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THE GENERALIZED FUGLEDE’S CONJECTURE HOLDS
FOR A CLASS OF CANTOR-MORAN MEASURES

L1-XIANG AN, QIAN LI AND MIN-MIN ZHANG

Suppose b= {b,}: , is a sequence of integers bigger than 1 and D ={%,}5? | is
a sequence of consecutive digit sets. Let p; p be the Cantor-Moran measure
defined by

=0lg, % 1 % 1 *
[ 17%)) 3b1§b1 3b1b2@2 5b1b2b3@3

We first prove that Lz(u,b, p) possesses an exponential orthonormal basis
if and only if N, divides b, for each n > 2. Subsequently, we show that
the generalized Fuglede’s conjecture holds for such Cantor-Moran mea-
sures. An immediate consequence of this result is the equivalence between
the existence of an exponential orthonormal basis and the integer-tiling of
D,=%,+b,%,-1+by+++-b,9 forn>1.

1. Introduction

A Borel probability measure 1 on R? is called a spectral measure if there exists a
countable set A C R? (called a spectrum) such that the set of exponential functions
E(A) := {e*** : x € A} forms an orthonormal basis for L?(p). If @ C R? is a
measurable set with finite positive Lebesgue measure and £, is a spectral measure,
then we say that Q is a spectral set. Here £k denotes the normalized Lebesgue
measure restricted to a measurable set K of finite positive Lebesgue measure.

It is well known from classical Fourier analysis that the unit cube [0, 1]¢
spectral set with a spectrum Z¢. What other sets  can be spectral? The research
on this problem has been influenced for many years by a famous paper due to
Fuglede [1974], who suggested that there should be a concrete, geometric way to
characterize the spectral sets.

is a

Conjecture (Fuglede’s conjecture). A set 2 C R? is spectral if and only if it can
tile the space by translations.
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We say 2 is a translational tile if there exists a discrete set $ such that the
translated copies {Q2 +¢ : ¢ € $} constitute a partition of R? up to measure zero.
Although the conjecture was eventually disproved in dimension 3 or higher in its
full generality [Kolountzakis and Matolcsi 2006b; 2006a; Tao 2004], most of the
known examples of spectral sets are constructed from translational tiles [L.aba 2001;
Fu et al. 2015; Dai et al. 2013; Dai et al. 2014; Dai 2016; 2012]. An important
result proved by Lev and Matolcsi [2022] is that all spectral sets must admit a
“weak tiling” which is a generalization of translational tiling in its measure-theoretic
form. Let K C R? be a bounded, measurable set. We say that another measurable,
but possibly unbounded, set ¥ C R? admits a weak tiling by translates of K if
there exists a positive, locally finite (Borel) measure v on R such that 1x xv = 15,
where 1,4 denotes the indicator function of a set A.

Jorgensen and Pedersen [1998] widened the scope of Fuglede’s conjecture and
discovered that the standard middle-fourth Cantor measure 1t1/(2x),(0,2) 1S a spectral
measure. It is the first spectral measure that is nonatomic and singular. Strichartz
[2000; 2006] discovered a surprising and interesting phenomenon: the Fourier
series corresponding to certain spectra of f14-1 19 oy can exhibit significantly better
convergence properties than their classical counterparts on the unit interval. Specif-
ically, the Fourier series of continuous functions converge uniformly, and Fourier
series of L”-functions converge in the L?-norm for 1 < p < oco. Following these
discoveries, there has been considerable research on such measures [An and Wang
2021; Dutkay and Haussermann 2016; Laba and Wang 2002; Fu et al. 2015; Dutkay
et al. 2009; Dai 2012; Dai et al. 2013; Dai et al. 2014; Dai 2016; Hu and Lau
2008; Dutkay et al. 2019], and a celebrated open problem was to characterize the
spectral property of the Cantor measures 1, %, 0 < p < 1 among the N-Bernoulli
convolutions

o a(-) = % D wpalp” () —d),
de%
where 9 ={0,1,..., N —1}.

N-Bernoulli convolutions have been studied extensively in many areas of mathe-
matics, including Fourier analysis, dynamical systems, integer tiles, wavelet theory,
algebraic number theory and fractal geometry, since the 1930s (e.g., see [Wintner
1935]). Hu and Lau [2008], as well as Dai [2012], showed that the above Cantor
measures /L1/(2x),(0,2) are the only class of spectral measures among the (1, (0,2).
Dai, He and Lau [Dai et al. 2014] demonstrated that a similar result holds for
N-Bernoulli measures 1, g.

Later on, Strichartz [2000] formulated the most general fractal spectral measures
one can possibly generate. Let b = {b,}°° | be a sequence of integers bigger than 1,
and let D ={%,}>° | be a sequence of integer digit sets. Let §, be the Dirac measure,
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and write

for a finite set E. Write

M,,_Slgl*é @2 *§_1 @3*'--*5

bybyb3 D

1
Biby-—bn o1

where * denotes convolution. If the sequence of convolutions {u,}>2 , converges
weakly to a Borel probability measure 5 p with compact support, then we call 1y p
a Cantor-Moran measure, as a generalization of the standard Cantor measure studied
first by Moran [1946]. This opens up a research field for orthogonal harmonic
analysis of Cantor-Moran measures (e.g., [An et al. 2019; An and He 2014; Deng
and Li 2022; Li et al. 2022]).

In this paper, we study the spectrality of the Cantor—Moran measures generated
by an integer sequence b = {b,}°° | with b, > 2 and a sequence of consecutive digit
sets D = {9,},2,,i.e, 9D, ={0,1,..., N, — 1}. We first provide a sufficient and
necessary condition for the existence of such Cantor—Moran measures.

Theorem 1.1. Let b = {b,};2 | be a sequence of integers bigger than 1, and let

D = {9,};2 | be a sequence of consecutive digit sets with 0, = {0, 1, ..., N, — 1},
where N,, > 2. Then the sequence of discrete measures
”_3'@1*8;,;,952 -*Sm@n

converges weakly to a Borel probability measure jup p if and only if

= N

n=1

In this case, pp p is supported on a compact set

—  dy — ¥
Th,D)={Y —" .d, e, .
(5, D) {Zblbz By S } X_;blbz...bn

The spectral properties of such measures were first studied by An and He [2014] as
a generalization of the N-Bernoulli convolutions (b, =b and D, ={0,1, ..., N—1}
for all n). The first-named author and He showed that pp p is spectral when N,
divides b, for each n > 1. Under the condition that {N,}°2 ; is bounded, it has been
proved in [Deng and Li 2022] that the condition N,, divides b, for each n > 1 is also
necessary for up p to be spectral. These Cantor—Moran measures also show that
spectral measures can have support of any Hausdorff dimension [Dai and Sun 2015].
Furthermore, Cantor—-Moran measures offer new examples of fractal measures
that admit a Fourier frame but not a Fourier orthonormal basis [Gabardo and Lai
2014], which lead to a new avenue to study a long-standing problem: whether a
middle-third Cantor measure has a Fourier frame.
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Our motivation to extend the N-Bernoulli convolutions to this class of measures
stems from the conjecture by Gabardo and Lai [2014], and we aim to answer a
question on the relationship between Cantor—Moran spectral measures and integer
tiles. To describe a unifying framework bridging the gap between singular spectral
measures and spectral sets, Gabardo and Lai [2014] extended the classical Fuglede’s
conjecture to a more generalized form.

Conjecture (generalized Fuglede’s conjecture). A compactly supported Borel
probability measure © on R is spectral if and only if there exists a Borel probability v
on R and a fundamental domain Q of some lattice on R such that uxv =%,.

Deterministic positive results about Cantor measure have appeared in many
papers (e.g., [An and Wang 2021; Dutkay et al. 2009; Dai 2012; Dai et al. 2013;
Dai et al. 2014; Dai 2016; Hu and Lau 2008; Dutkay et al. 2019; Laba and Wang
2002]). However, there are relatively few results regarding Cantor-Moran measures.
Gabardo and Lai [2014] showed that if both y and v are two singular probability
measures with p % v = £[g 17, then they are both Cantor-Moran measures. In this
paper, we will demonstrate that the generalized Fuglede’s conjecture holds for our
target measure.

Theorem 1.2. Suppose b = {b,}>2 | is a sequence of integers bigger than 1, and
D = {%,};2 | is a sequence of consecutive digit sets with %, = {0, 1, ..., N, — 1},
where N,, > 2. Then the following are equivalent:

(1) The Cantor—-Moran measure [ip p is spectral.
(ii) There exists a Borel probability v such that pp p * v = L0, N, /b,]-
(iii) N, divides b, for each n > 2.

Remark. Lai and Wang conjectured that if D,, ={0, 1, ..., N, — 1} is a continuous
digit set for each n > 1 and the associated measure up p is spectral, then N,
divides b, for all n [Lai and Wang 2017, Conjecture 4.3]. Theorem 1.2 confirms this
conjecture and resolves their conjecture from the perspective of tiling (convolution
is now regarded as the tiling operation).

The implication (ii) = (i) stems from [Gabardo and Lai 2014, Theorem 1.1],
and the proof of (iii) = (i) is provided in [An and He 2014, Theorem 1.4], while
(i) = (iii) and (iii) = (ii) are apparently new in this generality. We now outline
the strategy of the proof. Let us set up the notation:

Mb.D =0 kg %8 kg, %8 Ly k- = [ ¥ o,

b1b12b3
where w, is the convolution of the first n discrete measures, and (4, is the remaining
part. Based on the aforementioned decomposition of up p, one seeks to observe
the behavior of 1, and u-, under the condition that pp p 1S a spectral measure.
Actually, if 0 € A is a spectrum of up, p, then, for any n > 1, we can construct
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spectra of u, and w-, relying on a maximal decomposition (see Definition 3.1)
of A with respect to (w,, t=p)-

Theorem 1.3. Suppose b = {b,}°2 | is a sequence of integers bigger than 1, and
D = {9,}72 , is a sequence of consecutive digit sets with @, =1{0, 1, ..., N, — 1},
where N, > 2. If 0 € A is a spectrum of p. p, then, for each n > 1, we have a
maximal decomposition of A with respect to (fLn, [L>y), denoted by A = cq N>
such that S is a spectrum of u, and each A, is a spectrum of (L.

Applying Theorem 1.3, we can reduce (i) = (iii) to the following theorem,
considering u, as a spectral measure.

Theorem 1.4. The discrete measure j1, = *;%:1 )
N; divides b; for each2 < j < n.

g, is spectral if and only if

1
blmbj

Then (i) = (iii) follows from Theorems 1.3 and 1.4. We observe thatif b,, =r, N,
for some integer r,, then

T ® Np{0, 1, .. 1y — 1} ={0, 1, ..., by — 1}.

Here the direct sum A @ B means that a + b are all distinct elements for all a € A
and b € B. This can yield (iii) = (ii) in Theorem 1.2.

A digit set & is called an integer tile if & tiles some cyclic group Z,, i.e., there
exists &B such that & @ B = Z,, (mod n). The study of integer tiles has a long
history related to the geometry of numbers [Coven and Meyerowitz 1999; Laba and
Londner 2023; Newman 1977; Tijdeman 1995; Sands 1979]. In Theorem 1.5, we
present an intriguing result regarding the relationship between the Cantor—-Moran
spectral measure and integer tiles. Write

= 5 1
D b1by—bn D,»

=481 *d 1 %k 1
Hn =0k, * 8y S

where D, =9, +b,9,_1+---+by---b, D is the first n terms iterated digit set
of {2,}°,.

Theorem 1.5. Suppose b={b,};? | is a sequence of integers bigger than 1, and D =
{Dn}52, is a sequence of consecutive digit sets. Then the Cantor-Moran measure
Wy, p is spectral if and only if, foreachn>1, D, =9, ®b,D,_1B---Bby - - - by D
is an integer tile.

We organize this paper as follows. In Section 2, we will study the weak conver-
gence of infinite convolutions and give the proof of Theorem 1.1. Also, we will
introduce some basic definitions and properties of spectral measures. In Section 3,
we will discuss the distribution of any bizero set of the spectral measure up p, and
prove Theorem 1.3. We will devote Section 4 to proving Theorems 1.2 and 1.4.
In Section 5, we will prove Theorem 1.5 and propose an open question on the
relationship between the spectral Cantor—Moran measure and the tiling of integers.
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2. Notation and preliminaries

2.1. Weak convergence of convolutions. Using Kolmogorov’s three-series theorem,
Li, Miao and Wang [Li et al. 2022] provided sufficient and necessary conditions
for the existence of infinite convolutions.

Theorem 2.1. Let {A,}}2 | be a sequence of nonnegative finite subsets of R satis-
fying that #A,, > 2 for eachn > 1. Let v, = 84, % - - - % 84,. Then the sequence of
convolutions {vn}oo | converges weakly to a Borel probabtlzty measure if and only if

- Z =Y <o

acA,
Proof of Theorem 1.1. The weak convergence of {u,}2  is equivalent to

0 1 d
22 e
n=1 de%,

by Theorem 2.1. Note that

s Nl
(2-3) Z Ny dZ@ b +d {n:N,LIZ>b1...b N, ; b T d
| M p
+ N .
{n:N,,—ligjbl...bn} Ny ; by---b,+d

To prove sufficiency, suppose (1-1) holds. We first claim {n : N, — 1 > by --- b, }
is a finite set. Indeed, if {n : N, — 1 > b; - - - b,} is an infinite set, then
x
D I e
n:lbl'“b = by---b,

" N, —1>b by}

We get a contradiction. Then the claim follows. Hence

-4 2> N Z betd

{(n:Np—1>by by} Nn d=0
Notice that

1 d 1 d
EETEED S o e END SR Sp
(n:Ny—1<by by} Nn i brebntd (n:Ny—1<by by} Nu 1= brebn
_ oy Mt
B 2by--by,
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Then (2-2) follows from (2-3), (2-4) and (2-5).
Next we prove necessity. Suppose (2-2) holds. Then it follows from (2-3) that

(1:Na—1=byby) ™ d=0
(2-6) N
1 & d
Ny 2= by by +d
(N =by by} V1 dmg P17 On T

1 d
4N
o= ZNanl by +d
n=1 d=0
1 1 Nn_l
>4 > — Y d
(n:Ny—1>b) by} Nuby---by+ Ny —1 4=
2(N, — 1)
=4 =
) T A R

{n:N,—1>by---b,}
This gives a contradiction, and the assertion follows. Consequently,

Ny
2-7 0.
e >
(n:Np—1>b1 by}

Note that
Ny—1 .
l n d 1 1 ’
N1ty N a0 D1 T d Ty Ty Nn B oa kN = 1A
-y
iy 1oty 201 O+ Ny = 1)
> ¥ Naml
(n:Ny—1<by by} 2by---b,
It follows that
N,
= DR
{n:Np,—1<by--by} 1---b,
This together with (2-7) yields that
oo
N, N, N,
= OO’
Zblbn Z bl“'bn+ Z bl_”bn<
" (n:Ny=1>b1--bn) (n:Np—1<by--by)

completing the proof. (]
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Corollary 2.2. Let b = {b,},, be a sequence of integers bigger than 1, and
D = {%,};2 | be a sequence of consecutive digit sets with %, = {0, 1, ..., N, — 1},
where N,, > 2. If N, < b,, for each n > 2, then w,, converges weakly to a Borel
probability measure [Lp p.

Proof. As 2 < N, <b,, for each n > 2, we have

DD e i B
by---b, b bi---b,
n=1 n=2
N = 1 Ni = 1 N
< — < — = — 1 o0
_b1+2_:b1 bn—l_b1+r§2”1 T
Applying Theorem 1.1, the assertion follows. O

2.2. Spectral measure theoretic preliminaries. Let p be a Borel probability mea-
sure with compact support on R. The Fourier transform of w is defined as usual:

Q) :/e—zf”'fx du(x) forany & € R.

We will denote by Z(1) = {§ € R : 1(§) = 0} the zero set of i, and by e; the
exponential function e~2**** Then for a discrete set A C R, E(A)={ey: A€ A} is
an orthogonal set of L?(u) if and only if fi(A — ) =0 for A # A’ € A, which is
equivalent to

(2-9) (A = M)\ {0} CZ ().

In this case, we say that A is a bizero set of . Moreover, A is called a maximal
bizero set if it is maximal in (/1) to have the set difference property. Since bizero
sets (or spectra) are invariant under translation, without loss of generality, we always
assume that O € A in this paper. For § € R, write

QA =) IAE+MI%
AEA
The following criterion is a universal test to decide whether a countable set A C R

is a bizero set (a spectrum) of u or not.

Theorem 2.3 [Jorgensen and Pedersen 1998; Li et al. 2024]. Let u be a Borel
probability measure, and let A C R be a countable set. Then:

(1) A is a bizero set of wifand only if Qp(§) <1 for& e R
(1) A is a spectrum of i if and only if Qa(§) =1 for & e R.
(iii) QA (&) has an entire analytic extension to C if A is a bizero set of .

As a simple consequence of Theorem 2.3, the following useful theorem was
proved in [Dai et al. 2014] and will be used to prove our main result.
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Theorem 2.4. Let w = v*w be the convolution of two probability measures v and w
that are not Dirac measures. Suppose that A is a bizero set of v. Then A is also a
bizero set of |, but it cannot be a spectrum of .

3. Proof of Theorem 1.3

In this section, we intend to complete the proof of Theorem 1.3. For simplicity, we
write by, , = by, - - - by, if m <n. If m = n, we simply denote b,, , by b,. Recall
that up, p is a convolution, i.e., p p = Uy * (L=, for any integer n > 1, where
n o
(3-1) Un = 3k (Siébk and -, := 3k SL%.
k=1 5% k=n41 5

So for any bizero set 0 € A of , we must have
AN{0} C (A = M)\ {0} C%(fap,p) = Z(fLn) UE(fin).

We now introduce the definition of a maximal decomposition of A, which will be
frequently used in the sequel.

Definition 3.1. Let & = v * w be the convolution of two probability measures v

and w. Suppose 0 € A is a spectrum of © and 0 € f C A is a maximal bizero set
of v. For any o € A, let

Ay ={LeA:r—aeZ@\ZD)}U{a}.
We call the union
A= U Ay

aed
a maximal decomposition with respect to (v, ).

Remark. In the definition, the maximality of 0 € i C A means that for any
A€ A\ A, there is an a € o such that A —a € (@) \ Z(D).

The maximal decomposition was first introduced by An and Wang [2021]. By the
Jorgensen—Pedersen lemma [1998], A is a spectrum for a probability measure up p
if and only if

Y s pE+1P=1 forall £ R.

AEA
Substituting the maximal decomposition A = Ua e N with respect to (tp, )
into the above equation, we have

<Y S e pE+DF =D > 1@ + D 12 E + 1)
acd AeA acsd AeN,

In this paper, we are going to find a maximal decomposition A = |, A« With
respect to (i, i>y,) such that o is a spectrum of u, and A, is a spectrum of -,
for each a € A.
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With a direct calculation, we have %(Sgbk) = (1/Nyx)(Z\ Ny Z). So

n oo

S b A by
(3-2) %(un)—Uﬁk(Z\NkZ), F-n) = N L\ ND).
k=1 k=n+1
and
. . . b
(3-3) %(fup,p) = %(fin) UK (fLon) = kL:J1 F’;@ \ Ni2).

Now we make an important observation that will be used to guarantee a strong link
between the spectral measures (,, t~, and wp p.

Lemma 3.2. Suppose pp p is a spectral measure and {A, y} is a bizero set of [p p.
If L e 22(8,%%) and y € 2{(8,%%) \22(81%%) with k > n, then we must have
n 'k n
r—yex@.Liq,).
Proof. The bizero property of {X, y} implies that
A —y €%(ip,p)-
Suppose to the contrary that
A=y e%B1g )\ %@ 1g )
bj J by =
for some j # n. By (3-2), we can write them as
b b b;
A:—nan, y:—kak and )»—J/:—jaj,
Ny Ny N;

where a; € Z\ N;Z, i € {n, k, j}. Without loss of generality, we assume j > n.
After some rearrangement, we have

a b b1,
(3-4) - n+1’kak—|— ntlJ aj.
Ny Ny N;

Reduce all fractions in the above equation to their simplest form, i.e.,

’ ’ ’ ’ ’ ’ AT/
a, by bn-l—l,ja. by Ny +b, L aiN;

A R N/N'

where

(3-5) ged(ay,, Ny) =1, gedd,, i, N)=1 and ged(b,, ;,N) =1

This implies N, divides NIQN}. Since a, € Z\ N,Z, we have N, > 1. Let s, be a

prime factor of N,, and of course it is also a prime factor of N,. Then we must have

Sn|Np or s, |Nj.
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Without loss of generality, we assume N; = s,#, for some integer #,. It follows
from the second equation in (3-5) that

(3-6) gcd(sy,, b;z—i-l,k) = 1.

Write #, = ged(Ng, bn+1,k)- Then N, = N/étk = Snl‘kl‘li and bn+1,k = bl/1+l,ktk' Let
€, =10,1,..., 00— 1}, ¢, ={0, I,...,ty —1}and ¢, ={0,1,...,s5,—1}. We
can factorize 9% as

D =€, D trEs, B Sntk%t,é-
Write

= 1 1 i
v i;kk 817,«@1' * SH%% * 35%&(@’;{ .

Then wp p = v * 5%,&% . Note that
k n

b,b,
=" 7 5,2

gz((sitk%r

kSn

b,b
= A7\ 5,2)

n

b,

C —(Z\sn2) (because ged(b),_ 4, sn) = 1)
Sn :
b,

- V(Z \ Nu2) (because s, | Ny,)

=% 1q,) CED).

So o
% (fip,p) =% (D) U %(%zk%) =%().

Let A be an arbitrary bizero set of up p. The above equation implies that it also a
bizero set of v. It follows from Theorem 2.4 that A cannot be a spectrum of up p.
Therefore, p p is not a spectral measure, a contradiction. O

Lemma 3.3. Suppose . p is a spectral measure and {A, y} is a bizero set of (p p.
Let n > 1 be an integer.

(@) If » € E(fin) and y € E(t=n) \ %(fLn), then
A=y e%(fLn).
(i) If &,y € ZE(f=n) \ L (fLn), then
A=y €ZE(f=n) \E(fLn).
Proof. (i) The assumption and (3-2) imply that

rheF(G1a) and y €%(G 1q,)\E@Ly)  forsome k <n<m.
k m k
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We know from Lemma 3.2 that
=y € %G La,) CE().

(ii) Tt should be noticed that () = —% (V) for any measure v. Suppose to the
contrary that
MNi=d—y eZ(ln).
Since
A= —(=y) €% (fi=n) \ E(fln) C %(fp. D),

{A', —y} is a bizero set of up p with A" € %(1,) and —y € E(fi=,) \ Z(f1,). It
follows from (i) that A = A" — (—y) € #(j1,), a contradiction. O

As a consequence of Lemma 3.3, we have:

Corollary 3.4. Suppose that 0 € A is a spectrum of up p. Then A N%([1,) # O
foranyn > 1.

Proof. The bizero property of A implies that
AN{0} C (A = M)\ {0} CZ(ftp, D) = Z(ftn) UE(fLn).
If the assertion is not true for some n > 1, then we have
AN{O} CE(asn) N E(fLn).
From Lemma 3.3(ii), we have
(A = M)\ {0} CE(f=n) \Z(fLn),

that is, A is a bizero set of it~ ,. It follows from Theorem 2.4 that A cannot be a
spectrum of wp p, which is a contradiction. |

Lemma 3.5. Let 0 € A be a spectrum of up p. Then A C (1/N1)Z.

Proof. We write p p = 41 * 1t~ and decompose A = UO[e « Ao Into a maximal
form with respectto (41, i~1). Thatis, 0 € § C A is a maximal bizero set of 1, and

Ag:={reA:r—aeZ(i-)\%(@)}Ufa} forall aed.
It follows from Corollary 3.4 that & \ {0} is not empty. Recall that
%()—%@1)—b%zvvmc L2
Mm1) = o) = N 1 N
For any element A € A, if A € «, then

resd CEG) U0} C 7.
Ny
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Otherwise, the maximality of &f implies that there is a @ € o such that
A—o € E(ft=1) \Z(l).
Take an element o’ € o \ {«}. Then o’ — o € %(j11). From Lemma 3.3(i), we have
o — A= —a)—(A—a)€%(11).

Hence

=o' — (@ =) €sd—%(fy) C 7.
Ny
So A C (1/Ny)Z. 0

Theorem 1.3 shows if wp, p is a spectral measure, then any “truncation” of it is still
a spectral measure. The proof is inspired by [An and Wang 2021, Proposition 4.3].

Proof of Theorem 1.3. For any n > 1, we write (tp p = n * b=, and decompose A
into a maximal form Uae&qo A, with respect to (i, i=p). Thatis, 0 € Ay C A is
a maximal bizero set of u,, and

Ag:={reA:r—a €Z(=n)\ %)} Ufa} forall o € sdo.

We first claim that the {Ay}yeq, are disjoint pairwise. Otherwise, suppose there is
an element A such that
AreE A, NAy

for some @ #a’ € Ay. Since o —a’ € % (j1,), wehave @ € Ay \ Ay and &’ € Ay \ Ag.
So A # « and A # o'. From the definition of A, we have

A—a,h—a' € F(fL>n) \%(,&n)
Taking A; = A —«’ and A, = A —« in Lemma 3.3, we have
a—o' =Gh—ao)= O —a) e Z(=n) \%(Ln).

This contradicts the fact that o is a bizero set of w,. The claim holds.
For any « € sdp and Ao # A, € Ay, we have

Ao —a, gy —a € E(fLsn) \ E(fLn).
From Lemma 3.3, we have
(3-7) ho = Ay = (hg =) = (A, — @) € E(f1=n) \ Z(fLn).
For any o’ # « € g, as Ay & Ay, We have
hog — ' € %E(fLy).
Because Ay — o’ € E(fi~p) \ Z(f1,) for any A, € Ay, Lemma 3.2 implies that
(3-8) ho = hot = (hg — @) = (A — ) € Z(fL).
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Summarizing (3-7) and (3-8), we have
(39 (Aa—AD\{0} CE(Ro) \Z() and Ay — Aur C % ().

For any & € [0, 1], we have
(3-10) QA®) =) I pE+MF =" D 1 +ra) P [f=n(E +2a) .

AEA aedy Ag €Ay

We define an equivalence relationship ~ such that A ~ A’ whenever A — A €
bib; - - - b,Z. Then the quotient group A,/ ~={[A]: X € A,} is a partition of A,
where

[A]:={X € Ay : A ~A).

Since A C (1/N;)Z (from Lemma 3.5), A,/ ~ is a finite set, which we will denote
by {[Aq.1], .., [Aa.n,1}. Note that 1, is (b1 - - - by,)-periodic. For any A € [Aq.;],

[n(E + 1) = litn(§ + Aai)| forall & €R.

For any & € [0, 1] and « € sy, there is a unique Ay i) Withi(§) € {1,2,...,ny}
such that

|tn (€ +2aie))] = max{|fn(§ +Aa,)| : 1 <i <no}=max{|fn (€ +ra)|: Ao € Ao}

As do and A,/ ~ are finite sets, we can find a finite set {Aq ;, Jacw, sSuch that
Aai(¢j) = Aa,i, for infinitely many {§ j}?‘; |- Combined with (3-10), we have

NDEDD mn<s,-+xa,,~[,>|2( > |/1>n<s,-+xa>|2)

aedy Ao €Ay
~ 2
< D (€ + e,
O{E&QO
<1,

where the last two inequalities follow from (3-9) and Theorem 2.3(i). On the other
hand, as A is a spectrum of up p, we have Q4 (§) = 1. This forces

D s +aa)P =1 and Y | +hai)P =1 forall j>1.
A €Ag aesly
As all §; € [0, 1], the entire function property implies that
D lAsnE+r)P =1 and Y @ +hai )P =1 forall £ €R.
Ao €Ay aedy

Hence o = {Aq i, Jaest, C A is a spectrum of 1, and each A, is a spectrum of (..
We now decompose A = Uae « N into a maximal form with respect to (i, f=n).
Then the desired result follows. O
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4. Proofs of Theorems 1.2 and 1.4

Theorem 1.3 gives a necessary condition for pp p to be spectral. In this section, we
will focus on analyzing the spectrality of w,, n > 2. From (3-2), for any 1 <k < n,
we have

Mn = [k * k41,05

where

n
@; and  Ugyin = Slg,.
j=k+1 °J

1)
1

Ik =

I =~

i
j=1 "
With the same proof, the conclusions in Lemma 3.3 and Theorem 1.3 are also true
for (.

Lemma 4.1. Let n and k be two integers such thatn > 2 and 1 < k < n. Suppose
Wn is a spectral measure and {A, y} is a bizero set of [u,.

(@) If 2 € %) and y € ZE(frt1,0) \ Z (), then h —y € E(jL).

(i) If A,y € E(ftkg1.0) \ E (), then h —y € E(frr1.0) \ E (k).
Proof. The proof is the same as that of Lemma 3.3. U
Theorem 4.2. If 0 € A is a spectrum of |y, then, for each 1 < k < n, we can

perform a maximal decomposition on it, denoted by A =,y Ao, such that A is
a spectrum of [y and each Ay is a spectrum of (k1 n-

Proof. The proof is the same as that of Theorem 1.3. ([

Lemma 4.3. Suppose that €y ={0, 1, ..., N — 1} is a consecutive digit set with
cardinality N. Then 8¢, is a spectral measure. Moreover, 0 € € is a spectrum

of b¢, if and only if #6 =N and € ={0,1/N,..., (N —1)/N} (mod Z).

Proof. It has been proved in [An and He 2014] that ¢, is a spectral measure and
admits a spectrum {0, 1/N, ..., (N —1)/N}. Since &g, is 1-periodic, for any digit
set0 e ¢ with#€¢ =N and€={0,1/N,..., (N —1)/N} (mod Z), we have

N-—1 . 2
A A ]
Y ey E+olF =) 8%N<s+ﬁ>’ :
cee j=0

It follows from Theorem 2.3(ii) that 6 is a spectrum of 8, .
Next we will prove sufficiency. Suppose 0 € € is a spectrum of &g, . The bizero
property implies that

€\ {0) C (€= )\ (0} CZ(Be,) = 7\ N2).

Therefore € (mod Z2) C {0, 1/N, ..., (N —1)/N}. Completeness implies #€ =
dim L?(8¢,) = N, so
1 N—-1

%E{O,N,,T} (modZ) O
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Proof of Theorem 1.4. The sufficiency can be found in [An and He 2014]. For the
necessity, suppose on the contrary that there is 2 < k < n such that Ny does not
divide by. Write d = gcd(by, Ni), and write by = db;, Ny =dN;. Then N has a
prime factor s; which does not divide b;. Let N; = si#. Then Ny = dits.
According to Theorem 4.2, the spectrality of , = pr—2 * ptx—1,, implies that
Wik—1n 1s also a spectral measure. If n =k, then pg—1, = pk—1,n- If n > k, then
Mk—1.n = Mk—1k * Wk+1,n. From Theorem 4.2 again Mk—1k 1S a spectral measure
too. Suppose 0 € A is a spectrum of pyx—1 x = 8 Ly *6 L ey We can decompose

A=UAa

aed

it into a maximal form

with respect to (8 gy s S.L @A) that is, 0 € o is a maximal set of 8 gy s and
each

Ag={reA: A—ae%(Slgbk)\ii(S gy )} Ufa)
is a spectrum of § L g Moreover, one can check that {A,},cy are disjoint pairwise.
As 0 € Ay, it follows from Lemma 4.3 that
Ny —1
k

1
Aozbk{os_—"_ml,? +me—1}‘
Ny

Fix an element a € & \ {0} C %(Sﬁ@k_l). Then a = (by—1/Nk—1)m for some
m € Z\ Ny_1Z. Recall N =dt;si, where sy is a prime integer and 1 <7, < Ny—1. So

b + € Ay.
k<Nk mtk) ’

This, together with A9 N A, = &, implies that by (tx/ Nk +my,) € A, and so

bi_i 7 by Q
—b = "e %61
Nkflm k<Nk M Nkflm ( ”H@H)

for some m’ € Z\ N;_1Z. After some rearrangement, we have

m—m' — Nk—lbkmtk bity b//c

Ni_1 Ny B Sk

This implies that s divides Ny_; since gcd(s, b,/() =1.Leté;,=1{0,1,...,d—1},
és, =10, 1,...,5x—1}and €, ={0, 1, ..., tx — 1}. We factorize 9y as

D =€ D dé;, O dsiéy,.
Write

U—5 Ebk 1*(31%(1*57%&5%
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Then pg—14 =v* S%mk. Note that
k
bi_1bk
dsk

bk_lb/
= VANYA)
Sk

EG L ge,) = Z\siZ)

by_
c L@\ s (because ged(b), sp) = 1)
Sk
by
C
Ni-1
= %(Sﬁ@kq) C gz(f))

(Z\ N¢—12) (because si | Nr_1)

So
F(fu—1,0) = EO) UEG L g,,) = E(D).

This implies that A is also a bizero set of v. It follows from Theorem 2.4 that A
cannot be a spectrum of fx_1 ¢, which is a contradiction. Hence Ny divides by for
each2 <k <n. O

Before proving Theorem 1.2, we need some useful lemmas. The following
lemma is well known. For the reader’s convenience, we provide a proof here.

Lemma 4.4. A is a spectrum of up p if and only if (1/a) A is a spectrum of Wwp.ap
forany a € R\ {0}.

Proof. Note that

0@ =]]81u0,& =]]51a,@E) =ispad).

n=1 n=1
Hence
Y lpE+P= Y lisp@E+y)I =Y |ispaE+ 1.
ye(l/a)A ye(l/a)A reA
The assertion follows from Theorem 2.3. O

The following theorem has been proved by Gabardo and Lai [2014].

Theorem 4.5 [Gabardo and Lai 2014]. Any positive Borel measures (1 and v such
that w x v = ¥y9,1) are spectral measures.

Now we have all ingredients for the proof of Theorem 1.2.
Proof of Theorem 1.2. (1) = (iii): This follows from Theorems 1.3 and 1.4.
(iii) = (ii): Suppose N, divides b,, for each n > 2. Set r, = b, /N,, for n > 2. So

By DN O, 1, . 1y — 13 =10, 1,..., b, — 1}
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forn > 2. We write C; = {0} and C,, = N,,{0, 1, ..., r, — 1} for n > 2 and let up ¢
be the Cantor-Moran measure generated by b = {b,}°° | and C = {C,,}7Z |. Then

Wb, D * Lp,c = 5&@1 *L10,1/611 = L10,N1 /b1

This implies that the generalized Fuglede’s conjecture holds for up p.

(i1) = (i): Suppose there exists a Borel probability measure v such that pp p xv =
5@9[0,]\/1/[71]. Let f(x) = (N]/bl)x for x € R. Then Mb,(by/N))D * (1) o f) = 58[(),1].
From Theorem 4.5, wp b, /n,)p 18 a spectral measure and so is up p according to
Lemma 4.4. ([l

5. Proof of Theorem 1.5 and an open question

In this section, we first provide the proof of Theorem 1.5. Then, we conclude this
paper with a conjecture on the relationship between the spectral Cantor—-Moran
measure and the tiling of integers.

We first introduce a theorem from Tijdeman [1995].

Theorem 5.1 [Tijdeman 1995]. Suppose that A is finite, 0 e ANBand A® B =17.
If r and #A are relatively prime, thenrA® B = 7.

Proof of Theorem 1.5. It would be easier to prove that D, = %, & b,%,,_1 &
- @ by---by,Pq is an integer tile if and only if N, divides b, for each n > 2.
Suppose for any n > 2, b, = r, N, for some integer r,. Then it is clear that
D,=%,+b,%, 14+---+by---b, % is a direct sum. Write C; = {0}, C,, =
N,{0,1,...,r,— 1} and

Cn=Cn®ann—l@®b2an1
forn>2. Then%,®C, =1{0,1,...,b, — 1} and so
D,oC,={0,1,...,Niby---b,— 1}

for each n > 1. This implies that D,, is an integer tile.

Suppose that the converse conclusion is false; that is, suppose that D, =%, +
by Dp_1+---+by---b, ¥ is adirect sum and an integer tile, but there is an N, that
does not divide b,,. Then there must be a prime factor p, of N, which is coprime
with b,. Note that

(5'1) @n:{ov 1,~~-,pn_1}€9pn{0, 1,---7Nn/pn_1}-
The integer-tiling property of D, implies that we can find 0 € C C Z such that

D, ®C={0,1,....,pp—1}®byDp_1 ®ppl0,1,...,No/pn—1}®C =7.
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Take A={0,1,...,p,—1}and B=b,D,,_1 & p,{0,1,...,N,/p, —1} DB C. As
gcd(py, by) =1 and #A = p,,, from Theorem 5.1 we have

byA @ bpDy_1 ® pul0,1,...,No/pu—1}®C =Z.

The above direct sum cannot happen as {0, 1} C AN D,_;. We have a contradiction
and this shows our desired statement holds. U

Theorem 1.5 demonstrates a strong connection between the spectral Cantor—
Moran measure and integer tiles. For the self-similar case ((b,, %,) = (b, D)),
Laba and Wang [2002] conjectured that if g is a spectral measure, then & is
an integer tile. However, being an integer tile is not a sufficient condition. Here
is a simple example observed by An, He and Lau [An et al. 2015]: Let b = 8 and
9 ={0, 1, 8,9}. Then 9 tiles Z;¢, but the self-similar measure (g g is not spectral.
This is mainly because % + 8% is not a direct sum.

Recall that up p = py * (=, and

gb)l =

Mn=5ﬁ€b1*5ﬁ@z*"'*5 D,

1 S 1
Bbiby—bn B1by—bn

where D, =9, + b,%,_1 + by - - - b,P1. According to Fuglede’s conjecture on
cyclic groups, one may ask:

Question. If up p is a spectral measure, is each of the iterated digit sets D, =
Dy +byDp_1+by---b, Dy (for n > 1) an integer tile?

Our Theorem 1.5 settles the case where %, ={0, 1, ..., N, —1}. And we eagerly
anticipate further positive outcomes regarding this inquiry.
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NUMERICAL SEMIGROUP ALGEBRAS
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Numerical semigroups with multiplicity m are parametrized by integer
points in a polyhedral cone C,,, according to Kunz. For the toric ideal
of any such semigroup, the main result here constructs a free resolution
whose overall structure is identical for all semigroups parametrized by the
relative interior of a fixed face of C,,. The matrix entries of this resolution
are monomials whose exponents are parametrized by the coordinates of the
corresponding point in C,,, and minimality of the resolution is achieved when
the semigroup is of maximal embedding dimension, which is the case when it
is parametrized by the interior of C,, itself.

1. Introduction

Given a numerical semigroup S, the corresponding semigroup algebra has a defining
toric ideal /g. While the study of algebraic invariants of this numerical semigroup
ideal /g falls within the broader study of toric ideals, the family of numerical
semigroup ideals forms a rich and interesting area of study that often affords more
refined general results than those known or possible for the general toric setting. Our
aim is to uniformly construct explicit free resolutions that are minimal for numerical
semigroups with maximal embedding dimension, are parametrized by Apéry data,
and therefore specialize to minimal free resolutions for numerical semigroups with
arbitrary embedding dimension.

For general toric ideals, there is a substantial literature on their resolutions.
In 1998, Peeva and Sturmfels described minimal free resolutions for generic lattice
ideals [23]. More recently, Tchernev gave an explicit recursive algorithm for
canonical minimal resolutions of toric rings [28]. Further, Li, Miller, and Ordog
construct a canonical minimal free resolution of an arbitrary positively graded
lattice ideal with a closed-form combinatorial description of the differential in
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characteristic 0 and all but finitely many positive characteristics [21]. However,
these constructions are all quite general, and one would hope that in the special
case of numerical semigroups, explicit resolutions of /s more directly tied to the
combinatorics of S are possible.

Free resolutions of /g for a numerical semigroup S are known in some special
cases. The surveys [12; 27] include most results concerning special families.
We outline a few here. If S is maximal embedding dimension (MED) and I is
determinantal (that is, generated by the minors of a matrix), then Iy is resolved by the
Eagon—Northcott complex [15]. This accounts for some, but not all, MED numerical
semigroups; a characterization of determinantal MED numerical semigroups is
given in [19]. If S is generated by an arithmetic sequence, then /g is minimally
resolved by a variant of the Eagon—Northcott complex [13]. If S is obtained as a
gluing of two numerical semigroups 7 and 7', then a minimal free resolution of Ig
can be obtained from the minimal free resolutions of /7 and /7+ via a mapping
cone construction [11]; this includes the case where Ig is complete intersection.
If S has at most 3 generators, then a minimal free resolution is known. Numerous
families of 4-generated numerical semigroups have also been investigated; see the
survey [27] for more detail.

The present work is motivated by recent papers that examine a family of convex
rational polyhedra C,, called Kunz cones, one for each integer m > 2, for which
each numerical semigroup S with multiplicity m — that is, with m = min(S \ {0}) —
corresponds to an integer point of C,,. These were first introduced in [20], and most
subsequent papers on the topic have employed lattice point techniques to examine
enumerative questions [1; 17; 26]. However, seemingly overlooked for decades was
another result in [20] that proved two numerical semigroups S and T correspond
to points (relative) interior to the same face of C,, if and only if certain artinian
quotients of Is and /7 coincide. Indeed, a corollary of this result, namely that MED
numerical semigroups are precisely those lying in the interior of C,,, was the only
reference to the faces of C,, in the literature until a series of recent papers [4; 18]
unknowingly rederived a combinatorial version of Kunz’s result: S and 7 lie in the
same face of C,, if and only if certain subsets of their divisibility posets coincide.

Kunz also observed in [20] that, as a consequence of his result, 8;(Is) = Ba(IT)
for every d, though his approach did not allow for explicit construction of syzygies
for Iy and I7. The combinatorial viewpoint of [4; 18] was recently used in [14] to
make Kunz’s enumerative result algebraic in the case d = 1: if S and 7' lie interior to
the same face of C,,, then minimal binomial generating sets are explicitly constructed
for Iy and I that coincide in all terms except the exponents of a single variable.

Our main result is to similarly make Kunz’s result algebraic for all positive d:
we construct explicit free resolutions of all numerical semigroup ideals. These
resolutions are minimal when the semigroup has maximal embedding dimension
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1,1 2,2 33 2,1 31 32
0 <R o[xF —xoybit x2—yb2 X3 —xyb3 xpxp —x3yP12 xpxg— yP13 xpx3 —xpyP23]
L[3] 23] 3,3]
L2 x3 —yb23 .
112 1,13 212 223 3,13 323 213 3,12 1,13 | —xp yb23
1,1 —X2 —X3 yb23 yb23 2,12 x3 _yb33
22 | —ybu x| —x3 yb33 223 | —ybu1 X1
33 xp x —ybe 33| yh2 —xo
2,1 X1 —Xo yb23 yb33 —x3 323 _yb12 X
| v oy —x3 —yb» —x5 213| x; —xp
6 3,2 —yb“ —yb12 b —x3 X1 X1 RS 3,12 L—x X3 ~ R0

Figure 1. The Apéry resolution for m = 4. The exponents b; ; are
constants depending on the particular numerical semigroup S.

(equivalently, if S lies in the interior of C,,) and are minimalized uniformly for all
numerical semigroups lying interior to the same face of the Kunz cone C,,. More
precisely, our contributions are as follows:

(1) We introduce the Apéry toric ideal Jg of S, an analogue of Iy that lies in a ring
with m variables instead of a ring with one variable per minimal generator of S. A
generating set for Jg can be obtained by concatenating any generating set for /g
and a regular sequence with one element for each additional variable.

(2) For any positive integer m > 2, we construct a free resolution of Jg called the
Apéry resolution. The rank of the d-th free module depends only on m and d, and
the positions of the nonzero entries of the matrices representing the boundary maps
depend only on m. An example of this for m =4 is given in Figure 1, where the
values b; ; depend on S.

(3) When S corresponds to a point interior to C,,, i.e., when S is MED and thus
Js = Ig, the Apéry resolution is a minimal free resolution of /5.

(4) For any numerical semigroups S and T corresponding to points interior to the
same face F of C,, we prove there exists a uniform method for modifying the
Apéry resolutions of Jg and Jr to minimal free resolutions in such a way that the
resulting ranks of the free modules and the positions of the nonzero entries of the
matrices representing the boundary maps depend only on m, F, and d.

The term “specialization” in the title and Section 4 refers to passage from the
interior of the Kunz cone to a face, which entails some facet inequalities becoming
equalities. Consequently, some exponents on y variables (as in Figure 1) pass from
positive to 0, which results in the specialization that sets y = 1. Further substitutions
among the x variables — extraneous ones are set equal to monomials in the others —
combine in Step (4) with row and column operations to produce minimal free
resolutions from the original Apéry resolution.



214 B. BRAUN, T. GOMES, E. MILLER, C. O’NEILL AND A. SOBIESKA

The remainder of this paper is structured as follows. Section 2 reviews basic
properties of numerical semigroups and Kunz cones and defines the modules and
maps used in the Apéry resolution. Section 3 proves that the Apéry resolution
is indeed a resolution and establishes the minimality of this resolution when S is
MED. Section 4 describes how to modify the Apéry resolution in a uniform way for
all numerical semigroups in the interior of a fixed face of C,, to obtain a minimal
resolution. Further research directions are outlined in Section 5.

2. Kunz polyhedra and Apéry resolutions

2.1. Semigroups and toric ideals. A numerical semigroup is a subsemigroup
of (Z>¢, +) that contains 0 and has finite complement. Throughout this work,
fix a numerical semigroup S C Zx with multiplicity

m(S) = min(S \ {0}) =m
and write
Ap(S)={neS:n—m¢sS}
:{O,al,...,am_l}

for the Apéry set consisting of the minimal element of S from each equivalence
class modulo m, where each a; satisfies ¢; = i mod m. For convenience, define
ap = m; this convention plays an important role in our later formulas. In particular,

S: (ma ala ~--,am—l) = <a07a17 "'vam—1>7

though this generating set need not be the unique minimal generating set A(S) of S,
such as when a;+a; =a; 4 ; for some i, j, where indices are summed modulo m. The
semigroup S has maximal embedding dimension (MED) if A(S) = {ao, ..., dn_1}.
Example 2.1. The semigroup S = (4,9, 11, 14) has multiplicity m(S) =4 and Apéry
set Ap(S)={0, 9, 14, 11}. The semigroup T = (4, 13, 23) has multiplicity m(7T) =4
and Ap(T) = {0, 13, 26, 23}. Note that a; + a; = a; in T, and thus the Apéry set
is not a minimal generating set.

Let R = K[xg, X1, - .., X;,—1] with the natural grading by Z via deg(x;) = a; and
set y=xg. The Apéry toric ideal of S is the kernel Js =ker(¢) of the homomorphism
¢ : R — K[1],

Xi — l‘ai,

and the defining toric ideal of S is
Is = JsNK[x; :a; € A(S)].

For every 1 <i, j <m — 1 define

1
(2-1 Ci,jI;(ai-i-aj—aiﬂ')ZO



MINIMAL FREE RESOLUTIONS OF NUMERICAL SEMIGROUP ALGEBRAS 215

and

b — Ci,j ifi+j#m,

Y e+ ifi 4 j=m.

In particular, ¢; ; = 0 if and only if a; +a; = a;4 j; this is impossible if i + j = m,
since m is the multiplicity, so b; ; = 0 if and only if ¢; ; = 0. It is known that
(2—2) JS:<xin—yc”jxi+jIlfifjfm—l),
(see, e.g., [25, Section 8.4]), though it also follows from Lemma 3.2 here.
Example 2.2. The semigroup S = (4,9, 11, 14) has (a1, a2, a3) = (9, 14, 11) and

2 3 4. 2 6 4 2 2
Js=1Ig=(x{ —yxz, Xx1X2 — y"X3, X1X3 =Y y, X5 — Y'Y, X2X3 — X1y, X3 —X2)°).

The terms here are written in a way that emphasizes the convention ay = m and
Xo = ¥, such as to produce the binomial x;x3 — y4xo = X1X3— y4y =X1X3 — y5.
The semigroup T = (4, 13, 23) has (ay, az, a3) = (13, 26, 23) and Apéry ideal

13 9 2 5
, X2X3 — X1y, X3 — X2)°)

Jr = (x12 — X, X1 X2 — y4x3, X1X3— y9, x22 -y
= (xf —x2,x7 — y*x3, x5 — 0, 23 — 17y
and defining toric ideal
It = (x{ —y*x3, xix3 — %, x3 —x{y°) = Jr O Ky, x1, x3].

2.2. Kunz cone. We describe the Kunz cone and its relationship to the values b; ;.
Letting Ap(S) ={0, a1, ..., an—1} with ; =i mod m for each i as in Section 2.1,
the Apéry coordinate vector of S with respect to m is the tuple (ay, ..., @y—1). The
following set of linear inequalities exactly characterizes the set of Apéry coordinate
vectors for numerical semigroups of multiplicity m [18; 20].

Definition 2.3. For each m > 2, the Kunz cone C,, [R{’gg ! has facet inequalities
Zi+z;>zi4; for1<i<j<m-—1withi+j#m,
where addition of subscripts is modulo m.

Lemma 2.4. If S is a numerical semigroup of multiplicity m, then b; ; = 0 if and
only if a; +a; = a;y j. Hence the Apéry coordinate vector of S lies on the boundary
of Cy, if and only if b; j = 0 for some i, j.

Proof. This follows from the definitions, using (2-1) for the claim about b; ;. [

The lemma has the following consequence [20].

Proposition 2.5. A vector z = (z1,...,2m—1) € Z’ffl with z; =i mod m for all i
lies in C,, if and only if 7 is the Apéry coordinate vector of a numerical semigroup S.
Moreover, z is in the interior of C,, if and only if S has maximal embedding
dimension.
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Example 2.6. The cone C4 C IR;O is defined by the inequalities
22+z3=z21, z1+tz22>23, 221>z, and 2z3 > 23,

and has extremal rays generated by (1, 0, 1), (1,2, 3), (1,2, 1), and (3,2, 1). All
positive-dimensional faces of C4 contain numerical semigroups (in the sense of
Proposition 2.5) except the rays through (1, 0, 1) and (1, 2, 1). Numerical semi-
groups on the rays through (1, 2, 3) and (3, 2, 1) have embedding dimension 2,
and numerical semigroups in the relative interior of the facets z; + z» = z3 and
Z2 + z3 = z1 are complete intersections [2]. In particular, a minimal free resolution
for the defining toric ideal of any semigroup in these 4 faces is known.

The numerical semigroup S from Example 2.2 corresponds to the point (9, 14, 11)
in the relative interior of C4, while T corresponds to the point (13, 26, 23) in the
relative interior of the facet 2z; = z,. A minimal free resolution for Jg is obtained by
substituting the appropriate values for b; ; in the free resolution in Figure 1, while a
minimal free resolution for Jr is obtained via analogous substitution into Figure 4
(at the beginning of Section 4). This leaves the facet 2z3 = z,, and, courtesy of the
action of Zj on Cy, free resolutions for semigroups in this face can be obtained
from the ones exhibited in Figure 4 by interchanging 1s and 3s in every subscript.

We record here the result of Kunz that seems to be overlooked in the literature
concerning when numerical semigroups reside in the interior of a given face of C,,.

Theorem 2.7 [20, Propositions 2.3 and 2.6]. Two numerical semigroups S and T
with multiplicity m lie in the interior of the same face of Cy, if and only if

R/(Js+(y) = R/(Jr + ().

Moreover, in this case, B4(1s) = Ba(IT) for every d.

2.3. Modules and maps for the Apéry resolution. For any numerical semigroup S
of multiplicity m, this subsection defines the free modules and linear maps between
them that form the Apéry resolution

Fe:O0«— R« F| <« F)<«---

of Jg. Theorem 3.4 shows that it is a resolution. Of particular note is that the
ranks of its modules and the locations of the nonzero coefficients in the matrices
representing its linear maps depend only on m, not on the actual values of Ap(S).
Theorem 3.4 and Corollary 3.5 show that this resolution is minimal if and only
if $ has maximal embedding dimension, i.e., corresponds to a point interior to C,,.
Theorem 4.4 shows that when S lies on the boundary of C,,, a minimal resolution
of Js can be obtained from the Apéry resolution in a manner that is uniform for all
semigroups in the interior of a fixed face of C,,, parametrized by the b; ;.
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2.3.1. Modules. Ford =1, ...,m — 1, define F; to be the free module over R
with formal basis elements

{eiatiem—1], AC[m—1], |A|=d, i > min(A)},

where deg(e; 4) = a; + ZjeA aj and [m — 1] ={1,2,...,m — 1}. Since every
pair (i, A) with |A| =d and i < min(A) corresponds to a (d-+1)-element subset
{i}U A of [m — 1], it is immediate that

rank F; = (m — 1)<m;1> - (’Z—{_—ll) = d(d’:nH)'

Example 2.8. For m =3, Fy = Reg, where Reg = {regy : r € R}. Similarly,
Fi = Rey 1)+ Rey o) + Rep 1y
= {aei 1y + Berpy+very o, B,y € R}
with deg(e; (1y) = a1 + a1, deg(ez,;2)) = a» + az, and deg(ez (1}) = a2 +a;. Note
that rank F; =1 - (lil)' Finally,
F> = Rey 12+ Rea 12
with deg(ej,12) = a1 +aj +az and deg(ez 12) = ax +a; +az.

2.3.2. Maps. A few notational conventions help to define the boundary maps be-
tween the Fy. For A C [m — 1], set

sign(j, A) = (=1)" for jeA={ly<ly<---<li=j<---<l}
For convenience, set egp 4 =0, and for i € [m — 1] with i < min(A), define

(2-3) €A = Z sign(j, A)ej aui\j -
jeA
As a consequence of this definition of e; 4, for each B C [m — 1],
(2-4) > sign(i, B)ei p\; =0.
ieB
With these conventions in hand, and considering i + j modulo m in subscripts
as usual, define the map d; : Fy — F4_ by

(2-5) €A > Z sign(j, A)(xjerayj — ¥ eirja))
JEA

with the exception of d = 1, in which case

d(eij) = xix; — yixiyj.
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L2 2,12
1,1 —Xxp yb22
1,1 22 2,1 22| —yP1n o x
2 b1 2 by b1z
@ |x7—x2y X5 —Xx1y X1Xp—y 21 x1 —x
i 2
0« R [ ] R3 R?> <0

Figure 2. The Apéry resolution for m = 3.

Example 2.9. Figure 2 shows the modules and maps for the case m = 3. Note that
by definition the bases for the modules are indexed by (i, A) pairs, and these are
used to label the rows and columns of the matrices representing the maps. Consider
the term 92 (e, 12), which by definition is

b b
02(e1,12) = (x1e12 —y""exn) — (x2e1,1 — y "?eo,1)
b
=x1e2,1 —y "lexs —xzeq 1,

where the relation e; » — €31 = 0 is used. This illustrates how (2-4) ensures that d,
is well defined.

Example 2.10. Figure 1 shows the modules and maps for the case m = 4. The
ranks for the modules and the general structure of the maps are independent of the
values of Ap(S); indeed, the only variance is found in the values of the exponents
on the y-variables in the matrices. The Apéry resolution of /g for S introduced in
Example 2.1 is given in the upper portion of Figure 3 (toward the end of Section 3).

3. Maximal embedding dimension numerical semigroups

This section contains a proof that the Apéry resolution is indeed a resolution of Js.
We begin with a brief review of Schreyer’s theorem, which identifies a Grobner
basis (under a carefully chosen term order) for the syzygy module of a Grobner
basis, and which is the core tool in our proof. Then, we prove two lemmas that
verify important subtleties about generating sets of Js and the boundary maps 9;;
specifically, these maps are consistent with the definition of e; 4 in (2-3) and (2-4)
when i < min A, and substituting (2-3) into the definition of 9, still yields matrix
entries that are monomials. Finally, we prove our main result.

We begin with a statement of Schreyer’s theorem. Let G = {g1,..., gs} be a
Grobner basis for a submodule M € R? with respect to a fixed term order <. Let
el, ..., es denote the standard basis of R*, and let In<(v) denote the initial term
of v with respect to the term order <.

Theorem 3.1 (Schreyer’s theorem). There exist explicitly defined elements s; ; € R*
that form a Grobner basis for the syzygy module of G with respect to the monomial
order >g on R® defined as follows: x%e; >g xﬂej if In<(x%¢;) > Ing (xﬂej) in R™,
orif In<(x%¢;) = Inﬁ(xﬂe.,-) andi < j.
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For a textbook treatment of this theorem, including detailed definitions of s; ;
and a proof, see [5, Chapter 5, (3.3)].

There is an interesting connection between the resolution we study and the origins
of Schreyer’s theorem. The authors of [9] produce a resolution that is isomorphic to
the one defined in Section 2. In fact, Frank-Olaf Schreyer informed us (in personal
communication) that resolution of the ideals in (2-2) was the initial motivation for
both [9] and what is now known as Schreyer’s theorem; see [5, Chapter 5, (3.3)].
However, the particular form taken by our explicit matrices clarifies the sense in
which our resolution is compatible with specialization in the sense of Theorem 4.4.
This point has some subtlety: obtaining a resolution isomorphic to ours need not be
sufficient for the purpose of specialization (see, for instance, the resolutions and
discussion in Remark 3.6). As such, we include in this section a full proof of our
main result, Theorem 3.4.

Lemma 3.2. The generating set (2-2) is a Grobner basis for Js under any term
order < on R for which x*y" > xby‘“ whenever ay + -+ +ap—1 > b1+ -+ by_1,
where x% and x® are monomials in xy, . . ., Xm—1.

Proof. Since Jg is generated by binomials, it suffices to consider binomials when
computing initial ideals. The key observation is that in any graded degree, exactly
one monomial in R has the form x; y* with a € Z5, since the graded degrees of the
variables x; are distinct modulo m. Hence the larger term under < in any nonzero
binomial from Jg is divisible by x;x; =In<(x;x; —y“"/x; 1 ;) for some i, j € [m —1].
As such,

Inc(Jg) = (xjx; : 1 <i,j <m—1),
and thus the generating set in (2-2) is a Grobner basis for Jg. (]

The next aim is to establish that applying 9 to e; 4 when i < min(A) using the
expression given in (2-5) is consistent with (2-4); this is needed when considering
the result of applying d repeatedly. Further, careful analysis of the use of (2-4)
is required when i 4+ j < min(A \ j) in (2-5). These issues are addressed in the
following lemma.

Lemma 3.3. The maps 0, respect (2-4), that is, applying the definition of 0, to the
left-hand side of (2-3) yields the image of the right-hand side under d;. Furthermore,
Feo is a complex, and for d > 1, the entries of each d; are monomials.

Proof. If d = 1, then (2-3) yields ¢; ; = e;;, and the first claim is immediate. If
d > 1, then for each B C [m — 1] with |B|=d + 1,

Z sign(, B)aei,B\i = Z sign(i, B) Z sign(j, B\i)(xjei,B\ij —ybi‘jel‘_’_j,B\l‘j),
i€eB i€eB jeB\i
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wherein the coefficient of y”iie; | j,B\ij for distinct i, j € B equals

sign(i, B) sign(j, B\ i) + sign(j, B) sign(i, B\ j) =0
and the remaining terms yield

Z sign(i, B)ae,-,g\i = Zsign(i, B) Z sign(j, B\i)xjei,B\,‘j

ieB ieB JjEB\I
=Y "x; Y sign(i. B)sign(j. B\ i)ei p\;j
JEB ieB\j

= —Z sign(j, B)x; Z sign(i, B\ j)e; p\ij
Jj€B i€eB\j

= —Z sign(j, B)x; -0
jeB

=0.

Now proceed to the claim that each 9, is a matrix whose entries are monomials.
Call ¢; 4 squarefree if i ¢ A. Note that every term in (2-4) is squarefree, and no two
equalities of the form (2-4) share any terms. As such, to ensure substituting (2-3)
into the definition of d; does not produce nonmonomial matrix entries (i.e., that
doing so does not contribute a term with a free generator of F; already appearing
in the sum), it suffices to prove that no two squarefree terms in de; 4 lie in the
same equality in (2-4). To this end, fix j, k € A. If ¢; 4\; and e; 4\« lie in the same
equality in (2-4), then (A \ j)Ui = (A\ k) Ui and thus j = k. If ¢;4 4\; and
ej 1+, A\k lie in the same equality in (2-4), then i+ j ¢ Abuti+ j € (AU{i +k})\k,
so necessarily i + j =i +k and thus j = k. Lastly, if e; 4\; and e; x4\ lie in the
same equality in (2-4), theni+k ¢ Abuti+k e (A\j)Ui, soi+k =i, which
is impossible.

It remains to prove that F, is a complex. First, suppose A = {j, k} with j <k
andi > j.Ifi+ j,i+k,and i + j + k are all nonzero, then

0%e;a =xj0ei k—xidei j—y" deiy j ity 0eitn, i
= (6 Xk — Y X)) =Xk (6 X =y x4 )
— Y0 (i = YT X i) Y (kX — Y X k)
= X 0k (YT =y ) i X (Y = PR i g (P i — Pk ik
=0

by homogeneity of 9. In the eventi+j =0, ori+k =0, ori+ j+k =0, replacing x
with zero as appropriate in the above algebra yields the desired equality. For all
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remaining cases, |A| > 2, and in the expansion of

azei,A = Z sign(j, A)xjae,;A\j— Z sign(j, A)yb'*-fae,-ﬂ,A\j
JjeA jeA

= X sign(j. Ay (3 sign(k, A\j)Coreravik =" i a0
jeA keA\j

- X;‘ sign(j, A)y" (k XA:\ sign(k, A\j)(xkei+j,A\jk_yb[+'/'kei+j+k,A\jk))7
je eA\j

the terms xjxie; A\ jk. xjybi~’<e,-+k,A\jk, and y?iith

cient

i+ike; itk A\ jk €ach have coeffi-

sign(j, A) sign(k, A\ j) +sign(k, A) sign(j, A\ k) =0
for any distinct j, k € A. U
Theorem 3.4. The complex F, is a resolution.

Proof. Proceed by induction on d to show that the columns of the matrices for d 4
form a Grobner basis for ker(dy—1). The case d =1 is handled by Lemma 3.2, so sup-
pose d =2. Let <’ denote the partial order on F; given by xPe; , <’ x%e;. j Whenever

In< (31 (xPer ) < In<(1(x%¢;0)),

or when equality holds above and a < b, or if equality holds above, a = b, and
i < k. Note xﬂej,g <" x%e; x whenever x* has higher total degree in xj, ..., X,
than x#, so

In< (02(e;, jk)) = xke;,j where j <kandi > j.

Theorem 3.1 implies the elements

L L .
(3-1) Siaikb = Cia — kb~ > feceee fori>a, k=D

XiXa kXb {>c>1
form a Grobner basis for ker(d;) under <’, where L equals lcm(x;x,, x;x;) and
the f; . are coefficients obtained from polynomial long division when dividing
S(01(ei.q), 01(ex.p)) by (2-2). In particular, we claim

Inz (ker(3))) = (xgeq,j | j <k and i = j)

is generated by initial terms of the columns of 9,: by construction In< (s; 4: k.») must
be one of the first two terms in (3-1) and 81()%%@,,1) = al(xfx[’ ek.»), SO without
loss of generality say ex , <’ ¢;,. Then either a < b < k and x; or x;, appear as
a coefficient of ¢; ,, or a = b, a <i < k and x; appears as a coefficient of ¢; 4, so
In</(Si q: k.p) is divisible by the initial term of some column of d,. This implies
that In< (im(0;)) = In< (ker(d;)), which, together with im(d,) < ker(d;), implies
im(9,) = ker(9;) and the columns of 9, form a Grébner basis under <’.
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Lastly, suppose d > 2, let < denote the term order on F;_» obtained inductively,
and let <’ denote the term order on F,;_; so that xPe B <" x%e; 4 whenever

In<(x?8,_1(e;j B)) < In<(x*84_1(ei.4)),

or if equality holds above and A precedes B lexicographically, or if equality holds
above, A = B, and i < j. One readily obtains

In</(04(e;,a)) =xje; a\; with j =max(A)
after checking that
e x% B ﬁ/xﬂeg,c whenever x? has higher total degree in xy, ..., x,;,—1 than x%;
o xx In<(34-1(ei a\k)) = x¢ In<(9g—1(e; a\¢)) for all k, £ € A; and

« the substitution (2-3) need only be made if min(A) <i < min(A \ min(A)),
in which case A\ j lexicographically precedes the second subscript of every
summand in (2-4).

The equality S(9;-1(e; 4), da—1(ej,3)) = 0 holds due to initial terms having
distinct basis vectors unless i = j, A = C U{y}, and B = C U {§} for some
8,y € [m — 1] and some nonempty C C [m — 1] with §, y > max(C). As such,
Schreyer’s theorem yields

In(ker(9y-1)) = (xseic:i,6 € [m—1], C C[m —1], § > max(C)),

and since xse; ¢ = In< (94(e; cus)) for each i, §, and C, the columns of d; form a
Grobner basis for ker(d;—1). The proof is completed by observing that induction
also ensures none of the initial terms in question involve e; 4 with i < min(A). [

Corollary 3.5. The resolution F, is minimal if and only if S is MED.

Proof. A resolution is minimal if and only if the matrices for d; contain no nonzero
constant entries. The only entries that depend on ay, ..., a,—| are powers of y,
and their exponents b; ; are all strictly positive precisely when § is MED. ]

Remark 3.6. MED semigroups whose associated toric ideal is determinantal are
exactly those semigroups where aj, ay, ..., a,—; form an arithmetic sequence
(not necessarily in that order) [15; 19]. In this case, Is is resolved by the Eagon—
Northcott complex [6]; a detailed treatment on the Eagon—Northcott resolution can
be found in [8, Appendix A2H]. The strict requirements on an MED semigroup
to make its associated toric ideal determinantal mean that such semigroups form
only a small proportion of all numerical semigroups: in the Kunz cone, these
semigroups lie in the union of a finite set of affine 2-planes, whose union cannot be
the whole cone. Although relatively few toric ideals of MED semigroup ideals are
minimally resolved by Eagon—Northcott complexes, the occasional overlap does
mean that all toric ideals for MED numerical semigroups share Betti numbers with
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X2X3 —x1y3]

0« R
X3 —y ]
—X2 y3
—X3 —X3 oy x3 —y?
—)’2 X1 —X3 y3 _yz X1
X1 X2 —y2 yz —X2
X1 —X2 y3 y3 —X3 -yr X
yooox —X3 —)’3 —X2 X1 —X2
RS -y =y’ X —X3 X1 X1 RS L—X) x3_R3<—0
0 < R [xlz—nyz X%—X])Q )C32—ny3 X]Xz—X3y2 x1x3—y5 XQ)C3—X1y3:|
—x3 =y’ T
X2 X3
X2 X3 X3 y3 —X3 —)’3
y2 X X3 y3 }’2 X1
X1 X x y? —x; —X2
—X1 —X2 y X3 y2 X1
—X1 —X3 —X2 —X2 —X1 —X2
R6 y’? —X2 —X3 X1 RS < X2 X3 “R30

Figure 3. The Apéry resolution (above) and Eagon—Northcott
resolution (below) for Is where S = (4,9, 10, 11).

the Eagon—Northcott resolution of a 2xm matrix, despite the impossibility of using
the Eagon—Northcott construction to resolve most such toric ideals.

Even in the case where the ideal is determinantal, the Apéry resolution differs
from the Eagon—Northcott resolution. As an example, consider the numerical
semigroup S = (4,9, 10, 11), whose defining toric ideal I is generated by the 2x2

minors of
x| Xy x3 y°
|:y2 X1 X2 x3]'

The key difference is the presentation of the generators of Ig. Namely, the gen-
erators as provided in (2-2) are of the form x;x; — x;; ybii, while those given
by determinants may have the form x;x; — x;;1x;_1. Figure 3 shows the Apéry
resolution and the Eagon—Northcott resolution of /g, with basis elements in the
Eagon—Northcott resolution ordered to mimic the Apéry resolution. It is worth

noting that in the m = 3 case, a; and a» trivially form an arithmetic sequence, and
in fact the Apéry resolution and the Eagon—Northcott resolution coincide.
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Remark 3.7. When S is MED, quotienting the Apéry resolution of /s by the
ideal (y), as Kunz does in Theorem 2.7 with the ring R/Is, yields a minimal resolu-
tion of the ideal (xi, ..., x,,—1 )% over the ambient polynomial ring K[x1, ..., x;—1].
This ideal is known to be resolved by the Eagon—Northcott complex on the 2 xm
matrix

Xy X2 o0 Xp—2 Xm—1 0

[0 Xy X2 X3 e xm—1i|'

Thus, in the MED case, the Eagon—Northcott complex “sits inside” the Apéry
resolution; indeed, it is the result of an artinian reduction of R/ .

4. Specialization for arbitrary numerical semigroups

The Apéry resolution can be thought of as a family of free resolutions, one for
the Apéry ideal Jg of each numerical semigroup S with multiplicity m, that is
parametrized by the values b; ;. Given a numerical semigroup S, a free resolution
of Jg is obtained by simply computing the values b; ; from the Apéry set of §
and substituting them into the Apéry resolution. By Corollary 3.5, restricting to
semigroups S in the interior of C,,, the Apéry resolutions form a parametrized
family of minimal free resolutions.

The main result of this section is Theorem 4.4, which implies that for each face F
of Cy,, there exists a family of minimal free resolutions, one for the Apéry ideal Jg
of each numerical semigroup S indexed by the interior of F, that is analogously
parametrized by the positive b; ;. Figure 4 depicts one such resolution for the
7o = 273 facet of C4. Our proof of Theorem 4.4 is nonconstructive: it argues that
there exists a change of basis for the Apéry resolution, depending only on F, that
yields the desired minimal free resolution of Jg as a summand. With Proposition 4.1,
which gives the algebraic relationship between minimal resolutions of Jg and /g,
the Betti numbers of Jg and Is can be recovered from F (Corollaries 4.3 and 4.5).

1,1 33 2,1 31
2 2 2.b 3 b _vb
0< R 000 [xl—xz ‘ X3 — X7y 33 Xy — X3y 2 xjx3—y 13]
3,031 2,3]
3,23 2,12 2,13 313 3,12 3231 x —ybr2
1,1 |‘ x% - x]2yh33 xl3 - x3yh12 X1x3 — yb13‘ 212 —X3
2,13 | —x3 x?
33| -2 —xp) x —ybn
21 ~(f —x) W =y 33| xf-x
R4 3,1 —(x]2 —x3) |—x3 x12 S 3,12 x]2 ) R0

Figure 4. A specialization of the m = 4 Apéry resolution where b;; =0,
so a; = 2a;. Note this forces b3 = by3.
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Proposition 4.1. A minimal free resolution of Js can be obtained as the tensor
product of a minimal free resolution of Is with a Koszul complex.

Proof. Nonminimality of m, ay, ..., a,—1 as generators for § is reflected in Js by
binomial generators without y. More specifically, if a; +a; = a;4 j, then b; ; =0 and
X;Xj — x;4; appears in Jg. Let A(S) = {m, a;, a;,, ..., a; } be the elements a; that
minimally generate S. Though I naturally lives in K[y, x;,, x;,, . .., x; ], consider
it as an ideal in R via the natural inclusion map. For each nonzero w € Ap(S)\ .A(S),
pick one of the binomials f,, = x,, —x,x,. These binomials form a regular sequence
on R, so the ideal Iy generated by the f, is resolved by a Koszul complex /C,.
Writing G, for a minimal free resolution of /g, the only nontrivial homology of
Ge ® g K4 occurs in homological degree 0 and is isomorphic to Hy(G,) ® Hy(K,) =
R/Is®g R/Iw = R/Js, where the last equality is because the f,, form a regular
sequence over R/Ig. Therefore G, ® K, is a minimal free resolution of R/Jg. [J

Example 4.2. The underlying structure as a tensor of two resolutions is readily
seen in Figure 4, which resolves Jg for Ap(S) = {4, a1, 2a;, a3}. This example was
obtained by computing the Apéry resolution for Jg and then trimming away any
constant entries using row and column operations as described in Theorem 4.4.

We include the proof of the following, despite its appearance in Theorem 2.7 as
recovered from [20], to demonstrate how the Apéry resolution maps in Theorem 3.4
lend themselves to specialization to the faces of C,,, as well as to contrast its content
with that of Theorem 4.4.

Corollary 4.3. Let S and T be numerical semigroups corresponding to points
interior to the same face F of the Kunz cone Cy,. The Apéry ideals of S and T share
the same Betti numbers, as do the defining toric ideals of S and T. In particular,
Ba(Js) = Ba(Jr) and By(Is) = Ba(Ir) for all d = 0.

Proof. Let F, and F, be the Apéry resolutions of Jg and Jr, respectively. In the case
that S and T are both MED, so the face F is the entirety of C,,, both resolutions are
minimal by Corollary 3.5 and have the same modules at each homological degree,
so B4(Js) = Ba(Jr) holds immediately.

If 7, and F, are not minimal, then the resolutions have +1 entries in identical
places in their resolutions, once again because S and 7 lie interior to the same
face F' and thus have the same b; ; = 0, meaning that the same entries j:yb’?f
become +1. Because the Betti numbers of any positively graded ideal I equal the
dimensions of the graded vector spaces Tor,(/, K), consider F, @k K and F, Q K.
The differentials in these complexes are identical: they are matrices of Os and +1s
with units in matching places. Therefore, their kernels and images are the same at
each homological degree, so

Ba(Js) = dim Tork(Jg, k) = dim Tork(J7, k) = B4 (J7).
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Next consider Is and /7. By Proposition 4.1,
Fe=(G.®K,) and F, = (G, ®K.),

where G, and G, are minimal free resolutions of Ig and I7, respectively, and K, is
the Koszul resolution on the extraneous binomials. Tensoring with C, exerts the
same invertible change on the Betti numbers of G, and G,. More specifically, let

p q
gs() =) Bils)t' and fs(t)=Y_ Bi(Js)t’
i=0 i=0
be the generating functions for the Betti numbers of G, and F,, respectively. Since
K, is a Koszul resolution of r = m — | A(S)| elements,

fs@®) =1+1)gs().
Thus,
(A+1)gs) = fst)= frt) =1+1) gr (),

and therefore gs (1) = g7 (¢), meaning B; (Is) = B; (Ir) for all i > 0. O

Theorem 4.4. Consider the set
M={xi:l<i<m—-1U{l:1<i,j<m—1}

of formal symbols appearing as matrix entries in Apéry resolutions. (Lemma 3.3
ensures every nonzero matrix entry is accounted for in M). Fix a face F of Cy,.
There is a sequence of matrices, whose entries are K-linear combinations of for-
mal products of elements of M, with the following property: for each numerical
semigroup S indexed by the relative interior of F, substituting R-variables and the
values b; ; for S into the entries of each matrix yields boundary maps for a graded
minimal free resolution of Js.

Proof. Fix a numerical semigroup S with multiplicity m. Let
Ns={xi:1<i<m—-13U{P :1<i,j<m—1landb;; >0} CM

denote the set of elements of M corresponding to positive-degree monomials in R
under the grading by S. If S is MED, then M = N; otherwise they are distinct.
By [7, Theorem 20.2] (see also [22, Exercises 1.10 and 1.11]), the matrices in
any free resolution for Jg can, via a sequence of row and column operations that
preserve homogeneity, be turned into block diagonal matrices with 2 blocks:

(i) a matrix with no nonzero constant entries and at least one nonzero entry in
each row and column; and

(i1) a matrix with no nonconstant entries and at most one nonzero entry in each
row and column.
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After doing this, restricting to each block described in (i) yields a minimal free
resolution for Jg.

One way to select the aforementioned row and column operations is as follows.
Begin with the matrices M; for the maps 9; for the Apéry resolution, and perform
the following for each i = 1,2, ..., m — 1, assuming that, as a result of prior
operations, any column of M; with a nonzero constant entry has no other nonzero
entries:

« First use nonzero constant entries of M; to clear all other entries in their respective
rows. If i = 1, then no such rows exist. Fix a row R of M; with a nonzero constant
entry c, say in column C; with corresponding row R; in the matrix M;;;. For
each nonzero entry f in R, say in a column C, # C; with corresponding row R,
in M;, subtract c_lf - Cy from C; and add c_lf - R, to Ry. Once this is done, ¢
will be the only nonzero entry in R, and in fact ¢ will be the only nonzero entry in
row R and column C;. Moreover, since M; M, =0, the row R in M; | only has
entries 0.

o Next use nonzero constant entries of M; | to clear all other entries in their
respective columns. Fix a column C of M;; with a nonzero constant entry c, say in
row R; with corresponding column Cj in the matrix M;. For each nonzero entry f
in C, say in arow Rj # R; with corresponding column C» in M;, subtract ¢! R
from R, and add ¢! f - Cy to Cy. Once this is done, ¢ will be the only nonzero
entry in column C, so since M; M, = 0, the column C; now only has entries O.
Moreover, all changes to M; only affect the (now all 0) column Cy, so M; still has
the property that every nonzero constant entry is the only nonzero entry in its row
and column.

Once the above operations are completed for each i, the rows and columns may be
permuted to obtain the desired blocks.

The key observation is that in the above sequence of row and column operations,
the entry f is an existing matrix entry. As such, after each row or column operation,
every matrix entry g can be written as a K-linear combination of products of (possibly
constant) elements of M. Moreover, if g is a nonzero constant, then g has degree 0
under the grading by S, so by homogeneity, the aforementioned expression for g
cannot contain any monomials in N, since it must be a K-linear combination of
products of degree-0 elements of M.

Now, fix a numerical semigroup T in the same face F' of the Kunz cone C,,
as S. The sets M \ N5 and M \ N7 each contain y%/ whenever F is contained in
the facet z; + z; = zi4;, and thus Ny = Nr. As a consequence of the preceding
paragraph, applying an identical sequence of row and column operations to the
Apéry resolution for Jr yields nonzero constant entries in precisely the same
locations at each step of the process. This completes the proof. (]
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Theorem 4.4 yields the following graded refinement of Corollary 4.3.
Corollary 4.5. Foreachi €{0,...,m — 1}, writing [i],, =i +mZ,

D BasUs)= D Bas(Us).

bE[l]m be[i]m
The same relationship holds between the Betti numbers of Is and Ig.

Proof. Apply Theorem 4.4 for the first claim, and subsequently apply Proposition 4.1
for the final claim. (]

5. Open questions

Several of the open questions presented here relate to the defining toric ideal I.
One of the main results of [18] identifies a finite poset corresponding to each face F
of Cy,, called the Kunz poset of F. If a point interior to F' indexes a numerical
semigroup S, then this poset coincides with the divisibility poset of Ap(S). In [14],
the Kunz poset of F is used to obtain a parametrized family of minimal binomial
generating sets, one for the defining toric ideal /s of each numerical semigroup S
in F. The last three binomials in the first matrix in Figure 4 constitute one such
example for the relevant facet F' of C4. This provides a natural candidate for the
first matrix in the resolution conjectured as follows.

Conjecture 5.1. For each face F of C,,, there exists a parametrized family of mini-
mal resolutions, one for the defining toric ideal Is of each numerical semigroup S
indexed by the interior of F, akin to those obtained in Theorem 4.4 for Apéry ideals.

Unlike the proof of Theorem 4.4, the proofs in [14] are constructive, utilizing the
Kunz poset structure of the face F containing S. Intuitively, the set of factorizations
of elements of Ap(S) (a set which depends only on F’) forms the staircase of a
monomial ideal M. If each element of Ap(S) factors uniquely, then /g has exactly
one binomial generator for each minimal monomial generator of M. If some
elements of Ap(S) have multiple factorizations, then graph-theoretic methods can
be used to partition some of the minimal generators of M into blocks (called outer
Betti elements) and construct one minimal binomial generator of /s for each block.
We refer the reader to [14, Section 5] for the full construction; additional examples
can be found in [10].

The nonconstructive nature of the proof of Theorem 4.4, along with the construc-
tive nature of the proofs in [14], motivates the following.

Problem 5.2. Find an explicit combinatorial (e.g., poset-theoretic) construction of
the matrices obtained in Theorem 4.4 and conjectured in Conjecture 5.1.

There is a long history of topological formulas for Betti numbers of graded
ideals (for instance, Hochster’s formula for squarefree monomial ideals [16] (see
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[22, Chapter 1]), squarefree divisor complexes for toric ideals [3], or the use of
poset homology for computing Poincaré series of semigroup algebras [24]). The
following is thus a natural problem.

Problem 5.3. Given a face F of C,,, find a topological formula for extracting the
value in the equation in Corollary 4.5 from the Kunz poset of F.

As mentioned in Example 2.6, the ray (1, 2, 1) of C4 contains positive integer
points, but none correspond to a numerical semigroup under Proposition 2.5. Indeed,
the first and third coordinates of any such point must be equal, but any point
(a1, ap, a3) € C4 corresponding to a numerical semigroup must have a; =i mod 4
for each i. However, the construction in [18] still associates a poset to this ray,
and naively following the construction in [14] for a binomial generating set with
y = 0 yields the artinian binomial ideal (x12 — x32, x13, X1X3, x3). This motivates
the following.

Problem 5.4. Extend the correspondence in Proposition 2.5 to a family of lattice
ideals that includes the defining toric ideals of numerical semigroups but reaches
points in faces of C,, that do not contain numerical semigroups.
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BAR-NATAN HOMOLOGY FOR
NULL HOMOLOGOUS LINKS IN RP3

DAREN CHEN

We introduce Bar-Natan homology for null homologous links in RP* over the
field of two elements. It is a deformation of the Khovanov homology in RP?
defined by Asaeda, Przytycki and Sikora. We also define an s-invariant from
this deformation using the same recipe as for links in S, and prove some
genus bound using it. The key ingredient is the notion of ““twisted orientation”
for null homologous links and cobordisms in RP3.

1. Introduction

Recently, Manolescu and Willis introduced Lee homology and the associated s-
invariant for links in RP? in [13]. This is a deformation of the Khovanov homology
in RP3 over the base ring Z, first introduced by Asaeda, Przytycki and Sikora in [1]
for fields of characteristic 2, and later extended by Gabrovsek in [6] to the base
ring Z by fixing certain sign conventions.

As with the usual Lee homology, the construction in [13] works as long as the
characteristic of the base ring is not 2. For links in S°, the solution for rings of
characteristic 2 is to use the Bar-Natan deformation of the Khovanov homology,
introduced by Bar-Natan in [2], instead of the Lee deformation. Here, we adapt
the same approach for null homologous links in RP?. Similar to the S* case, the
homology itself admits a simple description in terms of the number of components
of the links. (Note that H, (RP?, Z) = Z,, the property that [L] =0 € H;(RP?, 7)
does not depend on the choice of orientation on components of L, so we can discuss
null homologous links without specifying the orientations of L.)

Theorem 1.1. For a twisted oriented null homologous link L C RP3, one can
associate a Bar-Natan chain complex CBN(L) over the base field F = [, whose ho-
mology HBN(L) is an invariant of L as a bigraded vector space. More specifically,

dim(HBN(L)) = 0 ; if L has' a component which is nonzero in H; (RP?, Z);
2LV otherwise (all components of L are null homologous),

and there is a basis of HBN(L) given by {s, | o is a twisted orientation of L}.
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See Definitions 2.8 and 2.9, as well as Lemma 2.10, for the notion of twisted
orientation on null homologous links in RP3. In short, a twisted orientation is
an assignment of arrows on each segment of the link projection in RP?, which
reverses direction each time it crosses a fixed essential unknot. More canonically,
it is an orientation on the double cover L of L in S? that is reversed by the deck
transformation on S> of the covering map §3 — RIP3. In particular, if L has any
homologically essential components, then such a twisted orientation does not exist,
and HBN(L) vanishes in this case.

The reason for the appearance of the twisted orientation is that when we perform
the Bar-Natan deformation, we are forced to assign the nontrivial map idy to the
1-1 bifurcation in the definition of the Bar-Natan chain complex. This differs from
the Lee deformation and the usual Khovanov homology in RP?, where the map
assigned to the 1-1 bifurcation is the zero map. Therefore, we introduce the extra
twisting to make the 1-1 bifurcation behave in a manner more consistent with the
1-2 and 2-1 bifurcations. By using the notion of “twisted orientation” instead of
“orientation”, essentially all the proofs for the usual Bar-Natan and Lee homology
in $3 as in [8; 15; 17] carry over in our setting with minor modifications.

As expected, since dim(HBN(K)) = 2 for a null homologous knot in RP3, one
can define an s-invariant, denoted s[gg} (K), from the quantum filtration on CBN(K)
and use it to establish a genus bound in the usual way. See Definitions 4.1 and 4.3
for the precise definition of sﬂ]zg; (K). It is worth noting that, unlike the usual case
where the genus bound applies to the class of orientable slice surfaces, here we
obtain a genus bound for twisted orientable slice surfaces. See Definitions 3.1
and 4.8 for precise definitions of twisted orientable cobordisms and slice surfaces.
Roughly speaking, this means that the double cover of the surface in 3 x I is
orientable, and the fiberwise deck transformation 7 in the S3-direction reverses the
orientation. We establish the following relationship between s[gg3 and the Euler
characteristic of the twisted orientable slice surface, which is analogous to the usual
statement for the s-invariant in S°.

Theorem 1.2. Suppose ¥ : L — L’ is a twisted orientable cobordism between the
null homologous links L and L' in RP? x I. Then one can define a filtered chain
map of filtration degree x (%),

Fs : CBN, (L) — CBN, (L),

such that

Fr(so)) =) _[s0, 1.

I
{oi}

Here, o is a twisted orientation on L, {0;} is the set of twisted orientations on X
that restrict to o on L, 0j,, represents the restriction of such orientations on L/,
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Figure 1. An example of difference in s-invariants defined using Lee
deformation and Bar-Natan deformation.

and s,, respectively Soi,,» are the corresponding canonical generators of HBN(L),
respectively HBN(L"), defined in Definition 2.14.

In particular, when both L and L' are null homologous knots and X is connected,
Fs is a quasi-isomorphism of filtration degree x (X). Further specifying to the case

where L' is the trivial unknot in RP3, one gets
—X(2) = Ispis (L),
for any twisted orientable slice surface % of the knot L.

A twisted orientable slice surface can be either orientable or unorientable,
and not every (un)orientable slice surface is necessarily twisted orientable. See
Example 3.2 for different possibilities of the combinations of (non)twisted ori-
entable/(un)orientable cobordisms.

The s-invariant s£g3(1( ) shares similar formal properties with the usual s-
invariant in S3. See Proposition 4.5 for mirroring, Proposition 4.6 for taking
a local connected sum with a local knot and Proposition 4.7 for “positive knots” in
the sense of twisted orientations. All of these follow from the same arguments as
in the case of S3. We also provide a simple example to demonstrate the difference
between the s-invariant ng3 defined in this paper and the s-invariant defined as
in [13]. Consider the knot shown in Figure 1, which is “positive” with respect to
the twisted orientation, so we have

s§g3(1() =3.

However, one can construct an orientable slice surface of this knot with genus 1, so
the s-invariant of it defined in [13] satisfies

ls(K)| < 2.

In addition, we provide a family of knots in which their two s-invariants differ by
an arbitrarily large amount, obtained by inserting more and more full twists in this
example. See Example 4.11 for a more detailed discussion.

Organization of the paper. In Section 2, we define the Bar-Natan deformation of
the Khovanov complex for null homologous links in RP? over the field F,. We also
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introduce the notion of twisted orientation and prove Theorem 1.1. In Section 3,
we define cobordism maps on the Bar-Natan chain complex for twisted orientable
cobordisms and establish the first statement of Theorem 1.2. In Section 4, we define

the Bar-Natan s-invariant sggg, discuss its formal properties, and complete the proof

of Theorem 1.2. In Section 5, we discuss some further directions based on this work.

2. Bar-Natan homology for null homologous links in RP?

We work over the field F = [F; of two elements, unless otherwise specified.
Let V =[F(1, x) denote the graded vector space generated by 1, x, where the
quantum grading is defined as

qdeg(l) =1, qdeg(x) =—1.

Definition 2.1. The Bar-Natan Frobenius algebra structure on 'V is a deformation of
the usual Frobenius structure on V = H*(S?). It consists of the tuple (V, m, A, t, n),
where the multiplication m : V Q V — V is given by

I®1I—->1, I1®x—>x, x®1—>x, x®x —x,
the comultiplication A : V — V ® V is given by
1> 1®x+x®14+1Q1, x—>xQux,

the unit ¢ : F — V is given by

1—1,
and the counit n : V — F is given by
1—-0, x—1.

Remark 2.2. Some signs in the comultiplication A may differ from the usual
convention, but this makes no difference as we are working over the field | of
characteristic 2. We also use the version in which the extra deformation variable of
the Bar-Natan deformation is set to 1, so all the structure maps are filtered rather
than grading preserving, after a suitable shift in the quantum grading.

Definition 2.3. A link L in RP? is null homologous if
[L]1=0¢e H|(RP?, 2) =17)2.

If particular, we do not require L to be oriented, as different orientations do not
affect [L] in H; (IR{IP3, 7Z), which is Z/2.

Let L be a null homologous link in RP?. Suppose L is disjoint from a fixed
point % € RP3. Then, we obtain a link projection diagram D of L in RP? using the
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Figure 2. The middle and right illustrate a 0- and 1-smoothing, respectively.

twisted 7-bundle structure RP? \ {x} = RP? X I. Suppose D has n crossings. By
choosing an ordering of the crossings, we form the usual cube

2" =0—> 1"

of smoothings D, of D for each vertex v € 2", following the convention of 0- and
1-smoothings as indicated in Figure 2.

Since we start with a null homologous link and the smoothing process does not
change the homology class, it is straightforward to see that each component in the
smoothing D, is a local unknot in RP? for every vertex v € 2". We will apply the
Bar-Natan Frobenius algebra to this cube of smoothings, i.e., we associate the vector
space V to each local unknot and then take the tensor product for each smoothing D,.

As for the edge maps, they correspond to change a 0-smoothing to a 1-smoothing
at one crossing. Unlike the usual case for link projections in R?, there are three
possibilities as indicated in Figure 3:

 1-2 bifurcation, which splits one circle into two circles;
» 2-1 bifurcation, which merges two circles into one circle;

o 1-1 bifurcation, which twists one circle into another circle.

We will represent RP? as a disk with half of its boundary (the blue circle) identified
with the other half. We assign the multiplication map

m:VeV—->1V
to the 2-1 bifurcation and the comultiplication map
A:V—>VRV

to the 1-2 bifurcation map, as usual. For the 1-1 bifurcation, this corresponds to
a map
f:V->V,

69696969636

Figure 3. 2-1, 1-2 and 1-1 bifurcations.
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(a) (b) (©

(d) (e) ® (2

Figure 4. Singular graphs in RPP? with 2 singular points. See [6].

which is not part of the Bar-Natan Frobenius algebra structure of V as defined
above. It turns out that there is a unique choice of f over the base field [F, that
gives a filtered chain complex if we feed the cube of smoothings by the Frobenius
algebra V, and use m, A, f for the edge maps.

Lemma 2.4. The only possible choice of f : V — V for the 1-1 bifurcation map
over [y that gives a chain complex, with f : V — V|[1] being filtered, is

f=idy.

Here V[1] denotes the graded vector space obtained from V by shifting the quantum
grading up by 1.

Proof. To obtain a chain complex, we require that each face of the cube of smooth-
ings gives a commutative diagram (recall that we are working over the field F,). This
amounts to checking that each link diagram in RP? with 2 crossings gives a com-
mutative square. A list of such link diagrams is obtained from the singular diagrams
in Figure 4 by replacing each singular point by an over or under crossing. Since
we are considering null homologous links, only (a), (b), (e), and (f) are possible.
A typical square of smoothings and the corresponding maps are shown in Figure 5.

The condition that these squares are commutative gives the following restrictions
onthemap f:V — V:

(1) f2=moA =idy,
(2) mo(f ®idy) =mo(idy ® f) = fom,
B) (f®idy)ocA=(@Gdy ® f) oA=Ao f.

Also, when defining the chain complex, we will apply a shift in the quantum
grading of degree |v| = # of 1s in v € 2" to the vector space corresponding to the
smoothing D,. Therefore, to ensure the edge maps are filtered, i.e., nondecreasing
in the quantum grading, we also require

f:V — V[1] to be filtered.
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L N
Figure 5. One example of a square in the cube of resolution.

Now, it is easy to see that the only possible choice of f satisfying the above
conditions is
f=idy. O

Remark 2.5. In [1], Asaeda, Przytycki and Sikora extended the Khovanov ho-
mology to links in RP? over the field F,, where they assigned the O map to the
1-1 bifurcation map. Because they use the usual Frobenius algebra for Khovanov
homology, the corresponding condition for f becomes f>2=moA =0,s0 f =0is
a natural choice. In [6], Gabrovsek introduced some sign conventions to make the
extension of Khovanov homology work over rings of characteristic 0, where the 1-1
bifurcation map is also assigned 0. More recently, in [13], Manolescu and Willis
extended the definition of Lee homology to links in RP?, where, again, the 1-1
bifurcation map is assigned 0. It is due to this difference that the s-invariant from
the Bar-Natan deformation in this paper gives a genus bound on twisted orientable
cobordisms, while the s-invariant from the Lee deformation in [13] gives a genus
bound on orientable cobordisms.

In [4], the author defined some variation of the usual Khovanov homology in RP3.
One can try applying the Bar-Natan Frobenius algebra structure on V' instead of the
usual Khovanov Frobenius algebra structure and see what happens. Unfortunately,
it won’t give a more interesting homology theory. The reason is that if one uses the
Bar-Natan Frobenius algebra structure, then the requirement for f and g becomes
f og=idy,, go f =idy,, which implies V and V) are isomorphic, and the chain
complex will just be a direct sum of n copies of the reduced version of the Bar-
Natan chain complex defined in this paper, where n = dim(Vp) = dim(V}). In the
Khovanov setting, the equations we need for f and g are f o g = go f =0, which
leaves more room for the choice of Vj, Vi, f and g. Still, one could obtain different
spectral sequences for different choices of Vy, Vi, f, and g. We have not attempted
to explore the possibilities in this project.
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By examining the commutativity of the remaining possible 2-crossing diagrams
in RP? that do not involve the 1-1 bifurcation (these are local diagrams, which
means the check is the same as verifying whether the Bar-Natan Frobenius algebra
structure on V gives a chain complex for links in §3 ), we can define the following
chain complex for the link diagram D in RP2.

Definition 2.6. Given an n-crossing link diagram D in RP? of a null homolo-
gous link, the unadjusted Bar-Natan chain complex CBN,", (D) is the bigraded
chain complex

CBN/. = cylil. o= Y .

ve2” e:edges in 2"

|v|=i
where the first grading is the homological grading, and the second grading is the
quantum grading. Denote its homology by HBN""(D). Here C(D,) = V% if the
smoothing D, consists of k, unknots, [i] denotes shifting up by i in the quantum
grading, and d, applies m, A or f to the involved unknots, depending on whether
the edge is a 2-1, 1-2, or 1-1 bifurcation.

It is called the “unadjusted” Bar-Natan complex because we will apply some
global shifts in the homological and quantum gradings to make it a link invariant,
similar to the usual definition for Khovanov/Bar-Natan homology in S3. However,
the way we apply the shifts is a bit unconventional, so we delay the discussion until
later, when we introduce more terminology.

Note that the quantum grading-preserving part of the differential is exactly the
same as the differential used in the definition of Khovanov homology for links
in RP3 over F, as in [1], where the map associated with the 1-1 bifurcation is the
zero map. (Note that such a map needs to be grading preserving from V to V[1],
so idy does not preserve the quantum grading.)

Now the natural next step is to check whether the homology depends only on the
link rather than the link diagram. This is usually done by verifying the invariance of
the homology under Reidemeister moves. As discussed in [5], for link projections
in RP2, there is a similar list of Reidemeister moves that relate different projections
of isotopic links in RP?, as shown in Figure 6. However, for the arguments in the
later sections involving the s-invariant, we need stronger conditions on the induced
map by Reidemeister moves, so we will again delay the discussion of invariance
until later.

Recall that in the usual Bar-Natan homology for links in §3, the dimension of
the Bar-Natan homology is actually determined just by the number of components
in the link, and there is a canonical basis of the homology corresponding to dif-
ferent choices of orientations on each component of the link. Furthermore, the
maps induced by the Reidemeister moves will send this canonical basis to the
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Figure 6. Reidemeister moves in RP3. Top: left, middle, and right
correspond to R-I, R-II, and R-III, respectively. Bottom: left and right
correspond to R-IV and R-V, respectively.

corresponding one after the Reidemeister moves. We will prove a similar result for
the Bar-Natan homology for null homologous links in RP*: the dimension of the
homology is determined by the number of null homologous components of the link,
a canonical basis of the homology is given by “twisted orientations” on the link,
and Reidemeister moves send the canonical basis to the canonical basis.

For that, we need to introduce the notion of a “twisted orientation”. This is
the central notion of the paper. Essentially, all the proofs for the usual Bar-Natan
homology in §3 apply in RP? if we replace “orientation” in S® with “twisted
orientation” in RP3.

Definition 2.7. Let U; denote the essential unknot in RIP, which is the quotient of
the boundary of the disk. We represent RPP? by identifying the two halves of the
boundary of a disk, and U is represented by the quotient of the blue circles in all
the figures.

Definition 2.8. Suppose D is a link diagram in RP? such that each component
of the link L represented by D in RP? is null homologous. A twisted orientation
on D is an assignment of arrows to each segment of D, such that it is reversed each
time the link crosses Uj.

See Figure 7 for an illustration of the twisted orientation, along with a comparison
to the usual orientation. Note that a twisted orientation only exists if we assume each
component of D is null homologous since we cannot assign alternating arrows on
a homologically essential component, which intersects U; an odd number of times.

Figure 7. An example of a twisted orientation (left) compared with a
usual orientation (right) on the same knot.
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Figure 8. A twisted orientation on L (left) and the corresponding orientation
on L = cl(T o F(T)) (right) which is reversed by the action of 7.

More canonically, we have another way to view the twisted orientation that does
not depend on the link diagram D.

Definition 2.9. Suppose L is a link in RP? such that each component of L is null
homologous. Let L denote the double cover of L in S3, and let T denote the deck
transformation of the covering map S — RP?. A twisted orientation on L is an
orientation on L that is reversed under the action of 7.

The next lemma proves that these two definitions agree, and when we refer to a
twisted orientation on a link L in R, we mean either of the two, depending on
the context.

Lemma 2.10. Suppose D is a link diagram of a link L in RP? such that each
component of L is null homologous. Then a twisted orientation on D induces
a twisted orientation on L, and vice versa. In particular, there are 2L twisted
orientations on L, where |L| is the number of components of L.

Proof. It is easy to see that a knot K in RP? is null homologous if and only if its
double cover K in 3 is a 2-component link (rather that a knot). Therefore, due to
the null homologous assumption, each component of L lifts to a two-component
link in L.

One way to draw a diagram of L is as follows. View the link diagram D in RP?
as an n-n tangle, denoted by T'. Let F(T) be the n-n tangle obtained by flipping 7,
i.e., rotating T by 180° about its middle horizontal axis in the plane. Then, Lis
the closure of the composition T o F(T), where the deck transformation t acts by
swapping T and F(T). See Figure 8 for an example.

Now consider a specific component K in L. Every time K hits the essential
unknot Uy, it travels from one copy of RP? to the other copy in the lifted picture of K.
Therefore, when we restrict to one copy of RP?, two adjacent segments (adjacent
in the sense that they share common points on U;) must come from different
components of the lifted link K (labeled red and green in Figure 8, respectively).



BAR-NATAN HOMOLOGY FOR NULL HOMOLOGOUS LINKS IN RP3 243

The requirement that the arrow is reversed in the definition of D thus becomes the
requirement that the deck transformation 7 reverses the orientations on the two
components of K. U

Remark 2.11. If we are given an orientation on the lifted link L that is reversed
by 7, and we present L as the closure of T o F(T), there is an ambiguity in assigning
the corresponding twisted orientation on the quotient link L. This ambiguity arises
from whether we use T or F(T) as a link diagram for L in RP2. After we fix a
choice of the fundamental domain of the deck transformation 7 (i.e., choosing T’
instead of F(T)), there is a canonical one-to-one correspondence between the set
of twisted orientations of L and the set of orientations of L that are reversed by 7.

Now, we are going to define elements in the Bar-Natan homology corresponding
to the twisted orientations. Later, we will show they form a basis of the Bar-Natan
homology, as in the case of Bar-Natan homology in S°.

Recall that we can diagonalize the Bar-Natan Frobenius algebra V using the
basis a = 1+ x, b = x (remember, we always work on the field F;), such that the
multiplication and comultiplication become

m:VV->V, a®Ra—>a, bR®b—b, a®b—0, bR®a—0,
A:V—->VRV, a—>a®a, b—->bRb.

In the usual Bar-Natan homology in S3, for each orientation of the link, one
associates an element in the homology by forming the oriented resolutions and then
assigning either a or b to each unknot component in the resolution, depending on
their orientations and distance from infinity. Here, we will do something similar.
Since a twisted orientation is just some assignment of arrows on each segment in the
link diagram, and forming an oriented resolution only concerns the orientations near
each crossing, we can form the “twisted orientation resolution” of a twisted oriented
link diagram by performing the oriented resolution at each crossing in the usual sense.
Then, we assign a or b to each unknot component in the twisted oriented resolution
according to some rule. The rule requires some explanation, so let’s go over it first.

Definition 2.12. Suppose D is a twisted oriented link diagram in R of an unlink U
in RP? with no crossings, that is, it is a disjoint union of local unknots. Pick a
point p on the essential unknot U;, which is disjoint from the link diagram D.
The choice of the point p gives a way to view the diagram D as an n-n tangle T.
We form the lifted link U as the closure of T o F (T) as before. As discussed in
Lemma 2.10, a twisted orientation on D induces an orientation on U which is
reversed under 7, in particular each component of U is oriented.
Define the following Z/2-valued functions on components of U: Let

d:mo(U)—> 72)2
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Figure 9. Two possibilities of the relative positions between Cy, C, and p.

be the number of circles in L separating the chosen component from infinity mod 2.
Let
o:mo(U) —> 2Z/2

equal 1 if the component is oriented counterclockwise, and O if it is oriented
clockwise. Let
l:mg(U) = Z/2

be the sum of the above two functions mod 2:
I =d+ o0 mod 2.

Now we want to prove that / takes the same value on the two components in U that
are mapped to the same component in U, so it descends to a map / : mo(U) — Z/2.

Lemma 2.13. Assume the same setting as in Definition 2.12. Suppose Cy and C,
are two components in U that are sent to the same component C in U under the
quotient map S° — RP3. Then

I(C) =1(Cy).

Proof. By applying Reidemeister moves R-V away from the point p, we can assume
that the local unknot C intersects the essential unknot U; at exactly two points, o
and 8. Then, there are two cases, depending on whether the point p lies inside the
disk bounded by C, as shown in Figure 9. Later, when we refer to an arc in the
proof, such as the arc po, we mean the open arc of U; traveling counterclockwise
from p to «.

(1) Inthis case, the two components C and C, are oriented in the same direction, so
o(Cy) = 0(Cy).

The distance to infinity function d(C;) can be also be described by counting the
number of intersections between U and the arc pa mod 2, and similarly, d(C3)
counts the number of intersections between U and the arc Bp mod 2. By the
assumption that D is the diagram of an unlink, it is null homologous in particular.
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Thus, the total number of intersections between U and the semicircle pp is even.
Additionally, the link diagram D has no crossing, and the circle C; bounds a disk,
so the number of intersections between U and the arc af should also be even.
Therefore, we conclude that

#U N pa|+#U N Bp|=0mod 2,
SO
d(Cy) =#U N pa| =#U N Bp| = d(C») mod 2.
Hence, we have
1(Cy) =1(C,) mod 2
in this case.

(2) This time, the orientations on C| and C; are opposite to each other, so
0(Cy) =0(Cy) + 1 mod 2.

Again, the distance function can be described in terms of the number of inter-
sections between U and various arcs. In this case,

d(Cy) =#U N pal, d(Cy)=#UNpBl=4#UnN pa|+1+#UnNap|.

By the assumptions on D that D has no crossings and each component of D is
null homologous, we conclude that

#U NaB| =0 mod 2,
SO
d(Cy) =d(C2) + 1 mod 2.

Therefore, we also have
[(C1) =1(Cp) mod 2

in this case. O

With the help of the labeling function [ : mo(L) — Z/2, we can define our
canonical generators associated with the twisted orientations.

Definition 2.14. Suppose D is a link diagram of a null homologous link L in RP?
with a twisted orientation o. Pick a point p on the essential unknot U that is disjoint
from the link diagram. Then, we define the canonical element s, associated with
the twisted orientation o in CBN"" (D) as follows: First, form the twisted oriented
resolution D, according to o; then, apply the labeling function / to each component
of the unlink D,. Finally, assign the element @ = 1 + x to a component C in D,
if (C)=0,and b =x toitif [(C) = 1.
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o /V [od y d-> <y a y .
F 5 F s
Figure 10. Two arcs sharing a crossing in the twisted oriented resolution
won’t belong to the same circle. Middle: each of the dotted arcs ay, 86

intersects U; an even number of times. Right: each of the dotted arcs ay,
B4 intersects Uy an odd number of times.

Remark 2.15. This definition depends on the choice of p in the following way: a
different choice of p might result in a uniform change of /(C) to /(C) 4 1 for each
component C in D,, leading to a switch of labels a and b. The point p serves as
the point at infinity in the labeling function of link diagrams in R?.

As in the case of S, these canonical generators associated with the twisted
orientations form a basis for the Bar-Natan homology. First, we will show that
they actually lie in HBN""(L), and then we will prove that the dimensions match
using an induction argument. The proof closely follows the original ones in [8]
for Lee homology. See also [17] for a treatment of Bar-Natan homology (which
is essentially the same as the one for Lee homology). The main difference in our
case is that we need to take into account the 1-1 bifurcation and whether there is a
homologically essential component in the link. These issues are resolved by the
notion of twisted orientation.

Proposition 2.16. For a null homologous link diagram D with a twisted orienta-
tion o, the canonical element s, represents an element in the homology HBN"" (D).

Proof. Following Lee’s argument, we aim to show that s, lies in both ker(d) and
ker(d*), where d* is the adjoint differential defined using the inner product on the
Frobenius algebra V.

Let’s take a closer look at what happens near a crossing. Without loss of generality,
suppose the local picture near a crossing looks like the one in Figure 10. As in
the usual proof for links in S, we want to show the two arcs o and y 8§ will not
belong to the same circle in the resolution. In the usual proof, this possibility is
ruled out because if these two arcs belong to the same circle, then the endpoint «
would be adjacent to y and § would be adjacent to ¢ in the circle due to the absence
of crossings in the resolution. However, this arrangement is incompatible with the
orientation on the arcs o8 and y4.

In our case, the situation is slightly different because the projection lies in RP?
instead of R?. We will again prove by contradiction that the arcs o and y§ will
not belong to the same circle in the twisted oriented resolution. If they did, then
there are two possibilities:
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(1) If the endpoint « is adjacent to y on the circle, then the arc ay of the circle
intersects the essential unknot U; an even number of times. Therefore, the twisted
orientation on the circle will be from g to @ and from y to §, or from « to 8 and
from § to y, which is incompatible with the local orientation near the crossing.

(2) If the endpoint « is adjacent to § on the circle, then the arc o§ of the circle
intersects the essential unknot U; an odd number of times. Therefore, the twisted
orientation on the circle will be again from g to « and from y to §, or from «
to B and from § to y, as the arrow is switched an odd number of times in the
twisted orientation. But this is again incompatible with the local orientation near
the crossing.

Therefore, we conclude that the arcs o8 and y§ near a crossing will not belong
to the same circle in the twisted oriented resolution. This implies that if we change
the smoothing at the crossing in the twisted orientation resolution, it will not result
in a 1-1 bifurcation or a 1-2 bifurcation, which is exactly what we want to avoid, as
the corresponding maps are nontrivial. The rest of the proof is exactly the same
as in the usual case for links in S°, as the rule we used to assign a and b to each
circle in the resolution guarantees that the label assigned to the circle containing
the arc af is different from that assigned to the circle containing the arc y§ in the
resolution. Therefore, s, lies in ker(d) Nker(d™*). [l

Now we prove a formula for the dimension of HBN""(D) using an induction
argument on the number of crossings. There is an adjustment we need to make
compared to the original argument in [8], as we need to discuss whether there is a
homologically essential component in the link or not.

Proposition 2.17. Suppose L is a null homologous link in RP* with a link dia-
gram D in RP%. Then

dim(HBN" (D)) = 0 ) if L haf son'w nonzero component in Hy(RP?, Z);
2ILL otherwise (if all components of L are null homologous).

Furthermore, a basis of HBNy, (D) is given by
{so | 0 is a twisted orientation of L}.

Remark 2.18. If L has a component which is nonzero in H, (IR[P’3, Z), then there
is no twisted orientation on L. Therefore, the set of basis elements given by twisted
orientations is empty, and HBN""(L) is 0-dimensional in this case.

Proof. Following Lee’s original proof, we first prove it for knots and 2-component
links by induction on the number of crossings. It clearly holds for the unknot and
the unlink with two local unknot components.

Now let D be a link diagram of a null homologous knot with n crossings. Pick
one crossing, and let Dy, D denote the 0- and 1-smoothing of D at this crossing,
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Figure 11. Resolve a null homologous knot/2-component link at a crossing.

respectively. Refer to (a) in Figure 11 as a local model near the crossing. Suppose,
without loss of generality, that the endpoint « is adjacent to the endpoint y on the
knot K. (The case where « is adjacent to the endpoint g is the same, by changing
the over-crossing to an under-crossing, which switches Dy and D; but doesn’t
change the argument otherwise. The endpoint @ won’t be adjacent to §, as that
would give a 2-component link instead of a knot.) Then we divide into two cases
depending on how many times the arc ay of K intersects the essential unknot Uj.

(1) If the segment vy intersects U; an odd number of times, so does the segment B3,
since we assume K is null homologous. Then the link represented by Dg consists
of two homologically essential components, so by the induction hypothesis, it has
trivial Bar-Natan homology. The diagram D, represents a null homologous knot
with one fewer crossing than D, so by the induction hypothesis, we have

dim(HBN""(Dy)) =2

Using the long exact sequence relating HBN""(D), HBN""(Dy), HBN""(Dy), we
conclude that
dim(HBN""(D)) =2

(2) Ifthe segment oy intersects U; an even number of times, so does the segment 34.
Then Dy consists of two null homologous components and D is a null homologous
knot, so by the induction hypothesis,

dim(HBN""(Dy) =4, dim(HBN""(D,)) =2

As in the usual case, out of the four twisted orientations on Dy, there are two that
are compatible under the change of smoothings to twisted orientations on Dj, and
the map in the long exact sequence will send these two twisted oriented generators
in HBN""(Dy) to the corresponding ones in HBN""(D;). Therefore,

2 < dim(HBN""(D)) < dim(HBN""(Dy)) + dim(HBN"(D,)) —4 = 2.

Now suppose D is a diagram of a null homologous link L of two components,
Ky and K. Suppose first that there are no crossings between the two components
in the link diagram D. Then Ky, K| must both be null homologous (otherwise,
they would both be homologically essential, and there would have to be at least one
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crossing between these two components), and we can apply the Kiinneth formula
to conclude

dim(HBN""(D)) = 4.

Suppose the two components share at least one crossing. Pick any crossing
shared by them and form the 0- and 1-smoothing, Dy and D, respectively. Refer
to (b) in Figure 11 as a local model. We again divide into two cases depending on
whether Ko and K are null homologous or not.

(1) If Ko, K; are both null homologous, then each of the segments «é and By
intersects the essential unknot U; an even number of times, and the two twisted
orientations on Dy are incompatible with the two twisted orientations on D; when
changing the smoothing. Therefore, the map from HBN""(Dy) to HBN"" (D) is 0
in the long exact sequence, and

4 < dim(HBN""(D)) < dim(HBN""(Dy)) + dim(HBN""(D))) = 4.

(2) If Ko, K are both homologically essential, then each of the segments o
and By intersects the essential unknot U; an odd number of times, and the two
twisted orientations on Dy are compatible with the two twisted orientations on Dy
when changing the smoothing. Therefore, the map in the long exact sequence sends
HBN""(Dy) isomorphically to HBN""(D;), and hence

dim(HBN"(D)) = 0.

This finishes the discussion of knots and 2-component links. For links with more
components, if there is a component that doesn’t share a crossing with any other
components, then we can apply the Kiinneth formula. Otherwise, there is at least
one crossing shared by different components. Again, we divide into two cases
depending on whether there exists a homological essential component or not.

(1) Suppose all components are null homologous. Then we apply the same argu-
ment as in the case (1) for 2-component links.

(2) Suppose there are some homological essential components. Then, there must
be at least two such components, and they must share a crossing in the link
diagram. Choose one such crossing, and then we apply the same argument as
in case (2) for 2-component links. O

It is time to apply the global grading shift to ensure that the Bar-Natan homology
is a link invariant in RP? as a bigraded vector space. The usual convention is
to apply a shift of —n_ in the homological grading and a shift of ny 4+ 2n_ in
the quantum grading, where n and n_ are the numbers of positive and negative
crossings for an oriented link, respectively. As expected, we will obtain an invariant
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for twisted oriented links in RP?, and we should use n and n_ counted with
respect to the twisted orientation.

Definition 2.19. Let D be a link diagram in R of a null homologous link in RP3
with a twisted orientation. Let n, and n_ denote the numbers of positive and
negative crossings, respectively, counted with respect to the twisted orientation
on D. Then the Bar-Natan chain complex CBN, (D) is defined as

CBN.,. (D) = CBN™ (D){—n_}[n4 —2n_],

where CBN(', (D) is the unadjusted Bar-Natan chain complex in Definition 2.6,
{—n_} means shifting down by n_ in the homological grading, and [ny — 2n_]
means shifting up by n —2n_ in the quantum grading. The homology HBN,, ..(D)
of CBN, «(D) is called the Bar-Natan homology of null homologous links in RP3
with a twisted orientation.

We are going to prove that HBN, , is an invariant of twisted oriented null
homologous links in RP? by exhibiting filtered maps between CBN., « induced by
Reidemeister moves, which are isomorphisms on HBN, . Furthermore, we are
going to prove that these filtered maps send the canonical generators associated with
the twisted orientation to the corresponding canonical generators. This follows the
same strategy as in Section 6 in [15]. See also Section 6 in [17] for the Reidemeister
moves in the usual Bar-Natan homology. We need to check a few additional cases
because the projection lies in RIP2, but there is no extra difficulty.

Proposition 2.20. For each Reidemeister move as drawn in Figure 6 relating link
projections Dy to D1, we can define a filtered chain map

p": CBN, «(Dg) — CBN, (D),

such that the grading-preserving part p of p’ gives an isomorphism on the Khovanov
homology for links in RP3. Additionally,

p'([so]) = [so/],

where o is a twisted orientation on Dy and 0’ is the induced twisted orientation
on D;.

Proof. There are three things to do in the proof: first, we need to give the definition
of the filtered chain map p’; second, we need to check that the grading-preserving
part p agrees with the one used in [6] for Reidemeister moves on Khovanov
homology in RIP?; third, we need to check whether p’ sends canonical generators
to canonical generators. As mentioned, the chain map p’ we are going to use will
be the same as the ones in [15], and the proof is purely a bookkeeping check. The
situations for Reidemeister moves I, IV, and V are either trivial or identical to the
case in S3. However, for Reidemeister moves II and III, they will involve some
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Figure 12. Definition of o’ for R-II moves.

more case-by-case analysis than the usual situation in S°. We will provide some
examples and leave the rest to the reader.

For Reidemeister moves IV and V, they don’t change the chain complex at all,
and we can take p’ to be the identity. It is worth mentioning that for the Reidemeister
move V, as we move an arc through the essential unknot Uy, the orientations on
this arc in o and o" will be reversed to each other.

For Reidemeister move I, since the operation of adding a curl is local, and the
chain maps only involve 1-2 and 2-1 bifurcations, the same map and argument as
in [15] work, with a =1+ x, b = x. In terms of the global grading shift, if we add
a positive curl, we also add 1 to n4 for our definition of n... Therefore, the usual
check of global grading shifts works in the same way.

For Reidemeister move II, refer to Figure 12 for the definition of the map p’.
Here, ¢ is the map sending the state z to z ® 1, where 1 is assigned to the extra
circle in the middle. In the chain complex CBN (D), we know the maps A and m
because they correspond to a local splitting/merging of a circle. However, we don’t
know the maps d| and dj: they could be any of A, m, or f depending on how
the rest of the link diagram looks. But the point is we don’t need to use their
properties in the definition of p’. The grading-preserving part p of p’ gives an
isomorphism on Khovanov homology in RP?, using the usual proof of canceling
acyclic complexes (note that we only use the property of A and m in the proof for
invariance of Khovanov homology in RP%).

To check that p’ sends canonical generators to canonical generators, we need to
further divide into cases, depending on how the two arcs are connected and oriented
in the link diagram.

(1) If the two arcs are oriented in the same direction, then, by the argument in
Proposition 2.16, the two arcs will not belong to the same circle in the twisted
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Figure 13. Schematic drawing for case (2)(a) of R-II moves.

oriented resolution, and the labels on these two circles in s, are different. In this
case, dj is a 2-1 bifurcation map, which is given by m, and m(s,) = 0, since it
merges two circles with different labels. Therefore,

,()/(Sg) = (5o, ‘Odé(so)) = (850,0) =5,

(2) If the two arcs are oriented in opposite directions, we divide into cases depending
on whether these two arcs belong to the same circle or not in the twisted oriented
resolution.

(@)

(b)

If the two arcs belong to two different circles in the twisted oriented resolution,
then the labels on the two circle will be the same in s,; say, both of them are a,
following the rules we assign labels in Definition 2.14. See Figure 13 for an
illustration. Then, d{ is a 1-2 bifurcation map, and d; is a 2-1 bifurcation map.
Denote s, by a ® a, which is the label of s, on the two circle that are changing
through the Reidemeister move II. Then

tody(a®a)=ta)=a®l=a®a+a®b,

and
pla®a)=@Ra,aQa+a®b).
Note that
da=(dj(a), Aa)) = (a®a,a®a),
o)
[0"(50)]1 =1(0, a ® b)] = [5,/] in HBN(Dy).
If the two arcs belong to the same circle in the twisted oriented resolution,

then again, we need to divide into two cases, depending on whether a 1-1
bifurcation is involved or not.
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Figure 14. Schematic drawing for case (2)(b)(i) of R-II moves.

(i) Suppose both d and d), are 1-1 bifurcations. Let’s assume the label on
the this circle in s, is a. See Figure 14 for an illustration. Following the
similar notation, we denote s, by a, and we have

todi(a)=1@)=a®l=a®a+a®b,
SO
p'(a)=(a,iodj(a)) =(a,a®a+a®D).

Again, we can cancel (a, a ® a) in homology, since

da = (d)(a), Aa)) = (a,a®a),
SO
[p'(s0)1=1(0,a®b)] =[sy] in HBN(Dy).

(ii) Suppose that neither d| nor d} is a 1-1 bifurcation. (Note that d| is a 1-1
bifurcation if and only if @} is.) Then, it is the same as the usual check for
the Reidemeister move II as in S, and we leave it to the reader.

For Reidemeister move III, the definition of the map p’ is again similar to the
corresponding one for Reidemeister move Il in 3, for the same reason as mentioned
above: the edge maps, which we need some properties of to define p’, are local, i.e.,
they only involve the splitting/merging of a local circle. The proof that the grading-
preserving part of p’ induces an isomorphism on Khovanov homology follows
the same approach as in the case of >, as the proof of invariance of Khovanov
homology under Reidemeister move III in RP? is carried out similarly to that in S>.

To verify that it sends canonical generators to canonical generators, we need to
consider different cases depending on how each strand is oriented and how these
strands are connected outside the local region in the twisted oriented resolution.
This requires more case analysis than the proof in 3, because the link diagram lies
in RP2. We will illustrate one example and leave the rest to the reader.
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Figure 15. Definition of p’ for R-III moves.

The definition of the map p’ : CBN(Dy) — CBN(D) is the same as that in [15],
which is recalled in Figure 15. The grading-preserving part of p’ gives the induced
map by Reidemeister move III on the Khovanov homology in RP3, as discussed
above. Therefore, it remains to show

[p(so)] =[s] in HBN(Dy).

As in the proof in [15], three out of the four situations regarding relative ori-
entations lead to trivial checks. For the remaining relative orientation, there are
several more cases to examine than in [15], as the diagram lies in RP2. In these
additional cases, some of the d}, d}, d, and d, will be the 1-1 bifurcation map. As
an example, we consider the following orientation on the strands and connectivity
in the twisted oriented resolution, as shown in Figure 16. Note that the rule that
we use to assign labels a or b to each circle depends on the choice of the point p.
However, changing the position of p results in a uniform switch between a and b,
so it does not affect the argument. Here, we demonstrate one possibility of the
labeling for a specific choice of p lying in the indicated region in the diagram.

In this case, d| and dj are 1-1 bifurcations, d} is a 1-2 bifurcation, and dj is a 2-1
bifurcation. Let x be as shown in Figure 16. Then, by the computation in Figure 17,

[s)] =[x+ ()] and [sy]=[x+ B (x)].
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Figure 16. An example computation of p’ for a R-III move (left), with
given orientation and connectivity.

Therefore,

o' ([so]) = p'([x + BN =[x + B (x)] = [s4] in HBN(D)). O

Combining all the discussions in this section, we obtain a well-defined Bar-Natan
homology for twisted oriented null homologous links in RP3.

S22 3
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a@
(d5+A) - +

= x+ﬁ’(x)+sor
Figure 17. The homologous relation between x + '(x) with 5o, and
between x + B’(x) with s,/.
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Theorem 2.21. The Bar-Natan homology HBN(L) is a twisted oriented link invari-
ant for null homologous links in RP? as a bigraded vector space, with a canonical
basis given by

{so | 0 is a twisted orientation of L}.

Remark 2.22. When L is a null homologous knot, the usual proof for knot in S3,
showing that s, lies in homological grading 0, works here as well. This is because
we use the twisted orientation to define n, n_, and to form the resolution. For
links, the homological grading of s, can be determined from the linking number
between components of the covering link L in 3, with the orientation on L that
lifts the twisted orientation.

3. Cobordism maps on Bar-Natan homology in RP?

In the usual setting for Bar-Natan or Lee homology in S°, the reason one can
get some genus bound from the homology is that one can associate some filtered
chain maps to oriented cobordisms between links, which interact well with the
canonical generators of the homology given by the orientations, and the filtration
degree of the map is bounded by the Euler characteristic of the cobordism. The
guiding principle of this paper is to replace “orientation” with “twisted orientation’
throughout. Consequently, we need to develop a notion of twisted orientation on
cobordisms. The definition of twisted orientable cobordism should ensure that

2

it carries the twisted orientation from one end of the cobordism to the other end.
Specifically, when the cobordism is formed by attaching bands, the process should
be compatible with the twisted orientation. More formally, we provide the following
definition from the perspective of double covers in S>.

Definition 3.1. Let X : L — L’ be a cobordism between null homologous links L
and L’ in RP3 x I. A twisted orientation on ¥ is defined as an orientation on its
double cover & : L — L’ in S3 x I, which is reversed by the deck transformation
T:8% x I — §3 x I along the S3-direction. The cobordism X is said to be twisted
orientable if such a twisted orientation exists.

In particular, the double cover ¥ must be orientable if ¥ is twisted orientable.
This definition is natural in light of the definition of twisted orientation on null
homologous links in Definition 2.9.

Note that a twisted orientable cobordism in RIP? x I can be either orientable or
unorientable in the usual sense, and there are orientable/unorientable cobordisms
which are not twisted orientable, as demonstrated in the next example.

Example 3.2. Figure 18 illustrates examples of all four combinations of orientability
and twisted orientability of surface cobordism in RP* x 1.
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Figure 18. Different possibilities of twisted-orientability and usual ori-

— —

(a)@
(C)@
entability of a band attachment. Top left: unorientable and twisted
orientable. Top right: orientable and twisted orientable. Bottom left:

unorientable and not twisted orientable. Bottom right: orientable and not
twisted orientable.

The cobordism in (a) is twisted orientable, with the arrows indicating twisted
orientations on the boundary knots. The band is added in a manner compatible with
the twisted orientations. However, this cobordism is unorientable in the usual sense,
as it is topologically a M&bius band with a disk removed.

The cobordism in (b) is both twisted orientable and orientable in the usual sense.

The cobordism in (c) is neither twisted orientable nor orientable in the usual sense.

The cobordism in (d) is not twisted orientable. Here, the arrows represent usual
orientations on the boundary knots, and the band is added in a way compatible with
these orientations, making this cobordism orientable in the usual sense.

Now, we will prove an analogous statement about the interaction between twisted
orientable cobordisms and the canonical generators of Bar-Natan homology gener-
ated by twisted orientations. The idea is to decompose the cobordism ¥ into elemen-
tary pieces, corresponding to Reidemeister moves and a single handle attachment.
To achieve this, we first prove that the twisted orientation on ¥ descends to a twisted
orientation on each elementary piece, as well as its input and output boundaries.

Lemma 3.3. Suppose ¥ : L — L’ is a twisted orientable cobordism between null
homologous links L and L' in RP3 x I. We have the decomposition

Y=3X10Xp0---02X,,

where each X; corresponds to either a Reidemeister move or a single handle
attachment. Let L; denote the output boundary of the composition ¥10¥y0---0%;,
with Lo = L and L, = L'. Then, a twisted orientation on X restricts to a twisted
orientation on each %; and L;.

Proof. Consider the double cover of the decomposition

~

i:io%o---ozn,
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where each ; corresponds to performing a pair of equivariant Reidemeister moves,
or attachmg a pair of equivariant handles. A twisted orientation on X is an orientation
on ¥ which is reversed under the action of the deck transformation 7 in the S3-
direction. Since the action of 7 is fiberwise in the S direction of S* x I, such an
orientation on 3 restricts to an orientation on each i, which is also reversed by 7.
Consequently, the twisted orientation on X restricts to each X;.

As for the links L;, we again look at the double cover l: Since these are
regular fibers of the projection from S to I, a tubular neighborhood of Liin £ is
homeomorphic to Ij i X [—¢€, €], where t acts trivially in the [—e, €]-direction, as T
is a fiberwise action. However, T acts in an orientation-reversing manner on the
neighborhood L X [—e€, €], so it must reverse the orientation on L Hence, we
obtain a twisted orientation on L;. (|

Remark 3.4. In particular, the above lemma implies that every component of L;
is null homologous, since L; is twisted orientable. Hence, HBN(L;) is nontrivial
for each i. Note that not all closed loops in ¥ are null homologous; for example,
the fiber over the critical value of a 1-handle attachment could have a tubular
neighborhood homeomorphic to a Mobius band, as seen in (a) of Figure 18. In this
case, the action of 7 on a tubular neighborhood L x [—e, €] is the usual covering
map from an annulus to a Mobius band, which is nontrivial in the [—e, €]-direction
and orientation-preserving when restricted to L.

Now, we can prove the analogous statement about the effect of the maps induced
by twisted orientable cobordisms on Bar-Natan homology in RIP3.

Proposition 3.5. Suppose . : L — L' is a twisted orientable cobordism between
null homologous links L and L in RP? x 1. Then, one can define a filtered chain
map of degree x (X),

p3IS CBN*,*(L) — CBN*,*(L/)’
such that
(*) FE ([S()]) = Z [s()i /]7

for} "

where o is a twisted orientation on L, {0;} is the set of twisted orientations on X
that restrict to o on L, i,/ is the restriction of such twisted orientations on L,
and s, (respectively Soi, ) are the corresponding canonical generators of HBN(L)
(respectively HBN(L')) defined as in Definition 2.14.
Proof. As in the proof of the analogous statement in [15], we divide the cobordism X
into elementary pieces, define the map for each piece, and verify that the desired
properties hold for each piece. The above lemma shows that each elementary piece
of ¥ is twisted orientable between twisted orientable links. See also Theorem 5.5
in [13] for a similar statement in the context of Lee homology in RP3.
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Figure 19. Local picture near a 1-handle attachment.

Recall Definition 2.12, where we describe the rules for assigning a and b to each
circle in the twisted oriented resolution for the definition of s,. In doing so, we
need to choose a point p on the essential unknot U;, which is away from the link
diagram. Similarly, here we will choose a point p, such that p x I C RP3 x I is
away from the cobordism X. This chosen p will serve as the reference point when
discussing the canonical generators in HBN(L;) for each L;.

The cobordism X can be expressed as the composition of a sequence of Rei-
demeister cobordisms and elementary Morse cobordisms. For the Reidemeister
cobordisms, we will use the map p’ defined in Proposition 2.20. Each of these
Reidemeister cobordisms is topologically a cylinder with Euler characteristic 0, and
there is a unique twisted orientation on it that extends the given twisted orientation
on the input. Proposition 2.20 shows that these maps satisfy ().

Elementary Morse cobordisms are given by attaching 0-, 1-, or 2-handles. For
the 0- and 2-handle attachments, which are local, we use the unit and counit maps:

t:F—>V, n:V->F

in the Frobenius algebra structure of V, as defined in Definition 2.1. The twisted ori-
entability condition imposes no further restrictions on 0- and 2-handle attachments,
as they correspond to attaching a pair of disjoint 0- and 2-handles in the double cover,
where T acts by switching the two copies. Such cobordisms are always twisted
orientable, with a twisted orientation being a pair of opposite orientations on the two
copies of the handles in the double cover. It is trivial to check that the desired prop-
erties hold for these cobordism maps, as in the usual case for cobordisms in 3 x I.

For the 1-handle attachments, we will use m, A, and f on each smoothing of the
cube of resolutions, depending on whether it is a 2-1, 1-2, or 1-1 bifurcation in each
resolution. Each of m, A, and f is a filtered map of degree —1, and the proof that
such a definition gives a chain map is the same as checking d?> = 0 in the Bar-Natan
chain complex, which is covered in Lemma 2.4 and the discussion following it.

It remains to show that the canonical generators associated with twisted orien-
tations behave properly under such maps. Again, the reason this works is that we
attach 1-handles that are compatible with the twisted orientation. In particular,
homologically essential knots are not created during the process of attaching 1-
handles. More explicitly, the twisted orientations on the two arcs where we attach
the 1-handle are as shown in Figure 19. Adding the 1-handle changes a twisted
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(b) 7 acts by © 5 T acts by
@ O OO D rotating rotating
AV A = I G B
flipping
Figure 20. Action of T on a pair of equivariant 1-handles.

oriented resolution into another twisted oriented resolution. There are three possible
cases for how these two arcs are connected in the twisted orientation resolution:

(1) The two arcs af and yé belong to the same circle in the twisted orientation
resolution, and « is adjacent to y on the circle. In this case, the induced map by
the 1-handle attachment is A, such that

Ala)=a®a, ADbD)=bRDb,

which proves that Fx ([s,]) = [s./] in this case.

(2) The two arcs af and yé belong to the same circle in the twisted orientation
resolution, but « is adjacent to § on the circle. In this case, the induced map by the
1-handle attachment is f, such that

f@=a, f[f)=Db,
so Fx([s,]) = [s,] as well.

(3) The two arcs o and yé belong to different circles in the twisted oriented
resolution. The labels on these two circles in s, will be the same, by the rule in
Definition 2.12. In this case, the induced map by the 1-handle attachment is m,
such that

ma@®a)=a, mMbRb)=0>b,

so Fx([so]) = [so].

In terms of the set of twisted orientations on X; extending the given one on the
boundary, we note the following. If ¥; represents a 1-handle attachment that splits
one circle into two circles, then it is topologically a pair-of-pants. A priori, there
are two different possibilities for the covering i as shown in Figure 20(a) and (b).
It is either a disjoint union of two pairs-of-pants where the action t switches the
two components, as shown in (a), or an annulus with two disks removed, as shown
in (b), where the action of t is a rotation by 180°. However, T acts in an orientation-
preserving way in case (b), so this possibility is ruled out by the assumption that
¥ is twisted orientable. The situation for a 1-handle attachment that merges two
circles into one circle is exactly the same, by turning the cobordism upside down.
For a 1-handle attachment that twists one circle into another, the covering ¥; is
again an annulus with two disks removed, as shown in (c) of Figure 20, while the
action 7 is different: it is the usual covering map from an annulus to a M&bius band.
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After this clarification, the rest of the proof follows exactly in the same way
as in [15]. For X; representing a 1-handle attachment that splits a circle into two
or twists a circle, there is a unique twisted orientation on X; that extends the
twisted orientation on the input boundary. If 3; represents a 1-handle attachment
merging two circles into one, then depending on which components these two
circles belong to, either all twisted orientations on the input have a unique extension
to X;, or half of them have a unique extension. In the latter case,

FE,’ (SO) = O,
for twisted orientations o on the input which do not extend to ;. ([

Remark 3.6. We won’t discuss the functoriality issue of cobordism maps in this
paper, i.e., whether the map Fy is well defined up to filtered chain homotopy. The
existence of such a map Fy with the stated property is enough to prove some genus
bound.

If we restrict to connected cobordisms between null homologous knots, we obtain
the following immediate corollary, which is what we need for the genus bound.

Corollary 3.7. If L and L' are both null homologous knots and X is a connected,
twisted orientable cobordism between them in RP? x I, then

Fs([s0]) = [s0/],
where 0’ is the restriction of the unique twisted orientation on ¥ that extends o, and
Fs. : HBN(L) — HBN(L")

is an isomorphism of filtration degree x (X).

4. The s-invariant and genus bound

In the previous two sections, we have proven all the formal properties of the Bar-
Natan homology required to define the s-invariant and bound slice genus. We
summarize the results in this section, following exactly the same procedure as
in the case of Bar-Natan or Lee homology in S3. The only difference is that the
class for which we obtain a genus bound is the class of twisted orientable slice
surfaces of null homologous knot in RPP* x 1, rather than orientable slice surfaces.
The treatment here closely follows the summary of the s-invariant for Bar-Natan
homology in $3 in Section 2 of [9].

Suppose L is a twisted oriented null homologous link in RP3. Denote its Bar-
Natan chain complex by C, (L) = CBN, . (L). Consider this finite-length filtration
by the quantum grading on C(L):

0C---CFy1C(L) C F,C(L) C Fy_1C(L) C---C C(L),
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where F,C(L) = @qu C, j(L). Note that due to the possible existence of 1-1
bifurcation in the edge map, which twists one circle into another circle, the parity of
the quantum grading is no longer the same on the chain complex C, (L). Therefore,
we increase the filtration degree g by 1 at each step, instead of by 2 as in the case
of Bar-Natan chain complex for links in S3. The differential map of the chain
complex C respects the filtration in the quantum grading, as in the usual case
for m, A, and we choose the map f : V — V[1] to be filtered in its definition, so
each F,C(L) is a subcomplex.

Definition 4.1. Let K be a twisted oriented null homologous knot in RP3. Define
Smin(K) =max{g € Z | i, : H(F,C(K)) - H(C(K)) = F? is surjective},
Smax(K) =max{q € Z | iy : H(F,C(K)) - H(C(K)) = F? is nonzero}.

Lemma 4.2. We have spax(K) = Smin(K) + 2.

Proof. The same argument as in Proposition 2.6 of [9] applies here with a slight
modification, so we provide only a sketch.

Consider the involution I : C(K) — C(K), which is induced by this involution
on the Frobenius algebra V:

I(a)=b, I1(b)=a.
In terms of the basis {1, x}, this is
I(M)=1, Ix)=1+x.

Thus, I induces the identity map on the associated graded complex.

Choose a cycle y € F;,, (k)C(K), such that {y, I (y)} forms a basis of H(C(K)).
Since the lowest grading parts of a and I (a) are the same, and the grading non-
preserving part of the map / on C(K) raises the grading by at least 2, we have
y+1(y) € Fynk)+2C (K). Hence,

Smax (K) > Smin(K) 4 2.

The proof of the inequality in the other direction follows exactly the same argu-
ment as for the s-invariant of the usual Bar-Natan homology, since taking the con-
nected sum with a local unknot is a local operation, and the Bar-Natan chain complex
behaves in the same way as in the case of S* with respect to this local operation. [J

Hence, we can define the Bar-Natan s-invariant for null homologous knot in RP?
as usual.

Definition 4.3. Let K be a null homologous knot in RP3. The Bar Natan s-invariant
of K, is defined as

s (K) = 3 (Smin(K) + $max (K)).



BAR-NATAN HOMOLOGY FOR NULL HOMOLOGOUS LINKS IN RP3 263

It is well defined, as we have verified that the maps induced by Reidemeister
moves are filtered maps of filtration degree 0 in Proposition 2.20. Additionally, it
does not depend on the twisted orientation on K, since the effect of reversing the
twisted orientation is the same as switching a and b.

This s-invariant sul_ijg3 satisfies similar properties to those of the usual s-invariants.
We summarize some of them here. Compare also with the corresponding statements
about the s-invariant defined using the Lee deformation in [13].

Proposition 4.4. If K is a local knot in RP3, that is, it is contained in some ball B>
in RP3, then

spa(K) = s"N(K),

where sBN(K) denotes the s-invariants from the Bar-Natan homology for knots
in 83 over the field F = F,.

Proof. A local knot is, in particular, null homologous, so we can define sﬂgﬁ;ﬁ (K)
for it. For a local knot, the notion of twisted orientation agrees with the usual
notion of orientation, as we can draw a knot diagram for it that does not intersect
the essential unknot U; at all, so no reversal of the arrow is needed. Therefore, the
notions of n4 and n_ with respect to the twisted orientation agree with the usual
notions of n and n_. Additionally, there will be no 1-1 bifurcation appearing in the
Bar-Natan chain complex for the knot diagram away from Uj. Thus, the notion s3N

RP?
exactly matches with the usual notion of sBN(K) when viewing K as aknotin S®. O

Proposition 4.5. Let m(K) be the mirror of a null homologous knot in RP3, i.e., it

is obtained by switching positive crossings with negative crossings in a knot diagram
of K. Then,

spNs(m(K)) = —spis (K).
Proof. The usual argument, as in Proposition 3.9 of [15], using the dual chain

complex works here as well, with the dual map of f = idy being the identity
f*=idy+ on V*. O

Proposition 4.6. If K is a null homologous knot in RP* and K; is a local knot
in RP3, then we can form the connected sum

K #K; C RP?# §° = RP?,
and we have

spoe (K #Kp) = spis (K) 45N (K)),

where again sBN(K)) is the s-invariant of K; using the Bar-Natan homology in S>
over the field F = [F».
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Proof. The same proof as in Proposition 3.11 of [15] works. Note that a twisted
orientation on K and an orientation on K; gives a twisted orientation on K # K;, pro-
vided they are compatible on the two arcs where the connected sum is performed. [

Proposition 4.7. If K is positive with respect to the twisted orientation, that is, if
_ =0 as counted using a twisted orientation on K, then we have the usual formula

BN

for its Spps s-invariant:

Rp3(K)__k+”+1

where n is the number of crossings of K, and k is the number of circles in the twisted
oriented resolution of K.

Proof. Exactly the same proof as in Section 5.2 of [15] works as well, with the
word “orientation” replaced everywhere by “twisted orientation”. ([

Now, we discuss the genus bound that can be obtained using the s-invariant sB"I;I

Definition 4.8. Let K be a null homologous knot in RP?. A surface ¥ in RP? x I
is a twisted orientable slice surface of K if it is connected, twisted orientable,
and satisfies

IT=XNRP*x {0) =K

The most straightforward result that can be written down is in terms of the Euler
characteristic.

Proposition 4.9. If X is a twisted orientable slice surface of a null homologous
knot K in RP3, then

—x(2) = sBN(K)).

Proof. 1t is a straightforward corollary of Corollary 3.7 applied to cobordisms
from K to the trivial unknot U, and the fact SRP3(U ) = 0. Check Corollary 2.7
in [9] for a detailed explanation. O

The genus bound will depend on whether the twisted orientable slice surface is
orientable in the usual sense, as the formulas for the Euler characteristic from the
genus differ in these two case.

Corollary 4.10. If ¥ is a twisted orientable slice surface of a null homologous
knot K in [R{[P’3, then

K if X is unorientable;
. R[,3,3( i
| Spps N(K)| if T is orientable.
As the class of twisted orientable slice surfaces is different from the usual notion
of slice genus in RP3 x 1, it is natural to expect that this s (K ) provides different

information than the s-invariant defined for knots in RP? usmg the Lee deformation,
as in [13]. We illustrate the difference in the following example.
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twisted
oriented
resolution
—_—

Figure 21. An example of difference in twisted orientable slice surface
and usual orientable slice surface.

Example 4.11. Consider the following null homologous knot K as drawn in (a)
of Figure 21. It is a positive knot with respect to the twisted orientation, with four
crossings, and two circles in the twisted oriented resolution. By Proposition 4.7,
we have

s£g3=—2+4+1=3.

A twisted orientable slice surface of K with x = —3 is drawn in (b) of Figure 21,
obtained by adding three bands compatible with the twisted orientation.

Therefore, a twisted orientable slice surface X of K that is actually orientable
should have

g(%) >3,

so it must have genus at least 2. However, there exists a orientable slice surface
of K in the usual sense, which has genus 1, as shown in (c¢) of Figure 21. Note that
the arrows in (b) represent a twisted orientation, while the arrows in (c) represent a
usual orientation.

By inserting more and more full twists in this example, we obtain a family of
null homologous knots K, in RP?, whose two s-invariants, sﬁ% (K) and s;_‘;g;i(K ),
defined using the Bar-Natan and Lee deformation, respectively, can have arbitrarily
large differences in their absolute values. Here, s;_\;g;(l( ) refers to the s-invariant
defined in [13] using the Lee deformation. See Figure 22 for a diagram of K,,. Itis a
positive knot with respect to the twisted orientation and a negative knot with respect

to the usual orientation. It has 2n + 2 crossings, and the twisted oriented resolution
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2n+1
crossings

2n+1 I
crossings '

Figure 22. An example of knots with different |s£g3 | and |ng7;§3 |. Top left:
K, with a twisted orientation. Top right: a twisted oriented resolution
of K,,. Bottom left: K,, with a usual orientation. Bottom right: an oriented

resolution of K,,.

has two circles, while the oriented resolution has 2n + 1 circles. Therefore,
Ispps (Kl = =24 Q2n+2)+ 1| =2n+1,

|S;§§DB3(K")| =|—-(-Cn+1)+Cn+2)+ 1| =2.

5. Further directions

We discuss several further directions to explore, listed in ascending order of scope.

 In [13], Manolescu and Willis defined the Lee homology and s-invariant for both
null homologous and homologically essential links (class-0 and class-1 links in
their notion), while we only defined the Bar-Natan homology and s-invariant for
null homologous links. It is natural to ask what the counterpart for homologically
essential links should be using Bar-Natan homology. Note that the algebraic
structures of Khovanov homology (and Lee homology) for null homologous and
homologically essential links are quite different. In any resolution of the link
diagram of a homologically essential link, there will be a homologically essential
unknot, and no 1-1 bifurcation will occur in the edge maps. Thus, instead of the
extra map f : V — V, what we require in the homologically essential case is a
bimodule over the Frobenius algebra V', which will be assigned to the homologically
essential unknot in each resolution.

 Naturally, one would like to ask how this Bar-Natan chain complex CBN(L) is
related to an equivariant version of the Bar-Natan chain complex CBN(Z) of the
double cover L of L in $3, and also the similar question for the Khovanov chain
complex. When Lis periodic or strongly invertible, there is a lot of work relating
the Khovanov chain complex/stable homotopy type of the quotient link to the
corresponding chain complex/stable homotopy type of the link itself with the action.
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See, for example, [3; 16] for periodic links, and [10; 11] for strongly invertible
knots. Since the Bar-Natan homology is much easier to describe than the Khovanov
homology, we do obtain an inequality at the level of Bar-Natan homology:

dim(HBN(L)) < dim(HBN(L)),

where HBN(L) is the Bar-Natan homology of a null homologous link L in RP
defined in this paper, and HBN(L) is the usual Bar-Natan homology for links
in S3. The reason is simple: as proved in Proposition 2.16, HBN(L) has a basis
identified with the set of twisted orientations on L, which is by definition a subset of
orientations on Z, and HBN(Z) has a basis identified with the set of all orientations
on L. This suggests a possibility of a spectral sequence relating HBN(L) and
HBN(Z), and perhaps for the Khovanov homology as well. One possible starting
point is to look at a link diagram of L as the closure of T o F (T), as in Figure 8, on
which one can formally define an action of the involution 7 on the chain complex
level for CBN(L) and CKh(L).

o For knots in S, the Lee and Bar-Natan deformation of the usual Khovanov ho-
mology are closely related to each other. For example, if [ is a field of characteristic
other than 2, then the s-invariant defined using the Bar-Natan deformation agrees
with that defined using the Lee deformation. See Proposition 3.1 in [12]. However,
in RP?, the behavior is quite different. For example, the class of slice surfaces whose
genus is bounded by the s-invariant is not the same. The reason for this difference
lies in the assignment of the map to the 1-1 bifurcation: it is the identity map in the
Bar-Natan deformation, while it is 0 in the Lee deformation. It might be interesting to
look at other extensions of the s-invariants to 3-manifolds using the Lee deformation,
e.g., [7] for S' x D?, [14] for connected sums of S! x §2, and see what happens if
one uses the Bar-Natan deformation instead of the Lee deformation in these cases.
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ON PRINCIPAL SERIES REPRESENTATIONS
OF QUASI-SPLIT REDUCTIVE p-ADIC GROUPS

MAARTEN SOLLEVELD

Let G be a quasi-split reductive group over a non-archimedean local field.
We establish a local Langlands correspondence for all irreducible smooth
complex G-representations in the principal series. The parametrization
map is injective, and its image is an explicitly described set of enhanced L-
parameters. Our correspondence is determined by the choice of a Whittaker
datum for G, and it is canonical given that choice.

We show that our parametrization satisfies many expected properties,
among others with respect to the enhanced L-parameters of generic repre-
sentations, temperedness, cuspidal supports and central characters. Our
correspondence lifts to a categorical level, where it makes the appropriate
Bernstein blocks of G-representations naturally equivalent to module cate-
gories of Hecke algebras coming from Langlands parameters. Along the way
we characterize genericity of G-representations in terms of representations
of an affine Hecke algebra.
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Introduction

Consider a quasi-split reductive group G = G(F) over a non-archimedean local
field F. Let Rep(G) be the category of smooth G-representations on complex
vector spaces and let Irr(G) be the set of equivalence classes of irreducible represen-
tations in Rep(G). The conjectural local Langlands correspondence (LLC) asserts
that Irr(G) is canonically partitioned into finite L-packets I14(G), indexed by L-
parameters ¢. Some time after the initial formulation in [10], it was realized that
14 (G) should be parametrized by the set of irreducible representations of a finite
component group Ry. These conjectures have motivated a large part of the study of
reductive groups over local fields in past decades; see the surveys [1; 10; 24; 26; 53].

This paper establishes a local Langlands correspondence for the most accessible
class of G-representations, those in the principal series. To formulate the result
precisely, we quickly recall some relevant notions.

Let T C G be the centralizer of a maximal F-split torus in G, or equivalently a
minimal Levi subgroup of G. Then T is itself a torus because G is quasi-split, and
T is unique up to conjugation. Any representation of G that can be obtained from
a smooth representation of 7' by parabolic induction and then taking a subquotient
is called a principal series G-representation. These representations form a product
of Bernstein blocks in Rep(G). We denote the set of irreducible principal series
G-representations by Irr(G, T). We warn that some L-packets contain elements of
Irr(G, T) and also other elements of Irr(G).

It has turned out that the representation p, of Ry associated to a given 7 € Irr(G)
is not canonically determined. To specify it uniquely one needs additional input,
namely a Whittaker datum for G. Such a Whittaker datum can be used to normalize
relevant intertwining operators, which then determine exactly how p, € Irr(Ryp)
is related to 7. For non-quasi-split groups G such a normalization should also be
possible [24, Conjecture 2.5], but it is much more involved.

We fix a Borel subgroup B =T U and a nondegenerate character & of the unipotent
radical U of B. Then (U, &), or rather its G-conjugacy class, is a Whittaker datum
for G. Recall that & € Irr(G) is called (U, &)-generic if Homy (7, £) is nonzero.

Let Wi be the Weil group of F, let G¥ be the complex dual group of G and let
LG = GV x W be the Langlands dual group. In this introduction (but not in the
body of the paper) we realize L-parameters for G as Weil-Deligne representations

¢:WrxC—LG.

Here W acts on C by w-z = ||w|| z, where |w| € pZ is determined by w(x) = x1®I
for all x in an algebraic closure of the residue field of F. The appropriate component
group of such an L-parameter is

Ry = 70(Zgv (¢ (Wp x ©))/Z(GV)WT),
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where Z(G") denotes the center of GV. An enhancement of ¢ is an irreducible Ry-
representation. Let ®,(G) be the set of enhanced L-parameters for G, considered
up to G-conjugacy. An element (¢, p) € ®.(G) belongs to the principal series if
its cuspidal support is an enhanced L-parameter for 7. More explicitly, that means

o ¢(Wp) is contained in 7Y x Wg (or some G"-conjugate of 7" x W, because
¢ is only given up to G -conjugacy),
e p appears in the homology of a certain variety of Borel subgroups.
We denote the subset of ®,(G) associated to the principal series by ®,.(G, T'). For
a given ¢ it may happen that some enhancements yield elements of ®,(G, T'), while

other enhancements bring us outside ®,.(G, T).
Our main result is a canonical LLC for principal series representations:

Theorem A (see Section 7). The Whittaker datum (U, &) determines a canonical
bijection

IIT(G, T)(—)q)e(G, T)v 7T(¢, /0) <_|(¢’p)a T = (¢7t’p7f)’

with the following properties:

(@) (9, p)is (U, &)-generic if and only if p is trivial and ug = ¢ (1, 1) lies in the
dense Zgv (¢ (Wg))-orbit in

{ve GY :vis unipotent amiqb(w)vqb(w)_1 =ylvl forall w € Wg}.
(b) (¢, p) is tempered (resp. essentially square integrable) if and only if ¢ is
bounded (resp. discrete).
(c) The bijection is compatible with the cuspidal support maps on both sides.
(d) The bijection is equivariant for the canonical actions of H YWg, Z(GY)).

(e) The bijection is compatible with the Langlands classification and (for tempered
representations) with parabolic induction.

All Borel’s desiderata from [10, §10] are satisfied. When m is given, ¢, is uniquely
determined by (a)—(e) and the local Langlands correspondence for tori.

For nonsplit quasi-split groups, the vast majority of the groups under considera-
tion here, very little in this direction was previously known. On the other hand, for
split groups many instances of Theorem A have been established before:

» Kazhdan and Lusztig [25] established a bijection with properties (b) and (e) for
Iwahori-spherical representations, assuming that G is F-split and that Z(G) is
connected as an algebraic group. Their starting point is Borel’s description [9] of
those representations, in terms of Hecke algebras.
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e Reeder [38] extended [25] to Irr(G, T') when G is F-split, Z(G) is connected
and the residual characteristic p of F is not “too small”. This is based on work of
Roche [40] and includes properties (a), (b) and (e). We note that here the Whittaker
datum is unique up to G-conjugacy because Z(G) is connected.

 In [2] a (noncanonical) bijection satisfying properties (b), (d) and (e) was estab-
lished for Irr(G, T'), when G is F-split and p is not too small.

 For quasi-split unitary groups with p > 2 a (noncanonical) bijection was con-
structed by the author’s Ph.D. student Badea [7].

In all cases, a study of affine Hecke algebras constitutes the largest part of the
argument. Thanks to [1; 50], that technique is now available in complete generality
(even outside the principal series). The main novelties of this paper are:

¢ The construction of the LLC is canonical and uniform, over all non-archimedean
local fields F and all quasi-split reductive F-groups.

» We can handle generic representations, even when not all Whittaker data for G
are equivalent.

e Our LLC lifts to a categorical level, as follows. For each involved Bernstein
block of G-representations, the LLC comes from a canonical equivalence
between that block and the module category of a certain Hecke algebra defined
entirely in terms of Langlands parameters.

We will now discuss the content of the paper in more detail, at the same time
explaining parts of the proof of the main theorem.

We start with a Bernstein block Rep(G)® in the principal series, and a pro-
generator I, thereof. Via [50] Rep(G)® is equivalent to the module category of
some Hecke algebra Endg (IT5)°P, which we analyze in Section 1. We show that
Endg (I1;) is isomorphic to an affine Hecke algebra #(s) (extended with a twisted
group algebra), and we determine its g-parameters.

In Section 2 we involve the Whittaker datum, and that enables us to make the
aforementioned isomorphism canonical. In the same way we show that the twist in
the extension part of H(s) is actually trivial, so that it is an extended affine Hecke
algebra H(s)° x I';. Here the Bernstein group W, associated to Rep(G)® appears
as W(R.) x T's for a root system R, .

A continuation of this analysis yields a useful criterion for genericity in terms
of Hecke algebra modules. Let H(W (R)), q},) C H(s)° be the finite-dimensional
Iwahori—Hecke algebra from the Bernstein presentation of 7 (s)°, where g is the
cardinality of the residue field of F and A : R/ W, — Z> is a label function.
Recall that its Steinberg representation St is given by T, — —1 for every simple
reflection s, € W(R,). Let det: Wy, — {£1} be the determinant of the action of W,
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on the lattice of F-rational cocharacters of 7. We extend St to a one-dimensional
representation (still denoted St) of H(W(R,)), q}) x ['s by making it det on I'.

Theorem B (see Theorem 3.4). Suppose that w € Rep(G)*® has finite length. Then
w is (U, &)-generic if and only if the associated H(s)°P-module Homg (Ils, 1)
contains the Steinberg representation of (H(W(R,)), q}) X IT'5)°P.

The notion of principal series enhanced L-parameters is worked out in Section 4.
There we also recall the Hecke algebras on the Galois side of the LLC, from [6],
and we compute their g-parameters. Via the LLC for tori we associate to Rep(G)® a
unique Bernstein component d>e(G)sv of ®,(G, T). That yields an extended affine
Hecke algebra H(s", q;/ 2). The crucial step to pass from the p-adic side to the
Galois side of the LLC is:

Theorem C (see Theorem 5.4). There exists a canonical algebra isomorphism
H(s)P ZH(sY, q).

The above steps make Rep(G)® canonically equivalent to the module category
of H(s", q}p/z). In [6], Irr(H(s", q}p/z)) is parametrized by ®,(G)° . We want to
use that, but it does not quite suffice because we also need to keep track of genericity
of representations. Therefore we revisit several constructions from [6], in our setting
of the principal series. The main point of Section 6 is to show that through all
those steps the one-dimensional representation det of (7—[(W(R5v ), qﬁ) X F5)°p is
transformed into an analogous representation det for an extended graded Hecke
algebra. That enables us to normalize the parametrization of Irr(H(s", q}p/ 2)), so that
it matches generic representations with the desired kind of enhanced L-parameters.

With that settled the preparations are complete, and the bijection in Theorem A
is obtained as

Irr(G)* <> Irr(Endg (T5)*P) <> Iir(H(5)®) < Irr(H(s", ¢/°)) < . (G)° .
The properties of the bijection Irr(G, T) <> ®.(G, T), actually a few more than
mentioned already, are checked in the remainder of Section 7.

Several further research topics are suggested by the above theorems.

 Like in [2, §17], one would like to show that the LLC is functorial with respect
to those homomorphisms of reductive p-adic groups that have commutative kernel
and commutative cokernel. That should be doable with the methods from [48].
In particular that can be applied to automorphisms of G from conjugation with
elements of G,q(F'), and this will show how the LLC changes if one modifies the
Whittaker datum.

» Suppose that ¢ is discrete and Z(G) is compact. It is conjectured in [23] that
the formal degree of the square-integrable representation 7 (¢, p) equals dim(p)
times the adjoint y-factor of ¢ (with suitable normalizations on both sides). While
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this adjoint y-factor can be computed as in [18, Appendix A], it may be difficult to
determine this formal degree. The reason is that one would like to use a type, but
sometimes it is not known whether a type for the involved Bernstein block exists.

e Every L-packet conjecturally supports a stable distribution on G. For L-packets
that are entirely contained in Irr(G, T'), one could try to prove that the distribution
Zpelrr(R¢) dim(p) trw (¢, p) is stable.

e A modern geometric approach to the Langlands correspondence [16; 22; 55]
predicts that the derived category of Rep(G) embeds in a derived category of
coherent sheaves on a stack of Langlands parameters. It would be interesting to
transfer the obtained natural equivalence

Rep(G)® = Mod(H(s", q;/*))

to a setting with such coherent sheaves; this would establish a part of the conjectures
in [16; 22; 55]. It is reasonable to expect that can be done, because H(s", q}p/ 2) is
constructed from ®,(G)¢" and because on the underlying cuspidal level the local

Langlands correspondence for tori achieves it already.

1. Hecke algebras for principal series representations

Let F be a non-archimedean local field with ring of integers or. Let g be the
cardinality of the residue field. Let |- |r : F — Rso be the norm and fix an
element wp € op with norm qgl. We also fix a separable closure F; of F and we
let Wr C Gal(F;/F) be the Weil group. Field extensions of F will by default be
contained in Fj.

Let G be a quasi-split reductive F-group, where we include connectedness in
the definition of quasi-split. Let S be a maximal F-split torus in G. We write
G =G(F),S = S8(F), etcetera. Since G is F-quasi-split, the centralizer 7 of S
in G is a maximal F-torus. It is also a minimal F-Levi subgroup, a Levi factor of a
Borel subgroup B of G. The Weyl group of (G, S) and (G, S) is

W(G,8) = Ng(8)/Zg(S) = Ng(S)/T = Ng(S)/T = Ng(T)/T.

This is also the Weyl group of the root system R(G, S).

Let T¢p be the unique maximal compact subgroup of T and let X,.(T') be the
group of unramified characters of T, that is, the characters that are trivial on T¢p.
Pick any smooth character xo : T — C* and write x. = xolr,,- Then . determines
X (T) xo and conversely X, (T') xo determines ..

We denote the category of smooth G-representations on complex vector spaces
by Rep(G), and the set of equivalence classes of irreducible objects therein by Irr(G).
The set X (T)xo = Irr(T)*T (with s7 = [T, xolr) is also known as a Bernstein
component of Irr(7). From Irr(7)*" one derives a Bernstein component Irr(G)*,
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where s = [T, xolc. It consists of the irreducible subquotients of the normalized
parabolic inductions

IS () =ind§(x ®8y%)  with x € Xu(T) xo.

We recall that the Bernstein block Rep(G)*® is the full subcategory of Rep(G) made
up by the representations 7 such that every irreducible subquotient of 7 belongs
to Irr(G)*. The standard way to classify Irr(G)® is by describing Rep(G)® as the
module category of a Hecke algebra, and then using the representation theory
of Hecke algebras. We do so with the method that provides maximal generality,
from [21; 50].

We denote smooth induction with compact supports by ind. The T -representation
indapl(xc) = X ®CIT / Tepe] is a progenerator of Rep(7')°”. By the first and second
adjointness theorems,

M = I (ind7, (X))

is a progenerator of Rep(G)®. Let Endg (I1,) be the algebra of G-endomorphisms
of I, acting from the left on I1,. Then the functors

(1-1) Rep(G)® <> Endg(I15) —Mod, p+— Homg(I1s, p), V ®gndg ) s <V,

are equivalences of categories [41, Theorem 1.8.2.1]. This is compatible with
parabolic induction, in the following sense. Let P = MR, (P) be a parabolic
subgroup of G, where B C P, M is a Levi factor of P and T C M. The diagram

Rep(G)* ——— Endg(I1;) — Mod
-2 T Tz,
Rep(M)* —— Endp(I1s,,) —Mod

commutes; see [47, Condition 4.1 and Lemma 5.1].

The algebra Endg (ITs) was investigated in [50], in larger generality. We will
make it more explicit in the current setting. Since dim xo = 1, x|z, is irreducible
and we may use [50, §10] with E = E; =C and 0] = 0'|Tcm = X.. For comparison
with [50] we also note that the group

Xor (T, x0) = {x € Xor(T) : x ® x0 = X0}

1s trivial. We write
W = Staby g,s)(s7) = Stabw g,s)(Xur(T) x0) = Stabw (g.s)(Xc)-
This group acts naturally on the complex variety

Ts := x0Xn(T)
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by (w- x)(t) = x(w™'tw). The theory of the Bernstein center [8] says that
Z(Rep(G)®) = Z(Endg (I15)) = O(Xune(T) x0)"* = O(Xur(T) x0/ We).

The algebra Endg (I1;) contains O(Xn(T)x0) = O(T;) as maximal commuta-
tive subalgebra, and as a module over that subalgebra it is free with the basis
{Ny : w e W} [50, Theorem 10.9].

We note that the inertial equivalence class s for G can arise from different
inertial equivalence classes for 7. Namely, the possibilities are wsy = [T, wxolr
with w € W(G, §). Thus ws = s as inertial equivalence classes for G, but they
are represented by different subsets of Irr(7). For any w € W(G, S), the G-
representations I1; and IT,,; = IBG (ind;m(w X¢)) are isomorphic; see [39, §VI.10.1].
That yields an algebra isomorphism

(1-3) Endg (I15) = Endg (ITys),

unique up to inner automorphisms of Endg(Ils). In principle that suffices to
compare the functors Homg (I1s, ?) and Homg (ITys, 7) on the level of isomorphism
classes of representations. Nevertheless, we will have to make (1-3) explicit later,
and we prepare for that now.

Proposition 1.1. Let w € W(G, S) be of minimal length in wW;. The isomorphism
[l = Iy can be chosen so that the induced algebra isomorphism (1-3) restricts to

O(T,) — O(Typs), fr> fow L.

Proof. Let w = s, --- 5251 be a reduced expression in the Weyl group W (G, S).
Then each simple reflection s; has minimal length in s; Wy, .5 5. In this way we
reduce the proposition to the case w = s, for a simple root « € W(G, S), with
SaST ;é ST.

Let G, C G be the subgroup generated by T UU, UU_,. As

Gy
My =I5 IBmGamd{m( Xe)

and similarly for IT,, it suffices to work with the reductive group G, and its
Borel subgroup B N G. Equivalently, we may (and will) assume that R(G, S) has
rank one. In this rank-one setting, an isomorphism

(1-4) s =T,

is exhibited in [39, Lemme VI.10.1]. We analyze that construction.
By [39, Corollaire VII.1.3],

(1-5) 1 g :Rep(T)°" — Rep(G)” is an equivalence of categories.
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Let J7 G : Rep(G) — Rep(T) be the normalized Jacquet restriction functor with
respect to the opposite Borel subgroup B. As sy # s,57, Bernstein’s geometric
lemma [39, Théoréme VI.5.1] entails that

(1-6) nggn = @s;l - forall = € Rep(T)*".

Let pr,, : Rep(T) — Rep(T')*" be the projection provided by the Bernstein decom-
position. From (1-6) we see that

(1-7) prs, Jg :Rep(G)® — Rep(T)*" is the inverse of (1-5).

It follows (slightly varying from the proof of [39, Lemme VI.10.1] by using B
instead of B) that (1-4) is determined by the choice of a T-isomorphism
(1-8) Pro, J5 My,s = ind7, (Xe)-

sTY B

Pick a representative for s, in N (T'). From (1-6) with m = 1ndT (sq Xc) We see that
evaluation at s, in Ig 1ndT (sa Xc) provides an isomorphism of T -representations

(1-9) evy, ! prEJI§ M,s — s(; -inchpl(saxc).
Further we have a canonical 7'-isomorphism

(1-10) Loind] (saxe) > indf, (xe).  f > [t flsatsy ],

The composition of (1-9) and (1-10) gives us (1-8). Applying (1-5), we obtain (1-4).
The subalgebra O(T;) of Endg(I1,) arises as Ig((’)(Ts)), where O(T;) acts on
ind{pt( Xc) = O(T;) by multiplication; see [50]. From (1-10), s ! - ind,ﬂm (Se Xe) 8
naturally isomorphic to the regular representation of O(75).
Similarly O(Ty) acts on de (Sa Xc) = O(Tys) by multiplication, and it be-
comes a subalgebra of Endg (I, 5) via I G From (1-6) we see that its action
on sa 1ndTCpl (Sa Xc), obtained via ng G s

L O(T,s) — O(Ty)

followed by the regular representation. In other words, the action of f € O(7;) on
Se 1ndT (sa xc) via (1-8) coincides with the action of s, (f) = f o s_1 e O(Ty)
on s, 1ndT (saxc) via (1-10). Applying the normalized parabolic induction
functor 15, we find that IS (f) € Endg(T1,) is transformed into 1§ (f os, ') €
Endg (Iy,5) by (1-4). O

We resume the analysis of End(I1;) with s = [T, xolg. Let R; , be the set
of roots @ € R(G,S) for which Harish-Chandra’s function u, is not constant
on X, (T) xo. Then R; , is a root system and W (R; ;) is a normal subgroup of W;
[21, Proposition 1.3]. As explained in [50, §3], we can modify xq inside X,(T") xo
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so that W(R; ) fixes xo. Let Rﬁ‘f ., be the positive system determined by the chosen
Borel subgroup B of G. Then

Ws = W(Rs,u) X T,

where I'; denotes the stabilizer of R; M in W;. Following [50, §3], we use the lattice
T/Tep = X*(Xne(T)), and the dual lattice (7'/ Tcpt)v = Xy (Xue(T)). For o € Rs
let i, be the unique generator of 7'/ Tep N Qo™ such that |a(hy)|F > 1. We put

R/ =1{h) ¢ €R;,}C T/ Tep
and we let R; C (T'/ Tcpt)v be the dual root system. By [50, Proposition 3.1],
Rﬁ = (R;/7 T/ TCptv Rﬁv (T/Tcpt)v)

is a root datum with Weyl group W(R_) = W(Rs, ). Moreover W, acts naturally
on R and I's is the W;-stabilizer of the basis of R determined by B.

The complex variety T, is isomorphic to X,(7) via multiplication with xo.
Let #(s)° be the vector space O(T;) ® C[W(R,)], identified with the vector
space O(Xn(T)) @ C[W(R,)] via X (T) — T;s. Given label functions A, A*
and g € C*, we build the affine Hecke algebra H(Rs, X, A*, ¢) (see, for instance,
[3, Proposition 2.2] with z; specialized to ¢). Via the above isomorphism of vector
spaces we make H(s)° into an algebra which is isomorphic to H(Rs, A, A*, ¢). The
group I'; acts on H(s)° by algebra isomorphisms:

(1-11) y(f®w)=foy ' @ywy™, [eOT), weW(R)).
That gives rise to the crossed product algebra
H(s) :=H(s)° x [,

which we would like to be isomorphic with Endg (Is).

For s, with o € R, simple, and more generally for any w € W(R5v ), an
element N,, € Endg(I1;) is constructed in [50, Lemma 10.8 and remarks], it is
called q;Ma)/z T,
maximal compact subgroup K of G, associated to a special vertex in apartment
for 7 in the Bruhat-Tits building of (G, F).

For y € I's we have to be more careful, mainly because it need not fix xp.
(The group W, fixes xo when G is F-split, but the argument in that case does not
generalize to G that only split over a ramified extension of F'.) Since X (T, xo) =1,
there exists a unique x, € X, (T) such that y - xo = xo0 ® x,. Then x, is fixed
by W(R;) [50, Lemma 3.5]. The element J,, from [50, Theorem 10.9] comes
from A, in [50, §5]. From [50, start of §5.1] we see that A,, depends on x, (which

over there. It can be determined uniquely by the choice of a good
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is unique) and on some

py € Homz (¥ x0, X0 ® xy)-

For the latter we have a canonical choice, namely the identity on C. Apart from
that, A, depends only on the choice of K.

Theorem 1.2. The above intertwining operators N,,J, € Endg (Ils) give rise to an
algebra isomorphism

Endg (ITs) = H(s)° x C[Ts, ],

for a2-cocycle t; : F52 — C*, suitable Ws-invariant label functions A : R, — Z-.,
A1 R} — Z>o and q-base q;/ 2. This isomorphism is determined by the choice of a
maximal compact subgroup K of G.

Proof. The isomorphism between 7 (s)° and the subalgebra of Endg (I1s) generated
by O(T;) and the N, with w € W(R)) is given in [50, Theorem 10.9]. The
operators J,, (y €I's) in [50, Theorem 10.9] coincide with the A,, € Endg (I;) from
[50, §5.1]. The multiplication rules for the A, are given in [50, Proposition 5.2(a)].
As Xn (T, x0) = 1, we get

Ay Ay =1s(y, V/)Ayy’a Y, )// el

for some f;(y, y') € C*. By the associativity of the multiplication, g is a 2-cocycle.
The other parts of [50, Proposition 5.2] also simplify, because y,, is fixed by W (R,').
They show that

A, Ay, =A,, and A,A, =A,, for y € Ts, w € W(R)).
This implies
(1-12) AJVAGAy = Ay, = A1 Ay A,

In view of how N,, is constructed from A,, [50, §10], the relation (1-12) entails
A;leAy = N, -1, That and [50, (5.2)] show that I's acts on the image of H(s)°
in Endg(I1s) as in (1-11). Combining that with [50, Theorem 10.9] yields the
required algebra isomorphism. ([

We note that an important part of the structure of the algebra Endg (I1;) consvists
of the labels A (hy), A*(h,y) with & € R, ,,. Here the eigenvalues of N, are qé(h“)/ 2
and —q;k “’’”. When we recall the known formulas for these labels, it will be
convenient to consider all « € R(G, S) such that s, € Ws.

Suppose first that G is F-split. By [52, Proposition 4.3], « € R; , if and only if
xoa” : F* — C* is unramified. Further, by [52, Theorem 4.4],

(1-13) e (@) =1 @Y (wp ) =1
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Now we suppose that G quasi-split but not necessarily split. A special role is played
by pairs of roots in type 2A,,, such that the diagram automorphism permutes the
pair. We settle the other cases before we turn to those exceptional roots.

Let a7 € R(G, T) be a preimage of « € R(G, S) and let Wr - be its stabilizer.
The splitting field F, = FV7«7 of « is unique up to isomorphism. Let f(F,/F)
be the residual degree of F,/F.

Assuming that « is not exceptional, the issue can be reduced to (1-13). Indeed,
by [52, §4.2], « € R, if and only if x oa” : F — C* is unramified. Moreover,
by [52, Corollary 4.5],

(1-14) rMeY (@p") =2% " (@g") = f(Fu/F).

In most cases hy = oev(w;al) in T'/ T¢p, and sometimes Olv(ZD';ul) =(h))?in T/ Tep.
In the latter cases, for instance, PGL, (F),

(1-15) Ahy) = f(Fy/F) and A*(hy)=0.

The exceptional roots occur only when R, , has a component of type BC,, which
comes from a component of type A5, in R(G, S). Consider an indivisible root
a € R, which comes from two adjacent roots in 2As,. As explained in [52,
§4.2], the computation of the parameters for this o can be reduced to the quasi-
split group SU3(Fy / F»). Moreover, since the groups of unramified characters of
SUs(Fy/ Fay), Us(Fy/ Faq) and PU3(F,/ Fa,) are naturally identified, the reduc-
tions from [52, §2] apply to these groups in the strong sense that in these instances
of [52, Proposition 2.4] no doubling or halving of roots can occur. Consequently
the labels for « € R(G, S) are precisely f(F»y/F) times the labels for « as root
for U3 (Fy/Fa).

For Uz (Fy/ F»y) all g-parameters for principal series representations were com-
puted via types by Badea [7]. The outcome can be summarized as follows.

o If Fy/F>y is unramified and . is trivial on Tep N SU3(Fy /Fay ), then a € R;
and A(hy) =3, A*(hy) = 1.
o If Fy/F>, is unramified and y. is nontrivial on Tcp NSU3(Fy / Foq), thena € R;
and A(h)) =21*(hy) = 1.
o If F,/F5, is ramified, then o € R, ;, if and only if x oo¥ : F* — C* is nontrivial
on oféza. (We note that x2oa"| ox = 1 because sy xc = Xxc.) When this condition
is fulfilled, we have *

Me(@p) = 1@ (@g) = 1
and A(h)) =1, A*(hy) =0.
We warn that in [7] it is assumed throughout that the residual characteristic of F'
is not 2. For unramified characters x this restriction is not necessary, because in
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those cases the Hecke algebras and the parameters were already known from [9].
However, for other x the tricky calculations in [7, §2.7 and §5.2.1] do not work in
residual characteristic 2.

For F of arbitrary characteristic, the Hecke algebra parameters for Us(F,/Fay)
can also be determined via the endoscopic methods from [36]; see [52, Theorem 4.9].
That shows that the above formulas also apply when the residual characteristic of F
is 2.

2. Whittaker normalization

Unfortunately the isomorphism from Theorem 1.2 is not entirely canonical, because
it depends on a good maximal compact subgroup K of G, and often G has more
than one conjugacy class of such subgroups. Further, it may be expected that the
2-cocycle b of T is trivial, because G is quasi-split. We will fix both issues by
using a Whittaker datum. Let U be the unipotent radical of B (since all Borel
subgroups of G are conjugate, the choice of B is inessential.) Let £ : U — C* be
a nondegenerate smooth character, which means that it is nontrivial on every root
subgroup U, with a € R(G, S) simple. Then the G-conjugacy class of (U, &) is a
Whittaker datum for G.
Recall that a Whittaker functional for m € Rep(G) is an element of

Homy (7, £) = Homg (7, IndS é)),

where Ind denotes smooth induction. We say that 7 is generic, or more precisely
(U, &)-generic, if it admits a nonzero Whittaker functional. It is well known [42; 44]
that every representation / g (x) with x € Irr(T') is generic, and that its space of
Whittaker functionals has dimension one. For the upcoming arguments we need a
larger but modest supply of generic representations.

Proposition 2.1. Suppose that R(G, S) and R, have rank one. Then |W;| =2
and by Theorem 1.2 H(s) is an affine Hecke algebra with a unique positive root h,).
Let Styys) be the Steinberg representation of H(s), the unique essentially discrete
series representation with an O(T,)-weight of the form xola|y with s € R.

(a) The G-representation Sts := Sty(s) ®Endg(11,) s is generic.

(b) Suppose that A(h)) # 1*(hy}). In that case H(s) has a unique essentially

discrete series representation Sty )— with an O(Ty)-weight of the form X0|a|iF“+S
where s,a € R and |oe(hovl)|’}? = —1; see [49, §2.2]. Then the G-representation

Stg— 1= Sty (s)— Endg1,) [1s is generic.

(c) Suppose that the coroot of hy lies in 2(T [ Tep)" and that A(hy) = A*(hy).
Choose a € R as in (b). Then Ig (X0|0l|i1?) is a direct sum of two irreducible
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subrepresentations. One of them, say w&_, is (U, &)-generic and the other, say T,
is not.

(d) The irreducible G-representations in (a)—(c) are unitary.

Proof. (a) As R(G,S) and R; , have the same rank, the equivalence of cate-
gories (1-1) translates “essentially square integrable” into “essentially discrete
series” [50, Theorem 9.6.c]. In particular St; is an essentially square-integrable
G-representation. The assumptions of the proposition amount to the assumptions
for [43, Theorem 8.1]. Part (b) of that result provides the desired conclusion, at
least when char(F) = 0. The version of [43, Theorem 8.1] with char(F) > 0 was
established in [29, Theorem 5.5].

(b) This is analogous to (a).

(c) It is well known (see, for instance, [49, §2.2]) that indg((z)( X0|a|’;‘) is a direct
sum of two one-dimensional representations, say ”7&:[(5)— and 717”{(5)_. Writing

nﬁgf" = nf[/(;’)_ ®Endg (11,) I1s, we obtain

1§ (olal¥) =l ol

Since dim Homy; (I g (X0|a|’;’), & ) =1, exactly one of these direct summands is
generic (which one depends on &). By renaming if necessary, we can make 75_
generic.

(d) This holds because these representations are tempered and irreducible [39,
Corollaire VII.2.6]. O

2.1. Modules of Whittaker functionals. For our purposes it is more convenient
to analyze a perspective on generic representations which is dual to the traditional
view. For (7, V) € Rep(G) let VT be the smooth Hermitian dual space, that is,
the vector space of all conjugate-linear maps £ : V — C which factor through the
projection V — VX for some compact open subgroup K of G. The Hermitian dual
representation 7 on V' is defined by

(T ()0 () =L (g"Hv) forall ve V.

Equivalently, 7" is the smooth contragredient of the complex conjugate of 7. If 7
is unitary and admissible, then 7'is isomorphic to 7 via the G-invariant inner
product.

Lemma 2.2. If 7 € Rep(G)?, then also w' € Rep(G)°®.

Proof. Let s’ = [M, o] be any inertial equivalence class different from s. We may
assume that o is unitary, so 0" = o. Let P C G be a parabolic subgroup with Levi
factor M and let M| C M be the subgroup generated by all compact subgroups of M.
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Then II? (ind ,(0)) is a progenerator of Rep(G)s see [39, Théoreme VI.10.1].
With Bernstein s second adjointness we compute

(2-1) Homg(I§ (indyf (o)), ")
= Homy (ind}], (), J$ (7)) = Homy (ind}y (o), (JFm)")
= Homyy, (o, (JSm)) = Homyy, (JS (), 0).

Since [M, o]g # s, Jg (7r) does not have any irreducible subquotient isomorphic

with o or an unramified twist of o. Hence (2-1) is zero. This means that the
component of 7 in Rep(G)? is zero for any s’ # s. O

From [12, (2.1.1)] one sees that the Hermitian dual of indg (&) is Indg (&), with
respect to the pairing

Indg(é) x ind¥ v&) —=C, (fi, )= fi(g) fr(g)dg.

U\G
Hence there is a natural isomorphism
(2-2) Homg (7, Indg (¢§)) = Homg (1nd &), )
By Lemma 2.2 and (1-1), the right-hand side is isomorphic with
(2-3) Homgq,;(m,) (Homg (T, indf (§)), Homg (TTs, 7).

Thus any nonzero Whittaker functional for 7 yields a nonzero element of (2-3).
This prompts us to analyze Homg (I, indg (&£)) as an Endg (I15)°P-module. By
[12, Theorem 2.2] there are these canonical isomorphisms of T -representations:

(2-4) JE indg (€) = indyp (€) = indfy, (triv).
From that we compute
(2-5)  Homg(Is, indf(€)) = Homg (I (ind},_ (xc)), ind§ (&)
= Homr (1ndTCpt (Xe)s Jg indg &)
= Homy (ind7, , (xc), ind{,, (triv)).
The Bernstein decomposition of Rep(7’) entails that only the part of ind{j;} (triv) on

which T¢, acts according to x. contributes to the right-hand side. Hence (2-5) is
naturally isomorphic with

(2-6)  Homy (ind7,_ (xc), ind7, (xc)) = Homz,, (xc, ind7,  (Xc)) = indy, (xo)-

cpt

This vector space contains a canonical unit vector, namely x. € inchp‘(Xc) or
equivalently 1 € O(T;). We use blackboard bold to indicate that it is an element
of (2-6), not of Endg (I1;).
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We want to normalize our intertwining operators N,, so that they act on 1 in an
easy way. Any f € O(T;) = ind?cpt( Xc) can be regarded as an element of Endg (T1;),
namely / g applied to multiplication by f. The action of that on (2-6) is again
multiplication by f. Thus (2-23) is free of rank one as an O(7;)-module, and 1
forms a canonical basis.

Let C(T5) be the field of rational functions on T, the quotient field of O(T5). It
follows from Bernstein’s geometric lemma [39, Théoréme VI.5.1] that

(2-7) Endg (1§ C(Ty)) = Endg (1§ O(Ty)) ®or,) C(Ts);
see [50, Lemma 5.3]. The natural isomorphisms (2-5) and (2-6) extend to
(2-8) Homg (1§ O(Ty), ind} (§)) ®o(r,) C(Ts) = C(Ts),

and as a module over (2-7) this is an extension of scalars of (2-6). The advantage
of this setup is:

Proposition 2.3. Theorem 1.2 extends to an algebra isomorphism
Endg (I§ C(T5)) = (C(T) x W(RY)) » C[Ts, 5]

Proof. This is a direct consequence of Theorem 1.2 and §5.1 (in particular Corol-
lary 5.8) of [50]. O

In Proposition 2.3 the basis elements of C[I';, 5] are the same J, = A, as in
Theorem 1.2. The basis elements of

C[W(R))] C Endg (I5C(Ty))

are the 7, from [50, Proposition 5.5], which are expressed in terms of the N,
in Lemma 10.8 and the preceding remarks of [S0]. Proposition 2.3 enables us to
analyze the actions on (2-6) and on (2-8) more explicitly.

Forw e W(R,),y €'s and f € O(T;),

(2-9) fTody =1 fTudy =@ -Tudy) - (I T, T dy)
= Q- Tydy) - (fowy) = (fowy)(L-TyJ,)

in (2-8). Notice that 1 - J, must be invertible in O(T;), because J, is invertible
in Endg (ITy).
We write 6, for 6,,,v, where n € Z and « € R . We also write

A(h)+2*(hy)) /2 A (h)—=2*(hy)) /2
do =qp / and  gox =qp / .

Proposition 2.4. For each simple root h; € R, there exists ny € Z such that
1T, = —6pq in (2-8).
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Proof. The operators N, € Endg(Ils) and 7y, arise by parabolic induction from
the analogous elements for the Levi subgroup G, of G generated by T UU, UU_,.
Hence it suffices to work in G, which means that we may assume that R(G, S)
and R; ; have rank one.

First we consider the cases where gqs # 1, or equivalently A(hy) # A*(h)).
From [50, (5.19)] we know that 75, (g4 — 0—4)(gax + 6—«) € Endg (I1s). Hence we
can write

1T, = fi@a—0-a)" (qas+6-0)""  with fi € O(Ty).
The relations 7:5 =1 and (2-9) imply that

J1 5a(f1)
(Qa - 90()(%){* + 90{)(‘10{ - 9_0{)(‘10{* + 9—0{) ‘

It follows that there exist € € {1} and n, € Z such that

1=@Q-7,)s.(1-T,) =

fl = Eenaa(Qa - Qia)(Qa* + Qj:/ot),

for suitable signs &+, +’. Equivalently

-0 n 2] n
(2-10) 1. 7;1 _ Eenaa( qa (] ) < Gax + 0y ) = EenaafZa
Ga —0—q Gox +0—_o

where n, n’ € {0, 1}.

Under our assumption, o € 2(T/ Tcpt)v and s, fixes any x € Xp(7) with
x (hy) = —1. Notice that f,(x) =1 whenever 0, (x) € {£1}. As in Lemma 10.7(b)
of [50], define

@2-11)

1 ifI§(ev,)Ts, = 15 (evy),
€q = .
0 otherwise.

By [50, Lemma 10.8],

hY)/2 _
212) g NG, + 1= (To0-cpa + D(0ada — D (Badas + 1) (020 — 17!
belongs to Endg (I1;). In particular

(Ee(nu—ea)afZ + 1) (0aqe — 1) (Ouqasx + 1)
Oy — 1

@-13) 1@ "N, +1) =

lies in Homg (I, indg (&)) = O(T;). Specializing the numerator of (2-13) at x’
with 6, (x") = 1 gives (¢ + 1)(gy — 1)(gas+ + 1). Since g, > 1 and (2-13) has no
poles, this implies € = —1.

Let Gger be the derived group of G and write Sqer = [X |7nGye» T N GderlGye - BY
construction H (sqer) is the subalgebra of H(s) generated by C[T NG ger/ Tept N Gder]
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and N;,. From [49, §2.2] we recall that Sty) : H(s) — C is given on H(Sger) by

A2 _
Sty(s)(Ns,) = —qp R St6) Ona) =G4 "

From Proposition 2.1(a) and (d) we know that
Homg (Sts, Ind$ (£)) = Homg (indf (£), Sts) has dimension 1.
As in (2-3), any nonzero Whittaker functional yields a surjection
Homg (I, ind{} (£)) = O(Ty) — Styys)-

This is an O(7;)-module homomorphism, so up to rescaling it must be evaluation
at xst, the unique O(T;)-weight of Sty (). Since H(W (R,), q}) acts on Sty s) via
the sign representation,

(2-14) 0, - (g "Ny, +1) eker(evy,) forall x € T/ Toy.

For x = 0 we can make that more explicit with (2-12):

rMhy)/2
1 (g "Ny, + 1)

= (60 — Oy —e)a 2) OuGe — 1) Bagax + 1) (020 — 1)

= (qa —0—0)" (qus +9_a)ﬂ/ _e(na—éa)a (G —00) " (Gax +9a)n/ (Oaga—1) (Bagasx+1)
(da—0-)"(Gux+0-a)" (B2 —1)

When n = 1, this reduces to

(o = O—a) (as +0-0)" = Ony—eya (@ — Oa) (Gase +00)" O PorGere + 1)
(Qa* + 9—0:)'7/ (9201 - 1)

Evaluation at xs; sends this element to

(2-15)

—q " (e — 47 ) Gas + 45 97147  Gar + 1)
(Gos +492)(qa> — 1)

That contradicts (2-14), so that n must be O.
We recall from [49, proof of Theorem 2.4(c)] that Sty;s)— is given on H(Sger) by

£0.

—AMhY)/2 _
St~ (Ny) = a7 " Styye)— (One) = (—g;)"

By Proposition 2.1(b) and (d),
Homg (Sts_, Ind§ (£)) = Homg (indY (£), St_) has dimension 1.
As above, this gives a surjection

Homg (I, indf} (£)) = O(Ts) — Stys)—»
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which (up to rescaling) is evaluation at the O(T;)-weight xsi— of Sty s)—. Then
ker(ev,_) contains

2-16) 1-(gy" Ny, +1)

=1 (T5,0-cpa + D Oaqe — 1) Oagas + 1) (02 — )"
= (6o — e(na—ea)a(%x* +0u [/ Gax +9—0{)n/)(90(CI01 — 1) (OuGasx+1) (020 — 1)71

 (Gax+0-0)" —0n,—cya (o +02)" Oufa — 1) Oadas+ 1)
(s + 9_0[)71/ (02— 1)

When n’ = 1, (2-16) simplifies to

(Oxqo — 1)04

(Qa* +0_q — e(na—ea)a (Qa* +64)) (6o — 1)

Evaluation at xs¢_ results in

(=)™ ™ (qe — G ) (—day da — Dy
) .
Qa* - 1

This is nonzero because g, > g4+« > 1. But then (2-16) does not lie in the kernel
of ev,,,_, a contradiction. Therefore " must be 0.

Now we consider the cases with g4, = 1, or equivalently A (k) = A*(h,). Then
we can omit all factors g+« + 0+, and we can replace 65, — 1 by 6, — 1. The above
argument with Sty still applies, and shows that n = 0. ([

For the moment we continue to work in G,. Assume that of € 2(T/ Tcpt)v
and A(h)) = A*(h)). The one-dimensional #(s)-representation ”ft(s)— from
Proposition 2.1(c) extends canonically to a representation of H(s) + 7, H(s),
because 7, does not have a pole at |« |’ﬁ. In particular nf{(s)_ determines a character
of the order-two group (7). We define

(2-17) €y = {1 if 756y |(75,) = triv,

0 if ﬂi(s)_k'];a) = sign.

This complements the definition of €, when a* € 2(T/ Tep)” and A(hy) # A*(hy);
see (2-11). Together these provide a function

(2-18) €r:{h) € R, simple : &* € 2(T/ Tep)¥'} — {0, 1}.

Lemma 2.5. (a) The function (2-18) is I's-invariant.

(b) Take o in the domain of €7 and let ny be as in Proposition 2.4. Then ny, — €, is
even.
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Proof. (a) For y € T, represented in Ng(T), we have yGqy~! = Gy () and
Jy T, J =17, Further

409N
~ 71Gy@
Ad() I, Goleli) ZIg2e  (xolaly) forany zeC.

When A(hy) =21*(h,), we apply this with z =ia. We note that / ga 5 (TE) is generic

while Ig (L) is not. Because 1§ () = 1§ » )BAd(y)(nf_), we conclude

that 7% for G, (q) is obtained from ng for G, by Ad(y). Hence €, (o) = €.
When k(hv) # A*(hy), the same argument works with the irreducible represen-

tation IBmG (xoler|).

(b) Suppose that A(h)) # A*(h,). Recall from the proof of Proposition 2.4 that

€f, = —1. Specializing the numerator of (2-13) at x with 6,(x) = —1 gives

(=(=D"" + D (—ga — D(—gax + 1D = (D" = 1)(ga + D1 — gars)-

Again this must be 0 by (2-13). Using g4« 7 1 we find that n, — €, is even.
Suppose that A(hy) = A*(hy) and mf{(ﬁ)_ |(7,) = triv. By Proposition 2.1(d), any
Whittaker functional for nf_[(s)_ gives a surjection

Homg (T, ind (§)) = O(Ty) — 75, _.

As an O(T;)-module homomorphism it is (up to scaling) evaluation at x_ := yo|o i
a character such that 6,(x—) = —1. Then ker(ev,_) contains

1. (7;0, - 1) = _enaa _907

SO ny 1s odd. Recall that €, = 1 in this case.
Suppose that A(hy) = A*(h;) and ”i(ﬁ)J(ﬂa) = sign. Then ker(ev,_) contains

1-(Ts, + 1) = =00 + 6o,
S0 ny is even. Here €, = 0, so again ny, — €4 is even. O

2.2. Normalization of intertwining operators. With Lemma 2.5(a), we can extend
€9 to a W-invariant function on {h) € RY : o € 2(T/ Tep)¥'}. In [50], €, was only
defined when A(hy) # A*(hy), implicitly saying that it is O otherwise. We can just
as well use €, for any simple i, with af e 2(T/ Tep)”, Lemma 2.5(a) ensures that
all the computations from [50] remain valid. In particular we can now (re)define
Ny, € Endg (I,) by

Mhy)/2
qr

(2-19) Ny, +1=(T5,0-c,0 + 1) Buqa — 1)(Oaqas +1)(02g — 17!

for any simple h with & € 2(T/Tey)Y. The analogous formula when o ¢
2(T [ Tepy)” is slightly simpler:

A(hv)/z

(2-20) Ni, +1=(To, + 1) (Bage — D6 — 17"
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Recall that the isomorphism in Theorem 1.2 was determined by the choice of
a good maximal compact subgroup K of G, associated to a special vertex in the
apartment for 7 in the Bruhat-Tits building of (G, F).

Lemma 2.6. The good maximal compact subgroup K can be replaced by a G-
conjugate, such that the isomorphism in Theorem 1.2 satisfies, for all simple roots
h; € R/,
1-T0ca=—1 and 1-Ny, =—q; "1,

Proof. Recall the integers n, from Proposition 2.4. We will tacitly put ¢, =0
when of & 2(T/ Tep)”. Select y in Homz(ZRs, Z) so that (y, o) = ng — €, for
every simple root of € R;. By Lemma 2.5(b), y can be extended to an element
of Homz (T / Tept)”', Z) = T/ Tep, Which we still denote by y. The automorphism
Ad(6y) of H(s)° extends uniquely to an automorphism of H(s)° ®o(r,) C(Ts),
which satisfies

(2'21) Ad(ey)(ﬂae—ea) = ﬁae‘va(y)—ye—ea = ﬁae(—na)a-
By Proposition 2.4,
(2-22) 1-Ad(By)(T;,0-c,0) = —1.

For any representative ys of y in T, K’ = Ad(ys)K is another good maximal
compact subgroup of G. If we replace K by K’, we must replace the representatives
w € K for w € W(G, S), which are used in the constructions behind Theorem 1.2,
by representatives in K’. Which choice in K’ does not matter, we take

Ad(yghw = dw ™ (yzye e K.

For a simple root, that means

Ad(Y6)5a Tept = 5 (B € NG(T) ) Tepy.-

According to Proposition 3. 1 oﬁf [21], the effect of this replacement on 7,
left composmon with 5,05 ") = 0947 or equivalently right multlphcatlon
with 6, ~0) I view of (2-21), the effect of Ad(y; 1) on H(s)® is precisely Ad(0,).

By (2-22), the new element ’7;; = Ts,0(y,a%)a has the same €, as before, and n,
has become €,. Now (2-22) says that 1 - 7;; 0_c,« = —1. The equations (2-19) and
(2-20) for the new elements N; become

MhY)/2 _
02 PN A1 = (T 0+ 1) (Oatla — 1) Ouan+ D (020 — D7

In view of (2-22), this implies

ARy 125

1-(qp +1)=0¢eC(Ty).

fx(h;)/z

Equivalently, we obtain 1- N;, = —q 1. (]
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From now on we choose K as in the statement of Lemma 2.6. For w € W; let
det(w) be the determinant of the action of w on (T'/ Tp) ®z R. Then det: Wy — R*
is a quadratic character extending the sign character of W (R)).

For y € I's we write 1- J, = z,0x, with z,, € C* and x,, € T/ T¢p. Consider the
operators

Ny =det(y)z, '0_y,J, € Endg (T1,).

From (2-9) we see that
(2-23) 1.N, =det(y)l, yels,.

Theorem 2.7. The operators N, N,,, for w € W(R,') with K as in Lemma 2.6 and
N, with y € I's as above, provide an algebra isomorphism

Endg(ITs) = H(s)® x ['s = H(s).
Given the Whittaker datum (U, &), this isomorphism is canonical.

Proof. By direct computation, using Lemma 2.6,

(2-24) 1-75,0-c,0 = —det(y)zy 05, (x,)-

A similar computation shows that

(2-25) 175, 0cv @y = —1-J, = —det(y)z, 0y, .

As J, T, 0_c,o €quals T V(u)eeay(a)ly, (2-24) and (2-25) are equal, and we deduce
that s¢ (x, ) = x,,. Hence x,, is fixed by each such s,, and by the entire group W (R,").
Now we can easily check that the N, satisfy these desired relations:

1.-N,; =det(yy)l =det(y)det(y)1=1-N,N;,

Ny N =T, f 0 = foy™,  feO(Ty,
Ny T, Ny =210 0 1, To, 0, 00,20 =60 T5 0, =T

Sya ™’ Xy ya®

The first two of these relations imply that
N,; =N,N; forall y,y els.

Thus with respect to the given O(T5)-basis, Endg (I1;) becomes H(s)° x I.

Any two isomorphisms of this kind differ by an automorphism v of H(s)°® x I's.
Since the subalgebra O(T;) is mapped naturally to Endg (I1;), v is the identity on
that subalgebra. Hence ¥ extends to an automorphism of the version of H(s)° x I's
with C(7;). Then (2-9) entails that ¥ multiplies each basis element 7,, N, by an
element of O(7;). Combining that with Lemma 2.6 and (2-23), we find that ¢ is
the identity. (]
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Theorem 2.7 shows in particular that the 2-cocycle s from Theorem 1.2 becomes
trivial in H>(I's, C*).

Recall from page 276 that s can also arise from wsy = [T, wyolr for any
w € W(G,S). To compare all these cases, it suffices to consider one w from every
left coset of Wy = Staby (g s)(s7).

Proposition 2.8. Let w € W (G, S) be of minimal length in wWs.

(a) The isomorphism Iz = I, from [39, §VI.10.1] can be normalized so that it
sends 1 € Homg (I, indy; (£)) fo 1 € Homg (I s, ind$ (€)).

(b) In that situation the induced algebra isomorphism Endg (Ils) = Endg (ITys) is
givenby f+ fow™! for f € O(T,) and N, — N,,,-1 for v e We.

Proof. (a) The isomorphism of G-representations
Oy : My = T,
from Proposition 1.1 induces a map
(2-26)  O(Ty) = Homg (I, ind§ (€)) — Homg (I, ind§ (€)) = O(T,s)
and a compatible algebra isomorphism
Ad(¢,") : Endg (IT5) — Endg (IMy).

In view of (2-4)—(2-6) and Proposition 1.1, (2-26) must be f > f ow ™! followed
by multiplication with some element of O(T,5).

Like in the proof of Proposition 1.1, we reduce to the case where R(G, S) has
rank one, w = s, is a simple reflection and sys57 # s7. We represent s, in the
maximal compact subgroup K from Lemma 2.6. Consider y. € ind%cpt( Xc) and

1 € Homg (T, ind§; (£)) = Homy (ind{m( Xe) ind(y, (triv)).

Recall from (2-5) that here the isomorphism is given by J EG and the natural trans-
formation id — J [? Ig. By definition J EG (1) e = xc. We want to determine

(2-27) TSI (bs,)(suxe) € 7 ind (€),

where s, x is considered as an element of indiPl (Saxc) CJ g s, s. From (1-6) we
see that J g (¢s,) on indipl (sa Xc) equals

Sg O [Jg(@a) on sojl -ind%Cpt (SaXxc)] o sl;l.
Similarly J EG (1) on s -indipl( Xc) equals

sao[JZ(1) on indgm(xc)] osy .
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Now we can compute (2-27). First sy x is mapped to xc by s_ then (1-8)—(1-10)
show that J G(qbsa) sends that to x. € 1ndT (xc)- Applying J G(l) returns y. €
1ndT (trlv) and finally the action of s, ylelds Sqa Xc- Hence

TSI (hs) Saxe) = Saxe =I5 (1) (Saxe):
where the second 1 comes from IT; ;. In view of (2-5) and (2-6), that implies
TS IS (p)=J5(1) and log,, =1.

(b) Since w has minimal length in w Wy, it also has minimal length in wW (R; ;). Ac-
cording to [6, Lemma 2.4(a)], w(R;fM) C R(B, S). By the W (G, S)-equivariance of
Harish-Chandra p-functions also w(R; u) C Ry, and therefore w(R ) = ws -

The proof of (a) shows that (2-26) equals f — f ow™!. With the rough
description of the H(s)-action on Homg (I, indg (§)) from (2-9) we deduce that
Ad(¢, 1) sends each N, € H(s) to Npw-1 times an element of O(7;v). The more
precise descriptions from Lemma 2.6 and (2-23) show that in fact Ad(¢,, HN,
equals N,,,,,—1 for any v e W. (]

3. Characterization of generic representations

We want to parametrize Irr(G, T') so that the generic representations correspond to
the expected kind of enhanced L-parameters. To that end a simple characterization
of genericity in terms of Hecke algebras will be indispensable.

We start with a complete description of Homg (I, indg (§)) as a right H(s)-
module. Let H(W(R/, q}) C H(s)° be the finite-dimensional Iwahori—Hecke
algebra spanned by the N, with w € W(R)). The Steinberg representation
of H(W(RY, q})) is defined by

Ahy)/2

(3-1) St(Ns,) = —q 7 for simple h, € R, .

We extend this to a representation St of
AN . vy A
HWs, q5) :=HW(R,), qF) ¥ Ts

by St(N,, N, ) = St(N,,) det(y). Note that this formula also defines a representation
of the opposite algebra H(Ws, g})°P.

Special cases of the next result were established in [13] (for the Iwahori-spherical
Bernstein component of a split group) and in [35] (for principal series representations
of split reductive p-adic groups, with some extra conditions).

Lemma 3.1. We have the following isomorphism of H(s)°P-representations:

Homg (T1,, ind$ (£)) = ind?*©"

W, A)op(St).
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Proof. Let w € W(R,) and y € I's. By Lemma 2.6 and (2-23),
1-NyN, =1-St(N,N,) € Homg(ITs, ind{ ()).
As vector spaces,
H(s) = O(Ts) @ H(Ws, g7).-

Further Homg (I, indg (£)) = O(T;) as O(T,)-modules, with basis vector 1. Hence

(3-2) indzgjq;w (St) — Homg(ITs, ind% (§)), h®@1r>h-1,

is an isomorphism of #(s)°P-modules. O

The criterium for genericity, namely that (2-2) is nonzero, can be put in a more
manageable form with Lemma 3.1. For any = € Rep(G)®,
Homg (7, Indg (¢§)) = Homg (indg &), T)
= Homgngg (1, o (Homg (T, ind (£)), Homg (T, 70 1))

~ . 1H(s)P
= Homyy()or ((1ndHESV3,5’q})Op(St)), Homg (TT,, 7))

= Homy,y, 41900 (St, Homg (T, 7).

Corollary 3.2. A representation w € Rep(G)® is (U, §)-generic if and only if the
H(W;, qﬁ)of’-module Homg (I, %) contains St.

In this corollary the effect of 7 — 7" on H(s)°P-modules is not obvious, we
analyze that in several steps. With the *-structure and the trace from [46, §3.1],

(3-3) H(We, q) = H(W(RY), q7) x T

is a finite-dimensional Hilbert algebra, so it is, in particular, semisimple.

Recall that a standard G-representation is of the form / 1? (t®yx), where P=MN
is a parabolic subgroup of G, 7 is an irreducible tempered M -representation and
X : M — R is an unramified character in positive position with respect to P. By
conjugating P and M, we may assume that 7 C M.

Lemma 3.3. Suppose that T € Rep(M)[T’XO]M. Then Ig(r ® x) € Rep(G)® and
Homg (I, IS (r ® x)*) = Homg (I, IS (t ® x))  as H(Ws, q})P-modules.

Proof. The representation Ig (t ® x) has cuspidal support Sc(7) ® x|r € [T, xolr,
so it belongs to Rep(G)!7> %0l By [39, IV.2.1.2],

IS0 z15(cenhzI1sc o h.
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Since yx is real valued and 7 is unitary [39, Corollaire VII.2.6], the right-hand side
is isomorphic with / I(,;(r ® x~1). Consider the continuous path

[—1,1] = Rep(G)®, 1t IS(t® x).

Via the equivalence of categories (1-1), we obtain a continuous path in Mod(#H(s)°P).
Modules of a finite-dimensional semisimple algebra are stable under continuous
deformations, so

Homg (ITs, IS (t ® x)") = Homg (T, IS (t ® x 1)) = Homg (s, IS (T ® X))
as H(Ws, q})"p—modules. O

We are ready to establish a useful characterization of genericity, without Hermi-
tian duals. The next result is formulated for finite-length representations, but we
believe it is also valid without that condition. To study it for arbitrary representations
in Rep(G)® one likely needs Hermitian duals of modules over affine Hecke algebras.

Theorem 3.4. Suppose that w € Rep(G)® has finite length. Then 1 is (U, &)-generic
if and only if Homy, y,. . 4hyr (Homg (I, ), St) is nonzero.

Proof. Since 7 has finite length, we can form its semisimplification 7r.s. Then JTSTS
is the semisimplification of 7. By (3-3) the module category of #(Ws, gy is
semisimple. In particular

(3-4) Homy gy, 4200 (St, Homg (T, 7))

does not change if we replace 7" by 7. Since we only need semisimplifications
of modules here, we may pass to the Grothendieck group of finite-length repre-
sentations in Rep(G)®. The standard modules in Rep(G)® form a Z-basis of that
Grothendieck group. Indeed, that is a consequence of the Langlands classification
[39, Théoréme VII.4.2] and the property that the irreducible quotient of a standard
module is the unique maximal constituent in a certain sense [11, §XI.2].

For each such standard module we have Lemma 3.3, and hence the conclusion
of Lemma 3.3 extends to the entire Grothendieck group of the finite-length part
of Rep(G)*®. In particular

Homg (I,, 77) = Homg (I, JTSTS) = Homg (I, 755) = Homg (I, )
as H(Ws, q})"p—modules. Hence the vector space (3-4) is isomorphic with
HomH(WM})Op (St, Homg (I, )).
By the semisimplicity of the involved algebra, this has the same dimension as
(3-5) HomH(Ws,q;)op (Homg (T15, ), St).
We conclude by applying Corollary 3.2 to (3-4) and (3-5). (]
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From Theorem 3.4 it is easy to prove an analogue of the uniqueness (up to
scalars) of Whittaker functionals [42; 44] in the context of Hecke algebras. Let M
be a standard Levi subgroup of G and write sy = [T, xoly. Via parabolic induction
H(sy) = Endy(I;,,) becomes a subalgebra of #(s) = Endg(Ils). In fact the
constructions in [50, §10.2] show that H (s) is a parabolic subalgebra of H(s), in
the sense of [47, p.216]. The functor indzgljzop corresponds to parabolic induction
from M to G; see [41, Proposition 1.8.5.1].

Lemma 3.5. Let V be an irreducible H(sp)°P-module. Then

dim Homy,yy, o (indj3(e o V. SO < 1.

Proof. By the Bernstein presentation of 7 (s)°P we can simplify the module:

0] . o] . W, Ayop
Res™ @7 (ind®” vy = ind* "=

H(sm)P
H(Ws,qﬁ_)op H(sp)°P = H(WEM,q%_)OP (RCS V)

H(Ws,,q5)%P
With Frobenius reciprocity it follows that

. JH(s)°P ~
(3'6) HomH(Ws,q)ﬁ)OP (lnde(sM)op V, St) = HOmH(WSM’q})op(V, St)
This reduces the lemma to the case M = G, which we investigate next.
As H(s) has finite rank as a module over its center, V has finite dimension.
Hence V contains an eigenvector for O(T5), say with character ¢. Then

~ . op
0 # Homor,) (1, V) = Homyyepr (indgy(7 ) (1), V),

so V is a quotient of indg?}l‘;p (t). For multiplicities upon restriction to the finite-

dimensional semisimple subalgebra H(Ws, ¢3)°P, that means

(3-7)  dimHomyy, 40 (V. St) < dim Homy gy, o (indp5) (1), SO).

By the presentation of H(s), indgEST):)p (1) EH(W,, q})ol’ as H(Ws, q;‘:)OP_moduleS.
Hence the right-hand side of (3-7) is 1. ([l

4. Hecke algebras for principal series L-parameters

Recall that we fixed a separable closure F; of F. Let Ir C Wr C Gal(F,/F) be the
inertia subgroup of the Weil group and pick a geometric Frobenius element Frobp
of Wg. Let G¥ be the complex dual group of G and let “G = G x Wy be the
Langlands dual group. Let ®(G) be the set of L-parameters ¢ : Wr x SL,(C) — Lg,
considered modulo GY-conjugacy.

For an L-parameter ¢ we have the component group

Ry = m0(Zgv($)/Z(GHWF),
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this is the appropriate version because G is quasi-split. We define a (G-relevant)
enhancement of ¢ to be an irreducible representation of the finite group R4. Com-
pared to [3], the quasi-splitness of G allows us to focus on the enhancements whose
Z(G)-character is trivial, and that eliminates the need to consider the centralizer
of ¢ in Gy.. We denote the set of G"-conjugacy classes of enhanced L-parameters
for G by ®.(G).

Recall [3] that there exists a notion of cuspidality and a cuspidal support map Sc
for enhanced L-parameters. The map Sc associates to each (¢, p) € ®.(G) a
F-Levi subgroup L of G and a cuspidal enhanced L-parameter for L (unique up to
GY-conjugation). We say that (¢, p) is a principal series L-parameter if Sc(¢, p)
is an enhanced L-parameter for T (or a G-conjugate of 7). In that case Sc(¢, p) is
unique up to Ngv(T" x Wg)-conjugacy. In other words, Sc(¢, p) as an element
of ®,(T) is unique up to conjugacy by Ngv(TY x Wg)/T".

For the maximal torus 7', the dual group 7" is a complex torus. In particular any
L-parameter for T is trivial on SL,(C) and has trivial component group. Hence an
element of ®,(T) is just the 7V-conjugacy class of a homomorphism ¥ : Wr — LT
Every element of ®,(T') is cuspidal, because T has no proper Levi subgroups.

To describe principal series (enhanced) L-parameters more explicitly, we consider
an arbitrary (¢, p) € ®.(G). We want to determine Sc(¢, p) = (L, ¥, €). By
construction

@D Yl =l and g (Frobr, (%" 02)) = ¢ (Frobe, (%, 02 ))-

—-1/2
In order that L = T, it is necessary that q’)(Frob F, (qFO q?/z )) € TVFrobr and
¢ (i) € TVi for all i € Ir. The group "

HY :=Zgv (o (WF))
is reductive [53, (4.4.1)] and

Ry =m0(Zgv($)/Z(GV)"") s equalto  mo(Zp+(¢(SL2(C))/Z(G)"T).
This group is a quotient of
70(Z (¢ (SL2(0)))) = mo(Z s (ug)).

where uy = ¢(1, ((1) })) Thus we can regard p as an irreducible representation
of mo(Z v (ug)). Let (MY, uy, €) be the cuspidal quasisupport of (ug, p) for H",
as in [3, §5]. Then ¢ is the L-parameter determined (up to conjugacy) by (4-1)
and uy, while € is as above and LY = Zyv(Z(M")°).

For LY = TV we need M"Y = TV, which implies that uy, = 1. There is an
explicit criterium for Sc(ugy, p) = (TV, 1, €) with arbitrary €, as follows. Let BMH%
be the variety of Borel subgroups of H"-° that contain u, it carries a natural action
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of Zyv(ug). As Zyv.e(ug) is a union of connected components of Zyv (ugp), its
component group mo(Zgv.e(ug)) is a subgroup of mo(Zpv(ug)). Let p° be any
irreducible constituent of p|(z,v..(u,))- Then the criterium says: p° appears in the
action of 7wo(Zyv.-(ug)) on the (top-degree) homology of B“H“’V.

Summarizing, we found the following necessary and sufficient conditions for
(¢, p) € P.(G) to be a principal series enhanced L-parameter:

—1/2

i) d)(Frobp, (qFO q?/z)), dG) €T x Wr forany i € Ir;
F

(ii) p° appears in H,(B,},) where HY = Zgv(¢(W)).

We note that under these conditions Sc(¢, p) does not depend on uy or p. Moreover
it equals Sc(¢, triv), because H'P (BMH”)V) is a permutation representation of Ry (with
as permuted objects the irreducible components of Bqu’v), and that always contains
the trivial representation. With this in mind, we call ¢ € ®(G) a principal series
L-parameter if (i) holds.

Recall from [20, §3.3.1] that there is a natural isomorphism

(4-2) Xnr(G) = (Z(GV) ) ot

and that the group of unramified characters X,,(7") is naturally isomorphic to the
group (TV-1F Jw, - We will sometimes identify these groups and write simply

Xur(T). We note that (TVTF)w, acts on ®(T) by

@Ol = Xl1ps (@X)(Frobp) = z(x (Frobp))

for z € TVIF and ¥ € ®(T). A Bernstein component of ®,(T) = ®(T) is by
definition one X, (7)-orbit in ® (7). We will usually write this as sy = X,.(T) X
for one x € ®(T). It gives rise to a Bernstein component @, (G)sv =S¢~ (T, 57)
in the principal series part of ®,(G).

Next we make the extended affine Hecke algebra H(s", z) from [6] explicit. The
maximal commutative subalgebra of #(s", z) is O(s¥) ® C[z, z~'], where z is a
formal variable. In this context we prefer to write Ty for sV, to emphasize that it is
a complex torus (as a variety, in general it does not have a canonical multiplication).

The group Ngv(TY x Wg)/T"Y acts naturally on ®(T'), by conjugation. Let
Wsv denote the stabilizer of ¥ in Ngv(TY x Wg)/T". Although W,v need not
be a Weyl group, it always contains the Weyl group of a root system. Namely,
consider the group J = Zgv (X (Ir)), with the torus (7V-"F)° and the maximal
torus 7V. According to [6, Proposition 3.9(a) and (3.22)], R(J°, (TV-"F)°) is a
root system and W,v acts naturally on it. Moreover [6, Proposition 3.9(b)] says that
for a suitable choice of x in T,v the set of indivisible roots

R(J®, (T ")) rea equals R(Zgv (R(Wp)®, (TV")°%)

red’
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For such a choice of a basepoint x of Tgv,
We =W (R, (TV")%)

is a normal subgroup of W,. Let R*(J°, (TY""F)°) be the positive root system
determined by the Borel subgroup BY of G". Then Wyv = W2, x I'sv, where I'sv
denotes the stabilizer of RT(J°, (TV""F)°) in Wyv.

The root system for (s, z) will essentially be R(J°, (T"V-"r)°), but we still
need to rescale the elements [6, §3.2]. We note that the inclusion (7V-"r)° — TV
induces a surjection

pr: R(J°, TVYU{0} — R(J°, (TV"Wr)°)u{0}.

In [6, Definition 3.11], positive integers m, fora¥ € R(J°, (TY>"F)°) oq are defined
as follows:

« Suppose that pr~! ({V'}) meets k > 1 connected components of R(J°, T"). These
k components are permuted transitively by Frobr. Then m, equals k times the
analogous number m,, obtained by replacing F by its degree-k unramified extension
(or equivalently replacing Froby by FrobkF).

« Suppose that pr=!'({«V}) lies in a single connected component of R(J°, TV).
Then m,, is the smallest natural number such that ker(m o) contains the kernel of
the canonical surjection

(4-3) (T ) = (T 77y = Xoe(T).
In fact it is easy to identify the kernel of (4-3) as
(T "), = (T "F)° N (1 = Frobp) TV1r.

Lemma 4.1. The number my, equals f(F,/F), where Wg, is the Wg-stabilizer of
a lift of @ to R(GY, TY).

Proof. The number m,, can be related to the structure of the F-group G. Let G, be
the F-simple almost direct factor of G such that pr_1 ({@"¥'}) consists of roots coming
from G . Write G, = Resg, /F Hq» where H,, is absolutely simple. The injection
Go — G induces a surjection “G — LG, which does not change ¥ ((TV-Wr )Froby)-
Knowing that, the first bullet above says that m, equals f(E,/F) times the num-
ber m], for Ho(Eq).

Let 7, be the maximal torus of H, with Resg,/r 7o = T N G,. The Weil
group W, acts on the irreducible root system R(#,, 7,’), and the set of orbits is
in bijection with the irreducible component of R(J°, (TV-Wryo) containing . Let
Wk, be the Wi, -stabilizer of an element o € R(H,, 7,”) that corresponds to o ".

Then ¥ =o’V|_wg, .
T, e
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Suppose that the elements of Wi, o' are mutually orthogonal, which happens
in most cases. From the definitions we see that

oV (T ") o0, )] = f (Fa/Eq).

Here the relevant elements of (VW )Frob, are the powers of

(1 —Frobp)t, where (Froba’V)(r) = ex (ﬂ)
b P\ FFu/En )

We find m), = f(Fy/Ey) and my = f(Fy/F).
Next we consider the cases where the elements of Wg_ o'V are not mutually
orthogonal. Classification shows that R(H", 7,”) has type %A, and

|WEaa/v| = [Fot : Ea] = 2s

so that Hy aa = PUy,41(Fy/Ey). Direct computations show that, when Fy/E,
is ramified, m), = 1 and my = f(Ey/F) = f(Fy/F). Similarly, when F; /E, is
unramified, m,, =2 and my =2 f(Ey/F) = f(Fy/F). O
Lemma 4.1 and [6, Lemma 3.12] yield the precise definition of the root system
for H(s", z):
Rer ={mga” :a” € R(J®, (T ™F)*)req).

This root system is endowed with an action of Wyv. Hence W,v also acts on the
resulting root datum from [6, §3.2]:

Rev = (Rev, X* (T30, RY X (T 9)5))
= (Rﬁva T/ Tcptv R;/V7 (T/ TCp[)v)'

The label functions A, A* for H(s", z) are determined in [6, Proposition 3.14].
Suppose first that the elements of Wg_ " are mutually orthogonal (in the notation
from the proof of Lemma 4.1), and that the same holds for «" /2 whenever «¥ /2
can be lifted to R(G", (TY-"7)°). In these nonexceptional cases

(4-4) Amaa”) = 1 (meat”) = mg = f(Fy/F).

If in addition mya" € 2X*((TV’IF)‘;VF) = 2(T/Tepe), then we can get the same
Hecke algebras with mqa™ /2 instead of mya”, and

(4-5) Mmaa” [2) =mg = f(Fy/F), A*(mga’/2) =0.

We call the remaining cases exceptional, these occur only when R(GY, T") has a
component of type 2A,, and a" or «" /2 comes from two nonorthogonal roots that
are exchanged by the diagram automorphism. As noted in the proof of Lemma 4.1,

Ha,ad = PU2n+1 (Foz/Eoz)-



300 MAARTEN SOLLEVELD

The groups PUy, 11 (Fy/Ey), SUsut1(Fo/Ey) and Uz, (Fy/Ey) give the same
root system, the same unramified characters and the same groups (7>"#)°. Hence
the relevant data for H, can be reduced (via its derived group) to those for
Un+1(Fy/Ey), and it suffices to continue the analysis in the latter group.

For Uj,4+1(Fy/E,) all the labels were computed in [5, §5]. For convenience
we provide an overview, where we remark that the labels from [5] still have to be
multiplied by f(E,/F) to account for the restriction of scalars G, (F) = Hy(Ey),
as in the proof of Lemma 4.1. We write " = o’ + oV, where o’V and o”" are

nonorthogonal roots in A, exchanged by the diagram automorphism.

 Suppose F,/E, is unramified and x (Wg,) C Z(GL2,+1(C)) x Wg,. Then
AlaY) =3 and A*(@¥) = 1.

 Suppose F,/E, is unramified and X (Wg,) ¢ Z(GL2,4+1(C)) x Wg,. Here we
need x(Wg,) to fix U, pointwise for ¢ € R;v. Under that condition A(x) =
AaY)=1.

 Suppose F,/E, is ramified. When § oa" : F,, — C* is conjugate orthogonal,
aY ¢ Rsv. Otherwise x o« is conjugate symplectic, in which case «¥ € Rsv and
AaY) = A*(a¥) = 1. Equivalently, using o' /2 as root,

(4-6) Ma¥/2)=1, 1@'/2)=0.
The algebra H(s", z) has a subalgebra H(s", z)°, whose underlying vector space is
O(T:) ®Clz, 27" 1® C[WR1.

It is isomorphic to the affine Hecke algebra H(Rsv, A, A*, z), for suitable label
functions X, A*. The identification of the vector spaces comes from the elements
Ny € H(Rsv, A, A*, z) and the bijection

(4-7) (TIF)WFO — Ty, t>tx.
Theorem 4.2. There is a canonical algebra isomorphism
H(s",2) =H(GY,2)° x Tyv.

Proof. By design H(s", z) is free as an H(s", z)°-module, with a basis indexed
by ['sv. More precisely, by [6, Proposition 3.15(a)] the actions of ['gv on Rgv, Tyv
and O(T,v) naturally induce an action of I'sv on H(s", z)°. For every y € ['sv, that
yields an element of H(s", z), unique up to scaling.

For the Langlands parameters under consideration, the sheaf g€ from [3; 6] is
just the constant sheaf with stalk C on the point 1 € TV. It follows that there is
a canonical choice for the map gb, from [6, (3.39)], namely the identity. Then
¥ > gb, is multiplicative, the scalars A, ,,» in the proof of [6, Proposition 3.15(b)]
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reduce to 1 and C[I"sv] embeds in H(s", z) as the span of these ¢b,. With this in
place, [6, Proposition 3.15(a)] provides the desired statement. U

Next we specialize z to q}p/ 2, which yields the algebra

(4-8) H(sV, gl =H(s" . q)")° x Ty ZH(Rav, hy A*, 1) x Tyv.

We note that here the isomorphism depends on the choice of the basepoint x of T,v.
From (4-8) we see that the center of H(s", q,lp/ 2) is

Z(H(Sv, q};/z)) = C)(Tsv)W5 = O(Tsv/st).

The main use of the algebras (4-8) lies in the following result.

Theorem 4.3 [6, Theorem 3.18]. There exists a canonical bijection

®,(G)° - Ir(H(s", q)”)), (@, p) > M, p, g},

such that:

(a) M(¢, p, q;/z) admits the central character W5v¢~> € T,v/ Wsv, where ¢~>|1F =
¢|IF and
- —1/2
$(Frobg) = ¢>(FrobF, (qFO 0 ))

1/2
qF/

(b) ¢ is bounded if and only if M (¢, p, q;-/ 2) is tempered.

(¢) ¢ is discrete if and only if M(¢, p, q}p/ 2) is essentially discrete series and the
rank of Rsv equals the F-split rank of T /Z(G).

(d) The bijection is equivariant for the canonical actions of Z(G)IF N (TV-1F)e°,

We note that in [6] the canonicity is obtained in a slightly weaker sense, by
interpreting the subalgebra of H(s", q}p/ 2) spanned by the N, with y € T'yv as the
endomorphism algebra of a certain perverse sheaf [6, (2.5)]. We got rid of that
subtlety in the proof of Theorem 4.2.

For (d) we recall that any element ¢ € Z(GY)IF determines a weakly unramified
character of G [20, §3.3.1], and that character is trivial on Ty if and only if
t e (TV1F)°. Tot € Z(GV)!F N (TV+IF)° we associate the automorphism

XNy = x()xNy, x €T /Tepr, w € Wy,

of H(s", q}p/ 2), where x is regarded as function on 7;v via (4-7). The action of ¢
on Irr(H(s", q},/ 2)) is composition with the above automorphism.
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5. Comparison of Hecke algebras

We start with a Bernstein component sy for 7. Recall that this is just a X, (T)-
coset in Irr(7"). The local Langlands correspondence for tori [28; 54] associates
to 57 a Xp(7)-orbit in ®(7T), that is, one Bernstein component s;. in &, (7).
Let W, be the stabilizer of s7 in Ng(T)/T and let W, be the stabilizer of sy
in NGv(TV X WF)/TV.

Lemma 5.1. There is a natural isomorphism Wy = W,v.

Proof. The root datum
(R(G, T), X*(T), R(G", T"), X*(T"))
comes with a natural group isomorphism
(5-1) WG, T)ZW(GY, TY).
From [1, Proposition 3.1 and its proof] we know that (5-1) restricts to an isomor-
phism
(5-2) Ng(T)/T Z Ngv(TY x Wp)/TV =W(GY, TV)Wr.
The LLC for tori is natural, so compatible with isomorphisms of
(X™(T), X(T)) = (Xo(T), X*(T")).

In particular it is equivariant for the action of (5-1), and hence for the action of (5-2).
Thus the action of Ng(T)/T on Irr(T) is turned into the conjugation action of
W(GY, TV)Wr by the LLC. In particular (5-2) matches Staby,(r),7(57) with the
W(G", TV)Wr-stabilizer of the image sy of s7 in @, (T). O

Similarly we can compare root systems on both sides of the LLC.

Lemma 5.2. There exists a natural bijection between R, and Rgv, which preserves
POSitivity.
Proof. Pick any x € s7.

By construction R,” consists of positive multiples of the «* € R(G, S)" for which
o € R, ;. Similarly Rsv consists of positive multiples of the & in

R(Zgv(RUIF)), TV-Wr°)

for which x (Ir) fixes Uy or Uyyv in Zgv(x(IF)). Since both R, and R,v are
reduced root systems, this means that there exists at most one bijection R, — R
which scales each root by a positive real number. Positivity in R;” is determined by B

g CRGY, TV W) g Z R(GY, §¥)rea = R(G, S)yiq

and positivity in Rsv is determined by BY, so such a bijection would automatically
preserve positivity of roots.
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It remains to check that for R, and R,v the same elements of R(G, S)., are
relevant. For the nonexceptional roots we know from (1-13)—(1-14) that o € %5 ,,
if and only if y ca” : F — C* is unramified. Via the LLC for tori that becomes

a” o x : Wi, — C x W, restricts to the identity on If,.

In this setting the roots in the associated Wg-orbit in R(GY, T") are mutually
orthogonal, permuted by Wy and fixed by Wg,. Hence o¥ o x (If,) fixes Uyv point-
wise, which means that o belongs to R(Zgv (X (Ir)), T"-"#°) .. This argument
also works in the opposite direction, so «¥ € Rv if and only if & € R, ;.

For the exceptional roots o with s, € Wy = W,v, we saw on page 280 and after
(4-5) that on both sides the issue can be reduced to a unitary group Us,+. From
the list of cases at the end of Section 1 it is clear that if Uy, is unramified, a" is
relevant for R, if and only if it is relevant for Rqv.

When the involved group U,,+1 only splits over a ramified extension, we need to
check one more detail to arrive at the same conclusion. Namely, if «¥ox : Wg, — C*
is conjugate orthogonal (respectively conjugate symplectic) then y o™ : oga — C*
must be trivial (respectively of order two). This is exactly [19, Lemma 3.4]. [J

Lemma 5.2 implies that the isomorphism (5-2) restricts to Wy = W, We choose
a W, -invariant base point Xo of 5¥ as in Section 4. We use the image xo of Xo
under the LLC as a basepoint of s7. By the aforementioned equivariance of the
LLC for tori, xo is invariant under W,.

Recall that ) € R, generates Qu¥ N T/Tcy. The element mqa” does not
necessarily generate Q¥ NT / T, However, since Rsv is part of the root datum R,
mqa is at most divisible by 2 in 7'/ Tcp (namely when it is a long root in a type-C
root system). For a better comparison, we replace mqoa™ by mya" /2 whenever that
is possible. That option was already taken into account in Section 4. We denote the
new multiple of «¥ by m,a" and we write

Rev = {imga” Y € R(J°, TV-Wr)}.
Now Lemma 5.2 entails that the isomorphism
(5-3) X*(To) Z X*Xe(T)) =T/ Tept = X*(TV )3y,
induced by the LLC for tori, sends R, bijectively to Rgv.
Lemma 5.3. Forany a € R; , A(h)) = A(imga") and 1*(h)) = A*(mgqa).

Proof. For the nonexceptional roots, this was checked in (1-14), (1-15), Lemma 4.1
and (4-4). For exceptional roots (i.e., those for which the issue can be reduced to a
unitary group Us), it is verified case-by-case in the lists at the end of Section 1 and
just before (4-6). (]
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We are ready to establish the desired isomorphism between Hecke algebras on
the two sides of the LLC.

Theorem 5.4. There is a canonical algebra isomorphism s : H(s)°? — H(s", qu/ 2),

given as follows:
e On O(T;), Y5 is induced by the bijection T, = T;v from the LLC for tori.
o Ys(Ny) = Ny-1 forall w € Wy = Wy,

Proof. By Theorem 2.7 there is a unique isomorphism of O(7;v)-modules with these
properties. By the W,-equivariance of the LLC for tori via (5-2), O(T;) — O(T,v)
is Ws-equivariant. Combine that with Lemma 5.3 and the multiplication rules in
extended affine Hecke algebras [6, Proposition 2.2]. U

We note that Theorem 5.4 is compatible with parabolic induction from standard
parabolic and standard Levi subgroups of G. Indeed, for a standard Levi subgroup M
of G one obtains the same isomorphism as in Theorem 5.4, on the subalgebra
generated by O(T;) and the N, with w € Ny (T)/T.

Remark 5.5. It is also possible to construct a canonical algebra isomorphism
H(s) = H(s, q}p/ 2). To that end, we only have to change the condition ¥;(Ny,) =
N,,-1 in Theorem 5.4 to ¥;(Ny,) = Ny,. The two options are related by the canonical

isomorphism

H(s", q}/") = H(sY, g/ )P, fNy— Nyt f, feOTs), we We.

6. Parameters of generic representations

With Theorem 5.4 and (5-3) we can reformulate Theorem 3.4 in terms of H.(s", q}g/ 2)—

modules. Then it says: = is (U, £)-generic if and only if
(6-1) HomH(styq;)(HomG(Hs, 1), St) is nonzero.

We want to investigate which Langlands parameters should correspond to generic
representations in Theorem 4.3. With the reduction theorems from [32, §8-9]
we translate the study of (irreducible) representations of H(s)? = H(s", q;/ 2) to
representations of graded Hecke algebras. Subsequently we take a closer look at the
geometric construction of the representations of such algebras. We need to revisit
the methods from [32] and [4; 6], because the aspects we are interested in were not

considered previously and require some details.

6.1. Reduction to graded Hecke algebras. To ease the notation, from now on
the elements of R;v will be called just «", instead of my,a” as previously. For a
H(s", q}p/z)—module V and t € T,v we write

V; = {v € V : there exists n € N such that (8, — x(¢))"v =0 for all x € X}.



ON PRINCIPAL SERIES REPRESENTATIONS OF QUASI-SPLIT p-ADIC GROUPS 305

If V; is nonzero, then we call ¢ a weight of V. For a W,v-stable subset U C T,v, let
Mod(Hsv)y be the category of finite-length #Hsv-modules all whose O(7T;v)-weights
belong to U. There is this natural equivalence of categories:

1/2 1/2
Mod((s". g/ Du—~> @ Mods".q/ Do Vir @ (X Vir).
teU/Wyv teU/Wyv “weW,v
Let Tsv un C T5v be the maximal compact real subtorus. It is homeomorphic to the
set of unitary characters in T, = X (T') xo. For u € T,v y, we put

Rsvy ={a" € Ryv : 5o (u) = u}.

This is a root system and its Weyl group is contained in W,v . Recall that we fixed
a Borel subgroup BY C GV, which provides R;v , with a notion of positive roots.
Let 'y ,, be the stabilizer of R}, , = RY, N Ryv ,, in Wev . Then

st,u == W(Rsv,u) X Fsv,u-
From these objects we build a new root datum

Rﬁv,u = (Rsv,us X*(Tsv)’ RV X*(T5V)),

sV, u’

which is endowed with an action of I'gyv ;. That gives rise to an extended affine
Hecke algebra
172
Hev oy = H(Rsv s A, A, qp/ ) X Ty .
We denote the standard generators of this algebra (as an O(7;v)-module) by Ny, ,,
where w € Wev .

The positive part of X (T) is X (T) = Homz (T, R~o). Via (4-2), X (T) can
be regarded as a subgroup of (TV-!F Jw, » and as such it acts on Tsv. In particular
that yields a subset st,uX;“r(T)u of T,v. Notice that every element of T5v lies in a
subset of the form X1 (T)u with u € Ty yp.

iy

Theorem 6.1. There exists a canonical equivalence of categories

. 1/2
lndu . MOd(Hﬁv:u)X;?(T)u — MOd(H(ﬁv, qF/ ))stx,:;(T)u’

VXrTr(T)u = > V<V,
reXi(T)

such that:
(a) ind, is given by localization of the centers on both sides, followed by induction.
(b) ind, and ind;1 preserve central characters.

(¢) For V € Mod(Hsv u) xi (1), there is an isomorphism

HomH(er’qé)(indu V,St) = HomH(st (V, St).

u’q)}:")
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Proof. The original version of this equivalence is [32, Theorem 8.6], but the setup
is slightly different there. The version we need, including the canonicity and the
group I'sv, is shown in [46, Theorem 2.1.2]. Strictly speaking I's, must fix a point
of T;v in [46]. Fortunately, that does not play a role in the proof, it works in the
generality of our setting because we consider u that need not be fixed by W (R;v).
The properties (a) and (b) are checked in [6, Theorem 2.5].

By [6, Theorem 2.5] the effect of the thus obtained functor ind,, on H(Wjv, q’})-
modules is
HWev.q7)

(6-2) Vi ind, f

V.

In this expression H(W (R;v), q}) and C[I'gv N I'sv ,] are naturally subalgebras
of H(Wsv, q}), but we have to be careful with the N, , for which w € I'sv ,
but w ¢ I'sv. From [32, §8] and [46, §2.1] one sees that N,, , is sent to

Tw lx,;(T)u =Tw 1X;.(T)u

in a suitable completlon of H(sY q ) Here 7, is as in Section 2, transferred to
completions of H (s q F ) via Theorem 5.4. From (6-2) and Frobenius reciprocity
(in a suitably completed algebra) we obtain (c). U

With Theorem 6.1 we can reduce the study of H(s", q F ) modules that admit a
central character to modules of another affine Hecke algebra, #sv ,, such that for the
new modules the compact part of the central character is fixed by the new extended
Weyl group. In this process all relevant properties of modules are preserved.

Let T, (Tsv) be the tangent space of T,v at u. It can be identified with the space
C®z X.(Tsv), so Rev,, can be regarded as a subset of the cotangent space T (7;v).
For a¥ € R;v we define a parameter

(A(hy) +a(@)r*(hy)) log(gr)
2

The graded Hecke algebra H(W (Rsv ), T, (Tsv), k*) is defined to be the vector
space O(%,(Tsv)) @ C[W (R, )] with multiplication given as follows:

kZ\/ -

Rz().

e O(%,(Tsv)) and C[W (Rsv )] are embedded as unital subalgebras.
o For ¥ € Ryv, simple and f € O(T,(T,)),

Saf —5a(f)s (x:M

The group I'sv , acts naturally on this algebra, by

ywf)=@uwy™) foy™, weWRsu). feOEu(T)).
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This action gives rise to the extended graded Hecke algebra
Hﬁ,u - [H](W(Rsv,u)v Su(Tﬁv)v ku) Dol Fsv,u-

Its center is O(T,(Tyv))V"« and weights of Hgv ,-modules are considered, by

default, with respect to the maximal commutative subalgebra O(%,,(75v)). Like for

affine Hecke algebras, for a W,v ,-stable subset U C ¥, (T,v) we have the category

Mod(Hgv )y of finite-length modules all whose O(%, (T,5v))-weights belong to U.
Recall the exponential map for 7,v based at u:

exp, : Tu(Tsv) = Tov, y > uexp(y).
Theorem 6.2. The map exp,, induces a canonical equivalence of categories
exp, : Mod(Hsv 1)rex, (1,v) = Mod(Hsv u) x:t (1)
such that:

(a) exp,, comes from an isomorphism (induced by exp,,) between localized versions

of Hsv , and of Hsev .
(b) exp,, does not change the vector spaces underlying the modules.
(c) The effect of exp,,, on O(Z,(Tsv))-weights is exp,,.

(d) Forany V € Mod(Hsv ,)rex,(1,v) there is an isomorphism
Homy,,  (V,det) = Homy, u’q})(expu* V, St).

Proof. The original version of this equivalence is [32, Theorem 9.3]. We use the
version from [46, Theorem 2.1.4 and Corollary 2.1.5]. This includes the canonicity
and the properties (a), (b) and (c).

One way to see (d) is via deformations of the parameters. We can scale the
parameters k“ linearly to 0. That gives a family of extended graded Hecke algebras

[H]Sv,u,é = H(W(Rﬁv,u)v (zu(Tsv)y Eku) X Fsv’u, € € RZO-

A module V can be “scaled” to modules Vg, via the scaling homomorphisms
Hsv 4. — Hgv for € > 0 [46, (1.11)]. For € = 0 we obtain a module Vj of

Hav w0 = O (Tsv)) 3 Wev

which equals V as a C[W,v ,]-module and on which O(%,,(T,v)) acts by evaluation
at0e T, (T,v).

For the affine Hecke algebra H,v ,, the parameters can be scaled via gr > g%
with € € [0, 1]. That yields a family of algebras

HSV,M,E = H(Rua )\'s )\'*5 q;’) Dol FSV,Mv €c RZO'
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The module exp,,, V can be “scaled” accordingly via a functor
Oc :MOd(Hsv,u))Hu - MOd(Hsv,u,e)Xiua e el0,1];

see [46, Corollary 4.2.2]. In this process H(Wsv 4, ¢} is replaced by the isomorphic
semisimple algebra H(Wsv ,, q?). The multiplicities

dim HomH(stwq?) (0c(exp,, V), St)

depend continuously on € € [0, 1] and they are integers, so in fact they are constant
as functions of €. It is known from [46, (4.6)—(4.7)] that

exp,.(Ve) = oc(exp,, V) forall € € [0, 1].
We conclude that
HomH(Wy,wq;)(expu* V), St) = HomH(st,wqg)(c}o(expu* V), St)
= Homwgv,u Vo, det) = Homwsv,u (V,det). O
In view of Theorems 3.4, 6.1 and 6.2, the role of genericity for Hsv , is played
by modules that the contain the character det of C[W,v ,]. To analyze those, we
bring the algebra in an easier form.

Let R, be the subset of Ry, consisting of the roots «" for which ky., > 0.
Let I',~0 be the stabilizer of R'_, = R,~0N R, in W .

Lemma 6.3. The set R~ is a root system and
Hsv,u - [H](W(Ru>0)» ‘Zu(TSV)v ku) X l—‘u>0-

Proof. The set R~ is Wsv ,-stable by the invariance properties of the labels. In
particular it is stable under the reflections with respect to its roots, so it is a root
system. In every irreducible component of Rsv ,, R, -0 is either everything or empty
or the roots of one given length. By the simple transitivity of the action of W(R,,~0)
on the collection of positive systems in R,

st,u - W(Ru>0) X l—114>0-
We note that
(6-3) Revu \ Ru=0 ={a” € Rev 1 A(hy) = A" (hy), a” (u) = —1}.

By reduction to irreducible root systems, and the classification thereof, one checks
that W (R,v ;) is the semidirect product of W (R,~¢) and the subgroup generated by
the reflections with respect to the simple roots in Rsv ;, \ Ry~0. For such reflections
the multiplication relations in Hgv ,, simplify to sq f = s4(f)sq. That implies

HW(Rsv 1), Tu(Tev), k') = HW (Ry=0), Tu(Tev), k) X (Cuz0 N W(Rsv 1)),

which in turn implies the lemma. (]
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The advantage of Lemma 6.3 is that via the new presentation the algebra becomes
isomorphic to a graded Hecke algebra with equal parameters.

Lemma 6.4. Hgv , is isomorphic to a graded Hecke algebra (extended by T',~¢)
such that every root from R~ has the parameter 1og(qr).

Proof. By [6, Proposition 3.14], Hsv , is isomorphic to the graded Hecke algebra
associated to a certain complex reductive group G and a cuspidal L-parameter with
values in a quasi-Levi subgroup M of G. In our specific setting M° is a torus,
because we only work with principal series L-parameters. In particular the cuspidal
L-parameter is trivial on SL;(C). Thus H,v , is a graded Hecke algebra associated
to G and a cuspidal support whose unipotent (or nilpotent) element is trivial. By
construction [6, §1] all the nonzero parameters are of the form kj, = claV)r;,
where r; € C depends only on the connected component of the root system that
contains «V. Further c(av) = 2 by [31, §2] and our earlier specialization of z
to q}p/ ? entails ki = log(q F ) =log(gr)/2. Combine that with Lemma 6.3. O

6.2. Geometric representations of graded Hecke algebras. Since u corresponds to
a unitary character of 7', it is a bounded L-parameter for 7. By [6, Proposition 3.14],
the algebra Hgv ,, is of the form H(u, O, triv, log(gr)/2), where triv means the
trivial local system on the trivial nilpotent orbit 0. The meaning of this statement is
explained somewhat further in [6, (3.9) and below]. It can be formulated as

H(u, 0, triv, log(gF)/2) = H(GY, M" , triv, log(qF)/2).

In [6] the group G/ is defined as Z 1Gv (1) X Xpr(G), but in our current setting we
have just G,/ = Zgv(u). The reason 1s that at the start of Section 4 we refrained
from involving the simply connected cover of G, that would be superfluous
for quasi-split groups. Similarly the group M", which is a quasi-Levi subgroup
of Z é;v (u) x Xpr(G) in [6], becomes simply T in our setup.

Notice that G, need not be connected. In fact the isomorphism

(6-4) H(G,, T, triv, log(gr)/2) = Hsv u = H(W (Ru=0), Tu(Te), k*) ¥ Tuzo

and Lemma 6.3 imply that 7o(G,) = I'y,~o. When we replace G,/ by its identity
component, we obtain the subalgebra

i =H(G®, TV, triv, log(gr) /2) = H(W (Ru=0), Tu(Tev), k).

The irreducible representations of such graded Hecke algebras were parametrized
and constructed geometrically in [31; 33]. The parameters are triples (o, y, p°)
where

(i) o € Lie(G,"°) is semisimple,

(ii) y € Lie(G,°) is nilpotent,
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(iii) [o, y] =log(gF)y,

(iv) p° is an irreducible representation of wo(Zgy-e /Z(G,/°)) satisfying the ana-
logue of (ii) on page 129.

By [33] G, -°-conjugacy classes of such triples are naturally in bijection with
Irr(H(G,°, T, triv, log(gF)/2)). Let us write that as

(0,y,p%) > My

o
In [31; 33] there is an extra parameter r € C, but we suppress that because in this
paper it will always be equal to log(gr)/2. From these parameters o can always be
chosen in Lie(T), and then W (R,~()o is the central character of M;‘o’po.

Lusztig’s parametrization was slightly modified in [4, §3.5], essentially by com-
posing it with the Iwahori-Matsumoto involution IM of Hg, . To make that
consistent, the above condition (iii) must be replaced by

(iii’) [o, y] = —log(gFr)y.

We denote the resulting parametrization of
Irr(H(G,°, TV, triv, log(qF)/2)),
which is the one used in [6], by

o 170 . * o
(6-5) (0,9, 0°) — My’g’po =1IM My’_

.0

Proposition 6.5. The irreducible H(G,-°, TV, triv, log(qr)/2)-representation

Mo
¥,0,p

trivial representation and the Z ;v.-(o)-orbit of y is dense in

. contains the sign representation of C[W (R,~0)] if and only if p° is the

{Y e Lie(G,°) : [0, Y] = —log(qr)Y}.

Proof. We may replace G,°° by any finite covering group, that does not change
the associated graded Hecke algebra. In particular we may assume that the derived
group of G/°° is simply connected.

Via [6, Theorems 2.5 and 2.11], analogous to Theorems 6.1 and 6.2, 1\71;’6’ 0°
becomes an irreducible representation of the affine Hecke algebra associated
to (G,°, TV, triv), witll parameter gr. By Proposition 2.18 in [6], 1\71;,0’00
turned into the module Mexp(s),exp(y), po associated by Kazhdan and Lusztig [25] to
(exp(0), exp(y), p°) and gr. The paper [25] assumed that the derived group of the
involved complex reductive group is simply connected but that condition was lifted
in [38]. Furthermore, it was shown in [38, §7.2-7.3] that Mexp(g>,exp(y), pe contains
the Steinberg representation of H(W (R,~0), gr) if and only if p° is trivial and the

Z‘(’;vvo—orbit of y is dense in

is

{Y €Lie(G)°) : Ad(expo)Y = q,'Y}.
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Now we go back to H(G,°, TV, triv, log(gr)/2)-modules, and we conclude with
a version of Theorem 6.2(d). [l

The parametrization of Irr(l]-l];v’ ) from (6-5) has been generalized to Hsv ;, in [4,
Theorem 3.20] and [6, Theorem 3.8]. The parameters are G -conjugacy classes
of triples (o, y, p) as above, with the only difference that p is now an irreducible
representation of o (Zgy (o, V/Z(G,)°)).

The two constructions are related as follows. To (o, y) one associates [31] a
[H];’v’ . X no(ZGZ,o)—representation E;’_G. Then

E o p =Homryz w0 (0% Ey o)

and M7 _ .. is the unique irreducible quotient of that module.
Similarly an Hsv , X 7o(Zgy)-representation Ey _, can be constructed [4], and
by [4, Lemma 3.3] there is a canonical isomorphism

(6-6) Ey_ Zind " ES,.
One defines
(6'7) Ey,—(f,,o = Homno(ZGb/ (0,y)) (/Oa Ey,—a)’

and then M, _, , is the unique irreducible quotient of E, _; ,.

Lemma 6.6. Every semisimple o € G, ° can be extended to a triple as used
in (6-7) such that M, _, , contains the trivial representation of C[W (Ry~0) X T',~0].
Moreover (y, p) is unique up to Zgy(0)-conjugacy, y lies in the dense Z v~ (0)-
orbit in

{Y e Lie(G,)°) : [0, Y] = —log(qr)Y}

and the restriction of p to wo(Zgv-~(0, y)) is a multiple of the trivial representation.

Proof. Let M, _, be the maximal semisimple quotient Hsv ,-module of E, _,.
Then

(6'8) My,fa,p = Homno(ZGX (y,0)) (,0, My,fo),

for any eligible p. The same can be done for the analogous HE,  -modules. It
follows from (6-6), (6-7) and (6-8) that

7_0-'

~ Hgv 4 o
(6-9) M, ;= 1ndH:v‘u My

Recall that Hgv ,, = I]-I];’v’u xI',~0. By Frobenius reciprocity and (6-9) the multiplicity
of trivw (R, )« I My o equals the multiplicity of trivw (g,.,) in My _.

For any given o, Proposition 6.5 and (6-8) for HL., , entail that trivw g, ) appears
with multiplicity one in M7 _ if y satisfies the density condition, and otherwise
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that multiplicity is zero. Hence M, _, contains trivy (g,_,)»r,., if and only if y
satisfies the condition from the statement, and then the multiplicity is one.

For such (o, y), multiplicity one ensures that there exists a unique p such that
M, ; , contains trivy (g, )xr,.,- Let p° be an irreducible subrepresentation of p
restricted to the normal subgroup 77¢(Z v (o, y)). By Clifford theory the restriction
of p to o(Zgye(0,y)) is a multiple of EBg g p°, where g runs over mo(Zgy (o, y))
modulo the stabilizer of p°.

Suppose that p° is nontrivial. Then g - p° is nontrivial for any g € 7o(Zgy (0, y)),
and My ., cannot contain any H¢,  -submodule of the form M7, , ... In this
case M, _, , does not contain trivy (g,_)- U

To see that the parametrization of Irr([H]ﬁv’") from [6, Theorem 3.8] has a property
like Proposition 6.5, it remains to analyze the p determined by Lemma 6.6. To that
end we have to delve more deeply into the underlying constructions.

By the naturality of the parametrization (6-5), the ', -stabilizer of M (Y
equivalently of MY _; .) equals the I',-o-stabilizer of the G,/ °-orbit of (o, y, p°).
When p° = triv, that group depends only on (o, y). When furthermore y satisfies
the density condition from Proposition 6.5, the I';,..¢-stabilizer of M ;’mmv equals
the '~ o-stabilizer of the G,/-°-orbit of o, which we denote by I'[4].

Lemma 6.7. Let (o, y, triv) be as in Proposition 6.5. The action of HZ, , on
M ;’7 o.uiy €Xtends in a unique way to an action of Hg,  x I'ig) that contains the
trivial representation of C[W (R,~0) X I'is1].

Proof. By Proposition 6.5, we have that M} _, . contains the trivial representation
of C[W(R,~0)], and by Lemma 3.5 it does so with multiplicity one. Any y € I'|4)

stabilizes M;’_a’mv, so there exists a linear bijection [, such that

Iyoh=yMh)ol,: M _, . — M, _ forall A e HY, .

o,p°

Schur’s lemma says that /,, is unique up to scalars. Since trivy (g,_,) is I'[s]-stable
and appears with multiplicity one in M7 _, ., I, stabilizes the one-dimensional
subspace which affords trivy (g, ,). We normalize I, by requiring that it fixes
trivw (r,.o) C My _, po pointwise, that is the only possibility if we want to end up
with the trivial representation of W (R,~0) % I'[¢].

For any y, y" € sy, I, o I, satisfies the same condition as I/, so equals 1.
These I, provide the desired extension. U

The module M7y , . comes as the unique irreducible quotient of a standard
module E;’G’ 0 [34, Theorem 1.15(a)]. The latter is a subspace of the homology of
the variety B of Borel subgroups of G,° that contain exp(y), with coefficients
in a certain local system £. In our setting £ is trivial because it comes from the

trivial local system on {0}. In terms of the I';-¢-stable Borel subgroup BY N G,°



ON PRINCIPAL SERIES REPRESENTATIONS OF QUASI-SPLIT p-ADIC GROUPS 313

we have

ES, . C H(B) = H.({g € Gy°/BYNG}°: Ad(g~")y € Lie(B” N G)*))).

From that and (6-7) we see that

o 2, NVo(y,0)
(6-10) o oy = H,(B”)" i y:0)
Lemma 6.8. Let (o, y, triv) be as in Proposition 6.5. Then
o o Z v.0(y,0)
M; o iy = ES gy = Hx(B) 70

\%

Z ,0 N . .
as vector spaces. The subspace Hy(3”) Cu 9 has dimension equal to one and

CIW (R,>0)] acts on it as the trivial representation.

Proof. By [33, §10.4-10.8], every irreducible subquotient of E? different

y,—0o,triv
o 2 o] 1
from M 3 —otriv 13 of the form My,,_ o.p° with

Ad(Zgyo)y C Ad(Zgr)y'-

By the density condition on y, such a y’ does not exist. Therefore E° is

. . y,—0,triv
irreducible and equal to M ;’7 o.triv*

Again by [33, §10.4-10.8], M;,_U’triv is a subquotient of E(‘)”_U,mv. As
(6-11) Ad(Zgvo)y=1{Y € Lie(G,°) : [0, Y] = —log(qFr)Y}

is a vector space, the intersection cohomology complex from the constant sheaf
on Ad(ZG;»o) y is the constant sheaf on (6-11). In view of [33, §10], restricting that
sheaf to {0} provides a natural nonzero Hg, ,-module homomorphism

Ej

o
,—o,triv - EO, —o,triv*

This realizes M ;,—a,triv as subrepresentation of ES,—U,[riv'
Consider the algebra A = O(Lie(G,°)/Ad(G) x C) of conjugation invariant

functions on the Lie algebra of G,*° x C*. We recall from [31] that
E§ _, o =Hom(p°, E3 ;) = Hom(p°, C_s jog(qr)2 ®a H{ (B).

If we replace log(gr)/2 by an arbitrary » € C, we still obtain a module for a
graded Hecke algebra, namely H(G,°, TV, triv, r). It is known from Proposi-
tion 7.2 of [31] that H*A (B°) is a free A-module. That implies that the modules
C_o., ®4 HA(B") form an algebraic family parametrized by r € C and a semisimple
o € Lie(G,°). In particular, as modules for the finite-dimensional semisimple
subalgebra C[W (R,~¢)] they do not depend on (o, 7).

For r =0, o = 0, the group ZG;,o(a, 0) = G,j*" is connected, and we obtain
an = H,(B%. This is a C[W (Ry=0)]-representation with which the classical
Springer correspondence can be constructed. Here we must use the version of the
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Springer correspondence from [30], which by [30, Theorem 9.2] means that the
trivial W (R,~o)-representation appears as

Ho(pt) = Ho(B") = Ho(8")
for a regular unipotent element x € G,°°. As dim Ho(B°) =1, the parts of
o o 0
My,fo,triv C EO,fa,triv C C—U,]Og(lﬁ)/z X4 H*A(B )

in homological degree zero also have dimension one and carry the trivial represen-
tation of W(R,~0). O

We are ready to prove the desired generalization of Proposition 6.5.

Theorem 6.9. There exists a canonical bijection between Irr(Hgv ) and the set of
G, -conjugacy classes of triples (o, y, p), where

e 0,y € Lie(G))) with o semisimple, y nilpotent and [o, y] = —log(qFr)y,

e p is an irreducible representation of mwo(Zgy (o, y)/Z(G,°)), such that any
irreducible wo(Zgv-(0, y)/Z (G,/°°))-subrepresentation appears in the homology
of the variety of Borel subgroups of G,°° that contain exp(c) and exp(y).

The module M y,0,p associated to (o, y, p) contains the character det of C[W,v ,]
if and only if p is trivial and the Ad(Z;v.-(0'))-orbit of y is dense in

{Y € Lie(G,°) : [0, Y] = —log(qF)Y}.

Proof. We start with the parametrization of Irr(lH](GZ, TV, triv, log(gr)/ 2)) pro-
vided by [4, §3.5] and [6, Theorem 3.8]. This has almost all the required properties,
only the action of C[I",,~¢] on the thus constructed modules can still be normalized
in several ways.

Fix a nilpotent y € Lie(G,°) and consider the variety

Py:={g€G)//BYNG,°:Ad(g"")y e Lie(BY N G)°)}.

The Hsv , x m9(Zgy (0, y))-representation Ey _, equals H,(P”) as a vector space.
The action of 7¢(Zgy (0, y)) on H,(P”) is induced by the natural left action
of Zgy(o, y) on Py. An element y € I'y~¢ acts on P’ by

(6-12) r,' g(BYNG ) gy 'BYNG, ",

which in fact makes P, isomorphic to B x I',~9. We normalize the action
of C[I'y~0] on E, _,, by defining it as H*(ry_ ). (This normalization was not
possible in [4], because there the homology of P, had coefficients in a local system
that could be nontrivial.)
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From now on we assume that y satisfies the density condition from the statement.
In view of Lemma 6.6, it remains to analyze the o(Zgy (0, y))-invariants in Ey .
We recall from [4, Lemma 3.12] that

L1 =m0(Zay (0, y)/m0(Z gy (0, y)).

Let y5,y € Zgy (o, y) be a representative of y € I'i5). Then H*(Py)”"(ZGX (©.))
consists of the invariants for {y, , : ¥y € I'is1} in

(6-13) H*(,Py)no(ZGX,o(o,y)) _ @ H,(w- By)HO(ZGX’O(J'y)).

weFu>0

Fix y € I'i4} and consider the map
(6-14) fy B =B, gBYNG,°) > ysygy "(BYNG)®).
It can be decomposed as

fy=l,,0p =rlol, .

. Z V.o s . .. .
The induced map on H, (B” )ﬂO( Gy @) is the composition of the action of an Hgv ;-
intertwiner H*(lyw) from ﬂo(ZGleO(G, y)) and the action H*(p;l) of y € Hgv 4,
so it is an H_,  -intertwiner

H*(f)/) : E;,—a,triv - Vv E;,—a,triv‘

. o _ o
Letmy, o be the extensionof EY _ ., =M? _

from Lemma 6.8. Consider the composition
Ty —o (y Ho H.(f,) € EndH:V’“ (ES o iv)-

By Schur’s lemma this is a scalar, say A € C. We know from Lemma 6.8 that
Ho(B")™%6* ") has dimension one, so in terms of simplicial homology it
is spanned by an element v that is the sum of one point from every connected
component of B”. This v is fixed by Hy( f,,) because (6-14) is a homeomorphism. By
Lemmas 6.7 and 6.8 also 7, _ (y " Hv=v. Hence A =1 and ny,_(,(y‘l) o H.(fy)
is the identity. Equivalently,

to an Hsv , X I'[41-representation

, Z v.ol(o,y " Z v.o(o,y
Ho(ly,,) = H(r) 07ty o (p) : Ho(B) " Z0i° @ s gy - g7y i@,

By)nO(ZGuv’c’(a'y)) = Cv we obtain

Specializing to Hy(
Ho(ly,,) = Ho(ry) : Ho(B")™* i@ — Hy(y - BY)y™ “oi=™,

It follows that Hoy(P?)™ %6 @) contains the nonzero vector

> Horyyw= Y Hor,") Y Holly,,)v.

ve€lu=o wely~o/ L y€lo]
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Lemma 6.8 shows that this an element of Ey _; uiv fixed by W(R,~0) X ['y0. In
other words,

(6-15) IM*My, _g yriv contains the C[W (R,~0) X I'y~o]-representation sign  triv.

Lemma 6.6 says that only the triples (y, o, p) of the kind indicated in the statement
have that property.

Finally, we slightly modify the construction from [4, §3.5]. Instead of extending
the Iwahori-Matsumoto involution from Hg, , to Hsv , by making it the identity
on C[I'y~o],

(6-16) we extend IM to Hgv ,, as multiplication by det on C[T,~¢].

Then (6-15) becomes: IM*M, _ , contains detwsv‘u if and only if (o, y, p) is as
stated in the theorem. O

We note that (6-16) only differs from the usual Iwahori-Matsumoto involution
on the extended graded Hecke algebra H,v , by the automorphism

(6-17) detr,_,:ywf>det(y)ywf, y€lus0, weW(Rys0), f€OE,(Tsv)).

Since detr,_, is the identity on O(%,(Tsv)), it preserves all the properties (e.g.,
temperedness) that we need later on. The advantage of (6-16) over IM from [4] is
that all reflections in W (R,~¢) % [',~¢ are treated in the same way, irrespective of
their g-parameters in some Hecke algebra. This is needed to express Theorem 6.9
with detIWEV e

We wrap ﬁp this section by combining the main results.

Lemma 6.10. We modify [6, Theorem 3.18] (see Theorem 4.3) by using (6-16)
instead of the involution IM from [4, §3.5]. That yields a canonical bijection

®,(G)° - Ir(H(s", q)”)), (@, p) > M@, p, g},

such that:
e It has all the properties listed in [6, Theorem 3.18].
o« M(¢,p, q;,/ 2) contains the Steinberg representation of H(Wsv, q;‘,) if and only
if p is trivial and log q‘)(l, (é })) lies in the dense Zgv (qg(Wp))-orbit in
{Y e Lie(Zg (¢ (IF))) : Ad(¢(Frobp))Y =g, 'Y}.

- ~ =172
Here 311, = |1, and §(Froby) = ¢ (Frobr, (" 02)).

F
Proof. By design [6, Theorem 3.18] for H(s", q};/ 2) is the composition of The-
orems 6.1, 6.2 and 6.9, with (6-16) as only difference. Since each of the three
involved bijections is canonical, so is our version of [6, Theorem 3.18]. As explained
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after (6-17), the automorphism detr,_, does not destroy any of the properties from
[6, Theorem 3.18], so our bijection still satisfies all those properties.

In Theorem 6.9 we found a necessary and sufficient condition so that M y.o.p €
Irr(H;v) contains dethvV“. With Theorem 6.2 we can translate that to exp,,,, M 9,0,0-
Thus the latter module contains the representation St of H(Wsv ,, qﬁ-) if and only
if p is trivial and the orbit of y is dense in

{Y € Lie(Zgv(¢(Ir)) : Ad(uexp(0))Y =g 'Y}

With Theorem 6.1 we transfer that to a property of

ind; " exp,, My, € Ir(H(s", g/ ).
The translation to L-parameters from [6] is such that Sc(¢, p) = uexp(o) and
y =log¢(1, (y}))- Thus we recover the characterization of genericity stated in
the lemma. [l

7. A canonical local Langlands correspondence

Recall that we fixed a quasi-split group G = G(F), a maximal split torus S of G,
a Borel subgroup B C G containing T = Z5(S) and a Whittaker datum (U, &).
Given G, only £ is really a choice, the other objects are unique up to G-conjugacy.

We denote the space of irreducible G-representations in the principal series
by Irr(G, T), and we write ®,.(G, T) for the set of principal series enhanced L-
parameters in ®,(G).

Theorem 7.1. The Whittaker datum (U, &) determines a canonical bijection

IIT(G, T)(—)cbe(G, T)’ T = (¢7T7 /On)» 7T(¢, 10) <_|(¢’IO)

Proof. Recall from (5-2) that the LLC for tori provides a Ng(T)/T-equivariant
bijection between the Bernstein components of Irr(7") and the Bernstein components
of ®.(T), say s > s7.

Every principal series Bernstein component Irr(G)® of Irr(G) determines a unique
N¢(T)/ T-orbit of Bernstein components Irr(7")%”. Similarly every principal series
Bernstein component ®,(G)* determines a unique Ng(T)/T-orbit of Bernstein
components ®,(G)*7. Thus the LLC for tori induces a natural bijection between
the Bernstein components of Irr(G, T) and those of ®,.(G,T). We denote it
by Irr(G)* — ®,(G)*’, where typically s = [T, xolg and sV = (T, xoXu(T)).
From respectively (1-1) and Theorems 2.7, 5.4 and 4.3 (the latter in the form of
Lemma 6.10), we obtain canonical bijections

(7-1) Irr(G)® <> Irr(Endg (T15)P) <> Irr(H(5)%P) < Iir(H(s”, g1/ °)) <> D.(G)® .
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Suppose we represent s instead by wsr =[T, wxolr withw e W(G, S)=Ng(T)/T.
Clearly we may assume that w has minimal length in wW,. Start with any 7 €
Irr(G)® and follow (7-1) to obtain

s € IM(H(5)®), 7w € Ir(H(s, ¢/ D), (b pr) € PG, T).

We use the same notations with ws instead of s. Proposition 2.8 implies that
TTyws = s 0 Ad(¢,,) where

Guw(fNy) = (fow)Ny-1y, for f € O(Tys), vE Wys.

Now we consider w as element of Ngv(TY x Wg)/T" via (5-2), and we define an
algebra isomorphism

Ad(¢w)" : Hws", g}/ = H(sY, g/,
fNyt—= (fow)Ny-1,p, f E€O(Tysv), vE Wygv.

With Theorem 5.4 we find that 7,5 is matched with 7,5v = 75w 0 Ad(¢hy,)". All the
constructions behind Theorem 4.3 and Lemma 6.10 are equivariant for automor-
phisms of (GY x Wg, TV x Wg) which preserve the projections to Wg and are alge-
braic on GV. This means that 75v o Ad(¢,,)" is parametrized by (wqb,, , W Pr),
for any representative of w in Ngv(T” x Wp). As (wp,w™ ", w - ,o,,) equals
(¢r, pr) in ©.(G), we deduce that the bijection between Irr(G)5 and dDe(G)5
from (7-1) does not depend on the choice of an inertial equivalence class for T’
underlying s.

Knowing that, we can unambiguously take the union of the bijections (7-1) over
all Bernstein components of Irr(G, T). O

Remark 7.2. If we had used the isomorphism #H(s) = H(s", ql/ 2) from Remark 5.5
instead of Theorem 5.4, then (7-1) would provide a canonical bijection between
Irr(G)® and Irr(H(sY ql/ 2)Op). That could be more natural, depending on the point
of view.

In the remainder of this section we will show that the bijection from Theorem 7.1
has many desirable properties.

The definition of ¢ in Lemma 6.10 applies to any Langlands parameter ¢ € ®(G).
The group Zgv(¢(Wr)) acts by conjugation on the variety

V~ ={ve Zgv(¢(IF)) : v is unipotent and ¢~>(FrobF)_]v¢~>(FrobF) =pir},

It is known from [15, Proposition 5.6.1] that V~ is an affine space over C on which
Zgv (@ (Wp)) acts with finitely many orbits, of Wthh exactly one is open. Following
[14, §0.6], we call ¢ € ®(G) open if uy € V¢ lies in the open Zgv (¢(Wp)) orbit.

Lemma 7.3. The representation w(¢, p) € Irr(G, T) is (U, &)-generic if and only
if ¢ is open and p is trivial.
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Proof. By Theorem 3.4, (¢, p) is (U, &)-generic if and only if the Endg (IT5)°P-
module Homg (15, (¢, o)) contains St. Via Theorems 5.4 and 4.3 that becomes
the analogous statement for H(s", q}g/ 2)—representations. In Lemma 6.10 we showed
the equivalence with the stated conditions on ¢ and p, except unipotency. The
conditions in Lemma 6.10 imply that log u4 must be nilpotent. Hence u4 must be
unipotent (as is any case required for Langlands parameters). ([

We note that Lemma 7.3 agrees with the Reeder’s findings [37; 38] for generic
unipotent representations and generic principal series representations, in both cases
for split reductive p-adic groups with connected center.

For the next properties of our LLC, the setup will be similar to [51, §5].

Lemma 7.4. Theorem 7.1 is compatible with direct products of quasi-split F -groups.

Proof. If G = G| x Gy, then all involved objects for G are naturally products of the
analogous objects for G| and G». O

Recall that the group of (smooth) characters Hom(G, C*) is naturally isomorphic
to H'(Wg, Z(GY)) [10; 27]. The former group acts on Irr(G) by tensoring, and
that action commutes with the supercuspidal support map so stabilizes Irr(G, T').

On the other hand, H'(Wr, Z(G")) acts on ®(G) by multiplication of maps
Wr x SLy(C) — GV, where H!(Wg, Z(G")) gives maps that do not use SL,(C)).
That action does not change Ry, so it induces an action of H Y(WE, Z(GY))
on ®,(G) which does not change the enhancements. This last action commutes
with the cuspidal support maps, so it stabilizes ®.(G, T).

Lemma 7.5. The bijection in Theorem 7.1 is HY (W, Z(GY))-equivariant.

Proof. For the fourth bijection in (7-1), such equivariance was shown in [51,
Lemma 2.2(a)]. Here z € H' (W, Z(G")) acts via the algebra isomorphism

H(z): H(s" . g} — Hzs" . g},

fNy+> (foz DNy, feO(Tw), we W
In view of Theorem 5.4, the same formula also defines an algebra isomorphism
H(z) : H(s)P — H(zs)P.

We define an action of H'(Wp, Z(GV)) on the union of the spaces Irr(7(s)°P)
by z-7 =1 0o H(z)~!. That renders the third bijection in (7-1) equivariant. Using
Theorem 2.7 and the same argument we also make the second bijection in (7-1)
equivariant for H'(Wp, Z(G")).
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Finally, consider = € Irr(G)® and Homg (I, 7) € Irr(Endg (I15)°P). Then z®@
lies in Irr(G)*® and

Homg (I, z ® 7) = Homg (I ind7, (z® x), 2@ 70)
= Homg (z ® I5ind7,_ (x), z®7)
= HomG(Igindim (%), 70)
= Homg (I, 7).

The isomorphism (from bottom to top) is given by translation by z on Irr(7'). As
modules over #(s) and #(zs), that isomorphism is implemented by composition
with (z)~!. Hence the first bijection in (7-1) is equivariant as well. U

It is clear that a principal series G-representation is supercuspidal if and only if G
is a torus. Similarly, the discussion at the start of Section 4 entails that a principal
series enhanced L-parameter for G is cuspidal if and only if G is a torus. The next
result relates the cuspidal support maps on both sides, when G is not a torus.

Lemma 7.6. Theorem 7.1 and the cuspidal support maps make the following
diagram commute:

Irr(G, T) «—— ®.(G, T)

lSc l/Sc
(T) /N (T) £S5 &(T) /N (T x Wr)

Proof. From the formula for the cuspidal support (4-1) and Theorem 4.2(a),
we see that the central character of M (¢, p, g Ilp/ 2) is given by Sc(¢, p)/ W, €
®,.(T)/Wsv. Hence the central character of Homg (I, (¢, p)) is the image
Wsxp of Sc(¢, p)/ Wsv in Irr(T) / Ws.

More explicitly, O(T;)"= acts on Homg (I, 7 (¢, p)) via W, X¢- Then a glance
at the construction of Il reveals that W x4 represents the supercuspidal support
of T (¢, p). O

We turn to more analytic properties of G-representations.
Lemma 7.7. 7 € Irr(G, T) is tempered if and only if ¢, € ®(G) is bounded.

Proof. Theorem 4.2(b) says that the fourth bijection in (7-1) has the desired property.
By Lemma 5.3 and Theorem 5.4, the third bijection in (7-1) preserves temperedness.
By [50, Theorem 9.6(a)], so does the composition of the first and the second
bijections in (7-1). O

Lemma 7.8. m € Irr(G, T) is essentially square integrable if and only if ¢ is
discrete.
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Proof. Suppose first that R; , has smaller rank that R(G, S). By [50, Theo-
rem 9.6(b)], Rep(G)*® contains no essentially square-integrable representations.
As tk(R(G, S)) equals the F-split rank of G and

1k(Rs ;) =1k(R.) = rk(Rsv),

Theorem 4.2(c) says that ®,(G)° contains no discrete enhanced L-parameters.
Now we suppose that tk(R; ;,) = rk(R(G, S)). Then [50, Theorem 9.6(c)] says
that (1-1) restricts to a bijection between essentially square-integrable representa-
tions in Irr(G)® and essentially discrete series representations in Irr(#(s)°P). By
Lemma 5.3 and Theorem 5.4, the latter set is naturally in bijection with the set of
essentially discrete series representations in Irr(H(s", q}:/ 2)). Combine that with
Theorem 4.2(c). U

Recall from [27, p.20-23] and [10, §10] that every ¢ € ®(G) determines in a
canonical way a character x4 of Z(G).

Lemma7.9. Forany (¢, p) € ®.(G, T), the central character of w (¢, p) equals x.

Proof. For any subquotient 7 of Ig( X) = indg x® 8}3/ 2), the central character

of  equals (¥ ® 8119/ 2)I 7(G) = X |z(c)- In particular the central character of (¢, p)
equals Sc(m (¢, p))|z). By Lemma 7.6 that is 7 (Sc(¢, p))|z). With (4-1) we
write it as

—1/2
x|z, where 311, =@l1, and % (Frobp) = (Frobr, (%7, 1)),

It remains to show that x4 equals x|zg), and to that end we revisit the construction
from [10; 27]. Let G be a quasi-split reductive F-group with connected center,
such that Gger = Gaer. Let ¢ € ®(G) be a lift of ¢ € ®(G). With the canonical
map p: LG — LZ(G) we obtain p(¢) € ®(Z(G)). Via the LLC for tori that gives
Xp@) € Irr(Z(G)), and by definition x4 = X5@) 12(G)-

Let T = Z5(S) = Zg(T). From (4-1) we see that, for any enhancement p of ¢
such that (¢, p) € ®.(G, T), we have Sc(¢, p) = (¥, €), where ¥ € ®(T) is a lift
of ¥ € ®(T). As ¢ and ¥ differ only by elements of GV g4er C ker(p), we have
p¢ = pr. By the naturality of the LLC for tori, Xy extends both x € Irr(T) and
Xy = Xjpp € I(Z(G)). Hence x|z = xp5lz6) = Xo- U

Suppose that P = MR, (P) is a parabolic subgroup of G, where M is a Levi
factor of P and T C M. We can use the normalized parabolic induction functor I}?
to relate representations of M and of G.

The restriction of & to U N M is a nondegenerate character &£);,. We use the
pair (U N M, &y) to define genericity of M-representations and to normalize the
LLC for Irr(M, T).
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Suppose furthermore that ¢ € ®(G) factors via ®(M). By Theorem 7.10(a)
of [3] the group Rg’ =10(Zyv(¢)/Z(M")) injects naturally into R,. Hence any
enhancement of ¢ € ®(G) can be considered as a (possibly reducible) representation

M
of R¢ .
Lemma 7.10. Let (¢, pM) € ®,(M, T) be bounded. Then
I3, ") =P Hompu (o™, p) @7 (¢, ).

where the sum runs over all p € Irr(Ry) with Sc(¢, p) = Sc(¢, oM.

Proof. By [6, Theorem 3.18(f) and Lemma 3.19(a)], the analogous statement
holds for H(s", q;/ 2)—modules. Theorem 5.4 (which is compatible with parabolic
induction) entails it also holds for #(s)°P-modules. Then (1-2) enables us to transfer
the desired statement from #(s)°P to Rep(G)®. O

Recall that the Langlands classification for irreducible G-representations [27; 39]
associates to any 7 € Irr(G) a unique standard parabolic subgroup P = MR, (P),
a unique tempered 7 € Irr(M) and a unique strictly positive z € Hom(M, R. o),
such that 7 is the unique irreducible quotient of the standard module g(‘f ® 2).
It has a counterpart for (enhanced) L-parameters [45]. Let (¢, p) € ®.(G, T) and
let (P = MR, (P), ¢, z) be the triple associated to ¢ by [45, Theorem 4.6]. Here
¢p € ©(M) is bounded and z € X (M) = (Z(MV)IF)WF" is “strictly positive with
respect to P”. By [3, Theorem 7.10(b)] there are natural isomorphisms

~ pM _ pM ~
Ry, = Rzg, = Ry = Ry.
Hence p can also be regarded as enhancement of ¢ € ® (M) or ¢, € ®(M).
Lemma 7.11. In the above setting:

(a) (¢, p) is the unique irreducible quotient of IgnM(q&, 0).
(b) M (¢, p) =M 2y, p) =2 @M (dp, p) with ™ (¢p, p) € Irr(M) tempered.

(c) The triple associated to (¢, p) by the Langlands classification for Irr(G) is
(P, ™ ($p. ). 2).

Proof. (a) By [51, Proposition 2.3], the analogue in Rep(H(s", q;/ 2)) holds. As in
the proof of Lemma 7.10, that can be transferred to Rep(G)* via (1-2).

(b) This is a direct consequence of Lemmas 7.5 and 7.7.

(c) This follows from (a), (b) and the uniqueness in the Langlands classification. [

Suppose that F’/F is a finite extension inside the fixed separable closure Fj.
Let G’ be a quasi-split F’'-group and put G = Resg/,r(G’). Then G(F) = G'(F’), so
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there is a natural bijection Irr(G(F)) — Irr(G'(F’)). On the other hand, Shapiro’s
lemma provides a natural isomorphism

Sh: ®.(G(F)) — .(G'(F");
see [17, Lemma A.3].
Let 7' be the centralizer of a maximal F’-split torus of G’ and put 7 =Res g/ ¢ (T").

Lemma 7.12. The bijection in Theorem 7.1 is compatible with restriction of scalars,
in the sense that the following diagram commutes:

Ire(G(F), T(F)) ——— P(G(F), T(F))

| [

Ire(G'(F'), T'(F)) —— @(G'(F"), T'(F"))

Proof. By [51, (26)], Sh induces a bijection from the set of Bernstein components
of ®,(G(F)) to the analogous set for G'(F’). This bijection commutes with the cus-
pidal support maps, so it also applies to ®.(G(F), T(F)) and ®,(G'(F’'), T'(F")).
If sV corresponds to sV, there is a natural algebra isomorphism H(s", g }/ 2y =~
(s, q})?) [51, Lemma 2.4]. Combine that with (7-1). O

Finally we investigate in what sense our (enhanced) L-parameters are unique.

Lemma 7.13. Let m € Irt(G, T). Then the ¢, from Theorem 7.1 is uniquely
determined by Lemmas 7.5, 7.6, 7.7 and 7.11.

Proof. Suppose that 7 is tempered. Lemma 7.6 determines Sc(¢y, pr) = @ up
to Ngv(TY x Wg). Lemma 7.8 says that ¢, must be bounded, so according to
[14, §0.6] ¢ is an open Langlands parameter. In other words, ug_ is uniquely
determined (up to Zgv (¢ (Wr))-conjugacy) as an element of the open orbit in Vi,
Thus ¢, is unique up to G"-conjugacy.

Suppose now that 7 is not tempered. Let (P, 7, z) be the triple associated to
by the Langlands classification. Here 7 is tempered, so the above determines ¢, €
®(P/R,(P), T) uniquely. Then Lemma 7.5 forces ¢, g, = z - ¢, and Lemma 7.11
says that ¢, equals z¢; up to G -conjugacy. ]

It is less clear to what extent the enhancement p,, of ¢, is uniquely specified.
Lemma 7.11 reduces this issue to tempered 7 € Irr(G, T'). Then ¢, is bounded,
so open. By Lemma 7.3 the L-packet ITy_ (G) contains a unique generic member,
namely 7 (¢, triv). That fixes the normalization of the intertwining operators
from elements of Ry_, which then determines 7 (¢, p) for any p € Irr(Ry_ ) such
that (¢, p) € ®.(G, T). However, to make that precise one has to say on which
module these intertwining operators acts. That involves the constructions with
Hecke algebras in Sections 5 and 6. Those are canonical, but they may not be
unique; see Remarks 5.5 and 7.2.
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CANONICAL METRIC CONNECTIONS WITH
CONSTANT HOLOMORPHIC SECTIONAL CURVATURE

SHUWEN CHEN AND FANGYANG ZHENG

We consider the conjecture of Chen and Nie concerning the space forms for
canonical metric connections of compact Hermitian manifolds. We verify the
conjecture for two special types of Hermitian manifolds: complex nilman-
ifolds with nilpotent J, and nonbalanced Bismut torsion-parallel manifolds.

1. Introduction and statement of results

The simplest kind of Riemannian manifolds are the so-called space forms, which
means complete Riemannian manifolds with constant sectional curvature. Their
universal covers are respectively the sphere S”, the Euclidean space R”, or the
hyperbolic space H", equipped with (scaling of) the standard metrics.

In the complex case, the sectional curvature of Hermitian manifolds in general
can no longer be constant (unless it is flat). Instead one requires the holomorphic
sectional curvature to be constant. When the metric is Kihler, one gets the so-called
complex space forms, namely complete Kidhler manifolds with constant holomorphic
sectional curvature. Analogous to the Riemannian case, their universal covers are
the complex projective space C[P”, the complex Euclidean space C”, or the complex
hyperbolic space CH", equipped with (scaling of) the standard metrics.

When a Hermitian metric is not Kéhler, its curvature tensor does not obey all
the Kéhler symmetries in general. As a result, the holomorphic sectional curvature
could no longer determine the entire curvature tensor. So one would naturally
wonder about when can the holomorphic sectional curvature be constant. In this
direction, a long-standing conjecture is the following:

Conjecture 1 (constant holomorphic sectional curvature conjecture). Given any
compact Hermitian manifold, if the holomorphic sectional curvature of its Chern
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(or Levi-Civita) connection is a constant c, then when ¢ % O the metric must be
Kdihler (hence a complex space form), while when ¢ = 0 the metric must be Chern
(or Levi-Civita) flat.

Note that when n > 3, there are compact Chern flat (or Levi-Civita flat) manifolds
that are non-Kéhler. Compact Chern flat manifolds are compact quotients of complex
Lie groups by the classic theorem of Boothby [5], and compact Levi-Civita flat
Hermitian threefolds were classified in [13], while for dimension 4 or higher it is
still an open question. Note also that the compactness assumption is necessary for
the conjecture.

For n =2, Conjecture 1 was confirmed by Balas and Gauduchon [2; 3], Sato and
Sekigawa [18], and Apostolov, Davidov, and Mushkarov [1] in the 1980s and 1990s.
In higher dimensions, the first substantial result towards this conjecture is the result
by Davidov, Grantcharov, and Mushkarov [11], in which they showed among other
things that the only twistor space with constant holomorphic sectional curvature is
the complex space form CP3. More recently, Chen, Chen, and Nie [9] showed that,
for locally conformally Kihler manifolds, the conjecture holds provided that the
holomorphic sectional curvature is a nonpositive constant. The conjecture is also
known in some other special cases; see, for instance, [8; 15; 16; 20].

Given a Hermitian manifold (M", g), besides the Chern connection V¢ and Levi-
Civita connection V, there is another metric connection that is widely studied: the
Bismut connection V. It is the connection compatible with both the metric g and
the almost complex structure J, as well as having totally skew-symmetric torsion.
Its existence and uniqueness was proved by Bismut in [4]. It was discovered
independently by Strominger [19], so in some literature it was also called the
Strominger connection.

Previously, we tried to extend Conjecture 1 to the Bismut connection case, and
raised the following conjecture and question [7, Conjecture 2 and Question 1]:

Conjecture 2. Given any compact Hermitian manifold, if the holomorphic sectional
curvature of its Bismut connection is a nonzero constant, then the metric must be
Kdihler (hence a complex space form).

Question 3. What kind of compact Hermitian manifolds will have zero Bismut
holomorphic sectional curvature but are not Bismut flat?

The reason for the above splitting is due to the fact that there are examples
of compact Hermitian manifolds with vanishing Bismut holomorphic sectional
curvature but its Bismut curvature is not identically zero, e.g., the standard Hopf
manifolds of dimension > 3 (or standard Hopf surfaces but with a specially varied
metric). In [7] we proved Conjecture 2 and answered Question 3 for the n = 2
case, and also answered them in the special case of complex nilmanifolds with
nilpotent J and the Bismut K#hler-like manifolds (see [7, Theorems 3 and 4]).
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The three canonical connections on a given Hermitian manifold (M", g), namely,
V (Levi-Civita), V¢ (Chern) and V? (Bismut), are all equal to each other when g
is Kéhler. While when g is not Kéihler, they are linearly independent. The line
of connections spanned by Chern and Bismut are called Gauduchon connections,
discovered by Gauduchon [12]:

D' = (1+rVi+i1-rV: reR.

In the literature there are a number of different ways to parametrize these Gauduchon
connections. Here we used Gauduchon’s approach, so that D! = V¢ is the Chern
connection, D~! = V? is the Bismut connection. Note that in this parametrization,
D’ = %(VC + V%) is the Hermitian projection of the Levi-Civita connection V,
often called the Lichnerowicz connection. Let

DI =(1—s)D"+5sV, (r,s)eQ:={s#1}U{0, 1)} C R

In the rs-plane R?, the domain  is the cone over the r-axis with vertex (0, 1),
or equivalently, the plane of canonical metric connections Dy are the cone over
the line of Gauduchon connections with vertex at the Levi-Civita connection. As
is well known, when the metric g is Kéhler, all D{ coincide, while when g is not
Kihler, D} # Dg/ for any two distinct points (r, s), (r/, s") in Q.

In [6], H. Chen and X. Nie gave a beautiful characterization of the possible exten-
sion of Conjecture 1 to the 2-parameter family of canonical metric connections Dy .
They discovered the particular subset (which will be called the Chen—Nie curve
from now on)

F={rs)eR|(0—r+rs)+s>=4CQ,

and proved the following theorem (see [6, Theorem 2.4]):

Theorem 4 (Chen—Nie). Let (M2, g) be a compact Hermitian surface with point-
wise constant holomorphic sectional curvature with respect to its D!, connection.
Then either g must be Kihler, or (r, s) € T and (M?, g) is an isosceles Hopf surface
equipped with an admissible metric.

In other words, in order to extend Conjecture 1 to the D! connections, one
has to exclude the subset I' and address its zero holomorphic sectional curvature
case differently just like what we have seen in the Bismut connection case in [7].
Following their discovery, it is natural to propose the following:

Conjecture 5 (Chen—Nie). Given any compact Hermitian manifold, if the holo-
morphic sectional curvature of its D} connection is a nonzero constant, then the
metric must be Kdhler (hence a complex space form). If the holomorphic sectional
curvature of its D§ connection is zero and (r, s) € Q\ T, then g must be D, flat.

A companion question is the following:
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Question 6. Forany (r, s) € ', what kind of compact Hermitian manifolds will have
its DY connection being nonflat but with vanishing holomorphic sectional curvature?

The aforementioned theorem of Chen and Nie says that Conjecture 5 is true when
n = 2. Note that the Chen—Nie curve I lies between the two horizontal lines s = —2
and s = 2, passing through the point (%, —2), (—1,2), (—1,0), (3,0), and with r
approaching 00 when s — 1. Note that D Lis just the Bismut connection V7,
while Dg =2V — VP’ is the reflection point of V? with respect to V¢, sometimes
called the anti-Bismut connection. In the notation of [25], Dl_/z3 =V~, D, = v+
are also special connections in the sense that their curvature moves in sync with the
curvature of V?, for instance, the curvatures of V*, V™ and V? will obey all Kihler
symmetries (namely, be Kihler-like) at the same time. Also, V' + V¢ =2V, that is,
VT is the reflection point of the Chern connection V¢ with respect to the Levi-Civita
connection V. Similarly, V™~ is the reflection point of D~!/3 = %VC + %Vb with
respect to V' = Dgl, the so-called anti-Levi-Civita connection, while D~1/3 is
called the minimal connection since it has the smallest norm of torsion amongst all
Gauduchon connections.

By a beautiful theorem of Lafuente and Stanfield [14, Theorem A], for any
Gauduchon connection D" other than Chern or Bismut, if a compact Hermitian
manifold has flat (or more generally, Kdhler-like) D”, then the metric must be
Kihler. For D with s # 0, it was proved in [25, Theorem 4] that if D} is other
than V, V', V* or V7, and if a Hermitian manifold has flat (or more generally,
Kihler-like) D7, then the metric must be Kihler.

In other words, with the exception of the three canonical connections V¢, vl v
and V', V*, V—, for any other D7, a compact Hermitian manifold with flat D]
must be Kéihler.

The main purpose of this short article is to confirm Conjecture 5 for general
dimensional Hermitian manifolds in the special case of either complex nilmanifolds
(with nilpotent J in the sense of [10]) or nonbalanced Bismut torsion-parallel
manifolds. Recall that by a complex nilmanifold here we mean a compact Hermitian
manifold (M", g) such that its universal cover is a nilpotent Lie group equipped
with a left-invariant complex structure and a compatible left-invariant metric. A
compact Hermitian manifold (M", g) is said to be Bismut torsion-parallel (or BTP
for brevity) if V2T? =0, where T is the torsion of the Bismut connection V?. Also
g is said to be balanced if d(«"~") = 0, where w is the Kihler form of g. Examples
and properties of BTP manifolds are discussed in [26; 27]. Note that any non-Kéhler
Bismut Kéhler-like (BKL) manifold is always a nonbalanced BTP manifold.

Theorem 7. Let (M", g) be a compact Hermitian manifold such that for some
(r,s) € 2, the canonical metric connection D} of g has constant holomorphic
sectional curvature c.
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(1) Assume that (M", g) is a complex nilmanifold with nilpotent J. If DY, is not the
Chern connection, then ¢ =0, the Lie group is abelian, and (M", g) is (a finite
undercover of ) a flat complex torus. If D} is the Chern connection, then ¢ =0,
the Lie group is a (nilpotent) complex Lie group, and (M", g) is Chern flat.

2) If (M", g) is a nonbalanced BTP manifold, then c =0 and (r, s) € I.

3 If (M3, g) is balanced BTP of dimension 3, then either it is Kdhler, or it
is Chern flat and ¢ = 0, (r, s) = (1, 0) (namely, with D} being the Chern
connection), with M> being a compact quotient of the simple complex Lie
group SO(3, C) equipped with the standard metric.

The above theorem says that Conjecture 5 holds for all complex nilmanifolds with
nilpotent J, all compact nonbalanced BTP manifolds, and all compact balanced BTP
threefolds. In particular, since (non-Kéhler) Bismut Kihler-like (BKL) manifolds
or Vaisman manifolds are always nonbalanced BTP, we know that Conjecture 5
holds for BKL or Vaisman manifolds.

2. Preliminaries

First let us recall the definition of sectional curvature and holomorphic sectional
curvature. Given a connection D on a differential manifold M", its torsion and
curvature are respectively defined by

TP(x,y) = Dyy — Dyx —[x, y], Rfyz =DDyz— DyDz— D, 12,

where x, y, z are vector fields on M. When M is equipped with a Riemannian
metric g = (-, - ), we could use g to lower the index and turn R” into a (4, 0)-tensor
(which we still denote by the same letter):

RP(x,y,z,w) = (R)z, w),

where x, y, z, w are vector fields on M. Clearly, R? is skew-symmetric with respect
to its first two positions. If D is a metric connection, namely, Dg = 0, then R? is
skew-symmetric with respect to its last two positions as well, hence it becomes a
bilinear form on A>T M. Note that the presence of torsion T? usually will make
the bilinear form R” not symmetric in general. The sectional curvature of D is
defined by

RP(x Ay, xNy)
lx A yl?

KP(m)= ,  where 7 = spang{x, y} CT,M.

Here as usual |x A y|? = |x|?|y|> — (x, y)2. It is easy to see that the value K P (rr) is
independent of the choice of the basis of the 2-plane 7 in the tangent space T, M.
Since the bilinear form R” may not be symmetric, the values of K in general will
not determine the entire R” (but only the symmetric part of R).
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Now suppose (M", g) is a Hermitian manifold and D is a metric connection.
Then besides the sectional curvature K P, one also has the holomorphic sectional
curvature HP, which is the restriction of K? on those 2-planes 7 that are J-
invariant: J = 7. In this case, for any nonzero x € &, {x, Jx} is a basis of 7, so
we can rewrite H” in complex coordinates:

RP(X, X, X, X)
| X4

HP(X) = , X=x—+—1Jx.

Let {ey, ..., e;} be alocal frame of type-(1, 0) complex tangent vector fields on M",
and denote by ng ;= RP(e;, e j» €k, €¢) the components of R D under the frame e.
We see that
HP =c <= R[; = 3¢50k +8iedy)),
where
5D _ 1/pD D D D
Rijie = a(Rijue + Biig + Rige + Rigip)
is the symmetrization of R”.
Next let us recall the structure equations of Hermitian manifolds. Let (M", g) be
a Hermitian manifold and denote by w the Kéhler form associated with g. Denote
by V, V¢, V? the Levi-Civita, Chern, and Bismut connection, respectively. Denote
by R the curvature of V, by 7¢ =T and R°€ the torsion and curvature of V¢, and
by 7% and R? the torsion and curvature of V?. Under any local unitary frame e, let
us write

n
T(ei,ex) =Y Tyej, 1<ik<n.
j=1
Then Tli are the Chern torsion components under e. Let ¢ be the coframe of
local (1, 0)-forms dual to e, namely, ¢;(e;) = §;;. Denote by 6, ® the matrices of
connection and curvature of V¢ under e. Let t be the column vector under e of the

Chern torsion, namely, 7; = % Yok Tiigo[- A @r. Then the structure equations and
Bianchi identities are

dp=-"0n¢p+T, dO=0A0+0,
dt=—"0AT+'"ONnp, dO=06AO—-OAH.
Similarly, denote by 8, ®” the matrices of connection and curvature of V? under e.

Then
O =doP — o’ A 0°.

Let y = V” — V¢ be the tensor, and for simplicity we will also write y = 0> — @
under e. Then by [23] we have

() yei= vijej =Y (Trpe — T @e;.
J Jk
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Also, following the notation of [22; 23], the Levi-Civita connection is given by

Vei=3 " ((6+3vi)e + By &), where py =13 T
k

J

Therefore, if we write e ='(ey, ..., e,) and ¢ ="(¢1, ..., @,) as column vectors,
then under the frame (e, €) the matrices of connection and curvature of V are
given by
~ [o1 B ~ [0 6, |
0= - | @ = = s 01=0 bR &)
[ﬁ 91} [@)2 91} =0ty
where

O =db —61 A0 —BAB,
Or=dB—BAO—01 AP,
dp=—-"9"np—"BArE.

As is well known, the entries of the curvature matrix ® are all (1, 1)-forms, while
the entries of the column vector 7 are all (2, 0)-forms, under any frame e. Since

l,—ZR QA B, Z(ng QA QR DeADe+ Rz = 0k A Do),
k, =1 k, =1

and
n
(®n;; = Z (Ripi7 9k N e+ Ry s @k A 0o+ Rygis ok A @0),

k=1

n

(©2)ij = D (Rgij 9k A o0+ Riis o A @o).
k,l=1

From the structure equations and Bianchi identities, one gets this relationship
between the three curvature tensors [7, Lemma 2]:

Lemma 8. Let (M", g) be a Hermitian manifold. Under any local unitary frame e,

_ __ 17 1 i 1 T J Tk
Rigi _RZ@-;— _ET,k,g_'Tl _+ZZ(7}’I;T]'r€_TkrT€lr T, T5),

b c _ _ i T Jpi
@) Rk@u RkZij - ,‘ Tje k + Z (T; Tje T T3,)
foranyi, j, k, £, where the indices after commas mean covariant derivatives with

respect to V¢,

Note that the discrepancy in the coefficients here and [7, Lemma 2] is due to
the fact that our ch is twice of that in [7]. For our later use, we will also need to
express the covariant derivatives of torsion in terms of the Bismut connection. Let
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us use indices after semicolons to denote the covariant derivatives with respect to
the Bismut connection. By the formula for y (1) we have

Tno—Tie = Z (T3 T, + TLTY, — THT),

Tk T
3 The = Tie= 2 CTaT) = TUT + THTT).

Next let us examine the curvature components of the canonical metric connections
Di=(1-s)D"+sV, D =i1+rV'+i1-rVP, (r,s) € Q.

For convenience, in the following we will fix an arbitrary point (r, s) € 2 and
write D for Dy. Under the local unitary frame e, we have

De; :Z(Qi?ej—l-s%éj), GD:9+%(1—r+rs)y:0+ty,

where we wrote t = %(1 —r +rs). So under the frame (e, &) the matrices of
connection and curvature of D are given by

R o0 s ~ ol @b
9D= ﬁ s ®D= 1 _2 , 9D=9—|—t7/’
sp 6P P eb

0P =doP — 9P A 6P — 5B A B,
O =sdB—BAOP —0D A B).

where

For any fixed point p € M, by the same proof of [23, Lemma 4], we may choose
our local unitary frame e near p so that 6|, = 0. So at the point p we have
0|, =—tyl,. Let y’ be the (1, 0)-part of y. Then we have y =y’ — y"* where y"*
denotes the conjugate transpose of y’. Note that we always have 'y’ A ¢ = —27, so
by the structure equation we get

dor = ( ——t Z 10 A Pk, a(p,_tz Qi A Bk at the point p.
i,k

Since 6°|, = —(¢ — 1)y|,, at p we have

Wielp =0 Thoi =Y _ (T A gi + T500)
i

i

:Z(_éj(Tk€)+tZTkerrij)§0i/\(ﬁj
i,j r
4 E k
- (1 NS T - ST Y
i,j r
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where index after the semicolon stands for covariant derivative with respect to the
Bismut connection V”. At p, we have

OP=0+®, d=tdy+’y Ay —s’BAB.
We compute the (1, 1)-part of @ at the point p:

(D)™ =15)/k'g—faa—ﬁZ(V/ér/\V_ér'i‘ﬁ/\V;e) —Szzﬂ_kr/\ Bre

_Z tT‘Z +tTk +(t —2t)(w—ve)—t(v +vk)— %8 vk)(p,/\goj
ij

Here and from now on we will use these abbreviations:
2 : J _} : ik 0 _ Z ek
w= ]6’ v = T T@r’ v = Terjr’
r r
Z ] 0 _ 0 i
vk - Tkr o V= z :Tkr Tjr
.

We therefore conclude the following:

“

Lemma 9. Let (M", g) be a Hermitian manifold. Under any local unitary frame e,
the curvature of D = D} has components
_ pc Tk 2 oy p(md Ly 120
szke Rz]kz +t( ik Tje;f)_'_(t 20)(w —v;) — 1 (v; +vp) — 587,
for any 1 <i, j,k,t <n, wheret = %(1 —r +rs), R is the Chern curvature,
w and vl.j etc. are given by (4), and indices after the semicolon stand for covariant
derivatives with respect to the Bismut connection V".

Note that using this shorthand notation, by (3) and (2), we get:

Lemma 10. Given a Hermitian manifold (M", g), under any local unitary frame e,

b c ¢ k 1 J e .
- — - = - - S — U — — < <
Rijkz Rijkz Tik;j+Tj£;i+vl vi —vy—w forall 1 <i,j k,£=<n,
where w and vij etc. are given by (4), and the indices after the semicolon stand for
covariant derivatives with respect to the Bismut connection V°.

—_—

SlnceTJE_O w=0, andv —v,ﬁ:v[—vk—zt(v +vk+v +vk) =10, we

finally end up with the followmg identity which holds for any Hermitian manifold:

oD 2 1 .2\x b 2 1 . 2\x
(5) leke—Rl‘]k( (1> + 35 )v:Rijkl;—l—(l—t — 35°)0.

In the rest of this section, let us recall a basic formula for Lie—Hermitian manifolds,
which means compact Hermitian manifolds with universal cover (G, J, g), where G
is a Lie group equipped with a left-invariant complex structure J and a compatible
left-invariant metric g. Denote by g the Lie algebra of G. Then the left-invariant
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complex structure and metric on G correspond to a complex structure and a metric
on g: the former means an almost complex structure J on the vector space g
satisfying the integrability condition

[x,y]—[Jx,Jy]+J[Jx,y]+ J[x,Jy]=0 forall x,yeg,

while the latter means an inner product g = (-, -) on g such that (Jx, Jy) = (x, y)
for any x, y € g. Denote by g¢ the complexification of g, and by g!? its (1, 0)-part,
namely,

gl’oz {x—v—le | x eg}.

By a unitary frame of g we mean a basis e = {ey, ..., e,} of the complex vector
space gl’o = C" so that (e;, ej) = §;; forany 1 <i, j < n. Here we assume that G
has real dimension 2n and we have extended (-, - ) bilinearly over C. Following
the notation of [21; 22; 24] we will let

©6) lei.ef]=Y_ Cher. [ei.2j1=  (Diex—Dl&)  forall 1<i,j<n.
k k

If we denote by ¢ the coframe dual to e, then the structure equation takes the form
n —
dgi == (3C}0;i N o+ Dho A )
Jok=1
and the first Bianchi identity which coincides with the Jacobi identity becomes

n
Z (C{jcrzk + C;kcfi + Cii ij) =0,
r=1
n

Y (CiDS, + D}, Dy — D}y D};) =0,
r=1

n
Z (Ciy DYy — C} Di,+C!.D},— D}, Dl;'r + kaD;r) =0,
r=1

forany 1 <i, j, k, £ <n. Under the frame e, the Chern connection form and Chern
torsion components are

n
— J ni & I _cJ J J
bij = Z (Djpox — Dy @), Ty = —Cy — Dy + Dy,
k=1
From this, we get the expression for y and the Bismut connection matrix

n
6r =3 (=Cl+ Dl)gn + (Cl, — DL) B).
k=1
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Following [7], we can take the (1, 1)-part in © = d#” — 6> A #” and obtain

b par i YA i Tk i i
Risi; = (Ci Cly — ChCrp) — (Cix Dy + C%y D) + (C}.Dfy — C{,Dj,)
+ (C;erk - CZrDl{r) - (D;{inZ + kaDij) + (Dzll)_zj - Dl{rDér)
for any i, j, k, £. Here r is summed up from 1 to n. For our later proofs, we will
also need the following result for the symmetrization of R”, which are (33) and

(34) from [7]:
Lemma 11. Let (G, J, g) be an even-dimensional Lie group equipped with a left-

invariant complex structure and a compatible metric. Let e be a unitary frame

of g-* and C, D be defined by (6). Then under e we have

(7) 4Rl = —(ICi P+ICKP+2Re(CE CE))
+2Re(CT (D~ D)+ Ch (D)~ Dy )+, (Dl — Dl )+ (0~ D)
—2(1D} [+ Dy; *+2Re(Dy; D))+ (1 Dy P+ D *+2Re(Dj D))
— (1D, P+IDf P +2Re(D}, D).

(8) R.-=—|CL[*+2Re(Cl, (D, —Di,)—2| DL, |*+|Dj;|*—| D}, 2.

Finally let us recall this famous result of Salamon [17, Theorem 1.3]:

Theorem 12 (Salamon). Let G be a nilpotent Lie group of dimension 2n equipped
with a left-invariant complex structure. Then there exists a coframe ¢ ={¢p1, ..., @y}
of left-invariant (1, 0)-forms on G such that

do; =0, doi =12{g1,...,¢i—1} forall 2<i <n,

where T stands for the ideal in exterior algebra of the complexified cotangent bundle
generated by those (1, 0)-forms.

Note that when g is a compatible left-invariant metric, clearly one can choose
the above coframe ¢ so that it is also unitary. In terms of the structure constants C
and D given by (6), this means

Cl]k =0 wunless j>iorj>k; Dl’k =0 unless i > j.

If the complex structure J is nilpotent in the sense of Cordero, Ferndndez, Gray,

and Ugarte [10], then there exists an invariant unitary coframe ¢ so that

9 Ci]}c=0 unless j >i and j > k; Dl.jk=0 unless i > j and i > k.

We do not know how to prove Conjecture 5 for all nilmanifolds at the present
time, but for those with nilpotent J in the sense of [10], we will be able to confirm
the conjecture with the help of (9) above.
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3. The standard Hopf manifolds

Consider the standard (isosceles) Hopf manifold (M", g), n > 2, where the manifold
and the Kihler form w of the metric are given by

90|z|?
(10) M" = (©"\(OD/(@), =12 |||Z2| Bt 2 = (@211 s ),

where g; are constants satistfying 0 < |a;| =---=la,| < 1. Here (zy, . .., z,) denotes
the standard Euclidean coordinate of C" and |z|? is shorthand for |z1|* +- - - + |z.|?.
Near any given point p € M", (z1, ..., z,) gives a local holomorphic coordinate
system, under which the metric g has components g,; = B Izakg If we let e; = |7z] 0;,
where 0; = , , then e becomes a local unitary frame of (M", g). The Chern
curvature components are
R ;= 21" R(3;, 35, 0, )
af a3 5 s Zizj
=|z| (—Biajg,dr—l— Z 0i 817 08,7 & ) = 6ij0ke — W(Skﬁv
r,s
for any 1 <1, j, k, £ < n. On the other hand, by the defining equation 9" ! =
—n A "1, we know that Gauduchon’s torsion 1-form is n = (n — 1)3|z|?, and the
Chern torsion components under the frame e are
. z Z
T] =X8;— L5, forall 1<i,j k<n.

|z]

From this, we compute
1
v = Z gr 8![8/(@ +— E |2 (21165/{] thj(ské - ZkZ€8lj)
Taking its symmetrization, we obtain

40 = 2(8;8ke + 8i¢Skj) — (Zizjbke + 7k 2e6ij + ZiZekj + 22 j0i0) = 4RC.

1
|z
So for any canonical metric connection D] where (r, s) € €2, by (5) we get

RO =R~ (P4 120 =(1- 2~ L)
In particular, whenever % + is =1, or equlvalently, whenever (7, s) belongs to
the Chen—Nie curve I', then one would have RD = 0, that is, the canonical metric

connection Dy for the standard Hopf manifold will have vanishing holomorphic
sectional curvature. When (7, s) ¢ I', on the other hand, we have

R N 21
Ry i=(1—1 = )R]y = (1-1" - ‘_l‘sz)(l - W)
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Since n > 2, the right-hand side is not a constant function, thus the holomorphic
sectional curvature of D] cannot be a constant.

Next we want to check that, for (r, s) € 2, when will the canonical metric
connection Dy of the standard Hopf manifold be flat? To do this, let us fix any
1 <i, j, k, £ <n and introduce the shorthand notation

%iZj ZiZe Kz Zkze
bij =—=346 big = —=68kj, brj=—=0; by = —538;j
j— ke it kj s kj il ke ij.
2|2 2|2 |z|? |z|?
We compute
w—ZTLZ e—b,]—i-bk[ big — by;.
Similarly,

v} =818k — bij — bre +bie, V] = 8168k + bre — bie — by,

1

v = 8i¢8kj + bij — bie — brj, v = 8;j8ke — bij — bie + by

Also, RiCTkZ equals 8;;6x¢ — b;j. As is well known (see, for instance, the proof of [27,
Lemma 4.6]), the standard Hopf manifolds given by (10) are Bismut torsion-parallel
(or equivalently, Vaisman), so when we plug all of these expressions into the formula
in Lemma 9 we end up with

Rtl;ki (1 —20)8;;8ke + (2t — 12— 4_1152)51.531{1.
++(2f—1)bij(t2_ )bkg+( s _t)(bt€+bkj)

In particular, for any i # k, we have

|z|2

—(1—2z)+(2z—1)| g + (2= 1Ls )'Z"|

FE
lzil® |zl
RD = (zt_ﬂ_§s2)+(;{s2_t)(—|z|2+—|Z|2 .

Now assume that R = 0. When n > 3, each of the coefficients on the right-hand
sides must be zero, so we get 1 —2¢ =0, j{ 2 — 2 — ¢, which lead to a contradiction.
This means that D} can never be flat for any (7, s) when n > 3. When n = 2,
however, we have |z;|? + |zx|? = |z|2, so the vanishing of RD and RQ - in this
case only give us

llkk

=157 =2t+1=0, t—1*=0.

From this, we conclude that either t =1 and s =0, or t =0 and s = +2. Recall
that t = %(1 —r+rs), so we end up with three solutions:

(r,s) =(—1,0), (-1,2), (1, -2).



342 SHUWEN CHEN AND FANGYANG ZHENG

The corresponding connections are D, = vo, D, - v+, and Dl_/z3 =V, namely,

the Bismut connection, and the two vertices of the Chen—Nie curve I', which lies

between the horizontal lines s = —2 and s = 2. Conversely, it is known that when

n =2, the isosceles Hopf surface is Bismut flat, hence is also V* and V™~ flat ([25]).
In summary, we have proved the following:

Proposition 13. Let (M", g) be a standard (isosceles) Hopf manifold given by (10),
with n > 2. Then for any (r,s) € Q\ ', the canonical metric connection D},
cannot have constant holomorphic sectional curvature. For any (r,s) € I, D} has

vanishing holomorphic sectional curvature, but it is not flat except when n = 2
and D’ is V?, V't or V™.

Recall that the Chen—Nie curve I' is defined by 1 = >+ Alfs2 where 2t =1—r+rs.

4. Proof of Theorem 7

In this section we will prove the main result, namely Theorem 7. Let us start with
the nilmanifold case.

Proof of Theorem 7 for nilmanifolds. Let (M", g) be a complex nilmanifold, namely,
a compact Hermitian manifold with universal cover (G, J, g), where G is a nilpotent
Lie group, J a left-invariant complex structure on G, and g a left-invariant metric
on G compatible with J. We assume that J is nilpotent in the sense of [10].
Now suppose that for some (r, s) € 2, the holomorphic sectional curvature of the
canonical metric connection D = D is a constant c¢. This means that
RE ;= 5@ +8iedy) forall 1<i, j.k £=<n,
under any unitary frame e. By (5), we have

RP o= 30+ Biedig) + (12 + 457 = 1)0.

Therefore,
(A1) Ry =348+ (P +3s>—1)
IS Q@Re(TLTE) + TR +1T,1%)  forall 1 <i,k <n.
~

Choose i =k, we get

Riz=c+ (@43 -1) ;'Til}l2=c+(f2+%sz— 1) X 1Dy, 17,

r>i

where in the last equality we used the fact that Tli = —Cijk — Dl]k + D,{l. and (9).
Comparing the above identity with (8) and utilizing (9) again, we end up with

—c=(*+4s*+1) X |DL[> forall 1<i<n.

r>i
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If we choose i = n, then the right-hand side is vacuum, so we know that ¢ = 0.
Hence Dii = 0. From this, we get Tl’* = 0. So (11) now takes the form

5b 2 2 k2 i 12y _ pb
RE .= (" + 35" — 1)}‘;(|Ti,| +ITL ) =R -
Let us assume that i < k. Plugging the above into (7) and utilizing (9), we get
5b 2 2 k|2 i 2 k|2 i 12
4Rl = (4557 = ) T ACHP +1DLD + T IDLF +1D})

=Y (—|CL 1P+ D 1> = IDL1*) —2 Y (IDL, > + DX 1P).

r<k r>k

That is,

(2 + 12+ 1) X (DLIP+ DL D) + (2 + 15%) S (CLI? + DL, 1) = Y | Dy I*.
r>k r<k r<k

We already know that Di ;=0 for any j. In particular D3, =0 by (9), so if we take
k =2 in the above identity, the right-hand side would be zero, thus we conclude
that Dzl = Diz = 0. Hence by (9) we have D3, = 0. Take k = 3 in the above
identity, again the right-hand side is zero which leads to Di ¢, = 0 whenever j, £ < 3.
Thus Dj, = 0 by (9). Repeating this process, we end up with D = 0. Then by
the above identity again, we get (t2 + ;l‘sz)C = 0. Note that (z, s) = (0, 0) means
(r,s) = (1, 0) or equivalently D{ = V. So when Dj is not the Chern connection,
we get C =0, hence the Lie group G is abelian, and g is Kéhler and flat. In this
case (M", g) is a finite undercover of a flat complex torus. When (¢, s) = (0, 0),
the connection Dj is the Chern connection. The vanishing of D means that the Lie
group G is a complex Lie group, so g is Chern flat.

In summary, when Dy is not the Chern connection, the constancy of holomorphic
sectional curvature for D} would imply that the nilpotent group G must be abelian
and g is Kihler and flat. When Dy is the Chern connection, the constancy of
Chern holomorphic sectional curvature would imply that G is a (nilpotent) complex
Lie group, and g is Chern flat. This completes the proof of Theorem 7 for the
nilmanifold case. U

We remark that in the nilmanifold case we do not need to exclude any (7, s)
values for the metric connection D}. As one can see from the above proof, the
technical assumption that J is nilpotent is crucial in the argument, and without
which we do not know how to complete the proof. It would be an interesting
question to answer though.

Next let us prove Theorem 7 in the BTP case.

Proof of Theorem 7 for nonbalanced BTP manifolds. Let (M", g) be a compact,
nonbalanced BTP manifold. Assume that for some (7, s) € €2, the canonical metric
connection D = D’ has constant holomorphic sectional curvature: H? = c. Then
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under any local unitary frame e, we have ﬁg;{z = %C(S[j(sk@ +8i¢dyj) forany 1 <
i, j, k, £ <n.By(5), we get ‘

(12) R ;= 5c(ide +8iedi) + (P + 457 = 1) forall 1<i, j.k £<n,

where 40 = vl.j + v,f + v,{ + vf. Since g is nonbalanced BTP, by Definition 1.6 and
Proposition 1.7 of [27], we know that locally on M" there always exist the so-called
admissible frames, which means a local unitary frame e such that the Chern torsion
components under e enjoy the property Tl’; =0 and Tlﬁl =J;ja; forany 1 <i, j <n,
where a; are global constants on M", also, the Bismut curvature components satisfy
Rl}:jki = R?fnz =0forany 1 <i, j,k,£<n.Letustakei = j and k =£ =nin (12).
Then we get
0=Jc(1+8in) + (2 + 1> = 1)1 lai]*.

For i = n, since a, = 0 we deduce ¢ = 0. So the above equality becomes
(P + 1= 1)la;*=0

for each i. Since the metric is assumed to be nonbalanced, we have a; +- - -+a,_1 =
A > 0, therefore those g; cannot be all zero and we must have 72 + %sz —1=0.
That is, the parameter (r, s) must belong to the Chen—Nie curve I'. ]

It remains to deal with the case of balanced BTP threefolds, which relies on the
classification result for such threefolds in [26]. First we need the following:

Lemma 14. Let (M", g) be a BTP manifold with its D} connection having constant
holomorphic sectional curvature c. Then under any local unitary frame e,

Rl 7= 5¢(81j8ke+8ie8k) — 5w+ g (4 55° =3) (0] +v) +5 (24157 +1) (0 7).
Proof. For BTP manifolds, by [26] we know that the Bismut curvature R® always
satisfies the symmetry condition R?fk ;= R][Z 57 and

e pb  _pb Ol ]
Qijke~—R,-jkg Rk./_'if_ w—v; — v+ v+,

under any local unitary frame. Therefore, for BTP manifolds,

b _ 1 b b _1 b _ o
(13) R = 2R+ R ) = 3CR5 = Qijed)

_ pb 1 J A |
—Riik5+2(w+vi+vk v —Vp).

Under our assumption H” = ¢, we have ﬁf}kz = %C(Sij(ske + 8;¢0kj). On the other
hand, by (5) we get

RP — RV =1(1 =2 = L) v/ +vf +vf +v)).

Plugging this into (13), we get the desired expression for R” stated in the lemma. [J
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Lemma 14 implies that, for a BTP manifold with D{ holomorphic sectional
curvature being a constant c, its Bismut curvature satisfies

(14) REp=5c(480) =3 DITLP+5(0° +55* = 3)Re LT T
r r
+1(P+3C ) AT+ TP forall 1<ik <n,
r

under any local unitary frame e.

Next let us recall the classification result from [26] for balanced BTP threefolds.
Let (M3, g) be a balanced, non-Kihler, compact BTP Hermitian threefold. By the
observation in [26; 28], for any given point p € M, there always exists a unitary
frame e (which will be called special frames from now on) in a neighborhood of p
such that under e the only possibly nonzero Chern torsion components are a; = T; o
where (ijk) is a cyclic permutation of (123). Furthermore, each a; is a global
constant on M3, witha; =---=a, > 0, ary1=---=0, where r =rp € {1, 2, 3}
is the rank of the B tensor, which is the global 2-tensor on any Hermitian manifold
defined under any unitary frame by B, ; = Dokt T, Tkiz. The conclusion in [26]
indicates that any compact balanced (but non-Kihler) BTP threefold must be one
of the following:

e rg =23, (M?, g) is a compact quotient of the complex simple Lie group SO(3, C),
in particular it is Chern flat.

e rg=1, (M3, g) is the so-called Wallach threefold, namely, M 3 s biholomorphic
to the flag variety P(7p2) while g is the Kdhler—Einstein metric go minus the square
of the null-correlation section. Scale g by a positive constant if necessary, the
Bismut curvature matrix under a special frame e is

, a+p 00 o = @i + (1 =D)py; + bys3 + pey3 + o33,
(15 ©°=| 0 @ o, B =i +bpys + (1 —b)psz — per3 — pess,
0 — B 0 = pPys — P33+ g5+ (1 +b)gs3,

where b is a real constant, p, g are complex constants, ¢ is the coframe dual to e,
and we wrote ¢, ; for ¢; A @; for simplicity.

e rg =2, in this case (M?, g) is said to be of middle type. Again under appropriate
scaling of the metric, the Bismut curvature matrix under e becomes

da a',BQ

(16) ©° = | —dpy da |, {d“:x(‘plf+"’25)+iy(‘p2T_‘”1?)’
0

dpo = —iy(i +¢33) + (x = 2) (931 — ¢13).
where x, y are real-valued local smooth functions.

With this explicit information on Bismut curvature at hand, we are now ready to
finish the proof of Theorem 7 for the balanced BTP threefold case.
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Proof of Theorem 7 for balanced BTP threefolds. Let (M3, g) be a compact balanced
BTP Hermitian threefold. Assume that g is not Kéhler (otherwise by the constancy
of holomorphic sectional curvature we already know that the manifold is a complex
space form). Suppose that for some (r, s) € 2 the canonical metric connection Dy
of g has constant holomorphic sectional curvature c.

First let us consider the g = 3 case. In this case g is Chern flat, so by (5) we have

17) Le (818 + 8ie8x)) =§3kz= —(* + Ls%)d.

Now let e be a special frame. Then the only nonzero Chern torsion components

under e are Tzl3 = T321 = T132 = A > 0. Therefore ¥;5;; = > |Tl."r|2 = 0 for any

1 <i <3, while forany 1 <i #k <3 we have
4z = X (T P+ ITEP +2Re(T; TE)) = 22 +27 40 =22,
r

Ifweleti=j=k=4~£in(17),thenwe getc=0. If weleti = j #k =~ in (17) instead,
then we obtain ¢ = —(t>41s?)A%. Thust =s=0. Since t = (1 —r+rs), this means
that = 1. Hence our connection D’ is D}, which is the Chern connection V°.

Next let us consider the r5 = 1 case. In this case (M?, g) is the Wallach threefold.
Under a special frame e, the only nonzero Chern torsion component is Tzl3 =A>0.
So as in the previous case d;;;; = Y, |T/|> = 0 for any 1 <i < 3, and for any
1 <i <k <3 we have

A7 = 2 (TLP +ITA +2Re(T} TE)) = 81142
r

Therefore by Lemma 14 we have R? . = ¢ for any 1 <i <3 and

iiii

(18) Rl =3c— 58027+ 5(+ 35 +1)812% forall 1 <i<k<3.

On the other hand, by the formula (15) for the Bismut curvature matrix under e,
we have
b _ b _ b _ b _
Ri71=2 Ryp=1-b Rjy=1 Ryz=0>.
Therefore 2 =1 — b = ¢ which implies that c =2 and b = —1, while by (18) we get
1= %c—i— ;ll(t2+ ;lls2+ 1)k2, b= %c— %AZ.

Note that the first equality in the above line gives a contradiction. So in this Fano case

the holomorphic sectional curvature of D{ for any (r, s) € €2 cannot be a constant.
Finally let us consider the rp = 2 case. In this case, under a special frame e the

only nonzero Chern torsion components are T2]3 = T321 = A > 0. So by (14) we get
b

Rilfl,l-,=cf0reach1§i§3,and,f0rany1§i<k§3,

RV - =3c— 30783+ (P + 157+ 1)A2Q2 = &ia).
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From (16), we get Rll’Ili =x, R§§3§ =0, hence x = c = 0. Also by (16) we have

Rll’122 = x, thus the above equality gives us
O0=x=Rl;=3c—0+ (7 + 1"+ 1)A°Q2—0) = 3(> + 15° + 1)4°,

which is clearly a contradiction. This shows that balanced BTP threefolds of middle
type can never have constant holomorphic sectional curvature for D} for any (7, s).
This completes the proof the Theorem 7 for the case of balanced BTP threefolds. [
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THE WEIGHTS OF ISOLATED CURVE SINGULARITIES
ARE DETERMINED BY HODGE IDEALS

YANG WANG, STEPHEN S.-T. YAU AND HUAIQING ZUO

We calculate Hodge ideals and Hodge moduli algebras for three types of
isolated quasihomogeneous curve singularities. We show that Hodge ideals
and Hodge moduli algebras of the singularities can determine the weights
of the polynomials defining the singularities. We give some examples to
explain why Hodge moduli algebras and the Hodge moduli sequence are
better invariants than the characteristic polynomial (a topological invariant
of the singularity) for nondegenerate quasihomogeneous singularities, in the
sense that the characteristic polynomial cannot determine the weight type of
the singularity.

1. Introduction

In [15; 16], the authors ask whether the topology of the singularity determines
the weights of the polynomial defining the singularity. They showed that this is
valid in the category of isolated singularities of Brieskorn—Pham type and isolated
quasihomogeneous curve singularities.

Theorem 1.1 [15]. The topology of a singularity of Brieskorn—Pham type deter-
mines the exponents (weight) of the polynomial defining the singularity.

Theorem 1.2 [16]. Let fi(z1, 22), i =1, 2, be nondegenerate quasihomogeneous

polynomials of weight (r;1,7i2; 1), 0 < ;1 < rip < 3, and let V; be the germ
of fi(z1, 22) = 0 at the origin of C*. Then if (C2, Vi, 0) >~ (C?, V5, 0), homeomor-

phically, we have (ry1, r12) = (r21, r22).

For quasihomogeneous surface singularities, there are some relevant results.
Arnold [1, pages 91-131] and Orlik and Wagreich [9] showed that if /4 (zo, 21, 22) is
a quasihomogeneous polynomial in C* and V = {/(z) =0} has an isolated singularity
at the origin, then V can be deformed into one of the following seven classes below
while keeping the differentiable structure of the link Ky = S"*! NV constant:
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(D V(ao, ar, a2 1) ={zy’ + 21" +25°}, ap, a1, a2 > 1,

D) V(ao, a1, a»; 2) ={zp" +z{' +z125°}, aop, a1 > 1, ar > 0,
(1) V(ao, a1, az; 3) ={zp’ +z{'22+ 2125’} ap > 1, a1, a2 > 0,
(V) V(ag, a1, az; 4) = {zy’ +2{' 22+ 2025°}, a0 > 1, a1, a > 0,
(V) V(ao, a1, a; 5) = {z5'z1 + 2{' 22 + 2025}, a0, ay, az > 0,

(VD) V(ao, ar, az; 6) = {z5° + 202]' + 2028 + 2723}, ap > 1, a1, a2, by, by > 0
satisfy (ag — 1)(a1b2 + ab1) = apaay,

(VID) V(ao, a1, az; 7) ={z’ 21+z02}" +Z0Z§2+Z}17' Zgz}, ap, ay, az, by, by > 0 satisfy
(ap — D)(a1by +azby) = ax(apay — 1).

Xu and Yau [14] proved that the above deformation is actually a topological trivial
deformation as a pair (S?"*!, Ky). Therefore any isolated quasihomogeneous
surface singularity has the same topological type of one of the seven classes above.
Let Ay (z) denote the characteristic polynomial of the Milnor fibration of (V, 0).

Theorem 1.3 [14]. If (V, 0) and (W, 0) are among the seven classes above, then
(C3, V, 0) is biholomorphic to (C*, W, 0) if and only if (C3, V, 0) is homeomorphic
to (C3, W, 0) with some exceptional cases. And (C3,V,0) is homeomorphic to
(C3, W,0) ifand only if 11 (Kv) ~ 71 (Kw) and Ay (2) = Aw(2).

The following are direct corollaries of the above theorem:

Corollary 1.4 [14]. Let (V,0) and (W, 0) be two isolated quasihomogeneous
surface singularities in C3. Then (033, V, 0) is homeomorphic to (63, W, 0) if and
only if 1 (Ky) ~ m(Kw) and Ay (z) = Aw ().

Corollary 1.5 [14]. Let (V, 0) be an isolated quasihomogeneous surface singularity
with weights (wg, w1, wa). Then the topological type of (V, 0) determines and is
determined by its weights (wg, wy, wy).

Corollary 1.6 [14]. Let (V,0) be an isolated singularity defined by a quasihomo-
geneous polynomial in C3 with weights (wo, wi, w). Then the fundamental group
of the link m(Kvy) and the characteristic polynomial Ay (z) determine and are
determined by the weights (wg, wi, wy).

The original motivation of [14] was to prove the Zariski conjecture (see [17]) for
isolated quasihomogeneous surface singularities in C* : multiplicity is an invariant
of topological type. As a corollary, they proved:

Corollary 1.7 [14]. Let (V,0) and (W, 0) be two isolated quasihomogeneous
surface singularities in C3. If((D3, V, 0) is homeomorphic to (C3, W,0), then V
and W have the same multiplicity at the origin.
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Recall that in [3], we proved that a series of new invariants, Hodge moduli
algebras and the Hodge moduli sequence, of the singularity are complete contact
invariants for simple surface singularities. And our final aim is to extend this result
to isolated quasihomogeneous surface singularities or even more general types
of singularity. Note that in the proof of the above theorems, the characteristic
polynomial of the singularity plays a fundamental role, since the characteristic
polynomial is a topological invariant of the singularity. Motivated by these results
and our former results, it is natural to ask whether we can replace the characteristic
polynomial by Hodge ideals and Hodge moduli algebras of the singularity to
determine the weights of the polynomials defining the singularities. That is, we
want to prove if the i-th Hodge moduli algebras of two isolated quasihomogeneous
curve singularities are isomorphic for all i > 0, then the weights of these two
singularities are the same.

If h(x,y) is a quasihomogeneous polynomial in C> and V = {h(x, y) = 0}
has an isolated singularity at the origin, then V can be deformed into one of the
following three classes below while keeping the differentiable structure of the
link Ky = S>**!' NV constant:

Fi(xr,y) =x“+y",  a,b>2,
[Fg(x,y)zxa—l—xyb, a>2b>1,
[Fg(x,y)zx“y-i-xyb, a,b>1.

After a tedious calculation for Hodge ideals and Hodge moduli algebras of isolated
quasihomogeneous curve singularities of the above three types, we obtain the
following.

Main Theorem A (0-th and 1-st Hodge moduli algebras determine weight type).
(1) For isolated quasihomogeneous curve singularities

DI = (x® 4yP1 =0}, 2<a; <b,
and

Déaz,bz) = {x® +xyb2 =0}, 1<a—1<b,

if their O-th and 1-st Hodge moduli algebras (taking o = 1 in their Hodge ideals)
are isomorphic, i.e.,

b b b b
Mo(D\“"y ~ Mo(DY>), My (D)) ~ My (D),
. (a1,b1) (a2,b2) :
then the weight types of D, and D, are the same, i.e.,

wt(F{“") = wr(Fy ),



352 YANG WANG, STEPHEN S.-T. YAU AND HUAIQING ZUO

(2) For isolated quasihomogeneous curve singularities

Déaz’bZ) — {xaz _|_xyb2 =0}, a—1>by>1,
and

DY = (x@y 4 xy» =0}, 1<az<bs,

if their O-th and 1-st Hodge moduli algebras (taking o = 1 in their Hodge ideals)
are isomorphic, i.e.,

Mo(Dy™") = Mo(DS™™), - My(DS™") = My (D5,
then the weight types of Dé“z’bZ) and D§a3’b3) are the same, i.e.,
Wt(F{") = wi(F{™").
(3) For isolated quasihomogeneous curve singularities
DI = (x4 )" =0}, ai b 22,

and
D§a3sb3) — {xa'§y _i_)‘:yb’3 = 0}’ as, b3 2 19

their i-th Hodge moduli algebras (taking o = 1 in their Hodge ideals) are not
isomorphic, fori = 0, 1, respectively.

As a by-product, we obtain an inequality of the §-invariant, O-th Hodge moduli
number and multiplicity for isolated quasihomogeneous curve singularities of the
above three types:

Main Theorem B. (1) For isolated quasihomogeneous curve singularities Dia’b) =
{x*+ yb =0}, a, b > 2, we have

0 < 81(a, b) —mo(D\"”) < mt(D\),

where 81(a, b) is the 8-invariant of DYI’b), mo(Dia’b)) is the 0-th Hodge moduli
number of the divisor Dﬁa’h) fora =1 and mt(Dia’h)) is the multiplicity of Di“’b).

(2) For isolated quasihomogeneous curve singularities Déa’b) = {x? 4 xy? =0},
a>2,b>1,wehave

1 < 8x(a, b) —mo(DS"”) < me(DY?),
where 8,(a, b) is the 8-invariant of Déa’b), mo(Déa’b)) is the 0-th Hodge moduli
number of the divisor D;a’b) fora =1 and mt(Déa’b)) is the multiplicity of Déa’b).

(3) For isolated quasihomogeneous curve singularities Déa’b) = {x%y +xy? =0},
a,b>1, we have

2 < 83(a, b) —mo(DY?) < me(D?),
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where 83(a, b) is the §-invariant of Déa’h), mo(Déa’b)) is the 0-th Hodge moduli
number of the divisor D§“’b) foro=1and mt(Dga’b)) is the multiplicity of D;a’b).

In Section 2, we recall a number of classical results on the Hodge ideals of
effective (D-divisors and the §-invariants of curve singularities. We also collect
some important lemmas and theorems that will be used in the following parts.
In Section 3, we explicitly calculate Hodge ideals and Hodge moduli algebras of
isolated quasihomogeneous curve singularities of three types. In Sections 4 and 5 we
prove Main Theorems A and B by the results in Section 3. Finally, in Section 6 we
give some examples to illustrate that Hodge moduli algebras and the Hodge moduli
sequence are better invariants than the characteristic polynomial (a topological invari-
ant of singularity) for nondegenerate quasihomogeneous singularities. Furthermore,
from the observation of some examples, we raise a conjecture that the Hodge moduli
numbers of isolated quasihomogeneous curve singularities remain constant under
quasihomogeneous deformation. That is, Hodge moduli numbers of isolated quasi-
homogeneous curve singularities only depend on the weights of the singularities.

2. Preliminaries

2.1. Hodge ideals. In [7; 8], the authors extend the notion of Hodge ideals to the
case when D is an arbitrary effective Q-divisor on X, where X is a smooth complex
variety. Hodge ideals {I; (D)}ren are defined in terms of the Hodge filtration F, on
some Zx-module associated with D (see [7, §2—§4] for more details). When D is an
integral and reduced divisor, this recovers the definition of Hodge ideals I; (D) in [6].

Let X be a smooth complex variety, and 2 be the sheaf of differential operators
on X. If H is an integral and reduced effective divisoron X, D =a H, « € QN (0, 1],
let Ox (D) be the sheaf of rational functions with poles along D. It is also a left
Px-module underlying the mixed Hodge module j*@g [n], where U = X \ D and
j : U <= X is the inclusion map. Any Zx-module associated with a mixed Hodge
module has a good filtration F,, the Hodge filtration of the mixed Hodge module [12].

To study the Hodge filtration of Ox (xD), it seems easier to consider a series of
ideal sheaves, defined by Mustatd and Popa [6], which can be considered to be a
generalization of multiplier ideals of divisors. The Hodge ideals {I; (D)}ren of the
divisor D are defined by

F.O0x(xD) = 1,(D)® Ox((k+1)D) forall k e N.

These are coherent sheaves of ideals. See [6] for details and an extensive study
of the ideals I; (D). Hodge ideals are indexed by the nonnegative integers; at
the O-th step, they essentially coincide with multiplier ideals. It turns out that
Ip(D) = 7 ((1 —¢€)D), the multiplier ideal of the divisor (1 —€)D, 0 <€ « 1. The
multiplier ideal sheaves are ubiquitous objects in birational geometry, encoding
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local numerical invariants of singularities, and satisfying Kodaira-type vanishing
theorems in the global setting. The Hodge ideals are interesting invariants of the
singularities, they have similar properties as multiplier ideals.
We summarize the properties and results (see [7; 5]) of Hodge ideals as follows.
Given a reduced effective divisor H on a smooth complex variety X, D = o H,
a € QN (0, 1], we also denote by Z the support of D. The sequence of Hodge
ideals I (D), with k > 0, satisfies these properties:

e Ip(D) is the multiplier ideal Z((1 — €)DD), so in particular Io(D) = Oy if and
only if the pair(X, D) is log canonically.
» When Z has simple normal crossings,
k(D) = I(Z) ® Ox(Z — [ D7),

where I (Z) can be computed explicitly as in [6]. If Z is smooth, then I} (D) =
Ox(Z —[DY).
o The Hodge filtration is generated at level n — 1, where n = dim X, i.e.,

FyPx - (I(D)® Ox(kZ)h™) = Liy e (D) @ Ox ((k+£) Z)h ™
forallk >n—1and £ > 0.

 There are nontriviality criteria for I (D) at a point x € D in terms of the multi-
plicity of D at x.

 If X is projective, I (D) satisfy a vanishing theorem analogous to Nadel vanishing
for multiplier ideals.

o If Y is a smooth divisor in X such that Z|y is reduced, then I; (D) satisfy
Ik(Dly) € Ix(D) - Oy,

with equality when Y is general.
o If X — T is a smooth family with a section s : 7 — X, and D is a relative divisor
on X that satisfies a suitable condition then
(teT| (D) ¢ m!,)

is an open subset of T', for each g > 1.
o If Dy and D; are Q-divisors with supports Z; and Z,, such that Z; + Z; is also
reduced, then we have the subadditivity property

Ix(D1+ D7) € Ik (Dy) - I (D7)

For comparison, the list of properties of Hodge ideals in the case when D is
reduced is summarized in [10]. The setting of (D-divisors is more intricate. For
instance, the bounds for the generation level of the Hodge filtration can become
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worse. Moreover, it is not known whether the inclusions I (D) C I;_1(D) continue
to hold for arbitrary Q-divisors. New phenomena appear as well: given two rational
numbers «; < o, usually the ideals I (x;Z) and I («pZ) cannot be compared
for k > 1, unlike in the case of multiplier ideals.

We recall the following definition.

Definition 2.1. Let f, g € R =C{xy, ..., x,} which is the convergent power series
ring. We say f and g are contact equivalent if the local C-algebras R/(f) and
R/(g) are isomorphic.

Definition 2.2. Let f : (C",0) — (C,0), n > 2, be an isolated hypersurface
singularity. Let H = { f = 0} be an integral and reduced effective divisor defined
by f, D =aH, o € QN (0, 1]. We define the i-th Hodge moduli algebra of D*
to be the moduli algebra of the ideal J; (D%) := (f) + 1;(D%) (or J; for short)

M;(D*) :=C{xy, ..., x,}/Ji(D%)

for i > 0 (or M; for short), where I;(D%) is the i-th Hodge ideal (or I; for short).
The i-th Hodge moduli number of D¢ is defined to be

m;i(D%) := dim¢(M; (D))

for i > 0 (or m; for short). We define the Hodge moduli sequence of D to be the
sequence

{m;i} :={mo, my,my, ...}
Definition 2.3. A polynomial f € C[xy, ..., x,] is called weighted homogeneous
if there exists positive rational numbers wy, ..., w, (that is, weights of x, ..., x,)

and d such that ) a;w; =d for each monomial [ | x;* appearing in f with a nonzero
coefficient. The number d is called the weighted homogeneous degree (w-deg) of f
for weights wj, 1 < j <n. These w;, 1 < j <n, are called the weight type of f.

The Hodge filtration F, of Ox (xD) is usually hard to describe. However, it does
have an explicit formula in the case when D is defined by a reduced weighted
homogeneous polynomial f which has an isolated singularity at the origin, which
is proved by M. Saito [13]. To state Saito’s result, we first clarify the notation as
follows.

e Denote by O =C{xy, ..., x,} the ring of germs of holomorphic function for local
coordinates xq, ..., Xj.

e Denote by f : (C"*, 0) — (C, 0) a germ of a holomorphic function that is quasiho-
mogeneous, i.e., f € J(f) = (f—ﬁ, ey 5711), and with an isolated singularity at the
origin. Kyoji Saito [11] showed that after a biholomorphic coordinate change, we
can assume f is a weighted homogeneous polynomial with an isolated singularity

at the origin. We will keep this assumption for f unless otherwise stated.
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e Denote by w =w(f) = (wy, ..., w,) the weights of the weighted homogeneous
polynomial f.

e Denote by g : (C*, 0) — (C, 0) a germ of a holomorphic function, and we write

8= Z gax?,

AeNn
where A = (aj, ..., a,), ga € Cand x4 =x{" - x;".
» Denote by p(g) the weight of an element g € O defined by
m
p(e) = (Zwi) +inf{(w, A) : g4 #0}.
i=1
The weight function p defines a filtration on O as
OF={ueO:pu) >k},
OZF={ueO:p) >k}

Since we consider Zx-modules locally around the isolated singularity, we can
assume X = C”" and identify the stalk at the singularity to be that of 2x-modules
on C". For example, we replace FyOx o(xD) with F;Ox (xD). Now we can state
the formula proved by M. Saito (see [13, Theorem 0.7]):

k >it1
(1) FOx(xD) = Fki@x(

) for all k e N.
i=0

W
Since the Hodge filtration can be constructed on analogous Zx-modules associated
with any effective Q-divisor D, so it satisfies a similar formula in the case when D
is supported on a hypersurface defined by such a polynomial f.

Assume that the divisoris D =« Z, where 0 <« <1 and Z = (f =0) is an integral
and reduced effective divisor defined by f, a weighted homogeneous polynomial
with an isolated singularity at the origin. In this case, the associated Zx-module is
the well-known twisted localization Zx-module M ( f 1=y .= Oy (x2) f I=o (gee
more details in [7] about how to construct the Hodge filtration F, M (f!~%)). With
new ingredients from Mustata and Popa [8], where this Hodge filtration is compared
to the V-filtration on M (f'~%), M. Zhang generalized Saito’s formula and proved
the following theorem:

Theorem 2.4 (Zhang, [18]). If D = o Z, where 0 <o < land Z = {f =0} is
an integral and reduced effective divisor defined by f, a weighted homogeneous
polynomial with an isolated singularity at the origin, then we have

k .
@za+,
EM(f'™) =) Fki%(< fl‘“>,

i+1
i=0 f
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where the action - of 9x on the right-hand side is the action on the left Zx-module

M(f17%) defined by

(1 -a)D(f)
f

Notice that if we set « = 1, Theorem 2.4 recovers Saito’s formula (1) mentioned
above. For any polynomial f with an isolated singularity at the origin, it is well
known that the Milnor algebra

Ap=Clxr, ..., x,}/O1f, ..., 0. f)

is a finite-dimensional C-vector space. Fix a monomial basis {vy, ..., v,} for this
vector space, where u is the dimension of Ay (i.e., Milnor number). The next
theorem follows from Theorem 2.4.

Theorem 2.5 (Zhang, [18]). If D = o Z, where 0 <o < land Z = {f =0} is
an integral and reduced effective divisor defined by f, a weighted homogeneous
polynomial with an isolated singularity at the origin, then we have

FOM(flfa) — f71 . OZO{fl*O{

D-(wfl_“):: (D(w)—l—w )f]_“ for any D € Derg Oy.

and
FM(f17%) = (f‘1 ). Ox: vj)fl‘“ +FiDy - B M(f' 7).
vj602k+l+a
Alternatively, in terms of Hodge ideals, these formulas say that
Ip(D) = O=*
and
D)= Y Ox-vj+ Y. Ox(fdia—(a+kad f).
v;€OQZk+1+a 1<i<n,ael(D)
2.2. Delta invariant of curve singularities.

Definition 2.6 (5-invariant). Let f € C{x, y} be a reduced convergent power series,
and let
O=C{x, y}/(f) = O

denote the normalization. Then we call
§(f) :=dimc O/O
the §-invariant of f.

Although we can explicitly calculate the §-invariants of isolated quasihomoge-
neous singularities of three types Fi, F», F3, by blowing up singularities and using
the above theorem. We use Lemma 2.7, which is a very useful equality of the
Milnor number, the §-invariant and the number of irreducible factors of a curve
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singularity { f = 0}, to show Lemmas 2.8, 2.9, and 2.10. And we only give proof
for Lemma 2.8 for simplicity, since the proofs for Lemmas 2.9 and 2.10 are similar.

Lemma 2.7 [2, Proposition 3.35]. Let f € m C C{x, y} be reduced. Then

n(f)=28(f)—r(f)+1,

where (f) is the Milnor number of f, §(f) is the §-invariant of f and r(f) is the
number of irreducible factors of f.

Lemma 2.8. For an isolated quasihomogeneous curve singularity of the form
D%a’b) = {x? + y? =0}, defined by Fl(a’b) =x%+y?, a, b > 2, its 8-invariant is

(a—1)(bB—-1)+ged(a,b)—1
> .
In particular, §,(a, b) = %, if gcd(a, b) = 1.
Proof. Since u(f) = (a—1)(b—1) and r(f) = gcd(a, b),
u(H)+r(f)—1 (a—=1)(b—1)+ged(a, b)—1
2 2 )
Lemma 2.9. For an isolated quasihomogeneous curve singularity of the form
Déa’b) = {x?4xy? =0}, defined by Fz(a’b) =x*+xy’, a>2, b>1,its 8-invariant is
alb—1)+gedla—1,b)+1
7 .
In particular, 8(a, b) = “®=2*2 ifged(a — 1,b) = 1.
Lemma 2.10. For an isolated quasihomogeneous curve singularity of the form
Déa’b) = {x%y +xy” =0}, defined by F;“’b) =x%y+xy?, a, b > 1, its $-invariant is
ab+gedla—1,b—1)+1
5 .
In particular, 83(a, b) = 22 ifged@ — 1,b— 1) = 1.

Si(a,b) =

O

81(a, b) =

dr(a, b) =

83(a,b) =

3. The first two Hodge ideals
of three types of isolated quasihomogeneous curve singularities

In this section, we compute Hodge ideals of three types of isolated quasihomo-
geneous curve singularities for « = 1 in Theorem 2.5. And Ox = C{x, y} in
the following computation. The following lemma is used in the computation of
dimensions of Hodge moduli algebras.

Lemma 3.1. Forn,meN,n,m > 1,

1 [ml] _ m—1)(n—1)+gedim, n) — 1
1

n

n 2

i=
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Consider isolated quasihomogeneous curve singularities Df“’h) = {x?+y> =0},
defined by F}*” = x4+ y*. If a < b, let r = &0
% + % > 1, we have x*~! € Iy(D;). And we have

then 1 < r < a. Since

K e [y(Dy) forall 1 <k <a—1, rik,
and
ir—1 b—1r_ .
X Yy a € lp(Dy) forall 1 <i <gcd(a,b)—1.

So the 0-th Hodge ideal for D is

_ _ b _ br=1)
Jo(Dy) = Ip(Dy) = (x* !, x e 2ylad L eyl
- ib , bla—ir+1) ; bla=(i=Dr=1)
”’xtr—lyb—%—l’xtr—Zy[%J’”',x(z—l)ry[%k
LTI 2 R ),

where 1 < i < ged(a, b) — 1. Its multiplicity mt(Jo(D1)) equals a — 1. Using
Lemma 3.1, we obtain the dimension of the 0-th Hodge moduli algebra My(D;) =
Ox/Jo(Dy):
alrpi
mo(Dy) = X | 7] - (eed(a,b) = 1)
i=
__ (a—1)(b—1)+gcd(a,b)—1

— (ged(a, b) = 1)

2
_ (@a=1)(b—1)—ged(a, b)+1
3 .
The 1-st Hodge ideal of D is
Ji(DY) = () +1o(Dy) - (Jf)
_ _ b o b(r—1)
— (xa +yb’ x4 Zyb’xa Sy[a]+b’ o ’xa r ly[iu ]+b’
B T LU L e N 180
br b(a—2) bla—1)
U = e SN b xa—ly[T])’

where 2 < i < gcd(a, b). Its multiplicity mt(J;(D;)) equals a. By Lemma 3.1, the
dimension of the 1-st Hodge moduli algebra M (D) = Ox/J1(Dy) is

mi (D) = Cff ([%] +b) — (ged(a, b) — 1) + b+ [M]

=1 a

_ [ﬂ] +(a—1)b— (ged(a, b) — 1)
i=1 -4

_ (a—l)(b—l)—zi—gcd(a, b)—1 ¥ (a—1)b— (gcd(a, b) — 1)
_ (a=1)Bb—-1)—ged(a, b)+1
) .
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Ifa>b, letr = _2:;
ged(a,b)
Hodge ideal for Dj:

then 1 <r < b. By symmetry of a, b, we obtain the 0-th

Jo(D1) = Ip(Dr)

_ _ a _ a(r=1)
= (0T P RlEL b,
P _iar _ P a(b—ir+1) s a(b—(@i—=Dr—1)
“’ylr lxa 7 l’ylr 2)6[7” ]’.."y(l l)rx[ih ]’
1 a—9_1 p_p [ab=rth ab=1)
U A N Bt N ]),

where 1 <i <gcd(a, b)—1. Its multiplicity mt(Jo(D;)) equals b—1. By Lemma 3.1,
the dimension of the 1-st Hodge moduli algebra My(D;) = Ox/Jo(Dy) is

=1 .
ai
mo(Di) = ;‘ [ﬂ —(ged(a, b) — 1)
(a—1)(b—1)+ged(a,b)—1
= 3 —(ged(a, ) — 1)
_(a—1)(b—1)—ged(a, b) +1
= 3 i
And the 1-st Hodge ideal for D is
Ji(Dy) = (f) + Io(D1) - (J )
= (x“ fyb, yh2ya 3yl yb—r—lx[”(’b—*”pra’
T e I L o
B AL x[ﬁ]‘m, yb_lx[@]),

where 2 <i < gcd(a, b). Its multiplicity mt(J;(D1)) equals b. By Lemma 3.1, the
dimension of the 1-st Hodge moduli algebra M (D) = Ox/J1(Dy) is

b-2

my(D) =Y ([%] +a) —(ged(a, by — 1) +a+ [a(bb_ 1)]

i=1

=1 ¢ .
= Z |:6;—l} + (b —1)a — (ged(a, b) — 1)
i=1

_a-D- 1);rgcd(“’ D=L - 1a - (ged(a. by — 1)

_ Ba-1)(b—1)—ged(a,b)+1
= 5 .

Consider isolated quasihomogeneous curve singularities Déa’h) = {x*+xy? =0},

defined by Fz(a’b) =x*+xy’. Ifa—1<b,letr= Mfa;%; thenl <r <a-1.
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Since 1+Z—_1 + “a;bl > 1, we have x*~! € Iy(D,). And we have

Y ET € [o(Dy) forall 1<k <a—1, rik,

and _
Xyl e [o(Dy)  forall 1<i < ged(a—1,b)— 1.

Since ﬁ—l—% > 1, we have yb_1 € Ip(D3). So the 0-th Hodge ideal for D, is

Jo(D2) = Ip(D»)

3 o b br=1)
:(xa l,xa zy["*l] ...,xa ry[” 1 ]
ib b ) : bla=((i—=Dr+DH-1)
x”yb_u_l’xlr—ly[ Zﬁi'] o (z—l)r+1y[ T ]’
_ br _ bla— r) h(a 2) _
.’xryb | l’xr ly[ = ] ) Xy 1 yb 1)’

where 1 <i <gcd(a—1, b)—1. Its multiplicity mt(Jy(D;)) equals @ — 1. The dimen-
sion of the 0-th Hodge moduli algebra My(D;,) = Ox/Jo(D>), by Lemma 3.1, is

a—1
i=1

_@=2)(b—1)+ged@a—1,b) -1
B 2
_ab—1)—gedla—1,b)+1

= 5 .

And the 1-st Hodge ideal of D is

Ji(D2) = (f)+1o(D2)-(Jf)

mo(Dy) =Y [L] —(ged@—1,b) = D) +b—1

— (ged(a,b) —1)+b—1

_ _ b b(r— 1)
:(xa_l_xyb’axa lyb 1_|_y2b 1. a— lyb x4 2y[a_]]+b"” a— ry[ o ]-‘rb
oxiryeaiel (i—l)r+1y[7”(" = e
_ b(a— 2)
Ly eyl Py

where 1 <i <gcd(a—1, b)—1. Its multiplicity mt(J; (D)) equals a. By Lemma 3.1,
the dimension of the 1-st Hodge moduli algebra M (D;) = Ox/J1(Dy) is

a—2 .
ml(Dg) = 2b—1+Z ([al]Tll] +b) —(gcd(a—l, b)—1)+b
i=1

_ (a=2)(b—1)+ged(a—1,b)—1
- 2
_a@Bb—1)—ged(a—1,b)+1

_ > .

+(a—2)b+3b—1—(gcd(a—1,b)—1)
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Ifa—1>b,letr=_2rr;then<r <b. Since 1+ &=DU=D > 1 e
ged(a—1,b) a ab
have y*~! € In(D,). And we have

S fipy) forall 1<k <b, rik,

and
a_]_i(a—l)r

X b ely(Dy) forall 1 <i<gcd(a—1,D>b).

So the 0-th Hodge ideal for D, is
Jo(D2) = Io(D3)

(a=H(b-1) (a=)(-2) _q_(a=br
=(x[ e R Hly,...,x“1 by L
(@=1)(b—(i~Dr-1) . (a=)(b—(i—1)r-2) . ia=lr
141 (i—Dr =141 (i—Dr+1 a—1—=—=_ir—1
AL (ORI bl 7 i1,
(a=H@r=D (a=D(r=2)
1+ b1 ==+ b—r+1 b—1
xle ]y xb ]y yeees Y ),

where 1 <i <gcd(a—1, b). Its multiplicity mt(Jo(D;)) equals b—1. By Lemma 3.1,
the dimension of the 0-th Hodge moduli algebra My(D;) = Ox/Jo(D») is
h—1 .
(a—1)i
D)) = 1)—(geda—1,b)—1
mo(Dy) ;([ a }+ ) (ged(a —1,b) = 1)
_(a=2)(b—1)+gcdla—1,0)—1
N 2
_alb—-1)—gedla—1,b)+1
= 5 .
And the 1-st Hodge ideal of D is

Ji(D2) = (f)+1o(D2)-(Jf)

1 b _ (a=1)(b=1) _ (a=1)(b=2)
:(x”—i—xyb,ax” 1yb 1+y2b L= J+2yb Ll J+2yb,'”

+b—1—(gcdl@a—1,b)—1)

_a=r _ (a=1)(b—(i—)r—1) o
B o yb+r 2’ o x[ib ]+2yb+(t Dr 1’
(a=1)(b—(i—1)r—2) . _i(a=Dr .
x[i;, ]+2yb+(t 1)r’ R oy yb—Hr 2’ o
(a=D(r=1) e (a=D(r=2) _ _
X[ 5 ]+2y2b r 1, x[ 3 ]+2y2b r’ o xyZb 2)’

where 1 <i <gcd(a—1, b). Its multiplicity mt(J, (D;)) equals b+1. By Lemma 3.1,
the dimension of the 1-st Hodge moduli algebra M (D;) = Ox/J1(Dy) is

b—1 .
my(Dy) =a(b—1)+Y ([(Q;I)’ ]+2) —(ged(a—1,b)—1)+1
i=1

= (a+2)(b—1)+ (“_2)(b_1)+§Cd(a_l’ D71 eed(a—1,b)—1)+1
_ Ba+2)(b—1)—ged(a—1,b)+3

2
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Consider isolated quasihomogeneous curve singularities Déa’b) ={x%y+xy® =0},

defined by F;"” = xy +xy*. If a < b, let r = zet5ly—sthen 1 <r <a—1.

Since

b—1 - —
( Y1 +a 1)+a 1 o1,
ab—1 ab—1
we have x*~! € Iy(D3). And we have

[(b—l)a(iTl—k)H_l

xKy € Io(D3) forall 1 <k <a-—2, rtk,

and

XTI e Io(Dy) forall 1<i <ged(a—1,b—1) — 1.
So the 0-th Hodge ideal for Ds is
Jo(D3) = Ip(D3)

_ _ b=l _ b=D=1)
=()Ca l’xa Zy[a,l]+1’“"xa ry[ o ]+1,“.’
e e T L A
—1—®=br 1 r=ba=—r) (b=1@=2) _
T I s e A L B LA G |

where 1 <i <gcd(a—1, b—1). Its multiplicity mt(Jy(D3)) equals a—1. The dimen-
sion of the 0-th Hodge moduli algebra My(D3) = Ox/Jo(D3), by Lemma 3.1, is
a—2

mo(D3>:Z<[(b_l)i]+1>—(gcd(a—1,b—1)—1)+b—1

i=1 a—l
ab—gedla—1,b—1)—1
= 3 .
And the 1-st Hodge ideal of Ds is

Ji(D3) = (f) + 1o(D3) - (Jf)

2a—1  2b—1 2a—2
:(x“y+xyb,x“ cyPix2es2y o

1w _ib=Dr . (b=D(a=1-(=Dr=1
. x¢ I—Hryb 1, xtl+(l l)ry[ -1 ]+2’

— _b=br (b=D(a=2)
., x4 l+ryb 1, xay[ 2o ]+2)’

x2a—r—1y[7(b_‘l£rl_”]+2’

where 1 <i <gcd(a—1, b—1). Its multiplicity mt(J; (D3)) equals a+ 1. The dimen-
sion of the 1-st Hodge moduli algebra M (D3) = Ox/Ji(D3), by Lemma 3.1, is

(b—-1)i

a—1

a—2
my(D3) = 2b—1)+(a—2)b+b+) | ([ :|+2) —(ged(a—1,b—1)—1)+1
i=1

_a(3b+2)—ged(a—1,b—1)-3
= > .
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Ifa>b,letr = W; then 1 <r <b — 1. By symmetry of a, b, we obtain

the 0-th Hodge ideal
Jo(D3) = Io(D3)

a—1
_ (yb—l’ ph2 iy

. _q_ia=Dr s (a—1)(b—ir)
yzrxa -9 ’ylr 1.)6[7177l ]+1,'

b—r [@=Pr=D14
x| ,.

ey

B N L

_q_(a=br . a=Db-r) (@=1)(b=2) _
a—1 ey 1 3 Hl,...,yx[ ol ya 1)’

’

-
LY

where 1 <i <gcd(a—1, b—1). Its multiplicity mt(Jo(D3)) equals b—1. The dimen-
sion of the 0-th Hodge moduli algebra My(D3) = Ox/Jo(D3), by Lemma 3.1, is

b2

mo(D3) = Z ([((Z:ll)i] + 1) —(ged@—1,b—1)—1)4+a—1
i=1
. ab—geda—-1,b—1)—1
= 5 .

And the 1-st Hodge ideal of Ds is
Ji1(D3) = (f)+1o(D3) - (Jf)
2a—1 | 2b-1,2b-2

o (a—D(r—1)
_ (xay_i_xyb’x Lyl 2br =1 [0 42

yees Y
L _ia=Dyr . (a=D)(b—1—(G—Dr—1)
L I e e
. yb—1+rxa—‘“,;'f” o yax[i(”‘},ﬁ'f‘z)]ﬂ)’

where 1 <i <gcd(a—1, b—1). Its multiplicity mt(J;(D3)) equals b+ 1. The dimen-
sion of the 1-st Hodge moduli algebra My(D3) = Ox/J1(D3), by Lemma 3.1, is

(a—1)i
b—1

b—2
my (D) = 2a—1)+(b—2)a+a+y | ([ ]+2)—(gcd(a—1, b—1)—1)+1
i=1

_ (Ba+2)b—ged(a—1,b—1)—3
= 5 )

4. Proof of Main Theorem A
I. We compare singularities of types [F; and [F;:
(1) Suppose for singularities
Di={x"+)y"=0}, 2<ai<bh,
Dy={x®+xy”? =0}, l<a—1<b,
their O-th and 1-st Hodge moduli algebras are isomorphic, i.e.,

My(Dy) = Mo(D2), Mi(Dy) = M (D).
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By our computation in Section 3 we have
mt(Jo(D1)) =a; — 1,
mt(J1 (D)) = ay,
(a1 —1)(by — 1) — ged(ay, by) +1

mo(Dy) = >
(DY) = (a1 — 1D@Bby — 1)2— ged(ay, by) + 1.

And
mt(Jo(D2)) =az — 1,
mt(J;(D2)) = as,
ax(by — 1) —ged(az — 1, b2) + 1
2 b
ay(3by — 1) —ged(az —1,b7) +1
3 )

mo(Dy) =

my(Dy) =

Hence we obtain the equations

a—1=a;—1,

a) =dap,
(a1 —1)(by — 1) —ged(ar, b)) + 1 ax(by—1) —ged(ar — 1, b2) + 1
2 B 2 ’
(ay —1)(3by — 1) —ged(ar, bi) +1  ax(3by — 1) —ged(ax — 1, bo) + 1
2 B 2 ’
that is,
a) =das,

(a1 — )by = asxby,
ged(ay, by) —ged(ax — 1, bp) = ax — (a1 — 1).

Its solutions are (aq, b1) = (az, aym), (az, by) = (ap, (ap — 1)m), where a,, m € N,
ap >2,m>1. And we have

«FY) 1 1 1 1
w =Y 7 (=Y > __(°
! ap b a» aym

(Fy) 1 a—1 1 1
w ={—, ={—, —1.
? a) axby ar’ aym

It follows that wt(F;) = wt(F>). Under these conditions, we obtain

Jo(Dy) = (x@ 1, xamZym=t  yl@=bm=ly
JO(DZ) — (xaz—l, xa2—2ym—1’ o y(az—l)m—l),

i.e., Jo(D1) = Jo(D»), which shows My(D) >~ My(D») directly.
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(2) Suppose for singularities
Dy = {x" +y" =0}, 2<a b,
Dy={x?+xy? =0}, aa—1=by>1,
their O-th and 1-st Hodge moduli algebras are isomorphic, i.e.,
Mo(D1) = Mo(D2), Mi(Dy) = Mi(D>).
By our computation in Section 3, we have

mt(Jo(D1)) =a; — 1,

mt(J1(D1)) = ay,
mo(Dy) = = D01~ 1)2— ged(ar, by) +1
my (D) = (a1 — DB — 1)2_ ged(ay, by) + 1.

And
mt(Jo(D2)) = by — 1,

mt(J1 (D)) = by + 1,
a(by —1) — ng(az —1,by)+1

mo(Ds) = > ;
(Baz +2)(by — 1) —ged(az — 1, by) 43
mi(Dy) = :
2
Hence we obtain the equations
ay — 1= b2 — 1,
ay=by+1,
(a1 = D1 —1) —ged(ar, b)) +1  ax(by—1) —ged(az — 1, b)) +1
2 B 2 ’
(a1 —1DBby — 1) —ged(ar, b)) +1  (Baz+2)(by — 1) —ged(az — 1, b)) +3
2 B 2 '

It has no solution.
II. We compare singularities of types [, and [F3:
(1) Suppose for singularities
Dy={x®+xy? =0}, a-lzbzl,
D3 = {x®y +xy” =0}, 1 < a3 <bs,
their O-th and 1-st Hodge moduli algebras are isomorphic, i.e.,

Mo(D2) =~ Mo(D3), M(D2) >~ M;(D3)
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By our computation in Section 3, we have
mt(Jo(D2)) = by — 1,
mt(Ji1(D2)) =by+ 1,
az(by — 1) —ged(ay — 1, by) +1

mo(Dy) = > ,

(Baz +2)(by — 1) —ged(az — 1, by) 43
) .

mi(Dy) =

And
mt(Jo(D3)) = a3z —1,
mt(Ji(D3)) =a3+1,

a3b3 — Cd(a3 — 1, b3 — 1) —1
mo(D3) = S ;
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’

2
3b3+2)—ged(az—1,b3—1)—3
m](D3)=a3( 3+2) — ged(as 3—1) '
2
Hence we obtain the equations
b2—1:a3—1,
bry+1=az+1,
ar(by —1) —ged(ar—1,b2)+1  asbz—ged(az—1,b3—1)—1
2 N 2 '
(Bax+2)(by — 1) —ged(ar —1,b2) +3  a3(3b3+2) —ged(az —1,b3—1) =3
2 N 2
that is,
by = a3,

arbry +by —ar =azbs +az — 1,
ged(az —1,b7) —ged(az — 1, b3 — 1) =a3 — (by — 1).

Its solutions are (a», by) = (mby + 1, by), (as, bz) = (b, m(by — 1) + 1), where

by,meN, by >2, m=>1. And we have
1 ay—1 1 m
Wt(FZ) b ) == ) )
a» ayby mby+1 mby+1

t(F) b3—1 a3—1 m 1
W = , = s .
3 asbs — 1 azbs — 1 mby + 1" mby + 1

It follows that wt(F>) = wt(F3). Under these conditions, we obtain
Jo(D»y) = (xm(bz—l)’ xm(bz—l)y’ o ybz—l)’
Jo(D3) = (ym(bz—l)’ ym(b2—2)x’ L xbz—l),

i.e., Jo(Dy) = Jo(D3), x — y, which shows My(D3) = My(D3) directly.
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(2) Suppose for singularities
Dy={x®+xy” =0}, l<a—1<by,
Dy ={x®y+xy" =0}, 1<a3=<bs,
their O-th and 1-st Hodge moduli algebras are isomorphic, i.e.,
Mo(D2) =~ Mo(D3), Mi(Dz) =~ Mi(D3)
By our computation in Section 3, we have
mt(Jo(D2)) =ax — 1,

mt(Jy (D7) = az,
ay(by — 1) —ged(ar — 1, b)) + 1

mo(Dy) = 5
3bp — 1) —gcd(ar — 1, b 1
mi(Dy) = ay(3by — 1) g02 (a2 2) + ‘

And
mt(Jo(D3)) = az — 1,
mt(Ji(D3)) =az+1,

a3b3 — cd(a3 — 1, b3 — 1) —1
mo(D3) = S ,

2
az3(3b3+2)—ged(az —1,b3—1)—3
my(Ds) = = .
Hence we obtain the equations
ay — 1= az — 1,
a=az+1,
az(bz — 1) — ng(a2 — 1, bz) +1 i a3b3 — gcd(a3 — 1, b3 — 1) —1
2 B 2 '
a)(3by — 1) —ged(aa — 1, b2) +1  az(3b3+2) —ged(az —1,b3—1) -3
2 B 2 ‘

It has no solution.
III. We compare singularities of types F; and F3:
(1) Suppose for singularities
Dy ={x" +y" =0}, 2<ay <by,
D3 ={x@y+xy" =0}, 1<as=<bs,
their O-th and 1-st Hodge moduli algebras are isomorphic, i.e.,

Mo(Dy) = Mo(D3), M(Dy) = M;(D3)
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By our computation in Section 3, we have
mt(Jo(Dy) = a1 — 1,

mt(J1(Dy)) = a1,
(a1 — 1) (b1 — 1) —ged(ar, by) +1

mo(Dy) = >
my(Dy) = (a1 —1)(3by1 — 1)2— ged(ar, by) + 1'

And
mt(Jo(D3)) =az — 1,
mt(J1(D3)) = a3+ 1,
a3b3 — gcd(a3 — 1, b3 — 1) —1

mo(D3) = 5 ,

a3(3b3 +2) —ged(az —1,b3 —1) =3
> .

my(D3) =

Hence we obtain the equations
ar—1=az—1,
ay=az+1,

(a1 —1)(by — 1) —ged(ar, b)) +1  azby —ged(az —1,b3 —1) — 1
2 B 2 ’
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(a1 —1)(3by — 1) —ged(ar, b1) +1  a3(3b3 +2) —ged(az — 1,03 —1) — 3

2 2

It has no solutions.
(2) Suppose for singularities
Di={x"+y" =0},  2<a<bi,
Dy={x®y+xy" =0}, a3>=b3>1,
their O-th and 1-st Hodge moduli algebras are isomorphic, i.e.,
Moy(D1) =~ Mo(D3), Mi(Dy) = M(D3)
By our computation in Section 3, we have
mt(Jo(Dy)) = a1 — 1,
mt(J; (D)) = ay,
(a1 — Dby — 1) —ged(ay, by) +1
> ,

(a1 —1)(3by — 1) — ged(ay, by) +1
> .

mo(Dy) =

mi(Dy) =
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And
mt(Jo(D3)) = b3 — 1,

mt(J1(D3)) = b3z +1,
a3b3—gcd(a3 — 1, b3 — 1)— 1

mo(D3) =

mi(D3) = (3a3+2)b3—§cd§a3—1, b3_1)_3‘
Hence we obtain the equations
ar—1=b3—1,
ay=b3+1,
(a1 =D(bi—1)—ged(ar, b +1 _ a3b3—ng(a3—1,b3_1)_1,
(“1—1)(3b1—1>§gcd(a1, b)+1 _ (3a3+2)b3—§cd§a3—1,b3—1)—3.

It has no solution.

5. Proof of Main Theorem B
(1) For isolated quasihomogeneous curve singularity
DY = (x4 +yb =0}, a,b>2,

since the 0-th Hodge moduli number is

(a—1)(b—1)—gcd(a, b)+1
2 9

b
mo(D") =

we have
81(a, b) —mo(D\“") = ged(a, b) — 1 > 0.

And we also have
81(a, b) —mo(D\“?y = ged(a, b) — 1 < minfa, b} — 1 = me(D“”) — 1.

The equality holds if and only if min{a, b} = gcd(a, b), i.e., (a, b) = (a, am) or
(a, b) = (bm’, b) for some m, m’ € N.

(2) For isolated quasihomogeneous curve singularity
DYP = (x4 xyP =0}, a=2,b>1,

since the 0-th Hodge moduli number is

a(b—1)—ged(a—1,b)+1
2 9

mo(Dy"") =

we have
8y(a, b) —mo(DS"") = ged(a —1,b) > 1.
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And we also have
8y(a, b) —mo(DS"?) = ged(a — 1, b) < minfa — 1, b} = me(DL”) — 1.

The equality holds if and only if min{a — 1, b} = gcd(a — 1, b), i.e., (a,b) =
(a, (a—1)m) or (a, b) = (bm’ + 1, b) for some m, m’ € N.

(3) For isolated quasihomogeneous curve singularity
D{P = (x%y+xy’ =0}, a,b>1,

since the 0-th Hodge moduli number is

mo(Dg"’b)) _ ab—gcd(a—zl, b—l)—i—l’
we have
83(a, b) —mo(DS""y = ged(@a —1,b—1) +1>2.

And we also have
83(a, b) —mo(DS"”) = ged(a —1,b—1) + 1 <minfa —1,b— 1} + 1
= minfa, b} = me(D?) — 1.

The equality holds if and only if minfa — 1,5 — 1} = ged(a — 1,5 — 1), i.e.,
(a,b)=(a,(@—1)ym+1)or (a,b) = ((b — 1)m’ + 1, b) for some m, m" € N.

6. Some examples and conjectures

Example 6.1. Let curve singularities H; = {x’y + xy® = 0} be defined by a
polynomial f(x,y) = x2y + xy® and H, = {x3y 4+ xy* = 0} be defined by a
polynomial g(x, y) = x>y 4+ xy*. Then f is quasihomogeneous of weight type
(15—1, ﬁ; l) and g is quasihomogeneous of weight type (13—1, %; 1). In [16], the
characteristic polynomials of f and g coincide:

Art)=(t— D" —1) = A1)

So this tells us that the characteristic polynomial does not determine the weights of
the nondegenerate quasihomogeneous polynomial defining the singularity.

However, their i-th Hodge moduli algebras M;(D%) are not isomorphic for
i > ig(a), for a big enough iy(«r). Precisely speaking,

M;(D}) # M;(D5) forall i >1,

where D;’.‘ =aH;, j=1,2, for o = 1. In fact, we just simply observe this result by
their Hodge moduli numbers are different for i > 1 as follows:

singularity weight type mo(D) mi(D) my(D) m3(D) my(D) ms(D)

Xy +xy® (3,55 1) 5 18 32 46 60 74
Sy+xyt (F, &) 5 19 39 49 64 79
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Example 6.2. Let f(z1, ..., 24, w1, W) zz%—l-- .. +z3+w%+w§p be a quasihomo-
geneous polynomial of weight type (%, cees %, %, ﬁ; 1) with an isolated singularity
at the origin for any p € N. Let n > 0, even and gcd(3, p) = 1. Then we know
their characteristic polynomials are

4P +12P +1

Ar)= 2 4t+1

Hence A ¢(1)=1. By Theorem 8.5 in [4], each of their links K ; = S.N{ f (z, w) =0}
is a topological sphere. Thus all K for all p, (3, p) = 1, are homeomorphic to
each other though f(z1, ..., z,, wi, wy) are of the different quasihomogeneous

for all n > 0, even.

types for all p.

However, their i-th Hodge moduli algebras M;(D%) are not isomorphic for all
i >1andn > 2, where D% ={f(z1, ..., 2, wi, wy) = 0} for « = 1. In fact, we
have their 0-th Hodge ideal

(D ifn>2,orn=0,p=1,2,

o(D) {(wl,wlzo) ifn=0,p>4,

where ip = V’Tp] — 1, is the smallest integer bigger than or equal to 471’ — 1. Then
we compute their 1-st Hodge ideal as follows. For example, if n = 2, we have

11(2)(D): ZZOX'Uj"‘ 124 Ox(fo;ja —aad; f)
. > <j <
v€0 acly(D)

i j 2 2p—1
= (wy, wiws) + (21, 22, wi, Wy’ )

= (21, 22, w2, wyw], wh),
2 2
12Dy = () +1P(D)
= (21, 22, W}, wiwj', wh),

where i} = |_%p-| —1land j; = |_2Tp-| — 1. And if n = 4, we have

Poy=y Ox-vi+ 3 Ox(foia—aadf)
. > <1<
V€0 a€lo(D)

2 2p—1
:(ZlaZ27Z39Z4aw17w2 )a

I D) = () + 1 (D)
= (21, 22, 23, 24, wH, WY ).
So we obtain their corresponding Hodge moduli algebras
MP (D) = Clzr. 22, wi, w2}/ 1P (D) = Clwy, wal/ (wh, wyw', wh),
M (D) = Clz1, 22, 23 24 wi, w2} /I0(D) = Clwy, wa}/(wh, w3 ™),
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which are not isomorphic obviously, since one can verify
dime M2 (D) =iy + j1 <22p —1) =dime M (D).

Thus these examples imply that Hodge moduli algebras and Hodge moduli
numbers (or the Hodge moduli sequence) are better invariants than the charac-
teristic polynomial (a topological invariant of the singularity) for nondegenerate
quasihomogeneous singularities.

It is an interesting question interesting whether Hodge numbers, Hodge ideals and
Hodge moduli algebras of singularities remain constant or isomorphic under some
deformations, like quasihomogeneous or semiquasihomogeneous deformations (or,
more generally, u-constant deformations). We give an example to explain that
the Hodge moduli numbers of isolated singularities may remain constant under
quasihomogeneous deformation.

Example 6.3. For quasihomogeneous polynomial
f=x+y"

of weight wt(f) = (3, 1: 1), let divisor D} = { f =0}, where o = 1. Then its 1-st
Hodge ideal and Hodge moduli algebra are

Ji(Dy) = (x%, xy, ¥,
My(Dy) = C{x, y}/(x%, xy, y¥.

And for quasihomogeneous polynomial g = x? + y* 4+ xy? of weight wt(g) =
(%, }1; 1), which is a quasihomogeneous deformation of f, let divisor DY = {g =0},
where o = 1. Then its 1-st Hodge ideal and Hodge moduli algebra are

J1(D2) = (&%, xy*, 2xy + 37, ),
Mi(D2) = Cix, y}/(x%, xy%, 2xy +y°, y*).
As C-vector spaces, M| (D;) and M/ (D;) have the same the C-basis:

1Lx,y, %,y
Thus, the Hodge moduli numbers of D; and D, are the same.
So we raise a conjecture from the above example.

Conjecture 6.4. Suppose F; is one of the three types! of quasihomogeneous polyno-
mial in C2, 1 <i <3. Let H; ; = F; +tG; be a semiquasihomogeneous deformation
of F;,t € C, 1 <i < 3. Then the k-th Hodge moduli algebras of the divisors
D}, ={H,;; =0} for o =1, and DY, = {F; = 0} for « = 1, have the same basis

ISee pages 351-352 in the introduction.
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over C for all k > 0. Hence, their dimensions, i.e., their k-th Hodge moduli numbers,
are the same,

mi(D%) =m(D%) Vk>0,Y1<i<3,VieC.

And we can also ask whether the inequalities in Main Theorem B can be extended
to more general singularities. Suppose F; is one of the three types of quasiho-
mogeneous curve singularities, 1 < i < 3. Consider a u-constant deformation
H;; = F;i +1tG; of F;, t € C. If we furthermore assume H;; is reduced, i.e., all
distinct irreducible factors of H;; have multiplicity 1, we have

w(Hi ) = pn(Fy),
r(Hi) <r(Fp).
By Lemma 2.7, we have
§(Hi) < 8(F),
where w, § and r are the same notation as in Lemma 2.7. So we have a corollary:

Corollary 6.5. Suppose the above Conjecture 6.4 is true. For a semiquasihomoge-
neous deformation H; ;, t € C, of F;, we have

8(Dj ) —mo(D; ) <mt(D;,),

foranyt € C such that H; ; is a reduced polynomial, 1 <i <3, where D; ; ={H; , =0}
is the corresponding singularity, 5(D; ;) is the §-invariant of D;;, mo(D; ;) is the
0-th Hodge moduli number of D; ;, and mt(D; ;) is the multiplicity of D; ;.

Proof. In fact, one can verify the multiplicity of F; is not decreasing under the
above semiquasihomogeneous deformation for all 1 <i <3, i.e.,

mt(D; ;) > mt(D; o)

for any t € C such that H; , is areduced polynomial, 1 <i <3. And by Conjecture 6.4,
we have
mo(D; ;) = mo(Di)

for any ¢ € C such that H;; is a reduced polynomial, 1 <i < 3. Finally, by the
discussion after Conjecture 6.4, we have

8(D; 1) <38(Diyo)
for any ¢ € C such that H; ; is a reduced polynomial, 1 <i < 3. So we have
8(Dj,1) —mo(Di ;) < 8(Dj,0) —mo(Djo) <mt(Djo) <mt(D,),

for any ¢ € C such that H; ; is a reduced polynomial, 1 <i <3. O
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