients mod p.)

To see that N, (a) is exactly p, note that a(1) = 2, and that for any odd prime g,
a((qg + 1)/2) is the first central binomial coefficient divisible by g. This shows
that the subgroup of F generated by all nonzero central binomial coefficients
mod p contains all primes less than p and therefore is all of F 7, and furthermore
a((p+1)/2)=0.

As in the previous example, the fact that S, (w) lies in a one-dimensional vector
space verifies that N ,],C (a) = Np(a) for all p. The transition diagrams for the
automata that output a have nicely symmetric structures. Figure 5 displays the
DFAO for p = 5—all undrawn transitions, which are on the inputs 3, 4, and 5, go
to an undrawn trap state, which outputs zero.
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Figure 6. Reverse-reading 5-DFAO generating the coefficients of
(1 —4x*~12 mod 5.

1
YT Toaxe

Let p ¢ {2, 3}. Let a be the coefficient sequence of the series 1/4/1 —4x3 € Q[[x]]
reduced mod p, so that a(3n) = (znn) mod p and a(n) = 0 if n is not a multiple
of 3. Let y = Z;x):o a(n)x". We have y*>(1 —4x3) =1, so y is of degree 2, height 3,
and genus 1, and N, (a) < (1 —|—0,,(1))p5. We show that N,(a) =2p — 1.

Let C be the curve defined by Y?(Z> —4W3) = Z° in P2, This curve is singular,
so define the smooth (elliptic) curve X by Y?Z = Z3 — 4W3. The morphism
¢ : X — C, defined in homogeneous coordinates by

Example 4.3.

¢ [W:Y:Z]— [WY:Z?:YZ],

gives the normalization of C. The forms [Y : Z] and [W : Z] are maps from C
to P!, so we can consider them as elements of F,(C). Let y = ¢*[Y : Z] and
x =@¢*[W: Z]. So we have y2(1 —4xH=1.Letw= ydx and let Py, be the point
on X written as [0 : 1 : 0] in homogeneous coordinates. The following are easy
computations, where P, O, and R are some points of X that we do not need to
compute explicitly:

(») =3Px—P—Q—R,
x)=[0:1:1]4+[0:=1:1] = 2P,
(dx) =—(y).
In particular, (w) = 0. Our usual computation for the possible orders of poles of

o;(w) shows that S,,(w) C (2 P), which has dimension 2 with {w, xw} as a basis.
We use properties of C to compute the action of S, on the basis.
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As y? =1/(1 —4x3), we have
0i(@) =C(x" "~y dx)
:C(xl’_i_lidx)
yr-!
= yC(xP7 (1 —4xH) P72 gx)
(p—1)/2
_ (p—1)/2 k 3k+p—i—1
_yc< 3 ( ) )(—4)x P=i-lgy ).
k=0
So o;(w) is nonzero precisely when there is some 0 <k < (p — 1)/2 with
3k+p—i—1=p—1 (mod p),

that is, when 3k =i (mod p) has a solution k with 0 < k < (p — 1)/2. If there
is such a k, then it is unique, and 3k —i <3(p — 1)/2 < 2p, so either 3k =i, in

which case

12 .

or 3k =i + p, in which case

o _((p=D)2 i+p)/3
o;(w) = ((i+p)/3>(_4)( TP By .

This shows that S, (w) € F,w U ,xw. Also, the fact that 0; (w) = A;(y) dx proves

the identity

for all k.

With this calculation we can explicitly write the restriction of o; to Q(2P)
by computing its action on the basis {w, xw}. So far we have only computed the
action of o; on w, but for i > 1 we have 0; (xw) = 0,_1(w), and og(xw) =C(xPw) =
xC(w) = x0,_1(w). We have

(e i =0 (mod 3),
o;(w) = (z(gflf’))/;)xw j = —p (mod 3),
0 i = p (mod 3),

and 2—1y/3
11— —

(iyp)e i =1 (mod3),

2(i—1+p)/3

(i—1+p)/3

0 i=1+p (mod3),

oi(xw) = ( )xa) i=1-—p (mod3),

where 0, p, —p are distinct mod p because p > 3.
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Incidentally, it follows from our computation that C(w) = 0 if and only if p =
2 (mod 3), which shows that these are precisely the primes for which the elliptic
curve X is supersingular, as the classical Hasse invariant is the rank of the restriction
of the Cartier operator to the space of holomorphic differentials. See [Silverman
2009, Section 5.4].

Examining the binomial coefficients that appear in the formula for o; (w) shows
that (zkk) appears as a coefficient on w for 0 <k < | p/3], and as a coefficient on xw
for [p/3] +1 <k < (2p—1)/3. As in Example 4.2, the values of (%) mod p for
0 <k < (p—1)/2 generate the multiplicative group of F 5, and we have 0| (xw) = w.
This is already enough to show that S, (w) =F,0wUF,xw, so N,(a) =2p — 1.

For p =5, the reverse-reading 5-DFAOQ that outputs a is pictured in Figure 6.
As usual, any undrawn transitions lead to a trap state that outputs 0.
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On an analogue of the Ichino—lkeda
conjecture for Whittaker coefficients
on the metaplectic group

Erez Lapid and Zhengyu Mao

In previous papers we formulated an analogue of the Ichino—Ikeda conjectures
for Whittaker—Fourier coefficients of automorphic forms on quasisplit classical
groups and the metaplectic group of arbitrary rank. In the latter case we reduced
the conjecture to a local identity. In this paper we prove the local identity in the
p-adic case, and hence the global conjecture under simplifying conditions at the

archimedean places.
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Let G be a quasisplit group over a number field F* with ring of adeles A. In [Lapid
and Mao 2015a], we formulated (under some hypotheses) a conjecture relating
Whittaker—Fourier coefficients of cusp forms on G (F)\G (A) to the Petersson inner
product. This conjecture is in the spirit of conjectures of Sakellaridis and Venkatesh
[2012] and Ichino and Ikeda [2010], which attempt to generalize the classical
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work of Waldspurger [1985; 1981]. In the case of (quasisplit) classical groups, as
well as the metaplectic group (i.e., the metaplectic double cover of the symplectic
group), we made this conjecture explicit using the descent construction of Ginzburg,
Rallis and Soudry [Ginzburg et al. 2011] and the functorial transfer of generic
representations of classical groups by Cogdell, Kim, Piatetski-Shapiro and Shahidi
[Cogdell et al. 2001; 2004; 2011].

In a follow-up paper [Lapid and Mao 2017], we reduced the global conjecture in
the metaplectic case to a local conjectural identity. We also gave a purely formal
argument for the case of S:vpl (i.e., ignoring convergence issues). In this paper we
prove the local identity in the p-adic case, justifying the heuristic analysis (and
extending it to the general case).

Let us recall the conjecture of [Lapid and Mao 2015a] in the case of the
metaplectic group §i:)n (A), the double cover of Sp, (A) with the standard (Rao)
cocycle. We view Sp,, (F') as a subgroup of S~pn (A). For any genuine function ¢ on
Sp,, (F )\S~pn (A) we consider the Whittaker coefficient

W(@) = WYE (@) := (vol(N'(F)\N'(A))) ™" @)Yy ()~ du.
N'(F)\N'(A)
Here ¥ is a nondegenerate character on N'(A) which is trivial on N'(F), where N’
is the standard maximal unipotent subgroup of Sp,. (We view N’(A) as a subgroup
of Sp, (A).) We also consider the inner product

(@, & )sp,(F)\ Sp, ) = (VOL(Sp,, (F)\ SP,,(A)))_lf ¢(8)¢"(g)dg
Sp,, (F)\ Sp,, (A)
of two square-integrable genuine functions on Sp, (F )\San (A).
Another ingredient in the conjecture of [Lapid and Mao 2015a] is a regularized

integral o
/ fu)du

N'(Fs)

for a finite set of places S and for a suitable class of smooth functions f on N'(Fs).
Suffice it to say that if S consists solely of nonarchimedean places then

st
/ f@du= [ f(u)du
N'(Fs) N
for any sufficiently large compact open subgroup Ny of N'(Fs). (The definition of
the regularized integral is different in the archimedean case, however in this paper
we do not use regularized integrals over archimedean fields.)

The conjecture of [Lapid and Mao 2015a] is applicable for v 5-generic represen-
tations which are not exceptional, in the sense that their theta i-lift to SO(2n + 1)
is cuspidal (or equivalently, their theta yr-lift to SO(2n — 1) vanishes; here i is
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determined by 7). By [Ginzburg et al. 2011, Chapter 11], which is also based on
[Cogdell et al. 2001], there is a one-to-one correspondence between these represen-
tations and automorphic representations 7w of GL,, (A) which are the isobaric sum
m B - - - B of pairwise inequivalent irreducible cuspidal representations 7; of
GLyy; (A), fori =1, ...,k (with ny 4 - - - +ng = n), such that LS( 71,) # (0 and
L5(s, i, A?) has a pole (necessarily 51mple) ats = 1 for all i. Here LS (s, ;) and
L5 (s, ;, A?) are the standard and exterior square (partial) L-functions, respectively.
More specifically, to any such 7 one constructs a v 5-generic representation 77 of
S:vpn (A), which is called the v/ 5-descent of 7. The theta v -lift of 7 is the unique
irreducible generic cuspidal representation of SO(2n 4 1) which lifts to .

Conjecture 1.1 [Lapid and Mao 2015a, Conjecture 1.3]. Assume that 77 is the
Y -descent of 7w as above. Then for any ¢ € 7 and ¢ € 7" and for any sufficiently
large finite set S of places of F, we have

L3(3.7)
W (@) WYs (" (1‘[ ¢F<2z>> 50

7T, sym?)
x (VOI(N"(Os)\N'(Fs))) ™" /N . )(ﬁ(u)gb, ¢ )sp, (F)\ sp, ¥R @)~ du.  (1-1)

Here ¢ ,f(s) is the partial Dedekind zeta function, Oy is the ring of S-integers of F,
and L3(s, 7, sym?) is the symmetric square partial L-function of 7.

The main result in [Lapid and Mao 2017] is the following.
Theorem 1.2 [Lapid and Mao 2017, Theorem 6.2]. In the above setup we have

el (3. 7) _
o - flaen) 40 112
st

x (VOI(N'(O5)\N'(Fs)))~" i )(ﬁ(u)ti), ¢V )sp, (0 sp, W)~ du, (1-2)

where ¢y, v € § are certain nonzero constants which depend only on the local
representations .

The main result of this paper specifies a value for the ¢y, .

Theorem 1.3. In Theorem 1.2 we have ¢, = e(%, Ty, lﬂu) (the root number of m,)
for all finite places v.

We also show in Proposition 8.6 that the root number of w, equals the central
sign of 77,,. In [Ichino et al. 2017] it is shown that Theorem 1.3 implies the formal
degree conjecture of Hiraga, Ichino and Ikeda [Hiraga et al. 2008] (or more pre-
cisely, its metaplectic analogue) for generic square-integrable representations of S:Vpn.
Conversely, in the real case (where the formal degree conjecture is a reformulation
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of classical results of Harish-Chandra) it is shown that ¢, = 6(% Ty, 1//v) if 77, is
square-integrable. (Note that in the square-integrable case, matrix coefficients are
integrable on N'(F,) and no regularization is necessary.) We conclude:

Corollary 1.4. Conjecture 1.1 holds if F is totally real and 7o is a discrete series.

Theorem 1.3 is the culmination of the series of papers [Lapid and Mao 2014;
2015b; 2017]. More precisely, the theorem can be formulated as an identity — the
main identity (MI) made explicit in Section 3F (based on [Lapid and Mao 2017])
between integrals of Whittaker functions in the induced spaces of 7 (in a local
setting). In principle, formal manipulations using the functional equations of [Lapid
and Mao 2014] reduce the identity to the results of [Lapid and Mao 2015b]. Such
an argument was described heuristically for the case n =1 in [Lapid and Mao 2017,
§7]. However, making this rigorous (even in the case n = 1 and for 7 supercuspidal)
seems nontrivial because the integrals only converge as iterated integrals. This is
the main task of the present paper.

In Section 3F we reduce the theorem to the cases where 7 is tempered and
satisfies some good properties. Here we rely on the classification, due to Matringe
[2015], of the generic representations admitting a nontrivial GL,, x GL,-invariant
functional. We also use a globalization result from [Ichino et al. 2017, Appendix A]
which is based on a result of [Sakellaridis and Venkatesh 2012].

The rest of the argument is purely local. In Section 5 we start the manipulation of
the left-hand side of the main identity. It is technically important to restrict oneself
to certain special sections in the induced space. This is possible by a nonvanishing
result on the Bessel function of generic representations proved in the Appendix.
Another useful idea is to write the left-hand side of the main identity (for W special)
as B(W, M(z, ))W", 1), where B(W, WY, s) (for s € C) is an analytic family of
bilinear forms on I (7, s) x I (w", —s), and M (7, s) is the intertwining operator
on I (m,s). This relies on results of Baruch [2005], generalized to the present
context in [Lapid and Mao 2013].

The reason for introducing this analytic family is that because of convergence
issues, we can only apply the functional equations of [Lapid and Mao 2014] for
Res « 0. This is the most delicate step, and is described in Section 7. It entails
a further restriction on W” (which is fortunately harmless for our purpose). The
upshot is an expression (for special W and W” and for Re s << 0)

B(W, M(r, s)W", s) =/EW(MS*W’ DEY (W) 1) |det ¢|’
€

where ¢ is integrated over a certain n-dimensional torus and EV is a certain integral
of W. The restriction on W” ensures that the integrand is compactly supported.
Moreover, by [Lapid and Mao 2015b], as a distribution in ¢, £ W(WS, t) extends
to an entire function on s. Therefore, the above identity is meaningful for all s
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where M (, s) is holomorphic. Specializing to s = % the remaining assertions are
that EY(M*W, t) is constant in ¢ (and in particular, is a function), whose value can
be determined, while the integral of E I/’71(W1A/2, 1) factors through M (7, %)WA,
again in an explicit way. This is the content of Corollaries 8.2 and 8.5, respectively,
which follow from the representation-theoretic results established in [Lapid and
Mao 2015b]. We refer the reader to Section 4 below for a more detailed sketch of
the proof.

2. Notation and preliminaries

For the convenience of the reader we introduce in this section the most common
notation that will be used throughout.

We fix a positive integer n (not to be confused with a running variable 7). In the
following m is either n or 2n. Let F be a local field of characteristic 0.

2A. Groups, homomorphisms and group elements. All algebraic groups are de-
fined over F. We typically denote algebraic varieties (or groups) over F by boldface
letters (e.g., X) and denote their set (or group) of F-points by the corresponding
plain letter (e.g., X). (In most cases X will be clear from the context.)

e [, is the identity matrix in GL,,, w,, is the m x m matrix with ones on the
nonprincipal diagonal and zeros elsewhere.

 For any group Q, Zy is the center of Q; e is the identity element of Q. We
denote the modulus function of Q (i.e., the quotient of a right Haar measure by a
left Haar measure) by d,.

» Mat,, is the vector space of m x m matrices over F.

o x > x' is the transpose on Mat,,; x — X is the twisted transpose map on Mat,,
given by X = wy,x'w,,; g — g* is the outer automorphism of GL,, given by
g* — w;l (gt)flwm.

e 5, = {x e Mat,, : X = x}.

e M = GL;,, M’ = GL,,.

* G=8py, = {g € GLan: gt(_w2n wzn)g = (—wzn wzn)}_

* G'=Sp,={g €Clan: g (—u, ")&= (-, ")}

o G’ is embedded as a subgroup of G via g — n(g) = diag(ly, g, In)-

e P=MxU and P’ =M’ x U’ are the Siegel parabolic subgroups of G and G,
respectively, with the standard Levi decomposition.

« P = P! is the opposite parabolic of P, with unipotent radical U = U".

o We use the isomorphism p(g) = diag(g, g*) to identify M with M C G. Similarly
foro:M — M' CG'.



718 Erez Lapid and Zhengyu Mao

» We use the embeddings ny(g) = diag(g, In) and 1y, () = diag(/n, g) to identify
M’ with subgroups of M. We also set 7y =0 onw and ny, =0 onyy=no0"

» K is the standard maximal compact subgroup of G. (In the p-adic case it consists
of the matrices with integral entries.)

e N is the standard maximal unipotent subgroup of G consisting of upper uni-
triangular matrices; T is the maximal torus of G consisting of diagonal matrices;
B =T x N is the Borel subgroup of G.

« For any subgroup X of G, we set X' =np""X), Xy=XNMand Xyy=0""(Xu);
similarly, X/, = X'N M’ and X}, = 0~ (X},

e ¢y : Maty, — Ny is the group embedding given by £y(x) = (I“ ;:1) and £y =
0oy

e {8y, — U is the isomorphism given by £(x) = (1211 x )

In

«G= S~pn is the metaplectic group, i.e., the nontrivial two-fold cover of G’ (unless
F is complex). We write elements of G as pairs (g, €), for g € G and € = +£1, with
the multiplication given by Rao’s cocycle. See [Ginzburg et al. 2011].

e When g € G', we write g = (g, 1) € G. Of course, g > g is not a group
homomorphism, but we do have gn = gn and ng =g forany g € G’ andn € N'.

« N and P are the inverse images of N’ and P’ under the canonical projection
G — G'. We identify N’ with a subgroup of N via n — 7.

® ém:(ov---,o, 1)€Fm.
« P is the mirabolic subgroup of M consisting of the elements g such that &, g = &op.

e F = diag(l,—1,...,1,—1) € M. H is the centralizer of o(F) in G. It is
isomorphic to Sp,, x Sp,,.

e Hyy is then the centralizer of E in M. It is isomorphic to GLy x GL,,.

e wy=_y, ™) € G’ represents the longest Weyl element of G'.

e Wy = (_ I 12“) € G represents the longest M-reduced Weyl element of G.
« wy = (_ I I") € G’ represents the longest M'-reduced Weyl element of G’.
. wgﬂ = wyy € M represents the longest Weyl element of M wé"[ = Q(w(’\;/”).

. wg’”/ = wy € M’ represents the longest Weyl element of M'; w/ "= (wg/"/).
W I“) € M.

Wy

In
e y=wyn(wy) ' = (_,n I“) €G.
In

e 0=diag(l, —1,..., (_1)n—1) eMaty, €1 =Ly ((—1)™0) € Ny, €2 =Ly () € Ny,
€3 = wényneg eM, €4 = EM(—%Dwg/ﬂ/) € Ny.

* Wonn = (In In) € M’ wén,n = (
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o V and V¥ are the unipotent radicals of the standard parabolic subgroup of G with
Levi GL! x Sp, and GL'l'f1 X Spp. 1, respectively. Thus, N =n(N') x V, V¥ is nor-
mal in V and V/ V* is isomorphic to the Heisenberg group of dimension 2n+1 (see
below). Also, V =V X Vy, where Vy =V NU = {Z((x )yc)) :x € Maty, y esn}.
« V.= Vf,, X V. (Recall Vzﬁz = V*N M by our convention.)

« V, =VNy !Ny =n(wj) Vun(wy,) " =nu (N x {€((* ;) :x eMaty } C V_.
e V, C V is the image under £, of the space of n x n matrices whose rows are
zero except possibly for the last one. Thus, V =V, x V_. For c = £y (x) € V1 we
denote by ¢ € F™ the last row of x.

e N® = V_ xn(N’) is the stabilizer in N of the character vy defined below.
o Ny =(NiD*.

» J is the subspace of Mat, consisting of the matrices whose first column is zero.

. R:{(g‘n,):er,neNM,}.
. T//:ZM ng(T/,)={diag(t1,...,t2n):t1 ="‘=tn}CTM.

2B. Characters. We fix a nontrivial unitary character ¢ of F. For each of the
unipotent groups X listed below we assign a character {rx of X as follows:

Yy, () =v U124+ +um—12n) (nondegenerate),
VUNy 00 = Yy,
Yy, ) =y @)+ +up_,) (nondegenerate),
Vi, 00 =Yn, G, Y (1) =Y, (yn(my ™),
Y () = Yoy Y (Sttnngr) . neNy uel,
¥ is the extension of ¥ to a genuine character of N,
Y (nu) =Yy, (n), n€ Ny, uelU, (degenerate),
Yu ) = ¥ (3 Wnn+1 — van1)),

Yy () =Y, ) Yo ), ve Vi, ueVy,
Ynr(n(m)v) =Yy (M)y_(v), neN,veV_,
Vg, =¥z oo,

Yy (m) =y (), m € Nyg,
Yg)) =¥ (vi1), v Esm.

2C. Other notation. « We use the notation a <4 b to mean that a < cb with ¢ > 0
a constant depending on d.
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 For any g € G, define v(g) € R.g by v(up(m)k) = |detm| for any u € U, m € M,
ke K.Letv(g) =v(n(g)) forg e G

* CSGR(Q) is the set of compact open subgroups of a topological group Q.

« CSGR*(G') is the subset of CSGR(G’) consisting of the K for which k € Ko — k
is a group isomorphism. Any sufficiently small Ky € CSGR(G’) belongs to
CSGR*(G). We identify any Koy € CSGR*(G’) with its image under k — k
(an element of CSQR(@)).

« For an £-group Q, let C(Q) be the space of continuous functions on Q, and S(Q)
the space of Schwartz functions on Q.

o When F is p-adic, if Q' is a closed subgroup of Q and x is a character of
Q', we denote by C(Q'\Q, x) (resp. C*™(Q'\Q, x), C°(Q'\Q, x)) the spaces
of continuous (resp. Q-smooth,! smooth and compactly supported modulo Q’)
complex-valued left (Q’, x)-equivariant functions on Q.

 For an ¢-group Q, we write Irr Q for the set of equivalence classes of irreducible
representations of Q. If Q is reductive, we also write Irryg Q and Irremp Q for
the subsets of irreducible unitary square-integrable (modulo center) and tempered
representations, respectively. We write Irrgey M and Irrpe, M for the subsets of
irreducible generic representations of M and representations of metaplectic type
(see below), respectively. For the set of irreducible generic representations of G,
we use the notation Irrgen, G to emphasize the dependence on the character 5.

e For 7 € Irr Q, let 7" be the contragredient of 7.

e For € Irrgen M, we denote by WYMu (77) the (uniquely determined) Whittaker
space of w with respect to the character v y,,. We use the notation W‘”NM WY
W‘”NM WY, W' similarly.

o For 7 € Irrgen M, let Ind(WY¥u (7)) be the space of smooth left U-invariant
functions W : G — C such that for all g € G, the functilon m > 8p(m)~2W(mg)
on M belongs to W¥Nu (7). Similarly define Ind(WYNy (7).

o If a group Gy acts on a vector space W and Hy is a subgroup of G, we denote
by WHo the subspace of Hy-fixed points.

 We use the following bracket notation for iterated integrals: [f(f[...)...
implies that the inner integrals converge as a double integral and after evaluating
them, the outer double integral is absolutely convergent.

2D. Measures. We take the self-dual Haar measure on F' with respect to . We
use the following convention for Haar measures for algebraic subgroups of G. (We
consider G, M, M’ as subgroups of G through the embeddings 71, ¢ and 7o 0’.)

IThat is, right-invariant under an open subgroup of Q.
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When F is a p-adic field, let O be its ring of integers. The Lie algebra 9t of
GL4p consists of the 4n x 4n matrices X over F. Let 91 be the lattice of integral
matrices in 971. For any algebraic subgroup Q of GL4, defined over F (e.g., an
algebraic subgroup of G), let ¢ C 20 be the Lie algebra of Q. The lattice g N Mo
of g gives rise to a gauge form of Q (determined up to multiplication by an element
of O*) and we use it to define a Haar measure on Q by the recipe of [Kneser 1967].

When F' = R, the measures are fixed similarly, except that we use 917 in place
of Mp. When F = C we only consider subgroups of G which are defined over R
and take the gauge forms induced from the above recipe for R.

2E. Weil representation. Let V be a symplectic space over F with a symplectic
form (-,-). Let H = Hy be the Heisenberg group of (V, (-, -)). Recall that
Hy =V & F with the product rule

x,0)-(y,2)= (x—l—y,t+z+%(x,y)).

Fix a polarization V=V, @V_. The group Sp(V) acts on the right on V. We write a
typical element of Sp(V) as (2 ), where A € Hom(V,., V), B € Hom(V,, V_),
C e Hom(V_,V ) and D € Hom(V_, V_). Let SE)(\/) be the metaplectic two-fold
cover of Sp(V) with respect to the Rao cocycle determined by the splitting. Consider
the Weil representation wy, of the group Hy x S~p(\/) on S(V;). Explicitly, for any
® € S(Vy) and X € V4, the action of Hy is given by

wy (a, 0)®(X) = O(X +a), aeVy,, (2-1a)
wy (b, 0)®(X) = Y (X, b)) P(X), beV._, (2-1b)
wy (0, D (X) = ¥ (1) P (X), teF, (2-1¢)

while the action of S’,Vp(\/) is (partially) given by

oy ((§ ), €)@ (X)

= epy(detg)|det g|'?Dd(Xg), geGL(Vy), (2-2a)
oy ((5 7). €)@X)
= ey (3(X, XB))®(X), B € Hom(V, V_) self-dual, (2-2b)

where yy, is Weil’s factor.
We now take V = F2" with the standard symplectic form

n n
(1o Xon)s 1+ Y20)) = ) XiYang1—i — ) YiXont1-i
i=1 i=1

and the standard polarization

Vi={(x1,...,xn,0,...,0)}, Vo ={@0,...,0,y,..., yn)}
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(We identify V; and V_ with F™.) The corresponding Heisenberg group is
isomorphic to the quotient V/V* (with V, V* as defined in Section 2A) via

) 1
V> Uy = ((vn,n+j)j=1 ..... 2n, jvn,3n+1)~
For X = (x1,...,xn), X' = (x{, ..., x,) € F", define

(X, X" =xx,+ -+ x,x].
For ® € S(F™), define the Fourier transform

d(X) = /Fncb(x’)w((X, XYydx'.

Then, realized on S(F™), the Weil representation satisfies

wy (o' () (X) = |det(h) /By (o' () D(Xh), heM, (2-3a)
ww((TIf/))cp(X) =¥ (3(X, XB))®(X), B € sy, (2-3b)
Wy (W) (X) = By (w)) D(X). (2-3¢)

Here By (g) for g € G’ is a certain root of unity; moreover, By (0'(h)) = yy (deth).
We extend wy, to V x G by setting

wy (WP =Y W12+ +vn-10) @y )@y (R)P), vEV, geG. (2-4)
Then for any g € G', v € V we have
@y (1(2)vn(8) NP = wy (§)(wy (V) P). (2-5)

2F. Stable integral. For the rest of the section, we assume F' is p-adic.

Suppose that Uy is a unipotent group over F' with a fixed Haar measure du. Recall
that the group generated by a relatively compact subset of Uy is relatively compact.
In particular, the set CSGR (Up) is directed. Recall the following definition of stable
integral from [Lapid and Mao 2015a].

Definition 2.1. Let f be a smooth function on Uy. We say that f has a stable
integral over Uy if there exists U; € CSGR (Up) such that for any U, € CSGR(Uy)
containing Uy, we have

fwdu=| fu)du. (2-6)
Us Ui

In this case, we write f LS/; f(u) du for the common value of (2-6) and say that
lS]:) f (u) du stabilizes at U;. In other words, f ISJL f (u) du is the limit of the net

( Sfw) du)
U U1eCSGR(Uyp)

with respect to the discrete topology of C.
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Given a family of functions f, € C™(Up), we say that the integral f 5:) fr(u)du
stabilizes uniformly in x if U as above can be chosen independently of x. Similarly,
if x ranges over a topological space X, then we say that f U fx(u) du stabilizes
locally uniformly in x if any y € X admits a neighborhood on which f Us fr(u)du
stabilizes uniformly.

2G. A remark on convergence. We frequently make use of the following elemen-
tary remark.

Remark 2.2. Let H be any algebraic group over F and H' a closed subgroup.
Assume that § | ,;, =6 Suppose that f € C°™(H) and that the integral f gy f(h)dh
converges absolutely. Then the same is true for [y, f(h') dh'.

3. Statement of main result

3A. Local Fourier-Jacobi transform. For any f € C(G) and s € C, we define
fs(@)=f(g)v(g)’ for g € G. Let w € Irrge, M with Whittaker model WY (7). Let
Ind(WY¥u (1)) be the space of G-smooth left U-invariant functions W : G — C such
that for all g € G, the function §p (m)~V/ 2W(mg) on M belongs to WYNu (7). For
any s € C we have a representation Ind(WYMu (1), 5) on the space Ind(WYNu (7))
given by (I (s, )W), (x) = Wi(xg) for x, g € G. It is equivalent to the induced
representation of 7 ® v*¥ from P to G. The family W, s € C is a holomorphic
section of this family of induced representations.

Let F be a p-adic field. Asin [Ginzburg et al. 1998], for any W € CS™(N\G, ¥n)
and ® € S(F™) define a genuine function on G by

AV(W, ®,8) = V\VW<yvn<g)>ww-1(vg>c1>(sn>dv, ged, (3-1)

where the element y € G and the groups V and V,, are as defined in Section 2A. Its

properties were studied in [Lapid and Mao 2017, §4]. In pamcular the integrand is
always compactly supported and AV gives rise to a V x G- -intertwining map

AV L C™(N\G, ¥y) @ S(F™) — C™(N'\G, V7). (3-2)

where V x G acts via V x n(G’) by right translation on C*™(N\G, ¥y), through
wy-1 on S(F™) and via the projection to G by right translation on C*™ (N ’\5, Y-

Let V; C V be the image under £, of the space of n x n matrices whose rows
are zero except possibly for the last one. For ¢ = £)7(x) € V., we denote by c € F"
the last row of x. Then

AV(W(-0), d(-+¢), ) =AYV (W, D,8), ceVy, gel.



724 Erez Lapid and Zhengyu Mao

It follows that the function AY (W, ®, -) factors through W ® @ — &« W, where
for any function f € C*(G) we set

Oxf(g)=| [f(go)P(c)dc.
Vi
We denote by A;f the map
A 1 C™M(N\G, Yy) — C™(N\G. )
such that
AV (W, @, )= AV (@ W, ).

(Informally, A (W, ) = AV (W, 8, - ), where & is the delta function at 0.) The
map A is no longer G or V- -equivariant since neither G nor V (acting through
Wy-1) stablhzes 80. However, Aw satisfies the following equivariance property. Let
V_=Vy xV,,, where Vy =V ﬂ U and V C V) is defined in Section 2A. Thus,
V_ is the prelmage of V_ under the composition V — V/V* ~# — V and we
have V = V, x V_. Note that V_ is normalized by P’. Let yry_ be the character on
V_ given by

Yy (o) =Y, ) Yuw), veVi, ueVy.
Lemma 3.1. Forany v € V_and p =mu € P' where m € M’ and u € U’, we have
AL W (-on(p)), &) = v/ (m) /By m) Yy (V)AL (W, g ).

Proof. The statement simply reflects the fact that V_ P acts on & by multiplication
by the character

m'u'vis v (m) 2B, m Yy (v), veVo,meM, u el

More rigorously, fix W, p and v and let C be a small neighborhood of 0 in F".
Suppose that ® € C°(F™) is supported in C and that || m P(c)dc = 1. Then
AV (W, ®, ) = AW(W g) for all g € G’ provided that C is sufficiently small. On
the other hand, if CD = wy-1(vp) D then

AV (W(-un(p)), @, §) =AYV (W, D, §p).

By (2-1b), (2-1¢), (2-3a), (2-3b) and (2-4), supp ®’ C Cm~! and, when C is
sufficiently small,

[ @@ de= v @) By oy
Fn
Thus, if C is small enough then

'« W(-vp) =y () By-1(m) (m) W (- vp).
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Hence, AV (W (-vn(p)), ®', &) =vv_(v) "By (m)v’(m)_l/zAéb(W(‘vn(p)), 2).
The lemma follows. |

For later reference we record the following result, which is implicit in the proof
of [Lapid and Mao 2017, Lemma 4.5].

Lemma 3.2. Suppose that F is p-adic. Then for any Ky € CSGR(G), there exists
Q € CSGR(Vy) such that for any W € C(N\G, ¥y)X0, the support of W(y -)|v._
is contained in Vyn(wb,)Qn(wb,)_l.

Remark 3.3. When F is an archimedean field, the above discussion still holds
for W € Ind(WY¥u (7)) (or more generally if W € C*™(N\G, ¥y) is of moderate
growth). From [Lapid and Mao 2017, Lemma 4.9], the integral (3-1) converges.
Moreover, A¥ (W, ®, -) factors through W ® ® — & x W, and the induced linear
form A;ﬂ satisfies the equivariance property in Lemma 3.1 (by an approximate
identity argument).

3B. Explicit local descent. Let F be a local field of characteristic 0. Define the
intertwining operator

M, s) = M(s) : Ind(W¥™m (1), s) — Ind(WY"u (), —s)
by (the analytic continuation of)
M(s)W(g) = V(g)S/ Wi(e(wyug) du, (3-3)
U

where t = diag(1, —1, ..., 1, —1) is introduced in order to preserve the character
¥y, - By abuse of notation we also denote by M (i, s) the intertwining operator
Ind(WWzL (), s) = Ind(WWzL (), —s) defined in the same way.

For simplicity, we define MW := (M (s)W)_;, so that

M;W = / W(e(Hwyu - ) du
U

for Res >, 1. Set M*W := MT/ZW.

Recall that Hy is the centralizer of E =diag(1, —1, ..., 1, —1)(=t), isomorphic
to GL,, x GL,. The involution wg/” lies in the normalizer of Hy;. We consider the
class Irrpeta M of irreducible representations of Ml which admit a continuous nonzero
Hy-invariant linear form £ on the space of 7. It is known that any such 7 is self-dual
and £ is unique up to a scalar [Jacquet and Rallis 1996; Aizenbud and Gourevitch
2009]. Thus, £ orr(wg/”) =€, £, where €,; € {1} does not depend on the choice of £.
By [Lapid and Mao 2017, Theorem 3.2], when F is p-adic, for any 7 € Irryera, gen M

we have |
er =€(5, 7, V), (3-4)

where €(s, 7, ) is the standard e-factor attached to 7.
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Let m € Irrgen meta M, considered also as a representation of M via o. By

[Lapid and Mao 2017, Proposition 4.1], M (s) is holomorphlc at s = 5. Denote

by Dy, () the space of Whittaker functions on G generated by A‘”(M W, D, ),
W € Ind( WY (7)), ® € S(FM), i.e.,

Dy () = {A (M*W, ) : W € Ind(W"™ (7))}

This defines an explicit descent map 7 +— Dy, () on Irrgen meta M. By [Ginzburg
et al. 1999, theorem in §1.3], Dy, (;r) # 0. It can be shown that Dy, () is admissible
but we do not do it here since we do not use this fact directly.

3C. Good representatwns Consider 7w € Irrgen M and o € Irr gen, 3! G with Whit-
taker model WY (6). Following [Ginzburg et al. 1998], for any

WeW's' @), W endWYsu(r)),
define the local Shimura type integral

JW,W,s):= W (2)AY (Wy, §)dg. (3-5)

N\G’

By [Ginzburg et al. 1998, §6.3; 1999], J converges for Res >, 5 1 and admits a
meromorphic continuation in s. Moreover, for any s € C we can choose W and W
such that J(W, W, s) # 0.

Let m € Irrgen,meta M. We say that 7 is good if the following conditions are
satisfied for all ¢:

(1) Dy () is irreducible.
(2) J(W, W, s) is holomorphic at s = 1 for W € D1 (), W € Ind(W¥™n ().

(We do not assume that the integral defining J converges at s = %)

(3) There is a nondegenerate G-invariant pairing [+, -] on Dy, -1 () X Dy (77) such
that
J(W, W, 3) =W, Al (M*W, )]

for any We Dy-1(m), We Ind(WY¥u (7). In particular, Dy, (m)Y ~ Dy -1 (7).

This property was introduced and discussed in [Lapid and Mao 2017, §5]. In
pamcular if i is good and 7 = D,-1 (1) then there is a constant ¢, such that for
any W € W’5 @), WY e WY (7), we have

/S @)W, WYY (n) dn = c, W(e) WY (e). (3-6)
N/

More explicitly, for any W € Ind(W"¥w (7)) and W” € Ind(W¥~y (1)) we have
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/Mf(A;pl(M*WA, i), W, L) gy () dn
| —c Al (MW, AT (M*W, ). (3-7)
Let F be a p-adic field. In the rest of the paper, we prove the following statement:
Theorem 3.4. For any unitarizable 7w € Ittgen meta M which is good we have c; = €.

Remark 3.5. Of course, we expect Theorem 3.4 to hold in the archimedean case
as well. However, we do not deal with the archimedean case in this paper.

The following special case is of particular importance (see Remark 3.9 below).

Corollary 3.6. Suppose 1 =1; X+ - - x 11, where Tj € Ittsqr meta GLom,;, j =1, ..., 1,
are distinct and m=my + - - - +my. Then 1 is good and 7w := Dy, (1) is square-
integrable. Moreover,

/ JER@GW, W, Yz dn = e W) AL (M*W, ¢)
v
forany W € Ind(WY¥u (7)) and W e W%I(fr).

3D. Relation to global statement. Suppose now that F' is a number field and A is
its ring of adeles. We say that an irreducible cuspidal representation 7 of M is of
metaplectic type if
/ o(h)dh #0
Hy(F)\ Hy(A)NMI(A)!
for some ¢ in the space of 7. (Here, M(A)' = {m € M(A) : |detm| = 1}.)
Equivalently, L5(%, ) res,—1 L5(s, 7, A?) # 0 [Friedberg and Jacquet 1993].2 In
particular, 7 is self-dual and admits a trivial central character. We write Cusp,, .., M
for the set of irreducible cuspidal representations of metaplectic type.
Consider the set MCusp M of automorphic representations 7w of M(A) which are
realized on Eisenstein series induced from 1 @ - - ® i, where w; € Cusp,.i, GLoy;

i=1,...,k,are distinct and n =n{ + - - - +ng. The representation 7 is irreducible:
it is equivalent to the parabolic induction 7y X - - - X ;. Moreover, w determines
71, ..., T; uniquely up to permutation [Jacquet and Shalika 1981a; 1981b].

Recall that Conjecture 1.1 is pertaining to the representations w € MCusp M.
The following fact is crucial for us.

Proposition 3.7 [Lapid and Mao 2017, Theorem 6.2]. If m € MCusp M, then its
local components m, are good.

Thus, Theorem 3.4 implies Theorem 1.3, our main result.

2We can replace the partial L-function by the completed one since the local factors are holomorphic
and nonzero.
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3E. Relation to Bessel functions. We record here a purely formal argument that
relates Theorem 3.4 to an identity of Bessel functions, which are defined in [Lapid
and Mao 2013]. We do not worry about convergence issues in this subsection.

Using the functional equation (see [Kaplan 2015], noting that the central character
of 7 is trivial)

y(FARm, s+3, %)

y(m, s, Y)y (T, A2, 2s, w)J(W’ W,s), (3-8)

J(W, M)W, —s) = [2]*™

(3-6) becomes

//i(ﬁ(ﬁ)ﬁ/, M)W, =) ygy®n) dn
y(Eem s+1 )
y (s, ¥y (m, A2, 25, 9)

=2/

cx W(e)AY (MW, e).
s=1/2

Explicitly, the left-hand side is
| [ Wamagorw. o ds viondn
’ N/\G/

_ / W (3 W' (3) dg Wiy (n) dn,
NG’

where W' = A;:p (M*W, ). Using Bruhat decomposition, this is

f / / S5 (VW (whin'it) W' (wiyin' )iy (n) dn’ dn dt
/ / f 85 (YW (wiyin) W' (wiyi ') g (m)w 5" (') dn’ d dr.
By definition of Bessel functions B vy (see (5-1)), this is

~ ~ S~ o~
W (e)W'(e) / BYY (w),7)BYY (0i7) 85 (1) dt.
T/

Here 7V = Dy (). Thus, on a formal level, Theorem 3.4 becomes the following
inner product identity:
y (7 ®7r,s+%, V)

y (m, /\2,28»10) s:1/2'

WN
/ B (whh)BYY (wyi )8 (1) dt = 2" (3-9)
(It is easy to determine the order of the poles in the numerator and denominator on
the right-hand side in terms of the data of Theorem 3.8 below.) Of course, the above
manipulations are purely formal as the integrals are not absolutely convergent.
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3F. A reduction of the main theorem. For the rest of the paper, let F be a p-adic
field. The proof of Theorem 3.4 is essentially local under the additional assumption
that 7 € Irremp M and 77 := Dy-1(m) € Irtiemp G. We first show that it indeed
suffices to prove Theorem 3.4 under these additional assumptions. This uses a
global argument as well as the following classification result due to Matringe. We
denote by x parabolic induction for GL,,.

Theorem 3.8 [Matringe 2015]. The set Irrgen meta M consists of the irreducible
representations of the form

T=01X0) X X0x X0, XT| X+ X1,

with oy, ..., oy essentially square—integmble,3 71, ..., 7] Square-integrable and
L0, t;, A?) = oo forall i.

(We expect the same result to hold in the archimedean case as well.)
Denote by w, the central character of o € Irr GL,,. We also write o [s] for the
twist of o by |det - |°.

Let 7; € Irtsgr,meta GLzmj, J = 1,...,1, be distinct, and let §; € Irryq GL,,,
i=1,...,kwithn=n;+---+nr+m;+---+m;. (Possibly k =0 or ! =0.) For
s =(s,...,5t) € C* we consider the representation

7(s) = 81511 x 8)[=s11 % =+ x Sg[sw] X 8 [—sx] x 11 X -+ X 7.

Suppose that our given p-adic field is the completion at a place v of a number
field. We claim that for a dense set of s € iR¥, 7 (s) is the local component at v
of an element of MCusp M. This follows from [Ichino et al. 2017, Appendix A4
Indeed, let m =my +---+my, let p € Irrgyr gen SO(2m + 1) be the representation
corresponding to 7y x - - - X 7; under Jiang and Soudry [2004] and let p € Irrsgr, gen §i)m
be the theta lift of p. Let o (s) = 61[s1] X - -+ X 8¢[s¢] % p (parabolic induction)
and 6 (s) = &1[s1] x - - - X 8k[sk] @ p. Then for s in a dense open subset of iR* we
have o (s) € IrrSO(2n+ 1) and 6(s) € Irr G and moreover, by [Gan and Savin
2012], o (s) is the theta lift of o (s). By [Ichino et al. 2017, Corollary A.8], for
a dense set of s € iR¥, &(s) is the local component at v of a generic cuspidal
automorphic representation of S~pn (A) whose theta lift to SO(2n+ 1) is cuspidal.
The Cogdell-Kim—Piatetski-Shapiro—Shahidi lift [Cogdell et al. 2004] of the latter
to M is the required representation in MCusp M.

It follows from Proposition 3.7 that for a dense set of s € iRK, (s) € IrTtemp, meta M
is good. Moreover, by [Ichino et al. 2017, Proposition 4.6], Dy,-1(7 (s)) = o(s),
and in particular, it is tempered.

3That is, a twist of a square-integrable representation by a quasicharacter.
4We remark that the appendices and §4 of [Ichino et al. 2017], and in particular the proof of [Ichino
et al. 2017, Theorem 3.1], are independent of the results of the current paper.
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Suppose that s is in the domain
D ={(s1,...,50) €C': =1 <Res; < 1 forall i}.

We recall that by [Lapid and Mao 2017, Lemma 4.12], the 1ntegral defining
(Aw (M*WH™, ), W, ) converges and is holomorphic at s = § for any

W e Ind(W¥ (z(s))), W’ e Ind(W¥u (x(s))). (3-10)

Moreover, by the properties of A‘ﬁ and J (see [Lapld and Mao 2017, (4.4) and
(4.13)]), the function g — J(A'/’ (M*W",-8), W, ) is bi- Kg-invariant, provided
that Ko € CSGR*(G') is such that I(3, n(k))W = W and I(%, n(k))W" = W"
for all k € K. It follows from [Lapid and Mao 2015a, Proposition 2.11] (applied
to 5) that the stable integral on the left-hand side of (3-7) can be written as an
integral over a compact open subgroup of N’ depending only on K. Thus, taking
the Whittaker functions in (3-10) to be defined through Jacquet integrals, both
sides of (3-7) for 7 (s) are holomorphic functions of s € ®. Note that by [Lapid
and Mao 2017, Lemma 3.6], we have that €, ) = ws, (—1) - - - ws, (—1)€z, - - - €4, 15
independent of s. Thus, in order to prove (3-7) for s € D, it is enough to show it for
a dense set of s € iRk. Since every unitarizable 7 € Irryea M is of the form 7 (s)
for some 7y, ..., 77, 81, ..., 8 as above and s € D, the reduction step follows.

Remark 3.9. In the case kK =0, we can globalize r itself. Thus, by Proposition 3.7,
7 is good; Dy,-1(7) is irreducible and square integrable (see [Ichino et al. 2017,
Theorem 3.1]).* This yields Corollary 3.6 from Theorem 3.4.

In the remainder of the paper we prove Theorem 3.4, i.e., the main identity

st |
[ (] atweoay arw g g v dil
Ao ™ 3

s=1/2

_ Yl * 717 A ¥ *

=€z A, (MW", e)A; (M"W,e) (MI)
under the assumptions that 77 € Irfiemp, meta M is good and 77 := Dy-1 () is tempered.

Remark 3.10. As already pointed out before (and used in the reduction step), by
[Lapid and Mao 2017, Lemma 4.12] the inner integral on the left-hand side of (MI)
converges (and is analytic) for Re s > % (for any unitary 7r). We will not need to
use this fact explicitly any further.

4. An informal sketch

Before embarking on the rigorous proof of the relation (MI), let us give a brief
sketch of the argument. For convenience we momentarily ignore all convergence
issues (which are of course at the heart of the argument, and will be discussed
below). Thus, the discussion of this section is purely formal.
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Define (assuming convergent)
~ 71 ~ o~
B(W, W) = / ( f AW Al WY, u)dg)va(u) du,
! N/\G/

so that the left-hand side of (MI) is B(Wy 2, M*W).
We use the following formal identity (which follows from the Bruhat decompo-
sition for G”): for (suitable) W € C*™(N\G, ¢5) and WY € C*™(N\G, 1/f§1),

/ ( W(g)Wv(gﬁ)dg>Wﬁ(ﬁ)du
’ N/\G/
= / 8(1) / W gt Yy Gi) ™" dny / WY (i) Yy (i) dnyde. (4-1)
T N’ N’

(In the ensuing discussion it would be more natural to replace the right-hand side by

/ / swim) [ W@l i )

’ ’ \M/ U/
/ W (s Yy (72) duz dm iy (n) dn. (4-2)
U/

However, it is analytlcally advantageous to work w1th the former expression.)
Applying this to W = AY (W, -) and WV = A‘/’ (WY, ) we get
B w) = [ Y wor? i nsw o dr, (*3)
T/
where

YV (W, 1) ;:/ AV (W, wym)yry ()" dn.

We note the following equivariance property of YV (W, t). Let N* = V_ x n(N'),
which is the stabilizer of ¥y in N. Let ¢+ be the character

Yn:(m(m)v) = Yy )y (v), neN,veV_

on N®. Then by Lemma 3.1, YW(W 1) is (N%, ¥rys)- -equivariant in W.
Next, we consider AW(W wytn). By Lemma 3.1 it is enough to determine
Aw(W wU,) We have (up to an immaterial root of unity, which we suppress)

AY(W, W) =% W(wyv)yy ) tdv=x [ Wwyv)vy )™ dv.
f v VEAV- Vy

(See Remark 6.5 for a more precise statement.) We also mention that
aov.o= [ W(yeim)yry: (0" dn
€, (Vyxn(N"))e\N*?

for a suitable unipotent element € (this will be used for the right-hand side of (MI);
see Lemma 6.1). This expression is clearly (N¥, yy:)-equivariant in W.
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Remark 4.1. By [Ginzburg et al. 1999, theorem in §4.4; Lapid and Mao 2015b,
Lemma 6.1], for 7 € Irrmeta,iemp M the space of (N*, %, ry:)-equivariant linear forms
on the Langlands quotient of Ind(W‘”NM (), 1) is one-dimensional. This implies
that YV (M*W, t) is proportional to Aw(M *W, e). The constant of proportionality
is a complicated function of ¢ which is probably related to the Bessel function. At
best, the putative equality becomes something like (3-9), which seems difficult to
approach directly. Instead, we take a different approach.

It follows from the formula for A;f' (W, 1;)7;,) above that
YV (W, 1)
= *u’(r)“‘”zf f W (wyn(wd! o)y () Yy @) dudn. (4-4)
Nz/w U

Substituting this in (4-3) and using the Bruhat decomposition for M, we obtain

sowvw = [ | f ¥ o Ve W @

X 8p(nm(2)~ 1|detg|1 "dg Yy, () dnyy )~ Yo () duy dus. (4-5)

For the inner integral, we will use the following functional e]quation proved in
[Lapid and Mao 2014]: for any W € W¥Mu (r) and WY € W¥mu (rV), we have

/ W (ma(e) W (ma(e))ldet gl ™ dg
Ny \MY

-1/, o 2 N W w2 ()60 (F)
x |detg|" ' dgdX ay,

where J is the subspace of Mat, consisting of the matrices whose first column is
zero. From this it is easy to infer that

/ ( / W(nwgn))WV(nM(g))|detg|1—"dg)w/%,m)dn
’ NM’\M/

:f b / ) W (g () esr) WY (nyy(1)€3ra)
My (N )Ny iy (Np)\Nyy /T

x |detr[*'og ()Y (' r) drdradry, (4-6)
where N (N ), ¥ N, is the character on N with

Yy (m) = Yrys (")

and €3 € M is a suitable element to be introduced in Section 7B. Substituting this
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in (4-5), we obtain
dt

BW, W) = / EV(W.HEY (WY, 1) ,
() |det?|

where

¥ s 1/2 -1 % ol

EV (W, 1):=85"(0(1)) / W (o(teses)wyv)n:(0) " dv, 1 eny(Tly).
M (N )\N?

Here, €4 € M is an auxiliary unipotent element chosen so that o(e4€3)wy conjugates
Yy to a character which is supported on a single (short negative) root. The sought-
after identity (MI) is now a consequence of the following two results concerning
(N*, ¥y:)-equivariant linear forms in W, which are proved in [Lapid and Mao
2015b].

(1) EV(M*W, t) is the constant function ej‘T‘A;p(M* W).

) EV (Wi, 1)

M (Tyy)

_n+l 4 ¢ *

detr] ex AV (MTW).

It is here that we use in an essential way that w € Irrye; M (and where the factor
€z shows up).

This concludes the sketch of the argument. We finish with a few technical
remarks about the rigorous justification of the above argument, and also give a few
pointers to the upcoming sections. Hopefully, this will shed some light on (if not
motivate) the contents of the remaining sections.

) Tg justify (4-1), with f - replaced by f If,t, on both sides, we are forced to assume
that W (wtn) is compactly supported on 7’ x N’ (see Lemma 5.4). This entails
imposing a certain support condition on the section W (see Definition 5.5 and
Lemma 5.6). Fortunately (and this is a key point in our argument), it is enough
to prove (MI) for a single pair (W, W) for which the right-hand side is nonzero.
For the special sections as above, the nonvanishing is guaranteed by that of the
Bessel function of 77, which is proved in the Appendix, following ideas of Ichino
and Zhang [2014].

(2) The fact that YV is well-defined (with | If,t instead of [y, relies on results and
techniques of Baruch [2005] (modified to the case at hand in [Lapid and Mao 2013])
on the stability of Bessel functions (Corollary 5.3). This is the reason why we use
the Bruhat decomposition with respect to B’ (i.e., (4-1)) rather than P’ (i.e., (4-2)).

(3) Since we cannot control the support of M*W*, it is necessary to justify (4-4)
for general sections. To that end, we introduce a complex parameter s and consider

the family
B(W, W", 5) = B(W;, W/\).

The equality (4-4) is then justified for Wy with Res > 1. (See Lemma 6.6.) This
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yields the analogue of (4-5) for B(W, W*, s), provided that —Res >> 1 and W is
special (Lemma 6.11).

(4) A similar issue arises with (4-6): we can only justify it if at least one of the
Whittaker functions satisfies an additional support constraint (which is in some sense
dual to the support condition considered in the first remark). (See Definition 7.5
and Proposition 7.6.) Thus, we take W to be special of the first kind and W” to be
special of the second kind (see Definition 7.8).

(5) Ultimately, we need to consider B(W, M(s)W",s) at s = % In order to exploit
the assumptions on W and W”, we need to know that M (s) is self-adjoint with
respect to the bilinear form B. Such a relation was proved in [Lapid and Mao 2014,
Appendix B] for a variant of B (where the order of integration is slightly different).
(See Corollary 7.2.) For —Res > 1 and W special of the first kind, this agrees
with the original B.

(6) The upshot is an identity
dt

B(W, M(s)W",s) = / EV(M*W,0EY (W), 1)

nr;//ﬂ(Tr\//n’) |dett|
for special sections W, W and for —Re s >> 1 (see Proposition 7.11). To finish
the argument, we need to show that the right-hand side has analytic continuation at
s and compute its value at s = % These steps are carried out in [Lapid and Mao
2015b]. See Section 8, where it is also explained why the restriction on W is

harmless from the point of view of the relation (MI).

5. A bilinear form

We begin the analysis of the main identity. A key ingredient is the stability of the
integral defining a Bessel function, which was proved in [Lapid and Mao 2013]
following ideas of Baruch [2005].

5A. We recall the main result of [Lapid and Mao 2013] for the group G.

Theorem 5.1 [Lapid and Mao 2013]. Let Ky € CSGR*(G’). Then the integral

st

W (wl, w tn) ()~ dn
N/

stabilizes umformlyfor We C(N\G V)Xo and locally uniformly int € T'. In
particular, lfW e WYa (%) with & € Irrgen,y 5 G then

st —_— Y~ /\—// ~
W (i, wl tn)yrs ()~ dn = BLY (wl, wl 1) W (e), (5-1)
N/

where Bgﬁ is the Bessel function of 7 (see (A-1)).



On an analogue of the Ichino—lkeda conjecture 735

Remark 5.2. Note that wO =w U,wo Of course, one can state the theorem above
(equivalently) for

st

W (wjtn) ¥y (n) ™" dn
N/
The original formulation will be slightly more convenient for computation.
We apply this to the function VT’(g) = A;/’(W, g).

Corollary 5.3. Let Ky € CSGR(G). Then the integral

’

st —_—
YV (W, 1) ::/ A;/’(W, wb/wé‘/f tn)t//,q,(n)_1 dn, teT,

stabilizes uniformly for W € C(N\G, ¥n)X° and locally uniformly int € T'. In
particular, YV (W, t) is entire in s € C, and ifm €Irrgen Mand W € Ind(WYMu (7))
then YV/(MS*W, t) is meromorphic in s. Both YV (W, t) and YV/(MS*W, t) are
locally constant in t, uniformly in s € C.

Finally, if we assume that 7t € Ittmeta,gen M and that 7 = Dy, -1 () is irreducible
then for any W" € Ind(W'/’NM (n)) we have

v w0 =B (DAY (WA ),
Another useful consequence of Theorem 5.1 is the following.

Lemma 5.4. Let W € CS™(N\G, V) and WY e C™(N\G, 1#1%1)' Assume that
the function

—~—

(t,n) € T x N' > W(wjtn)

is compactly supported. (In particular, We Cgm(ﬁ \(N}, ¥5).) Then the iterated
integral

st
/ ( W@ W @i dg) Y3(i) du
N \JNN\G’
is well defined and is equal to
/ / 83/(t)W(wU,w tn)wN(ﬁl)(/ Wv(wy,m)wﬁ(ﬁ) du) dndt.

Proof. Using the Bruhat decomposition we can write the left-hand side as

st —_— — /\//
/ </ W (wp, wi tn) WY (wi, wil tnit) 8 ()Y (it) dn dt) du.
! !’ N/
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Note that by the assumption on W, the integrand is compactly supported in ¢, n.
Consider

/(/ W (wp, wi tn) W (wi, it tn )8 (1) () dndt) du
Q "JN'

=/ / /83/(t)W(u7;,wé‘4/tn)WV(wU,w0 tni) Yy (it) du dn dt
’ ’ Q

for Q € CSGR(N’). By Theorem 5.1 this is equal to

f/ég/(t)W(wU,w tn)(/ WV(wU,w tnu)le(u)du>dndt

provided that €2 is sufficiently large (independently of ¢ and n, since they can be
confined to compact sets by the assumption on W). Making a change of variable

ur>n"'u, we get

//83/(t)W(wU,w tn)l//N(n 1)(/ WV(wU,w tu)lﬁN(u)du)dndt

as required. U

5B. In order to apply Lemma 5.4 for Aw(Ws, ), we make a special choice of W.
Consider the P-invariant subspace Ind(W"”NM ())° of Ind(W¥¥u (1)) consist-
ing of functions supported in the big cell Pwy P = PwyU. Any element of
Ind(WYVu (77))° is a linear combination of functions of the form

W' mwyu) =8p(m)' *WY (m)pw), meM, u,u' €U, (5-2)

with W™ € WY" (r) and ¢ € C2°(U). Let ny be the embedding mi(g) = (* ;)
of M into M.. Also let 173y = 0 o my, so that

8
nm(g) = < Ion *)
8

Definition 5.5. Let Ind(W""v (7))¢ be the linear subspace of Ind(W""w (7))°
generated by those W as in (5-2) that satisfy the additional property that the function
(t,n) = WMy (twg/”,n)) is compactly supported on 7y, x Ny, or equivalently,
that the function W o3, on M/ is supported in the big cell By, wg/"/NM, and its
support is compact modulo Nj,,.

This space is nonzero; see the proof of Lemma 6.13 below. It is also invariant
under n(T") x N.

Lemma 5.6. For any W € Ind(W""w ())¢, the function A} (W, wy,wi'tn) is
compactly supportedint € T' and n € N' uniformly in s € C.
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Proof. Since ® * W € Ind(W¥Nu (m)); whenever W € Ind (WY (Jr))tI (for any
® e C°(FM)), it is enough to show (in view of the definition of A , upon re-
placing the domain of integration in (3-1) by n(wy,)Vyn(wy,)~ D, that for any
W e Ind(WYVu (71)) the function (v, t, n) — W(yn(wU,)vn(w tn)) 1S com-
pactly supported in VU xT"x N'. Write t = o'(t') and n € N" as n = o' (n)n2
with ni € Nyy and np € U'. Also let m’ = wg/ﬂ/t’n’1 e M and m = n(o’'(m')) =
n(wO tQ (”1)) Then

W (yn(wy)on(whl 1)) = W(wyvmn(nz)) = W (') ) wym ™ vmn(na)).

It follows immediately from the definition of the space Ind(WYNu (n))g that this
function is compactly supported in (v, ny, n2,t") € Vy x Ny x U' x Ty, O

5C. For W € Ind(W¥¥ ()¢ and W € Ind(W¥¥y (7)), we define

st

B(W, WY, s) ;:/ (/N/\G/A;f(WS,g)A;ﬂI(W_vs,gﬂ)dg>1ﬁ1\7(ﬁ)du.

!

By Lemma 5.6 and the proof of Lemma 5.4, B(W, WV, s) is an entire function of s
and we have

B(W, WV,s)=/ YV (W, YY" (WY, )85 (t) dt (5-3)

for any W € Ind(W¥" (7)) and W € Ind(w'%b ().
Assume that 7 € ItTgen meta M and 7 = Dy,-1 () is irreducible. Then for any
W € Ind(W¥"u (7)) and W € Ind(W'/’NM (),

the left-hand side of the main identity (MI) is B(W, M (3)W", 3). (5-4)

We obtain a more explicit form of B(W, WY, s) for W € Ind(WY¥u (7 )¢ in the
next section.

6. Further analysis

6A. The function A;"(Ws , ). Atthis point it is necessary to investigate A;ﬁ (Ws, )
on the big cell.

We start with A;f (W, e), which is easier and also useful for the right-hand side
of (6-12).

Fix an element €; € V of the form £,,(X), where X € Mat, and the last row of
X is —&,. For any W € C™(N\G, ¥n), define

AV (W) = W(yve)yy (e, ve)) " dv. (6-1)
V,\V_
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Since Yy (el_1 ver) = Yy_ (V)Y (vn,2n+1), this expression is clearly independent of
the choice of €, as above. Moreover, we have

AV (W) =f W (yne)yy:(e; ' ner)~" dn
(Vyy xn(N")\N*

W(yein)¥y:(n)~" dn. (6-2)

/el‘wmn(zv'))el\fvﬁ

The integrand in the first equation is invariant under n(N’) since the character
Yt (el_ln(u)el) is trivial on U’ and agrees with wNﬁw on N/,,.

Lemma 6.1. For any W € C*™(N\G, ¥n), the integrand in (6-1) is compactly
supported on V,\V_ and we have A;//(W, e) = Af(W).

Remark 6.2. Note that by Lemma 3.1, the linear form W +— Alj/'(W, e)is (N%, Yrys)-
equivariant. By (6-2) the same is true for Af (W).

Proof. The support condition follows from Lemma 3.2. By (3-1) we have
AV(W, @, 0) = / W (y v)wy -1 (V)P () dv.
V,\V
We can write this as
/ W(yve)wy-1(ve)@(&n) dvdec,
Vi JV V-
which by (2-1a)—(2-1c) is equal to
/ W (yve)y. () ¥ (vnons1) " (e + &) dv de.
Vi JV V-

Changing variables in ¢ and v, we can rewrite this as

/ W(yve o) ® )y (v) 'Y (vnong1)  dvde
Vi JV,\V_

N /V \V. (P W)(yveNyy. (v)_llﬂ(vn,znﬂ)_l dvdc.

This is A (@ % W), as Yrv_(€] 'ver) = Yy (W)Y (Vn2ns1)- g

We now turn to A;//(WS, -) on the big cell. By Lemma 3.1, it is enough to
consider the element wy,.

Lemma 6.3. Let 70 € Irrgen M. Then for Ress >, 1 and any W € Ind(W¥¥u (7)),
we have
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AL (W, w)y) = Byt (W) y Wy (wyv) gy (v) ' dv
U

:,B,,,](w;],)/_ W (wyv)yy_(v)~" dv. (6-3)
I4AVA

Remark 6.4. It is easy to see that both sides of (6-3) are (V_ X (N, Yy W;) )-
equivariant in W. Y

Proof. From (3-1),

AV (W, @, wy,) = Wi (yvn(wy))wy-1 (vwy,) P (&) dv.
V,\V

Make a change of variable v > n(wb,)vn(wb,)_l. Note that
v, = n(wé,/)VMn(w/U,)_l,

n(wb,) normalizes V, and V = Vy; X V. By (2-5) we infer that

AV (W, @, wp) = | Wywyv)wy, -1 (w], 0)®(En) d,
Vu

and using (2-3c) we get

Byt (w)y) ( Ws(wuv)wv,1(U)<I>(Y)1/f(Y1)_1dY)dv.
Vu Fn

We claim that the double integral converges absolutely when Re s is large enough.
Note that Vi = {£((* 1)) : x € Maty, y € 85} and hence |w-1(v)P(Y)| =D (V)]
for v € V. Thus,

/ Wy (wyv)oy -1 ()Y)Y (Y1) dY dv=[®|0) [ W (wyv)ldv.
vy JFn Vu
The integration on the right-hand side is absolutely convergent when Res >, 1.
This follows from the convergence of f y|Ws(wyu)| du and Remark 2.2.

For c € V; such that c =Y € F", we have Ws(wycg) = V(Y)W (wyg) by
the equivariance of W, and w,-1(c)®(0) = ®(Y) by (2-1a). Thus,

By (wy) AV (W, @, JFJ,) = / Wy (wycv)wy-1(cv)®(0) de dv.
Vy JV,

Since V, normalizes Vy and the double integral converges we can write the last
integral as
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/ Ws(wyve)wy-1(ve)®(0) de dv
vy Jvy

_ / Wy (wyve gy () D) dedv = [ (@5 Wy (wpv)y. (v) " d.
Vy J V4 Vu

This gives the first equality in (6-3), and the second one follows from it since the
integrand is left Vf,l—invariant. U

Remark 6.5. One can show that for any W € C™(N\G, ¥n), we have
A;{’(W, wi,) = By-1(wy) (/u W (wyvx) ¥y (vx)~! dv) dx, (6-4)
V//\V_ VM\VU

where on the right-hand side V" is the preimage of the center of the Heisenberg
group under v — vy and in both the inner and outer integral the integrand is
compactly supported, thus convergent. We do not give the details since we are not
going to use this result.

6B. We can now compute YV (W;, t) for Res > 1.

Lemma 6.6. Let 70 € Irrgen M. For Res 3>, 1 and any W € Ind(WV (1)), 1 € T',
we have the identity

YV (W, 1) =0/ ()" 2By (wip) By (wdl 1)

< /  Wawunl D0 ) dv, (6-5)
Ve

where the right-hand side is absolutely convergent.
Remark 6.7. Clearly, both sides of (6-5) are (N, y:)-equivariant in W.
We first need the following convergence result.

Lemma 6.8. Let v € Irrgen M. Then for Res > 1, we have
f / W, (o(n)wyug)| du dn < oo, (6-63)
NP Ju
/ / W, (omywyug)| du dn < oo, (6-6b)
NP Ju

for any W € Ind(W¥¥u (7)), g € G.

Proof. We may assume without loss of generality that g = e. Denote by o(a(x)) the
torus part in the Iwasawa decomposition of x € G. Let A;(x) be the set of nonzero
i X i minors in the last i rows of x (with the convention that Ag(x) = {1}). Then
A;i(o(a(x))) is (obviously) a singleton and its absolute value is maxsea, (x)|6].
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For any n € N{; and u € U consider

a(o(m)wyu) =diag(ay, ..., anm).

Notice that
2n

l—[lail = |det(a(o(M)wyu))| = |[det(a(wyu))| <1 (6-7)
i=1
and forall 1 < j <i <2n we have n; ; € {0} U A;_1(o(n)wyu) (since n; ; is an
entry in the adjugate of n*). Hence

i—1
el < ] Jlael ™. (6-8)
k=1

We show below that for all n € N{;N(PUP*) and u € U such that W (o(n)wyu) #0,
we have

|det(a(wyu))| Kw la;| Kw |det(@wyu)>~, i=1,...,2n. (6-9)

Assuming this, we first show the lemma. It follows from (6-7) and (6-9) that
there exists A € R, depending only on 7 such that

|Ws(o(m)ywyu)| <w |det(a(wyu)) RS~ (6-10)

forany u € U and n € Nri/u N (P UP*). Together with (6-8) and (6-9) we obtain
Ini ;| <w |det(a(wyu))|'~" whenever W(o(n)wyu) # 0. Thus,

/ f |W(o(m)wyu)| dudn <y / |det(a(wyu))|Res X gy
NyNP JU U

(and similarly for |, NM’\P*)’ where the last integral is finite when Res 3>, 1 by a
standard result on intertwining operators.

We are left to prove (6-9). First, consider the case where n € Nri/n NP. Then
the 2n-th row of o(n)wyu is &4n. Thus, Aypy1(0(n)wyu) C Axp(o(n)wyu), and

hence o n
-1 -1
jaznl [ Jlail ™ < [ Jlail ™",

i=1 i=1

or equivalently |asy| < 1. Thus, if W(o(n)wyu) #0then |a;| <Lw - - - <Lw |aon| < 1.
The relation (6-9) follows (since 1 < |det(a(wyu))|>~>").

Next, consider the case n € NM N P*. The last row of o(n)wyu is the same as
the last row of wyu. Thus, |a;|~! is bounded above by the norm of the entries in u,
which in turn is bounded above by |det(a(wyu))|~! (since each nonzero entry of
u belongs to Aoy (wyu)). Again, if W(o(n)wyu) # 0 then |a;|lw < -+ - <w |aml.
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From (6-7) we conclude that |det(a(o(n)wyu))| < |ai| <Kw |a;| for all i. On the
other hand,

|det(a(wy))[™ 2 = |a1 ™" 2|az - - - azn—1|*" a7
<w laz -+ am_1 ™ aga|™ 2
= laz - azn|™ 'aza| ™' < laza| 7",
and the relation (6-9) follows. O

Remark 6.9. From the proof it is clear that we can take a uniform region of
convergence Re s > 1 for all unitarizable 7.

Lemma 6.6 is an immediate consequence of Lemmas 6.3, 3.1 and 6.8. Indeed,
the right-hand side of (6-5) can be viewed as a “partial integration” of the double
integral (6-6a) for g = n(w(’)"[ 't). Thus, by Remark 2.2, it is absolutely convergent
for Res >, 1. Meanwhile, by Lemma 3.1,

e~

YV (W, t) = / AY Wy, wwd tn)yyig(n) ' dn
N/

=26yl [ ALl ). oo d,
N/
assuming the integral converges. From (6-3), this is
V()T 2By (i 1By (W)

x / W (wyvn(wd! tn) gy )~ Yy ()~ dvdn.
N JVy

Conjugating v over 17(11)6u 't) and combining the two integrals (which converge by
the above), we get Lemma 6.6. (We note that the integrand on the right-hand side
of (6-5) is indeed left V,nw-invariant.)

6C. We now go back to the bilinear form B defined in Section 5C. Recall the
definition of the space Ind(WYu (n))g in Section 5B.

Lemma 6.10. For W € Ind(WY"u (n))g, the integrand on the right-hand side of
(6-5) is compactly supported in t, v uniformly in s (i.e., the support in (t,v) is
contained in a compact set which is independent of s). In particular, the identity

(6-5) holds for all s € C.

Proof. Suppose that W € Ind(WY¥Vu (rr))g is of the form (5-2). Then for n € NM/,
ueU andt € Ty, we have U(Ql(wg/ﬂ/tl’l)) € M and

W (wyn (o' (i tn))yu) = 8p ()™ 2WM (ar (! 11)*))p ().

The lemma follows from the definition of Ind(WWM (n))g. U
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Lemma 6.11. Let w € Irrgen M. Then for —Res > 1, we have

B(W, WV,S)=/ /u / Wy (@) wy )WY (nu(g)wyu)
U Jvine IN W

Sp(nm(g) ' det g ™py: (v) 'y (u) dg dv du

for any W € Ind(WY¥u ())s, WY e Ind(WWzL (nv)), with the integral being
absolutely convergent.

Proof. Suppose that —Re s > 1 and W & Ind(WY¥u (7)) Then by (5-3), Lemmas
6.6 and 6.10, and the fact that 55/ () = 8%/ OV ()", B(W, WY, s) equals

/ / f Wi (e (i 6y wy o) WY, G (wp ) wiy v2)
Tyy Ny IXU In(N) )xU 3 |
x |detz| naBM(I)WNﬁ(vl)_ Yz (v2) dvy dvy dt,
where the integral is absolutely convergent. Here we use 1(N},,) X U as a section
of VI \NE.
Making a change of variable v; — vyv; and writing v, = (o’ (n))u with n € Ny,
and u € U, we get that B(W, WY, s) is equal to

f / / / W (nar ((wp! tn) ywyuv) WY (nar ((wp! tn)* Ywyu)
N JU In(vg kU
X |detz|3“5% (O Wy (1)~ dvi du dn dt.

Make a further change of variable v +— u~lv;. Tt remains to use the Bruhat
decomposition for M’ and to note that §p(1(g)) = |det g|**! for any g € M/
and that as a function of v, the integrand in the statement of the lemma is left
Vlﬁw—invariant. O

Define when convergent

{w, WV}:=/ " W (eNWY (1 (2)8p (u(g))~'detg|' ™ dg.
N// /

M

Then we get, for any W € Ind(WY¥u ()3, WY e Ind(WW% (")) and when
—Res > 1,

B(W,WY,s)
= [ [, W W vl ) @ dodu. 611
U JVE\NE
Remark 6.12. If 7 is unitarizable then the integral defining {W, W"} is absolutely

convergent for any (W, WY) € Ind(W¥Mu (7)) x Ind(WWzb (J'L'v)) by [Lapid and
Mao 2014, Lemma 1.2].



744 Erez Lapid and Zhengyu Mao

6D. We need a nonvanishing result which follows from Theorem A.1.

Lemma 6.13. Assume that w € Ittgen meta M and @ = Dy, -1 (1) is irreducible and
tempered. Then the blllnearform B(W M( )WA 1) does not vanish identically
on Ind(W¥"u (1))2 x Ind(w‘ﬂNM ().

Proof. Since the image of the restriction map WYNu (1) — C(N u\o(P), ¥n,,)
contains C°(Ny\o(P), ¥n,,), it follows that for any ¢ € C (T, x Ny, ) and
¢ € CX°(U) there exists W € Ind(WY¥u (77))° (necessarlly in Ind(WY™u (71)) ) of
the form (5-2) such that ¢ (¢, n) = WM (54 ((z‘w0 n) )). It follows from Lemma 6 10
that the linear map Ind(W'/’NM (71))° — C°(T') given by W — Yv (W12, -) is onto.
Therefore, by (5-3), the lemma amounts to the nonvanishing of the linear form
WA > YY" (M*WA, 1) on Ind(WwNM (71)) for some ¢ € T’. This follows from
Theorem A.1 and the last part of Corollary 5.3. U

6E. By (5-4), Lemma 6.1 and Lemma 6.13, we conclude the following corollary.

Corollary 6.14. Suppose that w € Ittmeta,temp M is good and @ = Dy-1() is
tempered. Then

B(W, M(A)W", 1) = co AV (M* W) AV (M*W")

forall W e Ind(WYNu (7r))O and W e Ind(Wl/’NM (n)) Moreover, the linear form
Aw (M*W) does not vanish identically on Ind(WYNu (7))2-

In other words, taking into account the reduction step of Section 3F we have
reduced Theorem 3.4 to the statement below.

Proposition 6.15. Assume 1w € Ittieqa temp M is good and 7w = Dy-1(m) is tempered.
Then for any W € Ind(WY¥u (7'[))Ii and Wh € Ind(W‘”NM (71)) we have
B(W, M(A)W", 1) = e, AV (M*W) AV (M*W ™). (6-12)

The proposition will eventually be proved in Section 8 after further reductions,
using the results of [Lapid and Mao 2014; 2015b].

7. Applications of functional equations

In this section we use the functional equations established in [Lapid and Mao 2014]
to analyze B(W, M(s)W", s).

7A. We first apply a functional equation proved in [Lapid and Mao 2014, Appen-
dix B]. To that end we introduce a variant of B. We define B(W, WV, s) to be
the right-hand side of (6-11) whenever the integral defining { -, - } and the double
integrals over VIﬂW\N ® and U are absolutely convergent.
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Clearly for g € M/, with |detg| =1,

{(WCnm@), WY (nu(g)) ={W, W'}
Thus, B(W, WY, s) is equal to

/, /U/U{Ws(-nM(n)va), Wzs('wU”)}wU(U)_]KZ’U(M)I//NM(n)dvdudn
:/, /U/U{Ws(.wyv), Wz“'('nM(n)wU”)WU(v)_l‘/fU(M)WNM/(n)_ldvdudn

=/Vn\Nu/U{Ws(-va),st(-wuvz)}lﬂu(v)1wNn(v2)dvdv2. (7-1)

By (6-11), for any 7 € Irrgen M, W € Ind(W¥Vu (7))2, WY € Ind(W¥xy (7V))
and —Res > 1, we have

B(W, WY, s)=B(W, W",s).
On the other hand, we have the following result.
Proposition 7.1 [Lapid and Mao 2014, Appendix B]. Let w € Irremp M.

(1) For Res > I,II_S(W, WY, s) is well defined for any W € Ind(WYNu (7)),
WY € Ind(WYwy (V))°.

(2) For —Res > 11, B(W, WY, s) is well defined for any W € Ind(WYMs (11))°,
WY € Ind(WYwy (V)).

(3) For —Res > 1, we have
BW,M(@s)W",s)=B(M(s)W, W", —s)
for any W € Ind(WY¥u (17))°, W/ € Ind(wwiﬁb (7))°.
Combined with the above we obtain:
Corollary 7.2. For —Res > 1, we have
BW, M(s)W",s)=B(M(s)W, W", —s)
for any W € Ind(W¥Vu (7r))2, W € Ind(wmb ())°.

7B. An identity of Whittaker functions on GLy,. A key fact in the formal argu-

ment for the case n = 1 in [Lapid and Mao 2017, §7] was that for any unitarizable
7 € Irrgey GL3, the expression

[w opw( )

defines a GL,-invariant bilinear form on W"™u () x W‘My\l/u (V).
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In the general case, we encountered (in the definition of { -, - }) a similar integral
An(W, W) =/ W (n(g) WY (nw(g))det g|' ™ dg,
a

where W € W¥Mu () and WY € WYy (V).
Let J be the subspace of Mat, consisting of the matrices whose first column is
zero. Note that for any g e M', X € Maty, Y € J, ny, np € Ny, we have

An(7 (@) (X + YV)mg ()W, 7Y (i () GO 1y (12)) W)
=y, (miny Dldetg|" " An(W, WY) (7-2)

(with £y, ny and 77r¥/|] defined in Section 2A). We also have the following relation,
for wopn := (In I").

Theorem 7.3 [Lapid and Mao ]2014, Theorem 1.3]. Let m € Ittiemp M. Then for
any W € WY (), WY € W¥n (1), we have

An(W, WV)Z/// W (wan,nm(8)emi(X))
7T IN W

x WY (wonnma(8)en(Y))|det g" ' dg dX dY. (7-3)
The integrals on both sides are absolutely convergent.

Note that it is not a priori clear that the right-hand side of (7-3) satisfies (7-2)
for X € Mat, —J.

We can slightly rephrase Theorem 7.3 as follows. First, we write the right-hand
side of (7-3) as

/// W (13 (8) wan nm (X)) WY (@) wannlra(Y))|det g[* ' dg dX dY.
75 N

We may multiply won n on the left by any element x € 7y, (M) with |[detx| = 1. In
particular, we take w), = ( w In ) instead of wop n. Let €3 € £y(€r,1 + J), where
€1,1 is the matrix in Mat, with 1 in the upper left corner and zero elsewhere. Since

An( (€)W, ¥ (e)WY) = An(W, W),
we infer that A, (W, W) equals
f f / W (i (8) Wiy nm(X)€2)
7 JrIng W
X WV(nM(g)w’ZH’HZM(Y)Q)|detg|n_l dgdXdY.

Using Bruhat decomposition for g, the integral can be rewritten as
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/// W (i () Wiy w1t (M) ra (X)€2)
1Jidw, Iy,

x WV(n,{,ﬂ(t)wén’nnm(n)EM(Y)ez)|dett|“_153’/w (1) 'dtdndXdy.

Since £y (€1,1+J) is invariant under conjugation by ny (N, ), by changing variables
in X and Y we get

An(W, WV)=/JfJf/ /T W (g (D) €3Lm (X ) (n))
X WV(nM(I)egﬁm(Y)nM(n))|dett|“*183’/w () 'dtdndX dy, (7-4)

where €3 = w) | €.

7C. In the first expression of (7-1) for B, we have an inner integral of the form
[ Wt Wy ) .
N,

This leads us to apply the above functional equation in the following seTtting. Let
7 € Itfiemp M. Define the bilinear form D(W, W) on WY (1) x WM (7Y) by

D(W, W) :=f

An( ()W, W)y, (n) dn. (7-5)
N/

M/

It is shown in [Lapid and Mao 2014, Appendix A] that the integral is absolutely
convergent.

Remark 7.4. For (W, W") € Ind(W¥™ (7)) x Ind(WY¥y (r¥)), we have

1/2

D5, *Wog, 8, *WY00)=D(5,"*W,y00,8,*WY, 00)

= / {Ws(-nm(n)), WXS}WNM/ (n)dn.  (7-6)
Ny
For convenience, set
R = e3(mu(Nyg) % n(D))es " = why o (i (Niy) X by ()why 'y
={(§‘n,) cxeld,n eN,{,ﬂ,} C Ny, NP*.

Definition 7.5. Let WW@ (7r)y be the linear subspace of W‘/’ﬁr\lm (;r) consisting of

W such that

W(-en)lp € CEN\P* ¥yl) and W(- €3l v g € C2Oma(Tiy)  R).

It is easy to see that this definition is independent of the choice of €; (and
correspondingly €3).
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We note that WW;\IA] (7r)tJ i1s nonzero, since the restriction of Wmmlm () to P*
contains C°(Ny\P*, 1I/N ) and 0y (Ty,) X RC B{,NP*. On the other hand, even
if we assume that 77 is supercuspidal, W (7)y is a proper subspace of WY A ()
since the set NM (nM(TN’/U/) X R) is not closed.

Let N (N )* and let z//N be the character on N given by

Yy () = Prys ().
Note that N,E/H consists of the elements of Ny, whose (n+ 1)-st column vanishes

above the diagonal.

Proposition 7.6. Let 77 € Irtyenpy M. For any W € W% () and WY € WY (),
D(W, WY) is equal to the absolutely convergent integral

/ i f i W (D) esr) WY (ny (£ €sra)
VNG S v g T 1 1 1
x |dets|™” SBM(I)f wa (rl_ ry)dtdrydry,
M

where the integrand is compactly supported in all variables.

Proof. From (7-4) and (7-5), we get that D(W, WV) is equal to

/ </// W (nyp () €3m(X) ni(nan ) W (nyy (1) €380 (Y ) nni(n2))
N/ // T’,
x |dett|“_18%/ ()" VdtdnydX dY)t/fNM/(nl)dnl.

By the condition on WV, the integrand is compactly supported in 7, ¥ and n,. Since
Ny () normalizes R, it is also compactly supported in X, n; in view of Lemma 7.7
below. A change of variable ny — n, I, gives the identity in the proposition. [J

Lemma 7.7. The restriction to N{; N (P UP*) of any W € C*™(Ny\M, ¥rn,,) is
compactly supported.

Proof. This is standard. By passing to W(-*), it is enough to consider the support
in N,QA] NP. Let n = uak with a = diag(ay, . . ., arn) be the Iwasawa decomposition
of n € N{yNP. Then ay =1 and |n; j| <la; ...aon| forall 1 < j <i <2n. Thus,
if W(n) # 0 then the a; are bounded in terms of W, and hence n is bounded. The
lemma follows. O

7D. We apply Proposition 7.6 to get a new expression for B(W, WV, s). Before
stating the result, we first introduce an integral that appears in the new expression.
As in [Lapid and Mao 2015b, §7.4], define

A@) == |t;|78) > (0(t)), 1 =diag(ty, ..., 1) € Tu.

In particular, when ¢ = ny;(t') with t" € Ty, we have A(t) = 8p ' N2
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For now, let €4 be an arbitrary element in Ny;. (We will fix it in the next
section in order to make the formulas look nicer.) Let T” = ny(T;) x Zy. For
W e CS™(N\G, ¥ry), t € T", let

EV(W,1):= A" / W (o(teses)wyv)¥ry:(v) ' dv
(N} )\N*
=A@) "y, (teat™) W(o(te3)wyv)y:(v) ™" dv
1 (Nyy ) \N?

= AWM Yy (rear™h) / / W (o(tves)wyu)
UJR
Yy (€5 vex) ™ Yy )~ dvdu, (7-7)

provided that the integral converges. (It is easy to check that the integrand above
is invariant under 7,/ (Ny,) when ¢ € T”.) Similarly, define EWI(WA, t) for
W" e C™(N\G, ¥y ').

Note that for any ¢ € T”, EV(W, t) is (N¥, ¥y:)-equivariant in W. It is also
clear from the definition that whenever defined,

EV(Wy, t2) = EV (Wy, 0)|det 2T 2w, (2), z€Zy, teT, (7-8)
for W € Ind(WY"u (1)) with 7 € Irrgen, M, where w; is the central character of 7.

Definition 7.8. Let Ind(W‘mz\; (n)); be the linear subspace of Ind(W¥Ny (7))°
spanned by the functions which vanish outside Pwy N and on the big cell are given
by

W' mwyu) = 8},/2(m)WM(m)¢(u), meM, u,u €U,

with ¢ € C=®(U) and WM 0 0 € WYxu (7).
This space is clearly nonzero since WY (7r)y is nonzero.

Lemma 7.9. Let € Irrgey M. For Res > 1, the integral (7-7) defining EV(W;, 1)
converges for any W € Ind(W¥Mv (7)) and t € T" uniformly for (s, t) in a com-
pact set. Hence, EV (Wj, t) is holomorphic for Res > 1 and continuous in t. If
W e Ind(WWA; (]T))O then EWI(WSA, t) is entire in s and locally constant in t,
uniformly in s. If moreover W" € Ind(WWL (J'r))O then E wfl(WsA, t) is compactly
supported in t € ny(T\), uniformly in s.

f

Proof. For the first assertion, since Ty normalizes the group R and U is normalized
by M, we need to check the convergence, locally uniformly in m € M, of

f/|Ws(Q(U)wUum)|dudv.
RJu
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This expression is clearly locally constant in m, so we can assume m = e. Since
RC N{,NP*, the integral above is a “partial integration” of the double integral
(6-6b) in Lemma 6.8 (with g = ¢), thus converges by Remark 2.2.

By Lemma 7.7, when W" € Ind(WWzL (n))o, the integrand in the last expression
of (7-7) (with W in place of W) is compactly supported in v and u, uniformly in
s and locally uniformly in ¢. It is then clear that E v (W2, 1) is locally constant
in 7. The second part follows. Furthermore, if W" € Ind(WW/L (n));, it is clear
from the definition of the latter space that the integrand in (7-7) (with W* in place
of W) is compactly supported in v and ¢ € ny; (7). The lemma follows. O

7E.
Proposition 7.10. Let w € Itriemp M. Then for Res > 1, we have

B(W, WY, s)= f EV (W, z)EW(WXS, 1) (7-9)

(T |det?]

for any W € Ind(W¥Nn (7)) and W € Ind(WY Ny (V). where (by Lemma 7.9)
the integrand on the right-hand side is continuous and compactly supported.

Proof. First note that the element €4 has no effect on the validity of (7-9), so we may
ignore it from the consideration. By Proposition 7.1, if WY € Ind(W'/’lgnb (nv))",
the integrals defining B(W, WV, s) are absolutely convergent when Res > 1. If
moreover WY € Ind(WW/L (JTV));), then by the relation (7-6), (the first expression
of) (7-1) and Proposition 7.6, B(W, WV, s) is equal to

//</ _/ b/ bws(Q(’m(t)fﬂl)wuul)
v Ju NI T IngyN{ NNy Sy (N )N

#
x WY (emy(Desr)wyuz)dp (1)1 8p(ny (1)~ [det e[
X Yy @)™ Yyp r) T Y )y (r2) dry dr dt) duy dus.
Using the fact that for ¢ € T},
8, (7" 8p(nyy (1) detr[*! = 8 (0" (1)~ [det |,

to finish the proof of Proposition 7.10 it suffices to show the convergence of

/(/ |Ws(o(nyy(Hez)wyvi)| dvy
1, \Ji (V] )\N?

x WY (0(my()€3)wyva)] dm)ag/(@/(ml
(N )\N?

dt
|detz|”

It follows from Lemma 7.9 that the integrals over v; and v, converge for a fixed ¢
and that the integral over v, is compactly supported as a function of ¢. The argument
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in Lemma 7.9 also shows that the resulting integrals over v and v, are smooth in ¢.
Thus, the integral converges. (I

Combining Proposition 7.10 with Corollary 7.2 and (7-8) we get the following.

Proposition 7.11. Let 7 € Irtieyp M. Then for — Re s > 1 and any

W € Ind(W¥n ()),
W™ € Ind (W ().
we have
- dt
B(W, M(s)WA,s):/ E‘”(MS*W, HEY I(WSA,t)—, (7-10)
Zu\T” |det¢|

where the integrand is continuous and compactly supported.

8. Proof of Proposition 6.15

Proposition 7.11 is an important (and hard-earned) step towards the proof of
Proposition 6.15. However, it is still insufficient. First, it is not valid at the point
s = % which is pertinent for the left-hand side of (6-12). Second, the functions
EV have to be investigated in order to match the right-hand side of (6-12). Also,
so far we have only used the fact that = € Irrpea M to reduce to special sections,
but it should be clear from the nature of our formula that this fact has to enter the
computation in a more substantial and quantitative way. Fortunately, these issues
were taken up in [Lapid and Mao 2015b, §11]. We recall these results and explain
how they are used to conclude the proof of Proposition 6.15 from Proposition 7.11.

8A. Let 0 =diag(l, —1,..., (=1)"'") € Mat,. We now fix
€4 = EM(—%Dwg/ﬂ,) € Ny.

This element is denoted by € in [Lapid and Mao 2015b, p. 9550] with the parameter
a= —% in the notation of that paper. We also fix €, = £y (?) (and correspondingly
€3 = w), ,€2; see Section 7B). The reason for fixing the elements this way is (partly)
due to the special form of the character 7 on U given by

Yy (D) = vy ((e(ese3)wy) ' Do(ese)wy) ™ =¥ (Bons11), DeU.  (81)

We rewrite the first expression on the right-hand side of (7-7) by splitting the
integral into integrals over U and 1, (N ,)\N}f,[, making the change of variables

v (o(es€3)wy) ' To(eses)wy
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in the integral over U, and conjugating the variable in the second integral by wy.
We get, for Res > 1,

EVY (W, t) =A@ f b / W (o(1)bo(€esesr)wy) g D)Wy ()~ didr
ma(Nyy)\Ny JU M

=A(t)_I/R/UWs(Q(l)59(64r€3)wy)1//u(ﬁ)i/fR(r)dt')a’l’, (8-2)

where Y (r) = ¥, (€5 'rez) 7L
M
We now quote the first pertinent result from [Lapid and Mao 2015b, §11]. Let S be
the subtorus ]_[?:_11 T; of T” (of codimension two), where T; is the one-dimensional

torus n—i ;

— N —
Ti::{diag(z_l,...,z_l,z,...,z):zeF*}.
Forany f € C>°(S) and g € C(T"), we write f xg(-) :fs f(g(-1)dt.

Theorem 8.1. Forany W € CS™(N\G, ¥n) which is left-invariant under a compact
open subgroup of Zy and any f € C°(S), the function f * EV (W, t) extends to
an entire function in s which is locally constant in t, uniformly in s. Moreover, if
7 € Irtpeta temp M then

fREV MWD, = egA}f(M*W)/ fa)dr
N

for any W € Ind(W¥¥u (7)), t € T" and f € C2(S).

The first part is [Lapid and Mao 2015b, Corollary 11.9], except for a slight
correction which we now explain. Recall some notation from that paper. As in
Section 6 of [ibid.] let Z be the unipotent subgroup of M given by

Z={meM:m;; =1Vi,m;;=0if either (j >i and i + j > 2n)
or(i>jandi+j<2n+ 1)},
and let ¥z be its character

Yz(m)=vy(mi2+- - +mp_in—Mnion+1 — - —Momon-1), meZ. (3-3)
The group ¢(2) stabilizes the character ¥j;. Let € = o(2) X U with the character
Yelo(m)in) = yz(m)y;' @), meZ, iel.

Also, let Zt = ZN Ny, Va = ZN N{; and
Nya={mX) :XeJ, X;;=0ifi+j>n+1}.

We have Z = Zt .V, and R = Vy - Num,a- In Section 10.4 of [ibid.] it was
erroneously claimed that the second product is semidirect. Fortunately, this does
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not have any bearing on the argument. All what matters is that the character ¥ is
given by Yz (vn) = Yy, (v), v € VA, n € Ny a, Where Yy, (r) is defined right after
(7.11) of [ibid.]. Thus, the middle integral in (11.11) of [ibid.] should be taken over
Va-Nu,as1.€., over R in our notation. (Also, the variable v should be replaced by r.)
With this correction, the expression in (11.11) of [ibid.], evaluated at g(€3)wy, is
(fA)XE Y (W, t) and its analytic continuation is given by the expression in (11.10)
of [ibid.], which amounts to a finite sum.
Meanwhile, from the definition of Aff in (6-1) we have

AV (W) = / Woye vy (ve) vyen ' dv.
o(Vi\yV_y~!

We can integrate instead over the group U ' in Section 11.5 of [ibid.], consist-
ing of elements # in U such that uonyi,j = 0 whenever i > nand j < n. The
character 1/Afﬁ1 (@) ;== vy ((ye1) luye)) ' on U ' also matches the one defined in
Sections 11.3 and 11.5 of [ibid.] (with the parameter a = —%) Thus, A}f(W) is
T'(W)(yer) in the notation there. The second part of Theorem 8.1 amounts to the
first statement of [ibid., Corollary 11.10] upon taking

€1 = (Wy) ole3)wy = Ly ((—1H™),

where

In
W= n(wéj’)g(wén,n) = (—wn wn)
In

is as in the bottom of p. 9523 of [ibid.].
Theorem 8.1 is a crucial step. Recall that the Langlands quotient of

Ind(WY" (), 1),

i.e., the image under M*, admits a unique (N s Yyt )-equivariant functional. Thus,
EV(M*W, t) (which is technically not defined) is a priori proportional to Aé” (M*W)
and the constant of proportionality is a function depending on ¢. Theorem 8.1
essentially says that in fact this function is a constant which can be computed
explicitly. The main input is that the Langlands quotient admits a realization in
C*™(H\G), where H =~ Sp, x Sp, is the centralizer of o(E) in G. (Recall that
E =diag(1, —1,...,1, —1).) We refer to [Lapid and Mao 2015b] for more details.
We may thus conclude the following corollary.

Corollary 8.2. 1Suppose that 7w € Ittega temp M. Then for any W € Ind(W'”NM (J'r));,
W” € Ind(WYny (n)); we have

B(W, M(W)w", 1) =AY (M*w) EV (W t) =
Zu\T" |detz]

(8-4)
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Proof. By Lemma 7.9, for any W" e Ind(W'/’/Vn; (JT)); there exists Ko € CSGR(T")
such that EV™' (W2, -)eC(T")Ko forall s and EV (W), -) is compactly supported
modulo Zy; uniformly in s. Suppose that f € C°(S) is supported in SN K and let
fY(t) = f(t~"). By Proposition 7.11, for —Res > 1 and W € Ind(WY¥u (71))3>
we have

B(W, M(s)W", s)/ f@) dt
S

. dt
_ EV(M*W, t) Y« EV" (W), 1)
Zu\T” |detz|

-, o EP W DY WD
M

. 8-5
|det 7] ®-5)

From the first part of Theorem 8.1 (i.e., [Lapid and Mao 2015b, Corollary 11.9])
we infer that both sides of (8-5) are meromorphic functions in s and the identity
holds whenever M (s) is holomorphic. Specializing to s = % and using the second
part of Theorem 8.1 (i.e., [ibid., Corollary 11.10]) the corollary follows. (]

8B. It remains to compute the integral on the right-hand side of (8-4). Again, this
is essentially done in [Lapid and Mao 2015b] and it relies heavily on the fact that
7T € Irrpera M.

Let

WY (1), = {W € WYMi (1) : Wlps € C°(Nig\ P, ¥,,) and
Wi ywz € C(ZMN\ni(Tiy) % 2, ¥z)).

Then WM (7)yy is invariant under 7 (€4) and mw(ue3z)W € WM (1), for any
W e W¥Mu (); and u € Ny a. Note that €4 normalizes Z, Z* and ¥z (by direct
computation). Similarly 63(11/2m1)_1 stabilizes (Z, ¥ z).

Theorem 8.3. Let w € Ittieqa emp M. Then

(1) [Lapid and Mao 2015b, Proposition 3.2; Matringe 2015]. The integral

P (W) = f W(p)dp

NuNHy\PNHy

converges and defines a nonzero Hy-invariant functional on WY (17).

(2) [Lapid and Mao 2015b, Proposition 11.1]. For any W € WYMu (7)1 we have

f / A Ndett|PW(tr)yz(r) "  dr dr
z0\2 Sy,

= f P ()W) z(n) ™" dn.
ZNHy\Z
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(3) [Lapid and Mao 2015b, Lemma 4.3]. The integral

Lu(g) = f / W (o(p)hg)ldet p| =™ dp dh
PNH\H J NyNHy\PNHy

= [ w7 1 (4 mg)W) o) d
HNU
converges for any W € Ind(W‘”NM (m), %) and defines an intertwining map
Ind(WY" (), ) — CS™(H\G).

(4) [Lapid and Mao 2015b, second statement of Corollary 11.10]. We have

AV (M*W) =e;;+1/

Ny, a

( / Lw(vg(eweg)wwwgl(v)dv)du. (8-6)
HNE\E

The first part is based on a variant of Bernstein’s theorem [Bernstein 1984] on
‘P-invariant distributions. The second part is proved by “root killing”, a method
which goes back at least to [Jacquet et al. 1979] and has been used constantly ever
since. The third part is essentially a formal consequence of the first part. The last
(and most complicated) part is closely related to Theorem 8.1 (with €, as before).
We refer to [Lapid and Mao 2015b] for more details.

Remark 8.4. While the above formula for AY (M*W) is convenient for computing
the right-hand side of (8-4), it is also helpful to write the integration with the
variables at the right. We do that in (8-9) below.

Corollary 8.5. Let € Irtieta emp M. Then for any W € Ind(W‘”NM (n))E’ we have

dt
/ EV(Wi),t) =AY (MW, (8-7)
Zy\T” |detz|

Note it is not a priori clear that the left-hand side of (8-7) factors through M*W.
Proof. We may assume without loss of generality that form € M, u, u’ € U,
Wi 2@ o(mywyu) = WH(m)|detm|'28p (0 (m))' ¢ (u) (8-8)

with WM e W¥nu () and ¢ € C°(U). We evaluate the left-hand side  of (8-7)
using the last expression in (7-7) (where we recall that the integrand is compactly
supported by Lemma 7.9). Thus,

=1 [ s
U
where

I’=/ /A(t)1|dett|“WM(te4r63)1/fR(r)drdt-
Ui

) JR



756 Erez Lapid and Zhengyu Mao

The integrand in I’ is compactly supported because W™ € WY (1r),. Note that
forr € Vo = ZN R, we have Y5(r) = Yz (r)~!. We write

1’=/ <f f A(z)1|detr|“WM(te4m53)wZ(r)1d:dr> du
Nni,a N Va Iy (T)
:/ (/ / A(t)_l|dett|“WM(te4ru63)1//g(r)_ldtdr) du
Nua \J Z0\Z Iy (T},

:/ (/ / A(r)—‘|detz|“WM(zre4ue3)¢z(r)—‘dtdr)du
NuaNJdzh\z Sy )

(since €4 stabilizes 1 z). For the double integral in the brackets we apply part (2) of
the theorem above to 7 (e4ue3) WM (which is applicable since WM e WM (7)p).
We get

4 :/ (/ B (1 (nesuez) WMy z(n) ™! dn) du.
Nyia ZNHy\Z
Thus,

I=/ (/ /mHM(T[(n€4u€3)WM)WZ(”)_lqb(v)lﬂl;l(U)dvdn> du,
Nuvi.a ZNHy\Z JU

From (8-8), (85 /*1 (L, o(m)wyv)W)oo = ¢ )8} *(o(m))|detm|"/>x (m) W™ for
any v € U, m € M. Thus, I equals

/N (/ZOH \Z L mHM(((S;]/Zl(%’ Q(n€4u€3)va)W) og)

V=) Wy () dv dn)du.

Because E;INMAQ C Nb, the group Q(E;INMAQ) stabilizes the character
Yu (w[}1 ~wy)onU. Making a change of variable

v > (0(nesuez)wy) 'vo(nesues)wy

on U we obtain
1 :/ (/ ‘BHm(((s;l/U(%, UQ(64ME3)u)U)W) OQ)lﬂgl(v) dv) du.
Nu,a \Y o(ZNHw)\ €

Integrating over H N U first, we get from part (3) of the theorem that

I :f (/ Ly (vo(esues)wy)yg ' (v) dv) du.
Ny, a HNE\E

Finally, by part (4) of the theorem, this is equal to 63+1Al! (M*W) as required. [
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8C.

Proof of Proposition 6.15. From Corollaries 8.2 and 8.5 we get that (6-12) holds
for (W, W") € Ind(W""n (77))3 x Ind(w'/fNM (71)) namely

B(W, M()W", 1) = ez AV (M*W)AY ™ (M*W).

On the other hand, as in the proof of Lemma 6.13, it follows from the definition (7- 7)
and the fact that the image of the restriction map WY () = C(Ny\o(P*), ¢ NM)
contains C°(N. M\Q(P*) wN ) that the linear map Ind(WwN/L (71)) — CX(Ty,)
glven by Wh > E v (W] 5, +) is onto. Therefore, by Corollary 8.5 the linear form
AV’ (M*W") is nonvamshmg on Ind(WWNM (Jr))u By C]orollary 6.14 we conclude
that (6-12) holds for all W” (not necessarily in Ind(Wxy (n));). Proposition 6.15
follows. (Il

By the discussion before Proposition 6.15, this concludes the proof of Theorem 3.4
and thus the proof of Theorem 1.3.

8D. Central character of the descent. Assume that 7w € IrTpeqa emp M. Let us give
another expression for AV/ (M*W), which we use to prove a formula for the so-called
“central sign” of the descent Dy, ().

Denote by €5 the element p(e4€3)wy. A change of variables in # and v in (8-6)
gives

Af(M*W) :e;-i-l /n </ LW(e5vQ(u))1ﬂ€_€£ (v) dv) du. (8-9)
N, HNE)Es\ <5

Here
Nipa = {u(X) : X ; = 0 if either j > i or i =n},
¢ = 6;1665 =0(Z)x U,
Yees (Qm)u) = Yz (m)yy (), me 2 uel,
with
ZE={(W ) ini,np € Ny, In+v1, In+v2 € Ny |,
Vae(m) =Y (—myp—- - —mMn_1n+Masini2+--+Mm_12m), meZ

From this expression we get the next proposition.
Proposition 8.6. Let 7 € Irrgen meta M, and m = Dy, (7). Then
7 (=Im) = yy-1(=D)Mer.

Recall that ﬁ(:;;l) /Vy-1((=1)") is the central sign of 7 (with respect to v
introduced by Gan and Savin [2012]. (However, we do not assume 7 is irreducible.)
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Proof. We need to show AY(M*W, —In) = yy-1((—1)")ex AL (M*W). For the
moment assume that 7 is tempered. By Lemma 3.1 and (8-9), Aéb(M* W, —In)
equals

y¢71((—1)n)67'r‘+1 /ﬁ (/ LW(65vQ(u)n(—12,,))1//&_1s (v) dv) du.
N a \J (HNE)S\ @<

Conjugating vo(u) by n(—1I»,) we obtain

Vot ((—DMemt! /

N,

. </ LW(GSU(—Izn)vQ(u))wng(v)dv) du.
£ N ey ess

Here we need to verify that n(—1Ip,) stabilizes (€€5, yges) (which is clear) and
normalizes H¢. The second fact follows from the observation that €51(—Ir,) =
o(a)es, where

a = diag(10, 20" )wy! € Hywy)'.

Since Lw(Q(wg/ﬂ) -) =€, Lw(-) [Lapid and Mao 2015b, (4.8)], we get
AL (M*W, = In)
=rme [ ( | L (esv0(@) ¥l () dv) du.
: (HNE)E5\ @5

N M, A
The claim now follows from the comparison with (8-9). Finally, the same argument

as in Section 3F using the classification result Theorem 3.8 gives the proposition
for all w € Irrgen meta M. U

Appendix: Nonvanishing of Bessel functions

Let G be a split group over a p-adic field.> Let B = A x N be a Borel subgroup
of G. Let G° = BwyB be the open Bruhat cell where wy is the longest element
of the Weyl group. Fix a nondegenerate continuous character ¥y of N. For any
7 € Irrgen,yy (G), the Bessel function B, = Bi” of m with respect to ¥y is the
locally constant function on G° given by the relation

st
fN W(gn)yn (n)~" dn =B ()W (e) (A-1)

for any W € WY~ (7); see [Lapid and Mao 2013]. In this section we prove the
following result.

Theorem A.1. For any tempered m € Itrgey y, (G) the function B, is not identically
zero on G°.

5The notation in the appendix is different from the body of the paper.
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The argument is similar to the one in [Ichino and Zhang 2014]. Fix a tempered
e Irrgen vy (G) and realize it on its Whittaker model WYV (1r). Slmllarly realize wV
on WY (V). Thus we get a pairing (-, -) on WY¥ (1) x WY (7).

Fix Wy € WY~ (V) such that

st
/N (W, Wy ) ¥y (n) " dn =W (e)

for all W € WY (rr). This is possible by [Lapid and Mao 2015a, Propositions 2.3
and 2.10]. Then for any g € G we have

st
W(g) = [N (2 (ng)W, Wy ¥ ()~ dn. (A-2)
Similarly, fix Wy € WY (1) such that for all WY € WY~ 1 ("),
st
/ (Wo. 7 (W)Y (n) dn = WY (). (A-3)
N

Set ®(g) = (w(g)Wo, Wy). Let N der he the derived group of N. Also let E be
the Harish-Chandra function on G (see, e.g., [Waldspurger 2003]).

Lemma A.2. The function

g|—>/ / @ (n1gnz) dny dny
Nder J nder

on G° is locally L' on G. Moreover,
g+—>f / E(nigny)dnydn;
Nder J nder

Proof. The argument is exactly as in [Ichino and Zhang 2014, Lemma A.4] using the
convergence of f nder & (1) dn [Sakellaridis and Venkatesh 2012, Lemma 6.3.1]. [J

is locally L' on G.

Remark A.3. Note that g — [yer [yaer E(1812) dny dny is locally constant on G°.
Thus, its local integrability on G implies its convergence for any g € G°.

For any f € C°(G) let Ly (W) = fG f@W(g) dg for W € WY~ (;r). Then
Lyem”. Let L* be the corresponding element in WY (wY) andset B, (f)=L* ().
The dlstrlbutlon f = By (f) is called the Bessel distribution. It is nonzero: we
can choose f € C2°(G) such that L is nontrivial, and then, by translating f if
necessary we can arrange that L r(e) #0.

Note that by (A-3),

st st
Bn(f)sz (Wo,ﬂv(n)L§)wN(n)dn=/]v (/G f(g)Wo(gn_l)dg>¢N(n)dn,
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and therefore by (A-2) we have

st st
B.(f) = /N ( /G f(g)< fN @(nlgnglwzv(nl)—ldm) dg)wNmz)dnz. (Ad)

Let A' be the maximal compact subgroup of A. Fix Qq € CSGR(N), which is
invariant under conjugation by A! (e.g., take 29 = NNK). Fix an element a € A such
that | (a)| > 1 for all @« € Ag. Consider the sequence 2, = a"Qpa™" € CSGR(N),
n=1,2,.... Any €, is invariant under conjugation by A, Q cQc--- and
U, =N.

Let AY = AN G%". Consider the family

A, ={te A% |a(t)— 1| <qg " forall @ € Ay} € CSGR(AY),

which forms a basis of neighborhoods of 1 for A?. We only consider n sufficiently
large so that the image of A,, under the homomorphism ¢ € A+ (@(t))gea, € (F*)20
is [[yen, (1 +@"0), where @ is a uniformizer of O.

For any « € Ag choose a parameterization x,, : F' — N, such that iy ox,, is trivial
on O but not on @ ~'O. Let N, be the group generated by (x, (@ " O), a € A)
and the derived group N9 of N. The following lemma is clear.

Lemma A.4. For any u € N we have

WN(M) forMENl’l’
0 otherwise.

(VOI An)_l / wN(tut_l)dt = {
Ap

Next we prove:

Lemma A.5. Suppose that f and ® are bi-invariant under A,. Then we have

B (f) = /G F(9)an(g) dg
where

Otn(g)=/ / ®(n1gny Yy (n) " Yy (n2) dnydn,.
N, JN,

Remark A.6. Of course we cannot conclude from the lemma by itself that B is
given by a locally L' function (though this is conjectured to be the case.)

Proof. We start with (A-4). Let m be such that

st
B (f) =f9 fG(/N (@)@ (nigny Yy (ny)™ d”l) dg ¥y (n2)dn,.
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Then for any ¢ € A, we have

st
Bn(f)=/Q /G(fzv f(gt)CD(nlgnzlf)l//N(nl)_ldnl) dg ¥y (n2) dn,

st
- / / (/ f(gt)qD(n]gtngl)‘/’N(nl)_l dn1) dg ¥y (tnat~Y) dny
Q G N

st
=/ / (f F@®@migny Hyn ™ dm) dg Y (tnat™") dns.
Qn JG\JIN
Averaging over t € A, we get
st
b= [ [ ([ r@emen o an ) g vy an,
NNy JG \JIN
by Lemma A.4. Thus, for m’ sufficiently large (depending on f and m) we have
b= [ [ [ @@ g i dm dg v o)
N.NQy JG IR,

m

Once again, for any t € A,,
b= [ [ [ fag@engny o) dns dg v ns)dny

N2 JG R,
= / / f)@ntgny YYn (¢~ i)~ dny dg Yy (n2) dny

N2 JG I,
=/ / F(@)®(migny Yt~ nit) " dny dg Yy (n2) dns.

N2 JG

As before, averaging over A, we get
= [ [ @@ ) dnn dg s dna
N2 JG INNR,,

Since m and m’ can be chosen arbitrarily large, the lemma follows from the conver-

ff/ /(@) (n1gny )| dmy dg dna,
N, JG JN,
i.e., Lemma A.2. ]

gence of

We prove the following analogously.
Lemma A.7. For g € G°, let B (g) :=vol(A,) ™2 [, [, B (t1gtr) dty dty. Sup-
pose that ® is bi-invariant under A,. Then

B2" () Wo(e) = au(g)
forall g € G°.
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Proof. First note that for any compact subset C of G° we have

st
fg (/ ®(n1gn; Y ()" dnl)‘ﬁzv(nz) dny =B, (g)Wo(e)

N

for all g € C and m sufficiently large. Indeed, by (A-2) the inner stable integral is
Wo(gn, l). Thus, the relation above follows from [Lapid and Mao 2013] and (A-1).
Now, for any r € A, we have

By (g1)Wo(e) = / (
Qp

st
=/Q (/N @(nlgn;u)w(nl)—ldm)wN(t_lnzt)dnz

st
/q’(”l]gmz_l)WN(nl)ld”l)WN(”Z)dnz

N

- ( | Std><mgn;‘)w<n1>—ldm)wa—lnzz) dn>.
Thus, by Lemma A.4, we have
vol(A,)~! /A B (g1) dt Wo(e)
" =/ (/Stq)(nlgnz_])wN(nl)_ldﬂ1>1ﬁN(n2) dn;.
N2y \JN

For g in a compact set C of G° and for m’ sufficiently large (depending on C and m)
we can write this as

/ /q’(nlgnz_l)WN(nl)ldﬂlWN(nz)dnz-
W2 Q0
Now, for any #; € A,,,
vol(A,) ™! / B (11812) dty Wo(e)
An
=/ f ®(nit1gny )Yy (n) " dny Yy (n2) dny
N,NQ,, !
:/ / d(tnigny DYy tnaty H ™ dny Yy (n2) dny
N,NQ,, !
:/ / Cb(nlgnz_l)‘ﬁN(tlnlt]_l)_]d”l Y (n2) dny.
N,NQ,, !
Averaging over t] € A, we get

By () Wo(e) :/ f ®(n1gny Ny ()~ Y (n2) dny dn.
N.NQy I NNR,,
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The lemma follows from the convergence of

/f|d><n1gn;1)|dn1dnz,
N, JN,
1.e., Remark A.3. O

Proof of Theorem A. 1. Since B (f) #0, we have o, |ge #0 forn > 1 by Lemma A.5S.

Hence, by Lemma A.7, B;‘,‘" ‘GO # 0 and therefore B, |G° = 0. |

Remark A.8. Theorem A.1 and its proof are also valid for S:v;)n.
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